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Nanotechnology has been hired in various areas of food
engineering and technology. Recent research has begun to
address the potential applications of nanotechnology for
functional foods and nutraceuticals by applying the new
concepts and engineering approaches involved in nanomaterials to target delivery of bioactive compounds and
nutrients. “Nano” must exist naturally in food because even
in natural foods, structural components are built from
molecules and, during digestion, break down into molecules.
There is strong interest in signiﬁcantly improving the quality
of foods, especially nanocarriers, in order to improve the
encapsulation eﬃciency of the carrier and to control the
release rate under various stimulus conditions for target
delivery by using biocompatibility materials and optimizing
their size.
In this point of view, the designs of suitable nanocarriers
grew in importance because nanomaterials could be highly
toxic, have very low bioavailability, and require protection
from rapid degradation and excretion. Such carriers generally need to be stable, biocompatible, and biodegradable,
and have the ability to target speciﬁc digestion process.
The miniaturization of electronic devices coupled with
advances in microscale manufacturing technology has
prompted studies on increased thermal management and
cooling performance in microchannels. S. A. Memon and
colleagues analyzed these thermal performances of the
water-based salt hydrate S44 nanoparticle (as the phase

change material) slurry ﬂow through a microchannel heat
sink. In this study, they suggested that the salt hydrate S44
would provide better thermal performance than lauric acid
and provided a design guideline for manufacturing phase
change material particles and microchannel heat sinks.
On the other hand, in the study by S. H. Lee et al.,
mushroom-shaped microstructure-based dry adhesives are
expected to be applied in various ﬁelds, thanks to their
unique properties, such as strong adhesive force, repeatability, durability, reversibility, and self-cleaning.
However, in order for dry adhesives to be widely used,
the eﬃciency of the production process needs to be increased. Until now, dry adhesives have been made by fabricating a silicon master using a complex surface
micromachining process and then replicating thermosetting
or UV-curable resins. S. H. Lee et al. introduced a method to
continuously fabricate a mushroom-like microstructure by
continuously fabricating a simple microstructure using a
simple molding process and resin inking. The fabricated
microstructures showed similar properties to general dry
adhesives and showed adhesion of about 13 N/cm2 to the
smooth surface.
Besides, its nutraceuticals are a natural way to achieve a
therapeutic outcome with minimal or no side eﬀects.
However, they are subject to degradation resulting from
exposure to environmental factors such as humidity, oxygen,
heat, light, and extreme pH. The biomembrane is one of the
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important molecular assemblies that contribute in an essential way to the functioning of organelles and of biological
cells at large. A systematic study of the “Membranome,” in
addition to the genome and proteome, is expected to be
achieved in the 21st century with considerable potential for
biomedicine, bioengineering, biomaterials, and functional
food engineering development. In addition, enzymes are
produced by all living organisms, from microorganisms to
plants and animals; enzymes are necessary for nearly all of
life’s chemical breakdown of complex molecules into simpler ones which often results in a release of energy and the
biochemical synthesis of complex substances with the energy
storage.
In this context, biomembrane technology such as liposome presents exciting opportunities for food technologists
in areas such as encapsulation and controlled release of food
materials, as well as the enhanced bioavailability, stability,
and shelf-life of sensitive ingredients.
Watanabe and colleagues explored the functional hydration behavior such as interrelation between hydration
and molecular properties at lipid membrane interfaces.
Common aspects of interfacial water can be obtained by
overviewing fundamental functions and properties at
diﬀerent temporal and spatial scales. It is important to
understand the hydrogen bonding and structural properties of water and to evaluate the individual molecular
species having diﬀerent hydration properties. Water
molecules form hydrogen bonds with biomolecules and
contribute to the adjustment of their properties, such as
surface charge, hydrophilicity, and structural ﬂexibility. In
this review, the fundamental properties of water molecules
and the methods used for the analyses of water dynamics
are summarized. In particular, the interrelation between
the hydration properties, determined by molecules, and the
properties of molecules, determined by their hydration
properties, are discussed using the lipid membrane as an
example.
In the study by M. Hirose et al., the authors investigate
the L-proline-catalyzed Michael addition reaction of N-[p(2benzimidazolyl)phenyl]maleimide (BIPM) and acetone was
employed because BIPM is reported to be a good substrate to
monitor L-proline-catalyzed reactions through the ﬂuorescence of the product. The eﬀect of liposome membranes
on this reaction was kinetically analyzed using ﬂuorescence
spectroscopy. The kinetics of the reaction were diﬀerent
from those of the constituent lipids of the liposomes.
Zwitterionic 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
liposome, which is in the solid-ordered phase, had a better value of reaction rate, suggesting that the reaction rate
constants of this reaction in liposome membrane systems
could be regulated by the characteristics of the liposome
membrane (i.e., the phase state and surface charge). Based
on the results obtained, a plausible model of the L-prolinecatalyzed Michael addition reaction was discussed. The
obtained results provide us with an easily detectable method
to assess the reactivity of L-proline in biological systems.
It is necessary to describe the current circumstances of
nanotechnology utilized in the food sector in order to develop the novel functional foods and to present a

Journal of Chemistry
comprehensive perspective to food scientists embarking on
research about nanotechnology.
The free enzyme is easily denatured under the conditions
of strong acid or alkali in the process of degumming.
Therefore, many scholars have been working on the
nanocarrier material since the rise of immobilizing technology. A magnetic immobilized enzyme can be oriented to
replace the traditional mechanical stirring under the external
magnetic ﬁeld, avoiding the loss of enzyme on the magnetic
carrier caused by mechanical stirring to improve the catalytic eﬃciency of the immobilized enzyme. At the same time,
it can be quickly separated from the reaction system and easy
to operate. J. Yang et al. developed the nanomagnetic carrier
(Fe3O4-SiO2-p(glycidyl methacrylate, GMA)) prepared by
atom transfer radical polymerization and immobilized the
free phospholipase C (PLC) to the nanomagnetic carrier.
Phospholipids were successfully converted to 1,2-diacylglycerol in degumming process. The enzymatic properties
of PLC-Fe3O4-SiO2-p(GMA) showed that the tolerance pH
range was widened and the tolerance temperature increased
by 10°C.
In nanoemulsion-based oral delivery systems for functional lipophilic compounds, it is important to know how
the interfacial membrane aﬀects the stability of compounds
incorporated into the emulsion for the prevention of lipid
oxidation. J. Kim et al. investigated the inﬂuence of oxidants
on the stability of α-tocopherol in model nanoemulsions and
the role of interfacial membrane organized by nonionic
emulsiﬁers (P10L, P10S, P20S, P23L, and P100S) because the
structural and physicochemical properties of emulsiﬁers
play important roles in the nanoemulsion stability and in the
storage stability of functional compounds incorporated into
the oil droplets. Although their data are still insuﬃcient to
generalize the inﬂuence of droplet interface characteristics
on the oxidative stability of emulsiﬁed oils, it was an excellent example out of relevant studies.
In addition, H. Yu et al. described the current applications of nanotechnology in food science including ﬂavor
control, enhancement of bioavailability of bioactive compounds, and detection of deleterious substances in foods.
Furthermore, they provided a well-organized overview of
classiﬁcation, preparative methods, and safety issues of
nanomaterials for food science. Nanotechnology in foods
has progressed year upon year as they described; however,
further research is necessary to maximize the number of uses
within the food industry. In particular, the safety concerns
regarding the consumption of nanomaterials in foods must
be addressed before the products are released to the market.
Therefore, it is necessary to standardize test procedures to
determine the impact of nanomaterials.
Whilst it is clear from the studies included in this special
issue that many advances have been made in food engineering, there is a crucial key issue still to be overcome. That
is, nanotechnology in foods has progressed year upon year;
however, further research is necessary to maximize the
number of uses within the food industry. In particular, the
safety concerns regarding the consumption of nanomaterials
in foods must be addressed before the products are released
to the market. Therefore, it is necessary to standardize test
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procedures to determine the impact of nanomaterials. Finally, regulations should be introduced and constructed that
can ease consumer worry and enhance consumer
acceptability.
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The nanomagnetic carrier (Fe3O4@SiO2@p(GMA)) was prepared by atom transfer radical polymerization, and then, the free
phospholipase C (PLC) was immobilized on it proved by the results of FT-IR analysis. The enzyme loading was 135.64 mg/g, the
enzyme activity was 8560.7 U/g, the average particle size was 99.86 ± 0.80 nm, and the speciﬁc saturation magnetization was
16.00 ± 0.20 emu/g. PLC-Fe3O4@SiO2@p(GMA) showed the highest activities at the pH of 7.5, and tolerance temperature raised to
65°C in soybean lecithin emulsion. Enzymatic degumming with PLC-Fe3O4@SiO2@p(GMA) under the conditions of the enzyme
dosage of 110 mg/kg, reaction temperature of 65°C, pH of 7.5, and reaction time of 2.5 h resulted in residual phosphorus of 64.7
mg/kg, 1,2-diacylglycerol (1,2-DAG) contents of 1.07%, and oil yield of 98.1%. Moreover, PLC-Fe3O4@SiO2@p(GMA) still
possessed more than 80% of its initial activity after 5 cycles.

1. Introduction
Soybean crude oil generally contains 3% of phospholipids.
These need to be removed in the degumming process. The
purpose of degumming removes colloidal impurities in
crude oil improving the quality of it, building a good
foundation for the subsequent processes [1, 2]. Phospholipids in soybean crude oil are divided into hydratable
phospholipids (HPs) and nonhydratable phospholipids
(NHPs). There are some diﬀerences in properties and removal process between them. HP is relatively easy to
remove, while NHP is diﬃcult to remove by water
degumming [3]. In order to reduce the phosphorus content
in crude oil, many factories add a large amount of phosphoric acid and alkali to remove the phospholipids, producing a lot of waste liquid, polluting the environment, and
increasing the cost of oil degumming. However, enzymatic
degumming eﬀectively removes NHP from crude oil [4].
Phospholipases A1 (PLA1) cleaves the sn-1 ester bond of
phospholipids that hydrolyzes NHP, but lysophospholipids

undergo transacylation decreasing its enzymatic hydrolysis
eﬃciency during the hydrolysis of PLA1. Phospholipases A2
(PLA2) targets the sn-2 ester of phospholipids, but its enzyme activity is lower than PLA1 and the free fatty acids
produced by PLA2 increase the acid value of soybean oil [5].
Phospholipase C (PLC) hydrolyzes the sn-3 phosphate ester
bond on the glycerol side, yielding a 1,2-DAG that retains in
the oil to improve oil yield and the free head group [6], so it
has a good application prospect in enzymatic degumming.
The free enzyme is sensitive to temperature and pH and
easily denatured under the conditions of strong acid or alkali
in the process of degumming, thereby reducing the enzymatic eﬃciency of free enzyme. It is diﬃcult to separate from
the reaction system, and the puriﬁcation procedure of it after
separation is complex and expensive, which limits the application of free enzymes in oil degumming. These drawbacks can generally be overcome by immobilization. The
immobilization of free enzyme improves its tolerance, stability, and easy separation from the product, and realizes the
recovery and reuse of the enzyme [7]. Enzyme immobilization
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methods mainly include entrapping, adsorption, covalent
bonding, and cross-linking methods. The carrier materials of
immobilized enzyme include natural polymer materials,
synthetic polymer materials, inorganic materials, and
composite materials.
As a part of immobilized enzyme, the structure and
properties of carrier materials have great inﬂuence on the
properties of immobilized enzyme. Therefore, many scholars
have been working on the carrier material since the rise of
immobilizing technology. Yu et al. found that PLA1 was
immobilized on diﬀerent high molecular materials such as
calcium alginate, calcium alginate-chitosan, and calcium
alginate-gelatin and its catalytic performance was improved,
but the viscosity of the reaction system increased due to the
formation of oil residue. It brings diﬃculties to the separation of immobilized PLA1 [8]. Magnetic polymer microspheres are a new type of functional biopolymer material.
They are made up of magnetic materials and polymer
materials, which can ensure the catalytic performance of free
enzyme and the rapid separation of enzyme from the reaction system, having been widely studied. Magnetic materials generally include Fe3O4, CoFe2O4, Pt, Ni, and Co.
Among them, Fe3O4 is widely studied. It combines with
other modiﬁers to complete its surface modiﬁcation so that
new physical and chemical properties are more suitable for
magnetic immobilization of enzymes. After magnetic immobilization of PLA1 by Yu et al., the separation of magnetic
immobilized enzyme from the reaction system was better
than that of PLA1 immobilized on polymer material [9].
Therefore, compared with polymer materials, magnetic
polymer microspheres had more advantages in immobilizing enzyme.
The operational stability of the enzyme was generally
improved after magnetic immobilization. Lipase and
α-amylase were immobilized on magnetic carriers by Xie
et al.; the thermal stability, pH stability, and storage stability
of enzymes were signiﬁcantly enhanced [10, 11]. Magnetic
immobilized enzyme can be oriented to replace the traditional mechanical stirring under external magnetic ﬁeld,
avoiding the loss of enzyme on the magnetic carrier caused
by mechanical stirring to improve the catalytic eﬃciency of
immobilizing enzyme. At the same time, it can be quickly
separated from the reaction system and is easy to operate.
Cao et al. combined chitosan with magnetic material to
immobilize papain. The results showed that the immobilized
enzyme had high catalytic eﬃciency and was easy to separate
[12]. Therefore, enzyme immobilized on a magnetic carrier
can be applied to a magnetic ﬂuidized bed, and it is easier to
realize industrial continuous degumming [13].
At present, the study of PLC in oil mainly focuses on the
application of free PLC in oil degumming. No article has
studied the magnetic immobilization of PLC. This is the ﬁrst
report on magnetic immobilized PLC. In this work, a layer of
SiOx was coated on Fe3O4, and then, (3-aminopropyl)triethoxysilane (APTES) was used to modify the surface and
attached to glycidyl methacrylate (GMA) polymer to prepare
Fe3O4@SiO2@p(GMA) magnetic carrier. The free PLC was
immobilized on the carrier, and its characteristic absorption
peak, morphological structure, particle size, and speciﬁc
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saturation magnetization were characterized. The enzymatic
characteristics of magnetic immobilized PLC were studied,
and the eﬀect of soybean oil degumming was also investigated. It provides a theoretical basis for the application
of magnetic immobilized PLC in a magnetic ﬂuidized bed.

2. Materials and Methods
2.1. Materials. PLC, with a phospholipase activity of
17000.2 U/g, was purchased from DSM (Shanghai, China).
Soybean crude oil was provided by Jiusan Group (Harbin,
China) with an original phosphorus content of 802.6 mg/kg.
p-Nitrophenylphosphorylcholine (p-NPPC), phosphatidylcholine (PC), and 1,2-DAG with purities greater than 98%
were purchased from Sigma Chemical Ltd. (St. Louis, MO,
USA). All other analytical-grade regents were from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
2.2. Synthesis of Fe3O4@SiO2@p(GMA). Fe3O4 nanoparticles
were prepared by chemical coprecipitation [14], the silicacoating procedure was performed by the Deng et al. [15], and
APTES-modiﬁed Fe3O4/SiOx nanoparticles were made by
Lei et al.’s method [16]. Preparation of Fe3O4@SiO2@
p(GMA) with reference to Lei et al. [16] and detailed steps
are as follows: 2 g of Fe3O4/SiOx-g-APTES were dispersed
into 30 mL of toluene containing 4 mL of triethylamine
under stirring in an ice bath. A solution of 4 mL chloroacetyl
chloride and 8 mL toluene was added into the dispersoid
after cooling the mixture to 0°C. The mixture was stirred for
10 h at room temperature. The nanoparticles were separated
with a magnet, washed with toluene and ethanol, and then
dried under vacuum. 0.5 g of the above-prepared particles
was dispersed in 20 mL of dimethylformamide (DMF)/water
(1 : 1, mL : mL). Nitrogen was pumped into the mixture to
remove oxygen for 30 min, and then [GMA]/[CuCl]/
[CuCl2]/[2,2′-bipyridyl](100 : 1 : 0.2 : 2) was added. The
mixture was stirred with 20 r/min at room temperature for
12 h and extracted thoroughly with acetone for 48 h after the
reaction; then, the samples were vacuum-dried at room
temperature for 24 h.
2.3. Immobilization of PLC. The epoxy group of Fe3O4@
SiO2@p(GMA) forms a covalent bond with the amino group
on the PLC, completing the immobilization of the PLC [16].
1.0 g Fe3O4@SiO2@p(GMA) was immersed in phosphate
buﬀer (0.1 mol/L, pH � 7) at room temperature for 24 h.
After magnetic separation, the magnetic carriers were
transferred into PLC solution (0.02 g/mL, pH � 7) and
stirred at 55°C for 5 h. The magnetic immobilized PLC was
separated and washed with phosphate buﬀer (0.1 mol/L,
pH � 7) three times to prepare PLC-Fe3O4@SiO2@
p(GMA). PLC-Fe3O4@SiO2@p(GMA) was preserved at 4°C.
The enzyme loading of PLC-Fe3O4@SiO2@p(GMA) was
detected as described by Soozanipour et al. [17].
2.4. Characterization. Fe3O4@SiO2@p(GMA) and PLCFe3O4@SiO2@p(GMA) were characterized by Fourier-
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transform infrared spectrophotometer (FT-IR), X-ray diffraction (XRD), scanning electron microscope (SEM), laser
particle size analyzer, and vibrating sample magnetometer
(VSM).
2.5. Determination of PLC Activity. Refer to the method of
Jiang et al. [18]. 1 U/mL of PLC was deﬁned as the amount of
enzyme solution needed to produce 1 nmol nitrophenol per
minute by the hydrolysis of p-NPPC at the temperature of
36°C and the pH of 7.2. One hundred microliters of the PLC
enzyme solution were added to 2 mL of p-NPPC solution,
which contained 10 mmol/L p-NPPC, 250 mmol/L tris-HCl
(pH 7.2), 60% sorbitol, and 1 mmol/L·ZnCl2, in a test tube.
The tube was incubated at 37°C for 30 min. Substrate hydrolysis was quantiﬁed by measuring absorbance at 410 nm.
The activity of PLC was calculated as follows:
A
(1)
activity(U/mL) � 1.3636 × 103 × ,
t
where A is the absorption value at 410 nm and t is the time
(in minutes) used in the substrate hydrolysis reaction. The
conversion factor 1.3636 × 103 was calculated based on the
standard curve of nitrophenol.
2.6. Enzymatic Characteristics of Magnetic Immobilized PLC:
Eﬀect of pH and Temperature on the Relative Activity of
Magnetic Immobilized PLC. Several 4 g/100 g soybean lecithin emulsions were prepared in 0.1 mol/L phosphate buﬀer
with diﬀerent pH values. The temperature was 55°C, and the
amount of free PLC or PLC-Fe3O4@SiO2@p(GMA) was
2.7 mg/kg or 110 mg/kg, respectively. The eﬀect of pH, which
in the range of 5.0–8.5, on the relative activity of free PLC and
PLC-Fe3O4@SiO2@p(GMA) was studied. The eﬀect of temperature on the relative activity of free PLC and PLC-Fe3O4@
SiO2@p(GMA) was determined using a 4 g/100 g lecithin
emulsion that was soluble in 0.1 mol/L phosphate buﬀer with
the previously determined optimum pH at temperatures
ranging from 40°C to 75°C. The highest activity measured over
the range of pH and temperatures was designated as 100%,
and the activities at other pH and temperatures were calculated as proportions of the highest activity.
2.7. Enzymatic Degumming Process. Crude soybean oil
(100.0 g) was heated to 70°C in a water bath, and 0.13 mL of
45% citric acid solution was added under high shear rate
(500 rpm) for 20 min. The temperature was decreased to
optimum temperature, and a 4% (w/w) NaOH solution was
added to adjust the mixture pH. 3 mL deionized water and
110 mg/kg PLC-Fe3O4@SiO2@p(GMA) were added to crude
soybean oil. The mixture was incubated with continuous
stirring at 150 rpm for 2.5 h. After the reaction, the oil mixture
was quickly centrifuged at 10,000 rpm for 10 min. The residual
phosphorus content in the oil phase was determined
according to Yu et al. [9]. The content changes of 1,2-DAG
during reaction process were researched, and the method of
determination was referenced [19]. The oil yield after
degumming was calculated, and the formula is as follows:

3

oil yield(%) �

M1
× 100%,
M2

(2)

where M1 is the quality of oil after degumming, g; M2 is the
quality of crude soybean oil, g.
Reusability of PLC-Fe3O4@SiO2@p(GMA) in the process of soybean crude oil degumming was also studied. PLCFe3O4@SiO2@p(GMA) was washed with 0.1 mol/L phosphate buﬀer to its optimum pH to determine the relative
enzyme activity after degumming. The ratio of the residual
enzyme activity to the initial enzyme activity was the relative
enzyme activity.
2.8. Statistical Analysis. All experiments were carried out in
triplicate to allow for the calculation of means. Statistical
analysis was performed with Origin 8.5 software (OriginLab
Ltd., USA).

3. Results and Discussion
3.1. Immobilization of PLC. Fe3O4@SiO2@p(GMA) carrier
was prepared by atom transfer radical polymerization. The
reaction conditions were reaction temperature 55°C, pH 7.0,
and reaction time 5 h. The eﬀect of free PLC dosage enzyme
loading and enzyme activity was investigated. The results are
shown in Figure 1. When the enzyme dosage was less than
15 mL, enzyme loading and enzyme activity increased with
the increase of enzyme dosage. When the enzyme dosage
was more than 15 mL, enzyme loading increased slowly and
the enzyme activity decreased. If the enzyme loading was
high enough, it was likely that some molecules may be
packed together and near enough to interact with each other
reducing enzyme activity [20]. So, the optimum enzyme
dosage was 15 mL, the enzyme loading of Fe3O4@SiO2@
p(GMA) was 135.64 mg/g, and the enzyme activity of PLCFe3O4@SiO2@p(GMA) was 8560.7 U/g.
3.2. Characterization by FT-IR Analysis and XRD Analysis.
The FT-IR analysis results of Fe3O4@SiO2@p(GMA) and
PLC-Fe3O4@SiO2@p(GMA) are presented in Figure 2(a).
The FT-IR spectroscopy of Fe3O4@SiO2@p(GMA) and PLCFe3O4@SiO2@p(GMA) had characteristic absorption peaks
at 579 cm−1, 1091 cm−1, 1637 cm−1, and 3450 cm−1, respectively. The absorption peaks at 579 cm−1 belonged to the
stretching vibration mode of FeO bonds in Fe3O4. The
absorption peak presented at 1091 cm−1 was the stretching
vibration of Si-O-Si bonds. The absorption peaks presented
at 1637 cm−1 should be the stretching vibrations of -C�O
bonds. The absorption peaks presented at 3450 cm−1 were
supposed to be the stretching vibration of -OH bonds. The
absorption peaks of the PLC-Fe3O4@SiO2@p(GMA) presented at near 1600 cm−1 belonged to the amide band in
protein [21]. It showed that the PLC was immobilized.
Fe3O4@SiO2@p(GMA) and PLC-Fe3O4@SiO2@p(GMA)
were analyzed by XRD as shown in Figure 2(b). It is apparent
that the diﬀraction pattern of Fe3O4@SiO2@p(GMA) is close
to PLC-Fe3O4@SiO2@p(GMA). This revealed that free PLC
immobilized on Fe3O4@SiO2@p(GMA) did not lead to
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g, and the enzyme activity of PLC-Fe3O4@SiO2@p(GMA) was 8560.7 U/g.
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Figure 2: FT-IR spectrum analysis and XRD spectrum analysis. The FT-IR spectroscopy of Fe3O4@SiO2@p(GMA) and PLC-Fe3O4@SiO2@
p(GMA) had characteristic absorption peaks at 579 cm−1, 1091 cm−1, 1637 cm−1, and 3450 cm−1, respectively. The absorption peaks
presented at near 1600 cm−1 belonged to ester groups of phospholipase in the FT-IR spectroscopy of PLC-Fe3O4@SiO2@p(GMA). The
diﬀraction pattern of Fe3O4@SiO2@p(GMA) was close to PLC-Fe3O4@SiO2@p(GMA)’s that no phospholipase crystal peak was found in it,
proving phospholipase well-dispersed on carrier. (a) FT-IR spectrum analysis. (b) XRD spectrum analysis.

Fe3O4 crystal structure change. However, the intensity of
diﬀraction peak of Fe3O4@SiO2@p(GMA), immobilized
with PLC, decreased, which was consistent with the decrease
of XRD peak intensity of immobilized enzyme by Pandey
et al. [22]. It shows that the interaction between Fe3O4@
SiO2@p(GMA) and PLC will have some inﬂuence on the
structure of Fe3O4@SiO2@p(GMA).
3.3. Morphological Structure and Particle Size Analysis.
The morphologies of Fe3O4@SiO2@p(GMA) and PLCFe3O4@SiO2@p(GMA) were observed by SEM. The results are

shown in Figure 3(a). As shown in Figure 3(a), the ballability
of Fe3O4@SiO2@p(GMA) was good and the average size was
90 nm; however, some of them were agglomerated. The
smaller the particle size of the nanocarrier is, the more
conducive to the immobilization of enzyme was. PLC-Fe3O4@
SiO2@p(GMA) also had a good ballability, and the average
particle size was about 105 nm as shown in Figure 3(b).
Because PLC-Fe3O4@SiO2@p(GMA)’s surface was uneven,
this phenomenon increased the surface area of it that loaded
more PLC to increase the speciﬁc activity and at the same
time, increased the chance of contact between enzymes and
reactants, reducing the mass transfer resistance caused by
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Figure 3: Scanning electron microscopy images of particles prepared and particle size analysis. In (a), the ballability of Fe3O4@SiO2@
p(GMA) was good and the average size was 90 nm. In (b), SEM micrographs of PLC-Fe3O4@SiO2@p(GMA) also had a good ballability and
the average particle size was about 105 nm. The average particle size of Fe3O4@SiO2@p(GMA) was 96.70 ± 1.00 nm, and the particle size
distribution range was 55 to 255 nm. For PLC-Fe3O4@SiO2@p(GMA), the average particle size was 99.86 ± 0.80 nm and 90% of the particles
were in the range of 58 to 295 nm. (a) Fe3O4@SiO2@p(GMA). (b) PLC-Fe3O4@SiO2@p(GMA). (c) Particle size analysis.

product accumulation to a certain extent [23]. Its average
particle size was uniform and the diameter of it was larger than
that of Fe3O4@SiO2@p(GMA), indicating that the immobilization eﬀect of PLC-Fe3O4@SiO2@p(GMA) was ﬁne.
Determination of particle size of Fe3O4@SiO2@p(GMA)
and PLC-Fe3O4@SiO2@p(GMA) by using the laser particle
size analyzer is shown in Figure 3(c).
When the laser passes through the moving particles, the
light scattering will occur and the frequency of the scattering
light will cause Doppler shift. The particle size can be calculated by measuring the spectrum half width of scattered
light intensity. In the graph, the average particle size of the
Fe3O4@SiO2@p(GMA) was 96.70 ± 1.00 nm, larger than the
particle size measured by the SEM, the polydispersity index
(PDI) was 0.245, and the particle size distribution range was
55 to 255 nm that had a wide range. The average particle size
of PLC-Fe3O4@SiO2@p(GMA) had a concentrated distribution range. 90% of the particles were in the range of 58 to
295 nm. The average particle size was 99.86 ± 0.80 nm that
was smaller than the particle size measured by SEM, and PDI

was 0.293. The number of particles between 60∼80 nm,
80∼100 nm, 100∼120 nm, and 120∼160 nm were 20%, 35%,
32%, and 14%, respectively, which showed that the particles
were concentrated in the area with larger particle size. PLCFe3O4@SiO2@p(GMA) was a kind of nanoparticles as a
result of its particle size [16].
3.4. Magnetic Analysis. Figure 4 shows that the speciﬁc
saturation magnetization of Fe3O4@SiO2@p(GMA) and
PLC-Fe3O4@SiO2@p(GMA) was analyzed by VSM. The
speciﬁc saturation magnetization was found to be
19.70 ± 0.60 emu/g and 16.00 ± 0.20 emu/g for Fe3O4@
SiO2@p(GMA) and PLC-Fe3O4@SiO2@p(GMA), respectively. The speciﬁc saturation magnetization of PLCFe3O4@SiO2@p(GMA) decreased, and it may be that PLC
reduced the speciﬁc saturation magnetization of the carrier
after immobilizing. However, they could be well magnetized
under external magnetic ﬁeld, which was conducive to
regular movement in the magnetic reactor. Remanence and
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Figure 4: Magnetic hysteresis loop. The speciﬁc saturation magnetization was found to be 19.70 ± 0.60 emu/g and 16.00 ±
0.20 emu/g for Fe3O4@SiO2@p(GMA) and PLC-Fe3O4@SiO2@
p(GMA), respectively.

coercivity of Fe3O4@SiO2@p(GMA) and PLC-Fe3O4@
SiO2@p(GMA) were almost zero, resulting in them having
no remanence and agglomeration when the external magnetic ﬁeld was removed [24]. The results can realize redispersion and subsequent separation of PLC-Fe3O4@SiO2@
p(GMA) in a magnetically ﬂuidized bed.
3.5. Enzymatic Characteristics of Nanomagnetic Immobilized
PLC: Eﬀect of pH and Temperature on the Relative Activity of
Nanomagnetic Immobilized PLC. The eﬀect of pH on the
relative activity of nanomagnetic immobilized PLC was
determined, and the results are shown in Figure 5(a). As
shown in Figure 5(a), the maximum relative activity of free
PLC was obtained at pH 6.5 (12124.7 U/g). PLC-Fe3O4@
SiO2@p(GMA) possessed maximum relative activity at pH
7.5 (7547.5 U/g) that retained more than 80% relative activity in the pH range of 6.0–8.5. So, the optimum pH was
shifted, and the tolerance pH range was obviously wider than
that of free PLC after immobilizing. Magnetic carriers attached to negative charges since a large number of carboxyl
groups may have existed on the surface of Fe3O4@SiO2@
p(GMA), attracted cations, including H+, and attached them
to the surface of the carrier. As a result, the concentration of
H+ in the diﬀusion layer was higher than that in the surrounding solution. The pH in the external solution shifted to
alkalinity in order to counteract the microenvironmental
eﬀect to make the enzyme show maximum activity. So, the
optimum pH of PLC-Fe3O4@SiO2@p(GMA) has a shift
toward the alkaline side, which also proves that PLC has
been immobilized on Fe3O4@SiO2@p(GMA) [25]. This result is consistent with the migration direction of optimum
pH after magnetic immobilization of PLA2 by Qu et al. [26].
When pH was 7.5, the enzyme activity of PLC-Fe3O4@
SiO2@p(GMA) was the highest, probably because the pH
was close to its isoelectric point, which enhanced its

tolerance in the alkaline environment. It may also be that
there was a suﬃciently stable covalent bond between PLC
and Fe3O4@SiO2@p(GMA) to resist the conformation
change of PLC and to reduce the dissociation rate of PLC.
When pH was greater than 7.5, the reduction of enzyme
activity may be due to the abscission of PLC on the carrier.
Accordingly, the optimum pH of PLC-Fe3O4@SiO2@
p(GMA) was 7.5.
The eﬀect of temperature on the relative activity of
nanomagnetic immobilized PLC to hydrolyze soybean lecithin emulsions was determined, and the results are shown
in Figure 5(b). The maximum relative activity of free PLC
was at 55°C (11043.8 U/g), while that of PLC-Fe3O4@SiO2@
p(GMA) was at 65°C (7693.8 U/g) that had more than 80% of
the initial activity in the range of 50°C–70°C. It demonstrated
that immobilized PLC had a wider tolerance for temperature. Stability of immobilized enzyme depends on the immobilization strategy. Free PLC was connected with Fe3O4@
SiO2@p(GMA) in covalent bond and changed the secondary
structure of free PLC, increasing the rigidity of PLC
structure, changing the conformation of immobilized enzyme that made it more suitable for contact with substrate,
reducing the denaturant at high temperature, and improving
its thermal stability [27, 28]. Defaei et al. immobilized
α-amylase onto naringin functionalized MNPs that
exhibited a good thermostability [29]. Candida antarctica
lipase B was immobilized on Fe3O4@SiO2@p(GMA); its
optimum temperature was increased by 5°C and had higher
activities at a wider range of temperatures [30]. The results
suggest that the optimum temperature of PLC is increased
by 10°C through immobilizing.
3.6. Enzymatic Degumming Process. The content changes of
residual phosphorus and 1,2-DAG in reaction are shown in
Figure 6. Within 0–1.0 h, the content of residual phosphorus
decreased rapidly and nevertheless, the content of 1,2-DAG
increased rapidly. There was a slow reduction in residual
phosphorus content, but 1,2-DAG content continued to
increase at the same time when reaction time was from 1.0 h
to 2.0 h. PLC-Fe3O4@SiO2@p(GMA) reacted in crude soybean oil for 2.0 h, and the residual phosphorus and 1,2-DAG
were 64.7 mg/kg and 1.07%, respectively. The oil yield after
degumming was 98.1%, which was about 1.0% higher than
that of water degumming oil [18]. When the reaction time
continued to prolong, the change of residual phosphorus
and 1,2-DAG was not signiﬁcant. The main reason was that
PLC-Fe3O4@SiO2@p(GMA) hydrolyzed PC and phosphatidyl ethanolamines (PE) to produce 1,2-DAG in crude
soybean oil at the beginning of reaction [31], and there was
no remarkable change in residual phosphorus and 1,2-DAG
on account of the substrate decreased gradually. As clearly
seen here, PLC-Fe3O4@SiO2@p(GMA) can be applied to
crude soybean oil degumming.
3.7. Reusability of Nanomagnetic Immobilized PLC in
Degumming. Reusability of nanomagnetic immobilized
PLC in degumming is shown in Figure 7. PLC-Fe3O4@
SiO2@p(GMA) had 82.5% relative activity after 5 recycles.

Journal of Chemistry

7

100

Relative activity (%)

Relative activity (%)

100

80

60

80

60

40

40
5

6

7
pH

8

9

40

50

60
Temperature (°C)

70

80

Free PLC
PLC-Fe3O4@SiO2@p(GMA)

Free PLC
PLC-Fe3O4@SiO2@p(GMA)
(a)

(b)

Figure 5: Eﬀect of pH and temperature on the relative activity of free PLC and PLC-Fe3O4@SiO2@p(GMA). Eﬀect of pH on the relative
activity of free PLC and PLC-Fe3O4@SiO2@p(GMA) using soybean lecithin emulsions as a substrate at 55°C for 2 h. The optimum pH of PLC
was 7.5 after immobilizing. Eﬀect of temperature on the relative activity of free PLC and PLC-Fe3O4@SiO2@p(GMA), hydrolyzing soybean
lecithin emulsions, was determined within pH 6.5 and 7.5 for 2 h The optimum temperatures of PLC were increased by 10°C through
immobilizing. The data were reproduced three times, and error bars indicate standard deviations. (a) Eﬀect of pH on the relative activity of
free PLC and PLC-Fe3O4@SiO2@p(GMA). (b) Eﬀect of temperature on the relative activity of free PLC and PLC-Fe3O4@SiO2@p(GMA).
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The relative activity of it was 73.4% after 6 recycles. So, PLCFe3O4@SiO2@p(GMA) exhibited a good reusability. The
research of Segato et al. showed that immobilized cellobiohydrolase D (CelD) retained more than 80% of its initial
activity after 4 consecutive reuses [32]. The loss of enzyme
activity was attributed to the denaturation of PLC in the
hydrolysis environment, followed by the mechanical agitation and the collision of magnetic immobilized PLC during
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Figure 7: Reusability of PLC-Fe3O4@SiO2@p(GMA), using crude
soybean oil as a substrate at 65°C with a pH of 7.5 for 2.5 h. PLCFe3O4@SiO2@p(GMA) retained 82.5% relative activity after 5 recycles. The data were reproduced three times, and error bars indicate standard deviations.

hydrolysis, which resulted in the PLC shedding oﬀ the
carrier [9]. So, magnetic immobilized enzymes have good
reusability.

4. Conclusion
In this experiment, the free PLC was immobilized on the
Fe3O4@SiO2@p(GMA) carrier. PLC-Fe3O4@SiO2@p(GMA)
had high enzyme loading and enzyme activity. It had a good
ballability as nanoparticles and high speciﬁc saturation
magnetization that quickly separated from the reaction
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system. The enzymatic properties of PLC-Fe3O4@SiO2@
p(GMA) showed that the tolerance pH range was widened
and the tolerance temperature increased by 10°C. Phospholipids were converted to 1,2-DAG in degumming, which
increased the oil yield about 1.0%, and PLC-Fe3O4@SiO2@
p(GMA) had good reusability. So, PLC-Fe3O4@SiO2@
p(GMA) can be used in the degumming of oil in a magnetic
ﬂuidized bed.
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A method to detect the L-proline- (L-Pro-) catalyzed Michael addition reaction in model biomembranes has been established,
using N-[p(2-benzimidazolyl)phenyl]maleimide and acetone as reactants. The eﬀect of liposome membranes on this reaction was
kinetically analyzed using ﬂuorescence spectroscopy. The kinetics of the reaction were diﬀerent from those of the constituent
lipids of the liposomes. Zwitterionic 1,2-dipalmitoyl-sn-glycero-3-phosphocholine liposome, which is in the solid-ordered phase,
had a better value of reaction rate, suggesting that the reaction rate constants of this reaction in liposome membrane systems could
be regulated by the characteristics of the liposome membrane (i.e., the phase state and surface charge). Based on the results
obtained, a plausible model of the L-Pro-catalyzed Michael addition reaction was discussed. The obtained results provide us with
an easily detectable method to assess the reactivity of L-Pro in biological systems.

1. Introduction
L-Proline (L-Pro) is one of the principle amino acids that are
the building blocks of proteins. L-Pro is known to elucidate
various kinds of physiological activities though its interference in the metabolic pathway, such as in the enhancement of growth of epidermal cells, activation of
collagen biosynthesis, repair of damaged collagen, and
moisture of the stratum corneum [1]. Considering these
physiological activities, the use of L-Pro as a possible key
material in food engineering has become signiﬁcant.
As another signiﬁcant aspect of L-Pro, it is gaining attention as an organocatalyst [2, 3]. With respect to safety and
high eﬃciency, the use of L-Pro will prove beneﬁcial in
industrial processes, such as in the manufacture of medicine
and food. Barbas and coworkers have reported many examples of L-Pro-catalyzed reactions, especially focusing on
enantioselectivity [4–6]. The L-Pro-catalyzed reaction is
usually achieved through the formation of the “enamine”
intermediate, between L-Pro and the ketone substrate. It is
known that most of reported reactions have been carried out

in the polar solvent, e.g., dimethyl sulfoxide (DMSO), but
not in the high-polar solvent such as water, owing to the
stability of the enamine intermediate. Considering the use of
L-Pro in food engineering, it is thought that there could be
some risks of the side reaction induced by L-Pro, as a less
polar (hydrophobic) environment would exist in a biological
system (e.g., in the interior of a biomembrane).
Recent studies have also focused on the use of selfassembly systems in organic synthesis because selfassemblies enable insoluble materials dispersed in aqueous media [7]. The liposome, a vesicular envelope composed
of a phospholipid bilayer membrane, is known as a model of
biomembranes. It can also be utilized as a platform of organic synthesis in aqueous media [8–11]. The liposome
surface properties can be customized by modifying the lipid
composition [12]. The combined use of small molecules with
liposomes would lead to a cooperative alteration in the
membrane properties, which can contribute to providing
improved functions such as chiral recognition [13]. While
the liposome structure has to be disrupted to recover the
reaction product for its analysis, the use of the ﬂuorescent

2
reactant, for example, N-[p(2-benzimidazolyl)phenyl]maleimide (BIPM) [14], enables us to directly determine the
reaction rate constant.
Previously, we have observed that L-amino acids, including L-Pro, can bind onto liposomal membranes [13].
Thereby, the L-Pro-catalyzed reactions can proceed on liposome membranes in aqueous media [9, 11]. However,
some challenges are still encountered in directly monitoring
the kinetics of L-Pro-catalyzed reactions in the aqueous
medium because the product is basically analyzed after
extraction and puriﬁcation. In this study, the L-Procatalyzed Michael addition reaction of BIPM and acetone
was employed because BIPM is reported to be a good
substrate to monitor L-Pro-catalyzed reactions through the
ﬂuorescence of the product [14]. The eﬀect of liposome
membranes on this reaction was kinetically analyzed using
ﬂuorescence spectroscopy. Based on the results obtained
with previous ﬁndings, ﬁnally, a plausible model of the
L-Pro-catalyzed Michael addition reaction was discussed.
The obtained results provide an easily detectable method to
assess the risk of L-Pro in biological systems.

2. Materials and Methods
2.1. Materials. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC: C16 : 0, zwitterionic), 1,2-dioleoyl-sn-glycero-3phosphocholine (DOPC: C18 : 1, zwitterionic), and 1,2dipalmitoyl-3-trimethylammonium-propane
(DPTAP:
C16 : 0, cationic) were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA). L-Proline (L-Pro) and
D-Proline were purchased from Peptide Institute (Osaka,
Japan). N-[p(2-benzimidazolyl)phenyl]maleimide (BIPM)
was purchased from Tokyo Chemical Industry co., Ltd.
(Tokyo, Japan). Other chemicals were purchased from Wako
Pure Chemical Industry Ltd. (Osaka, Japan) and were used
as received.
2.2. Liposome Preparation. Liposomes were prepared based
on literature [9]. In brief, a chloroform solution of lipids was
dried in a round-bottom ﬂask by using a rotary evaporator.
The lipid ﬁlm was dissolved in chloroform, and then the
solvent was removed. The obtained lipid thin ﬁlm was kept
in a vacuum chamber for at least three hours, to remove the
solvent completely. The dried lipid ﬁlm was hydrated with
ultrapure water at 60°C. The liposome suspension was frozen
at −80°C for 15 min and was thawed at 60°C for 15 min. This
freeze-thaw cycle was repeated for ﬁve times. The liposome
suspension was ﬁnally treated by using the extrusion device
(Lipofast; Avestin Inc., Ottawa, Canada), with two layers of
polycarbonate membranes with a mean pore diameter of
100 nm. The size distributions of liposomes were determined
by dynamic light scattering (DLS, Zetasizer Nano ZS,
Malvern Panalytical, Grovewood Rd, UK). The average size
of DPPC liposome just after preparation was 172.9 nm (PDI:
0.224). The average sizes of acetone added liposomes after 0
and 2 h were 143.3 and 247.3 nm, respectively, revealing that
the addition of acetone resulted in only small inﬂuences on
the liposome structures.
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2.3. Kinetics of L-Pro-Catalyzed Reaction in DMSO/Water
System. L-Pro-catalyzed Michael addition of BIPM (BIPM:
28.9 µg (0.1 µmol)) with acetone (0.2 mL (2.7 mmol)) was
conducted in DMSO or aqueous solution. L-Pro-catalyzed
reaction was initiated by adding 10 µl of stock solution of
BIPM (10 mM) in acetonitrile (CH3CN)/DMSO (1/1 v/v)
mixture and 10 µl of stock solution of L-Pro in water (0–
8 mM) and acetone (200 µl) to 780 µl of DMSO or aqueous
solution. The reaction was carried out in a quartz cell for
measurement without stirring. The background ﬂuorescence
(before the reaction) was weak enough, and the increased
ﬂuorescence intensities were measured by the ﬂuorescence
spectrophotometer FP-8500 (JASCO, Tokyo, Japan) at 25°C.
The samples were excited with 315 nm and measured at
362 nm. The reaction kinetic was considered by ﬁrst-order
kinetics, and the reaction rate constant, k, was determined by
following equation:
−ln1 −

ΔI
 � kt,
ΔImax

(1)

where ΔI and ΔImax represent the ﬂuorescence at arbitral
time (t) and the ﬁnal ﬂuorescence intensity, respectively. The
products were analyzed by HPLC (Waters 1500 HPLC
System (Waters, Milford, MA, USA) equipped with the
ODS2 column (25 cm) (GL Science Inc., Tokyo, Japan)).
Mobile phase was prepared with CH3CN/0.1% aqueous
triﬂuoroacetic acid (15 : 85) at a ﬂow rate of 1.0 mL/min, with
detection at 310 nm. The retention times of BIPM and
product are 30.1 and 28.9 min, respectively.
2.4. L-Pro-Catalyzed Reaction in Liposome Membrane.
L-Pro-catalyzed reaction in the liposome membrane was
initiated by adding 10 µl of stock solution of BIPM (5 mM) in
CH3CN/DMSO (1/1 v/v) mixture and acetone (200 µl) to a
790 µl of mixture of liposome and L-Pro. A mixture of liposome and L-Pro was preincubated by mixing 780 μl of the
liposome membrane (5 mM) and 10 μl of L-Pro stock solution of water (100 mM). The reaction was carried out in
5 ml of the screw vial with stirring and light shielding. A
sample for ﬂuorescence measurement was prepared by diluting the reaction solution 50-fold with water. HPLC analyses were carried out as described above.

3. Results and Discussion
3.1. L-Pro-Catalyzed Reaction in DMSO and Water.
BIPM is reported to be a good molecular probe to monitor
the L-Pro-catalyzed reaction because its product shows
ﬂuorescence [14]. First, the L-Pro-catalyzed Michael addition reaction of BIPM and acetone (Scheme 1) was performed in DMSO. In the available literature, the reaction
rate of the Michael addition reaction of BIPM and acetone,
catalyzed by L-Pro, has been reported as 0.005 μM/min [14].
The 24-hour incubation period could be long enough to
reach saturation in these reaction media. Figure 1 shows the
ﬂuorescence spectra of the products obtained in DMSO and
water with an incubation period of 24 hours. The emission
peak wavelength of the product could be dependent on the
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Figure 1: Fluorescence spectra of the products in DMSO, in water,
and in DOPC liposome systems.

solvent; the wavelengths in DMSO and water were 360 nm
and 368 nm, respectively. In the 1,2-dioleoyl-sn-glycero-3phosphocholine (DOPC) liposome system, the emission
peak was observed at 372 nm and the ﬂuorescence intensity
was slightly higher than that obtained in water. The ﬂuorescent properties of the products are further discussed in
Section 3.4. These results revealed that the product can emit
strong ﬂuorescence in these media.
In general, the L-Pro-catalyzed Michael reaction is faster
in DMSO [3, 9]. The dependence of amount of the catalyst in
this reaction was then investigated by varying the amount of
L-Pro. Figure 2(a) shows the time course of the ﬂuorescence
intensity at diﬀerent concentrations of L-Pro in DMSO. The
reaction rate constants (k) were calculated based on ﬁrst-order
kinetics (equation (1)) (Figure 2(b)), suggesting that the reaction could proceed by following ﬁrst-order kinetics, because
the reaction rate and amount of L-Pro (catalyst) were almost
in a linear relationship at L-Pro concentrations below 40 μM.
To investigate the eﬀect of solvent polarity, the reaction
was further conducted in the system of DMSO/water
mixture. Figure 3 shows the time course of the ﬂuorescence intensities, wherein the ﬂuorescence intensities were
monitored at 362 nm. The presence of water signiﬁcantly
decreased the reaction rate. In general, the enamine formation can be inhibited by the solvent water [4]. It is
suggested that water molecules also play an inhibitory role in
this reaction. Common to the reaction mechanisms of the

L-Pro-catalyzed reactions, the formation of the enamine
intermediate is the key to achieve eﬃciency and enantioselectivity [2, 3, 15], whereby the water molecules could
decrease the stability of the enamine intermediate. During
the formation of the enamine of L-Pro and acetone, unstable
intermediates can be formed [16]. When the reaction is
carried out in liposome membranes, such intermediates
could be stabilized by interaction with phospholipid molecules [11]. These results clearly indicate that the eﬃciency of
the L-Pro-catalyzed reaction of BIPM and acetone can be
inhibited in an aqueous solution, owing to the lack of hydrophobic (dehydrated) environment. The reactions catalyzed by D-Proline (D-Pro) were also investigated, but the
catalytic activity of D-Pro might be lower than that of L-Pro
(Figure 3). In most cases, L-Pro and D-Pro show similar
catalytic performances except for the enantioselectivity of
the product [17]. However, in some examples, the yield of
the product diﬀered depending on the proline structure [18].
In the case of direct asymmetric aldol reaction between pnitrobenzaldehyde (pNBA) and acetone, the D-Pro derivative drastically decreased the reaction yield [2]. The
carboxyl group of L-Pro also produced a good yield [2]. It is
assumed that L-Pro can improve the reactivity of the enamine intermediate, suggesting that the enamine composed
by L-Pro (or its derivatives) shows higher reactivity as
compared to D-Pro derivatives, but further determinations
are needed to investigate their diﬀerences. In addition, as
D-Pro is hardly adsorbed onto liposomes [13], it was diﬃcult
to perform the D-Pro-catalyzed reactions at the liposome
membrane. In this study, the L-Pro-catalyzed Michael addition reactions of BIPM and acetone are further investigated in the following sections.

3.2. Coexistence Eﬀect of Liposome Membrane L-ProCatalyzed Reaction in an Aqueous Solution. The coexistence eﬀect of the liposome membrane on the L-Procatalyzed reaction of BIPM and acetone was investigated in
water. Although L-Pro is a water-soluble molecule, it has been
reported that L-Pro can be adsorbed onto the liposome
surface by incubation for 48 hours [13]. After L-Pro was
preincubated with the DPPC liposome for 24 or 48 hours, the
Michael addition reaction was initiated by adding BIPM and
acetone. Figure 4(a) shows the ﬂuorescence spectra of the
products at diﬀerent incubation times. In the case of 24-hour
preincubation, the spectra were not changed signiﬁcantly,
indicating that the reaction did not proceed. On the contrary,
after 48-hour preincubation, the ﬂuorescence intensities were
drastically increased, showing that the L-Pro-catalyzed reaction of BIPM and acetone was achieved in the aqueous
medium when the liposome was coexisting. The adsorption
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amounts of L-Pro onto liposomes were approximately 10% of
the total L-Pro—8.3% for the DOPC liposome, 10.8% for the
DPPC liposome, and 11.4% for the DPPC/DPTAP liposome,
at 48-hour incubation. We assume that only the adsorbed
L-Pro possesses high catalytic activity, whereas the unadsorbed L-Pro can behave as free L-Pro. Although we have not
estimated the L-Pro adsorption amount at 24 hours, in almost
all cases, the adsorption amount at 24 hours is less than 20% of
the maximum adsorption amount (at 48 hours). Considering
these results and ﬁndings, the adsorption amounts of L-Pro
could be estimated as <100 μM for 48 hour preincubation and
<20 μM for 24-hour preincubation. This could be the reason
why the reaction rate constants in liposome systems turn out
to be lower than those in the DMSO solvent.
Figure 4(b) shows the time course of the ﬂuorescence
intensity, showing that the k value at 48-hour preincubation was ﬁve times higher than that of 24 hour
preincubation. It has been reported that the L-amino acid
adsorption did not proceed until 24 hours and then dramatically proceeded within 24- to 48 hour preincubation
[13], in which the liposome surface properties could be
varied by the adsorption of L-amino acids and then concerted binding could be initiated. The obtained results show
that the Michael addition reaction of BIPM and acetone
was promoted by the L-Pro that was adsorbed onto the
membrane surface. Considering the facts that (1) water
molecules principally inhibit the L-Pro-catalyzed reaction
and (2) the liposome membrane provides a
hydrophobic environment in the aqueous medium, the
L-Pro-catalyzed reactions can be carried out in an aqueous
medium, owing to the presence of the liposome membranes. The potential roles of the liposome membrane are
to carry the hydrophobic reactant (BIPM) in the interior
region of the membrane and to accumulate reactants and a
catalyst in the dehydrated environment.
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Figure 3: L-Pro-catalyzed Michael addition reaction of BIPM and
acetone in DMSO/water solutions.

3.3. Eﬀect of Type of Liposome Membrane on the L-ProCatalyzed Reaction. Biological membranes consist of various kinds of lipids and proteins. Among the naturally occurring
zwitterionic phospholipids, DOPC and 1,2-dipalmitoyl-snglycero-3-phosphocholine (DPPC) were selected to investigate
the eﬀect of membrane properties on this reaction. At room
temperature, DOPC and DPPC liposomes are in the ﬂuid state
(liquid-disordered, Ld, phase) and rigid state (solid-ordered, so,
phase), respectively. It is also reported that the cationic liposome DPPC/DPTAP (1,2-dipalmitoyl-3-trimethylammoniumpropane) can improve the L-Pro-catalyzed Michael addition
reaction [9]. After L-Pro preincubation for 48 hours, the reaction of BIPM and acetone was carried out in the presence of
the abovementioned liposomes (Figure 5). The initial reaction
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0.02

Initial reaction rate

(s–1)

rate was herein analyzed by the slope of the approximately
straight line of the plot of ﬂuorescence intensity at 372 nm
against time, as the ﬂuorescence intensity increased
proportionally with time. The initial reaction rate in
DPPC (so phase) was 2.5 times higher than that in DOPC
(Ld phase). Furthermore, the addition of cationic DPTAP
decreased the initial reaction rate, although both the
DPPC and DPPC/DPTAP liposomes are in rigid
membrane states (so phases) [9].
The membrane surface of the DPPC liposome is
known to be in a dehydrated state as compared to that of
the DOPC membrane [9], which could be favorable to
stabilize the enamine intermediate of L-Pro and acetone.
In addition, the “ordered” state of the DPPC membrane
could contribute to promote the adsorption of the
L-amino acid (including L-Pro), whereas L-amino acid
adsorption can decrease when the membrane is in
disordered states [13]. The adsorption of L-Pro was
slightly increased by the positively charged liposomes [9],
whereas the membrane property diﬀerences between
DPPC and DPPC/DPTAP could be negligible. Thus, the
inhibitory eﬀect of the DPTAP on the reaction could be
because of the positive charge of the membrane.
Furthermore, only the positively charged molecules
(e.g., propranolol) adsorbed onto the negatively charged
liposomes [19]. It is assumed that L-Pro could
preferentially adsorb onto the membrane in the so phase,
in which the less hydrophobic environment contributes
both to the adsorption of L-Pro and to the promotion of
the Michael addition reaction.
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Figure 5: Comparison of the liposome phase state and initial
reaction rate.

3.4. Plausible Model of L-Pro-Catalyzed Michael Addition
Reaction of BIPM and Acetone in Liposome Membrane.
Based on the abovementioned results, a plausible model of the
L-Pro-catalyzed Michael addition reaction is discussed. To
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Figure 6: Emission peak wavelength (a) and relative emission peak intensity (b) of the reaction products in 1,4-dioxane/water mixtures
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assess the location of the product in the liposome membrane,
the peak shift of the emission ﬂuorescence of the reaction
product was analyzed in various kinds of solvents with different polarities. In the existing literature, it has been reported
that the ﬂuorescence intensity of the product in DMSO was
slightly higher (∼1.6 times) than that in water [14]. To verify
the solvatochromism of the product, the product recovered in
DMSO solvents after 24 hour incubation was transferred into
DMSO/water mixtures for further analysis of its ﬂuorescence.
Figure 6(a) shows the emission peak wavelength of the reaction product in both 1,4-dioxane/water systems and
DMSO/water systems. The emission peaks gradually redshifted as the water ratio increased. In the liposome systems, the emission peaks were observed at 368.5 nm (we
conﬁrmed the emission peaks with three isolated data from
DOPC and DPPC). This suggests that the products generated
in the liposome tend to locate at the hydrophilic part (near the
lipid head groups) although the emission peaks were broader
in the liposome systems. The emission peak intensities were
decreased in proportion to the water ratio (Figure 6(b)). The
ﬂuorescence intensity of the product in water decreased to
40%. In contrast, the presence of water in the reaction mixture
drastically inhibited the reaction (Figure 3), suggesting that
the formation of the enamine intermediate of L-Pro and
acetone could be the key to promote this reaction. The DMSO
environment is suitable to stabilize enamine [2, 3], and a

similar eﬀect can be obtained by utilizing the liposome
membrane [9, 11].
The possible locations of the molecules related to this
reaction are summarized in Figure 7. L-Pro, the enamine
intermediate, and acetone could be basically localized at the
interface region, near the phosphate and glycerol groups;
therefore, the enamine intermediate could be stably trapped there. The reaction could be completed by the attack of
the enamine intermediate to BIPM, which could be located
in a more hydrophobic region—near the hydrocarbon
chains of lipids. Similarly, the reactants transβ-nitrostyrene (tβNS) and pNBA can be estimated to be
located at the hydrophobic site [9, 11]. The obtained results
and previous ﬁndings suggest that the enamine
intermediate, composed of L-Pro and acetone, could
preferentially locate in the hydrophobic region of the liposome membrane, which successfully promotes the
L-Pro-catalyzed reactions. The eﬃciency and enantioselectivity can be varied, preferably depending on the
property of the reactant—tβNS would provide high
enantioselectivity; pNBA would provide high conversion
but low enantioselectivity. For BIPM, although the
conversion was lower, the reaction kinetics was directly
analyzed in the aqueous medium, revealing that the L-Procatalyzed Michael addition of BIPM and acetone was surely
performed in the liposomal membrane.
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4. Conclusions
The kinetics of the L-Pro-catalyzed Michael addition reaction
of BIPM and acetone were analyzed by using ﬂuorescence
spectroscopy. The composition of liposomes could be a
controlling factor in this reaction—the zwitterionic DPPC
liposome displayed the highest reaction rate constant among
the liposomes tested in this work. From the point of view of
green chemistry, organic synthesis in aqueous media provides
various beneﬁts. On the contrary, in food science and engineering ﬁelds, our ﬁndings provide a warning that the L-Pro
distributed into biomembranes (hydrophobic environment)
can react with ketones, which might lead to unexpected and
inconvenient chemical reactions in the human body. The
ketones can be produced by lipid oxidation in biomembranes;
thus, ketones in biomembranes would be reactive in the
presence of L-Pro, which might result in unexpected products. Thus, in situ detection of the L-Pro-catalyzed reactions is
necessary. The obtained results provide us with an easily
detectable method to assess the risk of L-Pro in biological
systems, which can be detected using BIPM as a donor reactant in the L-Pro-catalyzed Michael addition reaction.

Ld:

so:
tβNS:

Liquid disordered
Solid ordered
trans-β-Nitrostyrene.
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Water is an abundant commodity and has various important functions. It stabilizes the structure of biological macromolecules, controls biochemical activities, and regulates interfacial/intermolecular interactions. Common aspects of interfacial water can be obtained by overviewing fundamental functions and properties at diﬀerent temporal and spatial scales.
It is important to understand the hydrogen bonding and structural properties of water and to evaluate the individual
molecular species having diﬀerent hydration properties. Water molecules form hydrogen bonds with biomolecules and
contribute to the adjustment of their properties, such as surface charge, hydrophilicity, and structural ﬂexibility. In this
review, the fundamental properties of water molecules and the methods used for the analyses of water dynamics are
summarized. In particular, the interrelation between the hydration properties, determined by molecules, and the properties
of molecules, determined by their hydration properties, are discussed using the lipid membrane as an example. Accordingly,
interesting water functions are introduced that provide beneﬁcial information in the ﬁelds of biochemistry, medicine, and
food chemistry.

1. Introduction
Water is an abundant and interesting molecule that has
various functions in biological systems. In this context, it has
attracted much interest in a variety of research ﬁelds. Water
is the only solvent that can be drunk without serious risks to
human health, and is therefore indispensable in the food and
medical ﬁelds. Speciﬁcally, the hydration state of food is one
of the important and determining factors of its quality. The
water (moisture) content of food controls its subtle taste and
texture. Accordingly, controlling the amount and state of
water is critical for the preservation of the quality of food
because the elimination of water drastically reduces the
growth of living species (bacteria and fungi). Drying and
freezing foods prevent the growth of microorganisms, and
they thus constitute useful techniques for food preservation.
Conversely, drying and freezing may diminish the taste of
food because the characteristics of water (or ice) play very
important roles in the organization of the constituent
structures of materials in food. Salting and sugaring also

improve food stabilities, while higher concentrations of salt
lead to the denaturation of proteins. The colloidal properties
of solution are also sensitive to the amount of water. In
systems which only consist of oily components, the phase
separation behaviors can be dependent on the composition,
temperature, pH, salt concentration, and the presence of
surfactants. In the case of agar hydrogels often used as edible
polymers, their stiﬀness can contribute as a determinant of
taste, wherein the hydration state is a considerable factor
that determines the sponge structure of the formed hydrogel.
Considering the above, the quality of food is relevant to the
hydration state and to the structure of the component.
Regarding the stability and freshness of food, an important concept relates to the method/approach required to
maintain the structure of cells, proteins (or enzymes), and
self-assembled compounds in food materials. The capacity of
water molecules to functionalize biological molecules and
their assemblies has been investigated for many years [1].
Water molecules are essential for the maintenance of the
physiological cell function and structure. Therefore, it is
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required to understand how it behaves as a modulator from
various viewpoints, including chemical, physical, and biological. The biological interfaces, e.g., the surfaces of
proteins, nucleic acids, and lipid membranes, are usually in
well-hydrated states, and the properties of interfacial water
have been attracting the interest of researchers for years
[2–5]. The functions of proteins are in many cases strongly
related to their structure, including the hydration water
layer, wherein the hydration state of the protein surface
aﬀects the protein conformation [6]. Additionally, the water
molecules associated with proteins can work to modulate the
conformational properties of protein motifs [7, 8]. In cell
systems, the behaviors of water at the lipid membrane
surface are directly related to the maintenance of the cell
structure and to their interactions with biomolecules [9].
Information on the hydration properties of the lipid
membrane is also useful in the medical and biological ﬁelds.
Furthermore, the polarity of the lipid membrane (hydrophilicity) is an important indicator in the targeting of nutrients and drugs to cells, both in terms of the estimation of
biocompatibility and modulation of bioavailability [10, 11].
Therefore, a precise understanding of the fundamental
hydration properties of the lipid membrane is required.
The lipid bilayer membrane is organized based on the
hydrophobic interactions between amphiphilic molecules
that constitute the hydrophobic-hydrophilic interface in an
aqueous system. The lipid bilayers, usually found in cell
membranes and a part of the outer membranes of intracellular compartments, act as physical barriers to prevent
the free permeation of water and water-soluble compounds,
thus playing an essential role in the maintenance of cellular
homeostasis. In the various types of biological interfaces
(including lipid membranes), the key aspects pertaining to
the roles of water molecules are as follows: (1) hydration
properties that can be inﬂuenced by the formation of hydrogen bonds between the hydration water molecules and
the substance of interest and (2) classiﬁcation of water
molecules according to their hydration characteristics, such
as the strong hydration properties/characteristics exhibited
at the interface or in the bulk. Although the hydration
properties of food are complicated, the hydration water layer
of each component (proteins, nucleic acids, membranes, and
other small molecules) is still relevant from the viewpoints of
chemistry, biology, medicinal chemistry, and so on
(Figure 1).
In systems, such as proteins, lipid membranes, and
polymer surfaces, the interfacial water molecules exist as
hydration water layers and exhibit diﬀerent properties
compared to those in bulk water. In the case of the hydration
water in a phospholipid bilayer membrane system, the
binding state of the hydration water varies, depending on the
binding position [12]. The water group that binds directly at
the interface can be considered as a ﬁrst-order hydration
water group. Additionally, the associating water molecules
around the ﬁrst group can be more ﬂexible, and these groups
can be regarded as second-order hydration water groups.
Recently, an increased focus has been documented on the
classiﬁcation of the interfacial hydration water on such
groups because each hydration water group can play
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important roles in (a) modulating protein structure and
function and (b) regulating adhesion among (bio)materials
[13]. It is also important to evaluate the thermodynamic
properties of hydration instead of observing the binding
properties. The classiﬁcation of interfacial water molecules
into several groups allows us to understand their contributions. The understanding of the hydration properties is
essential for food materials from the viewpoint of the
structural stability and function of each component, including the lipid membranes. In this review, the recent
approaches adopted for the investigation of water properties,
and the fundamental interrelation between hydration and
molecular properties, are summarized with a special focus
on lipid membrane properties.

2. Basic Properties of Water
Molecules/Observation of Water
Water molecules thermally diﬀuse in liquid to perform
certain functions by assuming certain structures: Eisenberg
and Kauzmann assumed that the structure of water molecules is classiﬁed according to the observation time (Figure 2) [14].
(a) I, structure at each instant (t < τ v)
(b) V, structure averaged with respect to vibration
(τ v < t < τ D)
(c) D, structure averaged with regard to the orientation
and movement of molecules (τ D < t)
The orders of τ v and τ D are 10−13 s and 10−12 s, respectively. Most of the water properties are investigated to
relate to the D-structure, whereas there are few measurement methods relevant to the V-structure. The evaluation of
the hydration water behaviors can be dependent on the
measurement method in accordance with the characteristics
of the target water.
2.1. Experimental Approach: Observations of Direct Motion of
Water Molecules. X-ray and neutron diﬀraction spectroscopy are representative experimental methods that have
been used to evaluate water molecules on nucleic acids,
proteins, lipid membranes, reverse micelles, etc. The orientations of the water molecules within the hydration layer
have also been discussed [15–19]. The properties of the
hydration layer are not simple. Accordingly, related studies
on hydration layers are discussed in Section 3. Given that
X-ray diﬀraction and neutron diﬀraction measurements
require crystallized samples, the molecular structure and
patterns might be diﬀerent compared to those in aqueous
solution systems. Speciﬁcally, these approaches are eﬀective
in identifying potential properties, such as the stereoscopic
characteristics at the interface (including the hydration
water). Small-angle X-ray scattering (SAXS) and small-angle
neutron scattering (SANS) have been adopted to evaluate
molecular structures at the nanometer scale, and they are
often used for the investigation of the hydration layer
[20–23]. A molecular distribution analysis suggests that the
density of water in the hydration layer on the protein is
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Hydration layer, free water, …

Figure 1: Possible role of water in various ﬁelds.

(a)

(b)

(c)

Figure 2: Classiﬁcation of water molecules. Illustration was drawn according to Eisenberg and Kauzmann [14]. (a) I-structure.
(b) V-structure. (c) D-structure.

approximately 15% higher than the water density in the bulk
[21, 23]. Additionally, in lipid bilayer systems, the excess
number of water molecules can be distributed at the
membrane-bulk interface region [24]. By employing SAXS,
the structural properties of food can be evaluated. From a
scientiﬁc viewpoint, the self-organized structure of mayonnaise can be categorized in emulsion gels (oil-in-water
emulsions) or in bicontinuous cubic phases [25].
Infrared (IR) and Raman spectroscopy can be utilized to
investigate the behaviors of hydration water at interfaces

[26–29]. Nonhydrogen bonding water molecules have been
reported by many researchers based on Raman spectroscopic analyses [29–31]. Typically, H2O or D2O is employed
as solvents for biological species, and the contribution of the
O-H or O-D vibration stretching modes from target molecules is analyzed. Walrafen et al. observed the isosbestic
point in the O-D vibrational modes measured at diﬀerent
temperatures. In overlays of these spectra, each spectrum
yielded a cross point at a speciﬁc frequency. By varying the
temperature, the frequencies derived from pure α2 and pure
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β2 (whereby α and β correspond to polarizability and anisotropy, respectively) yielded the isosbestic point. This
suggests that the hydrogen-bonded and nonhydrogenbonded water are in a thermodynamically equilibrium
state [32, 33]. The ΔH° value of the OH–O bond was estimated to be −2.6 kcal/mol [34]. In Raman and IR measurements, several types of vibrational peaks are summed in
one spectrum, and peak deconvolution is thus an eﬀective
tool in assigning the contribution of each molecule or bond
[35–37]. These methods are very useful for evaluating the
dynamic behaviors of water molecules.
Flexible molecules, such as solutes in aqueous systems, or
molecules in self-assembly systems, exhibit dynamic behaviors in response to external stimuli. This is derived from
the reorientation of the associated water molecules. Spin
relaxation of hydrogen or oxygen isotopes can be measured
as a function of time [38]. In general, the molecular dynamics can be evaluated at the order of nanoseconds to
investigate the behaviors of proteins and nucleic acids
[39–41]. Accordingly, the net rotational correlation time of
water molecules is obtained based on magnetic relaxation
dispersion (MRD) to monitor the slow dynamics associated
with biomolecules. In experimental approaches, it is diﬃcult
to distinguish the molecular behaviors of water molecules
because the physicochemical property diﬀerences between
free water (bulk water) and hydration water are extremely
small. Correspondingly, computer simulation approaches
have been extensively employed (e.g., MD simulations, etc.)
[42–44]. Furthermore, NMR measurements reﬂect the information of all the molecules from the entire system.
However, it could be diﬃcult to identify the signals of the
hydration water and solvent water in solution NMR measurements. By contrast, the MRD analysis has been extensively studied to monitor the dynamic behavior of the
molecules and has been shown to elicit results that are highly
correlated with the outcomes of simulation studies [45–47].
The sum-frequency generation (SFG) vibrational spectroscopy can observe an asymmetric molecular fraction in
the vicinity of the interface [48]. It is mainly used for analyzing the hydration state to the lipid membrane at an airwater interface [43], and it is applied to monitor the direction at which the water molecules orient themselves
around the lipid head group (H-up, H-down) [49, 50].
Although there are limitations associated with the directionality at the interface and with the experimental
conditions, SFG is a powerful tool used to evaluate the
orientation of water molecules at the molecular surface.
2.2. Experimental Approach: Observations of Water Molecules
as a Group. In dielectric relaxation spectroscopy, it is
possible to observe the behavior of the dipole moments of
water molecules [51–54]. If the system is swept by an alternating electric ﬁeld, the dipole of the water molecule
exhibits a Debye relaxation. Given that the relaxation time of
water is relevant to the hydration characteristics, its value
depends on the reorientation time of individual molecules
[55]. The precise deﬁnition of the scale of each water group is
still under discussion. In addition, the bulk water molecules
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aﬀect the hydrated water molecules in the vicinity of the
target molecule [41, 56, 57]. Therefore, it is necessary to
consider the fact that the observed dynamics of water are
cooperatively restricted compared to its original characteristics. As an improvement of the experimental method,
the number of hydration water molecules can be estimated
based on the deconvolution of the multiple relaxation peaks
[44].
Dynamic light scattering (DLS) and the optical Kerr
eﬀect are sensitive to the refractive index of the solvent.
Similar to the dielectric relaxation analysis, the polar tensor
relaxation can be measured using these methods. Given that
the molecular polar tensor of water is almost isotropic, these
techniques essentially probe the collective translational
rearrangements of the water molecules [56, 57]. Terahertz
spectroscopy can measure the physical properties corresponding to the distortion of the hydrogen bond network in
the far IR range. By comparing the bands near the bulk and
the molecule, the hydrogen bond in the vicinity of the
molecule can be detected. Utilizing this technique, the existence of a dynamic hydration shell with a thickness of 20 Å
has been observed around proteins [58–61]. There are some
assumptions in this deﬁnition pertaining to the restriction of
this shell, including its uniform distribution, for example.
Dielectric properties relate to the water activity (aw) that
constitutes a representative index for the water aﬃnity on
food material. There are some reports on the application of
the dielectric analysis mentioned above for the purpose of
the investigation and monitoring of the quality of the food
products [62, 63].
2.3. Experimental Approach: Indirect Observation of Water
Behavior. Highly sensitive and speciﬁc information on the
biological interface can be obtained from molecular probe
methods. To evaluate the hydration environment at biological interfaces, numerous ﬂuorescent molecules have
been developed in which the probes are sensitive to their
local environment [64]. Various probe molecules have
been designed and optimized: herein the probe preferentially binds to the target molecule and elicits strong
ﬂuorescence signals reﬂecting their microscopic surroundings. Usually, the internal part of biomolecules
(core of proteins, strand regions of nucleic base-pairs) is
hydrophobic compared to water, and the inserted ﬂuorescent probe can thus emit a stronger ﬂuorescence signal.
For example, the exposed hydrophobic site in the denatured protein or the self-assembly surface, such as the
lipid membrane, can be detected by polarity-sensitive
probes, such as the 8-anilino-1-naphthalenesulfonic
acid (ANS) and 6-(p-toluidino)naphthalene-2-sulfonate
(TNS) [65–69]. Solvent-sensitive ﬂuorescent probes, such
as 6-propionyl-2-dimethyl-aminonaphthalene (prodan),
6-dodecanoyl-2-dimethylaminonaphthalene (laurdan),
ANS, and TNS, are extensively used for the characterization of the lipid membrane [70–73]. These molecules
have a dipole moment following their excitation and
induce the relaxation of the surrounding water molecules.
Hence, they exhibit various ﬂuorescence characteristics
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according to the degree of solvent relaxation [74, 75].
The speciﬁcity of the ﬂuorescent probe’s location in
the lipid membranes has advantages and disadvantages.
An advantage is the fact that the choice of a speciﬁc
probe enables us to analyze more localized information
toward the lipid bilayer, such as the membrane surface
region monitored by 1-(4-trimethylammoniumphenyl)6-phenyl-1,3,5-hexatriene (TMA-DPH), for example.
The membrane inner region can be monitored by 1,6diphenyl-1,3,5-hexatriene (DPH) [76]. A disadvantage is
the fact that the ﬂuorescence property (quantum yield)
can be varied depending on the polarity and viscosity of
the solvent. Thus, the information obtained from a single
ﬂuorescence probe could include multiple factors. Accordingly, the alteration of the membrane property can be
induced by an external molecule (e.g., protein binding)
and vice versa. The use of multiple ﬂuorescence probes can
solve these problems. Therefore, it is recommended that
several types of probes be used such that the interfacial
polar environment can be systematically investigated
[77–79].
The type and quantity of water molecules can be identiﬁed by using diﬀerential scanning calorimetry (DSC) based
on the heat balance of the water freezing/thawing processes.
In the polymer systems, the water molecules can be classiﬁed
into the intermediate and free water types and can be observed with (a) endothermal peak temperatures > 0°C and
(b) < 0°C, respectively [80, 81]. Because the water in polymers does not freeze at temperatures less than 0°C, it can be
distinguished from free water (bulk water). Therefore, the
amount of nonfreezing water can be evaluated by identifying
the diﬀerence between the amount of intermediate water
and free water obtained from the entire system. This is a very
eﬀective method because the heat capacity can be evaluated
from the dilution/melting peak. Regarding the evaluation of
water in the biomolecules, the structure of the molecule
largely aﬀects the hydration characteristics. Thus, the differentiation of the type of water constitutes a signiﬁcant
problem. Each experimental approach has limitations regarding the observable time allotted to the dynamics of the
target molecule. According to previous reports, the experimental approaches used for the investigation of water
dynamics are summarized in Figure 3.
2.4. Simulation Approach of Water Behavior. For the computational simulation of water dynamics, it is essential to set
the force ﬁelds of water and coexisting molecules. Until now,
many potential functions have been proposed to produce the
molecular behaviors in simulation approaches [83]. Given
that the most extensively used approaches are based on the
theoretical and experimental results, various models of water
molecules have been developed, such as TIP3P, TIP4P, SPC,
etc. [84–87]. The average number of nearest neighboring
molecules was increased to almost ﬁve in liquid water.
Additionally, the average number of hydrogen bonds per
molecule decreased to three in comparison to the state of ice.
Recent studies revealed the possible structures of water
clusters composed of four or eight molecules, and the
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mechanism responsible for the density ﬂuctuations is well
supported by simulation results [88]. Some representative
water clusters, such as the cyclic pentamer, bicyclo-octamer,
and tricyclo-decamer, are relatively stable, and the dynamic
behavior exchanging continuous formation of hydrogen
bonding networks has also been studied [89].
Considering the behavior of water as solvent, simulation
calculations at the hydration layer must be conducted. The
hydration shell can be deﬁned as a group of water molecules
in which the orientation of the dipole moment is in a good
arrangement in the ﬁrst layer (with a thickness which is
approximately equal to 3.5 Å). However, the deﬁnition of the
hydration shell (or layer) is controversial because the water
molecules in these layers exhibit diﬀerent properties
depending on their interaction states with other molecules
[13, 42, 59, 60]. The distance to the ﬁrst minimum value in
the radial distribution function can be deﬁned as hydration
shell including whole contributions of the motional properties of water molecules such as rotation, translation, and
hydrogen bonds [82, 87, 90, 91]. Finally, the mechanical
properties of the water molecules present in the hydrated
shell can be investigated [92].

3. Hydration Layer
The water molecules randomly distribute depending on their
dipole-dipole interactions and form a hydrogen bond network among water molecules via electrostatic interactions.
Ultimately, a layer of water molecules is formed from a
hydrophobic interface with a thickness that spans several
nanometers [93, 94]. Although the deﬁnition of the hydration layer varies depending on the interface to be targeted, a similar tendency can be observed within biological
interfaces. Uedaira et al. suggested a concept of structured
hydration layers based on studies using the 17O NMR spinlattice relaxation [95]. The authors deﬁned the dynamic
hydration number nDHN that represents the dynamic
characteristics of hydration. The thickness of the structured
water is at least several nm irrespective of the type of material
constituting the interface, that is, the hydration layers
comprising approximately 10 water molecules are structured
[95].
Israelachvili et al. measured the intermolecular forces
between mica plates in dilute KCl solutions [96]. The
interaction of the two interfaces was well explained by the
DLVO theory using distances of 10 nm or less. When the
distance of the interfaces was less than 1.5 nm, the oscillations appeared at every 0.25 ± 0.03 nm [97]. In this
case, 6-7 oriented water molecules existed between the
mica plates. The short-range hydration force between the
smooth rigid surfaces was always oscillatory as water
molecules attached to the hydrated surface groups and
formed an ordered layer [97]. This repulsive force is a
synergistic hydrogen bond (polarized) interaction that
attenuates as a function of distance from the surface
[98, 99]. Interestingly, in ﬂexible surfaces, such as lipid
membranes, these vibrations are averaged into a monotonous repulsive force because of the roughness of the
head group of lipid molecule and the repulsive thermal

6

Journal of Chemistry
Energy transfer and dissipation
Vibrational
lifetimes

H-bond
lifetimes

Structural ﬂuctuations
Liberations
OH stretch
OH bend

O…O stretch
O…O bend

1 mm

Time [s]

Estimated size (nm)

τI

τv 10–12

τD

10–10

10–8
Information
obtained as a group
Bulk region

1 μm
DSC
DDA
1 nm
0.1 nm

SFG
IR Raman

Terahertz
Fluorescence
Neutron diﬀraction
X-ray diﬀraction

DDA
NMR

DSC
DSC

2 to 3 water molecules
hydration layer
First hydration
layer
Observation of
individual water molecules

Figure 3: Experimental approach for the investigation of water dynamics. The molecular properties of water are summarized according to
Fogarty and Laage [82].

ﬂuctuation force that arises from the dynamic nature of
the lipid membrane surface [100–102].
The hydration layer on the MgO solid surface is consistent of approximately 10 molecules (with single-molecule
layers and layers with thicknesses spanning two or three
molecules) [103]. The ﬁrst water molecules orient in such a
way that (a) one hydrogen atom faces the oxygen atom of
MgO and (b) the OH groups are aligned parallel to the MgO
plane. The thickness of the ﬁrst layer is in the range of 0.20.3 nm, while the second layer is a more distributed alignment of the water molecules with thickness values in the
range of 0.4–0.6 nm. Thicknesses equal to three or more
layers are equivalent to bulk water, and the orientation
anisotropy disappears. According to Zhang et al., the selfdiﬀusion coeﬃcient of water in the wall of the capillary
(ε � 5) ranges from 4.5 to 4.9 × 10−9 m2·s−1 and that of bulk
water is two times smaller and equal to 2.7 × 10−9 m2·s−1
[104]. A group of water molecules in the form of a layer on
such an interface has been extensively studied as functional
water [13, 61].
In the polymer system, the water layer, commonly referred to as an intermediate layer, is assumed to adjust the
accumulation of proteins [59, 82]. In a separation system
using a polymer, such as in artiﬁcial dialysis, grasping the
activity of water molecules in this intermediate layer leads to
the design of a high-performance separation membrane. The
water molecules at these intermediate layers are measured by
using DSC, dielectric spectroscopy, NMR, and so on. In the
case of biopolymers, it is argued that a layer comprising a
single molecule is deﬁned as the ﬁrst hydration layer, while a
second hydration layer has a thickness that spans 2–10

molecules [13]. In biomolecules, some polar or charged sites
appear on the surface that can strongly interact with the ﬁrst
layer of water molecules via hydrogen bonds or electrostatic
interactions. These heterogeneous states in the hydration
properties can result in the generation of electric ﬁelds.
However, these properties have not been well clariﬁed. The
concepts related to the hydration layer according to the
reviewed studies are summarized in Figure 4. The food
materials derived from animals or plants can be considered
as the assembled cell tissue, wherein the front part of the
food material surface can consist of cell membranes. In the
following sections, the correlation between the hydration
behavior and molecular properties is discussed, especially
focusing on the lipid membranes as representatives of the
potential functions of biological interfaces.

4. Hydration Properties in Lipid Membranes
The lipid bilayer membrane provides diﬀerent polar environments, whereby the surface regions from the lipid head
group to the glycerol group are hydrophilic. In contrast, the
inner membrane region is hydrophobic owing to the accumulated hydrocarbon chain [105]. For the experimental
study of lipid bilayer membranes, the “liposome” can be used
as the artiﬁcial self-assembled entity with a phospholipid
membrane (Figure 5). The hydration layer is formed between bulk and hydrophobic core regions. Herein, the word
“membrane surface” indicates the hydrophilic region of the
lipid bilayer, which acts as the interface of interaction with
the surrounding solvent water. The “membrane interface”
indicates the border between the hydrophilic and the
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hydrophobic regions of the membrane, that is, the region
around the carbonyl group of the lipid molecules. The hydration state of the lipid membrane is complicated (cannot
be simply deﬁned) owing to the various contributing factors,
such as for example, the chemical structure of the lipid head

group, acyl chain packing state, lateral interaction
between lipids, etc. A typical zwitterionic phospholipid,
e.g., diacylglycerophosphocholine (PC), known as lecithin,
possesses both a negatively charged phosphate group and a
positively charged choline group. These zwitterionic head
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groups are strongly hydrated via hydrogen bonds with
solvent water. In a phosphate group, the bound water
molecules are retained in a tetrahedral structure around the
oxygen atoms [106–108]. The water molecules associated
with the positively charged choline group are weakly
connected to each other in a clathrate hydration state
[106, 107]. As shown in the 1,2-dipalmitoyl-sn-glycero-3phosphocholine (DPPC) membrane, the water molecules
around the CH2 moieties in the choline group are distributed
according to the Gaussian distribution, regardless of the
membrane phase state. Hence, their existence cannot be
ignored [82].
In general, the hydration layer formed on the surface of
the PC membrane prevents the access of water-soluble
molecules, despite the existence of the thin hydration
layer which has a thickness of approximately 1 nm [24]. It is
still unclear how such a hydration layer can inhibit the access
to external molecules. A thicker hydration layer can stabilize
the self-assembled structure of the membrane, which is one
of the important topics related to the design of drug carriers
[110]. The hydration property of the membrane can be
varied depending on the lipid head group. In addition, the
lipids modiﬁed with polyethylene glycol (PEG) and glycolipids allow the existence of large numbers of water molecules in the form of a hydrated sponge [111]. In
consideration of other factors that inﬂuence the hydration
behaviors, the simulation study on the associated dynamics
has investigated the fact that the hydrogen bonds between
the water molecules are strengthened on the lipid membrane
that is composed of phosphoethanolamine (PE) lipids [107].
The PE has a small head group which creates a ﬂat membrane surface, thus resulting in the enclosure of lipid
molecules. From this point-of-view, it is considered that the
uniformity of the charge characteristics of the surface layer
also contributes to the stability of the bonds between the
water molecules [112].
In research studies using SFG, the direction and hydration characteristics of the water molecules at the
hydrophilic/hydrophobic interface were evaluated. One of
the advantages of SFG measurements is the observation of
the orientation of molecules localized at the bulk-membrane
interface [48, 106]. In the lipid monolayer system formed at
the air-water interface, the water molecules in anionic lipid
membranes, such as 1,2-dipalmitoyl-sn-glycero-3-phospho(1′-rac-glycerol) (DPPG), are oriented to direct the hydrogen atoms toward the lipid head, while the water molecules exceeding the phosphate group are oriented so that
the hydrogen atoms are directed in the opposite direction
[48]. For cationic lipid membranes, such as 1,2-dipalmitoyl3-trimethylammonium-propane (DPTAP), the orientation
of the hydration water layer is opposite to that in the case of
DPPG, wherein the water on the bulk side and inside the
membrane directs oxygen atoms toward the head group
[48]. Such orientations of water are very important for the
understanding of the complex hydration environment at the
lipid membrane surface.
From the structural point-of-view, it has also been
suggested that the water molecules existing among acyl
chains contribute to the stability of the structure of the
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molecule, based on simulation and FTIR studies [113, 114].
Alarcón et al. analyzed the hydration state of DPPC using
simulations, and conﬁrmed that the water molecules between the acyl chains formed a chain-like conﬁguration
which was stabilized in the acyl chain pocket. Additionally,
these results were consistent with the experimental results
[19]. In the case of lipid molecules which possess hydrogen
bond donor or acceptor groups, such as sphingomyelin, the
water molecules can align with respect to the NH group of
the backbone structure as well as with respect to the
phosphate and choline groups because of the strong hydrogen bond acceptors of oxygen atoms in water. Comparison of PC and sphingomyelin with the same acyl chain
lengths indicates that the sphingomyelin membranes have
multiple hydration layers owing to the hydrogen bond with
solvent waters, as conﬁrmed by NMR measurements [115].
Regarding the unsaturated sphingomyelin, the possibility of
intermolecular hydrogen bond interactions can be replaced
by the hydrogen bonds formed with water molecules that
increase molecular ﬂexibility according to quantum chemistry approaches [116]. It is suggested that the subtle conﬁguration diﬀerences, such as saturated and unsaturated
conﬁgurations, could aﬀect the hydration behavior.
Generally, the lipid membranes composed of unsaturated acyl chain lipids exhibit a hydrophilic property
owing to their loosely packed lipid orientation. By contrast,
the lipid membrane—composed of saturated lipids—elicits
rather hydrophobic properties owing to the high-packinglipid density at the temperature below the phase transition
temperature. The lipid rafts, mainly composed of sphingomyelin and cholesterol, are hydrophobic because of their
highly packed membrane states [117]. The conﬁguration of
the “umbrella model,” whereby the head group of sphingomyelin covers cholesterol and the shielded inner membrane region, may contribute to the dehydrated inner
membrane environment [118]. It is considered that this
umbrella structure moves the hydration water layers around
the head group out. Finally, the expelled water molecules can
be accumulated like a shell, which might be observed as
high-density water molecule layers at the membrane surface.
As shown in the examples above, the hydration state in
the lipid membrane is very complicated, and mechanisms of
stabilization of each hydration can be varied by diﬀerent
molecules. However, it is a very interesting task to ascertain
whether the membrane properties determine the hydration
characteristics, or whether the hydration characteristics
determine the membrane properties, and how this works for
the interaction with biomolecules. In the next section, the
membrane characteristics determined by the hydration
properties are introduced.

5. Membrane Properties
Determined by Hydration
Considering the interfacial interaction, electrostatic interactions operate at longer distances. By contrast, the hydration waters provide a strong repulsion (referred to as
a hydration force, as already mentioned in Section 3),
which applies at very short distances [119]. Based on the
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measurements of surface forces developed between bilayer
membranes, it was conﬁrmed that there was an additional
repulsive force derived from the hydration force for hydration thicknesses of approximately 2 nm or less [120].
Additional energy is required to induce the dehydration of
the head group region. Additional approaches increase the
repulsion force at distances within the range of 0.2-0.3 nm
[121]. This repulsive force prevents the adhesion of each lipid
membrane. Therefore, it is interesting to know how lipid
membranes interact with other biomolecules, such as enzymes, beyond this hydration wall.
In the zwitterionic lipid bilayer, the lipid molecules have
a net charge that is equal to zero. Surface charge properties
are determined by the hydration shell. The carbonyl and
phosphate groups possess lone-pair electrons, and the water
molecules bound to them can be polarized. The charge
properties of the ﬁxed layer (lipid) are shielded by anions
(van der Waals interactions rather than electronegativity)
and cations [122]. The width of this layer is deﬁned by the
slip plane which determines the ζ potential [123]. Given that
PC groups have phosphate groups oriented outward, it can
be assumed that slip planes from phosphate groups can be
considered. However, attention should be paid to interfaces
where unevenness occurs on the surface layers, such as
negatively charged phosphatidylserine (PS) and hydrogen
donor phosphatidylinositol (PI) moieties. Thus, the heterogeneity in the lateral lipid distribution can be an important factor to generate a potential ﬁeld for the interaction.
The degree of water saturation also aﬀects the orientation
of the dipole moment of the lipid head group. In the highly
hydrated interfacial region, the orientation of hydration
water molecules around the carbonyl and phosphate moieties could modulate the orientation of the head group
[114, 124]. For low degrees of hydrations, the direction of the
dipole potential in the head group is reversed, and the
surface charge potential of the membrane thus exhibits
negatively charged properties [125, 126]. The increase in the
mean head area can be induced by hydration swelling. For
example, the mean head group area of a lecithin molecule
and the distance between neighboring lipids molecules on its
membrane surface are 0.7 nm2 and 2.7 nm, whereas 0.45–
0.55 nm2 and 1.3 nm for PE lipids, respectively. Thus, the
repulsive force between the PE head groups is quite small
[122]. Water molecules in the hydration shell of the
membrane strongly bind to polyhydroxyl compounds, such
as trehalose, sucrose, and arbutin, thus aﬀecting the dipole
potential of the lipid [127–132]. The direct correlation between the polarized water among the polar head group and
the dipole potential can be explained by water displacement
by trehalose and phloretin [127]. The hydration may support
the alignment of the dipole moment of the lipid head group
and results in the adjustment of the electrochemical property
of the lipid membrane.
The permeability of water molecules aﬀects the packing
of the membrane plane and domain formation
[125, 133–135]. According to a prior review that summarized
the membrane structure and its repulsion against permeability, the number of water molecules that stabilize the
inner membrane plane is considered to be 10 per PC [136].
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Water molecules directly hydrating the carbonyl and
phosphate groups are impermeable, and the indirectly hydrated water molecules are regarded as permeable. When the
population of water molecules exceeds the referred number,
the lipid-lipid interactions can be aﬀected by the existence of
water. As the packing density in the hydrophilic part of the
membrane decreases, the water penetration increases. It also
relates to the ability of water molecules to be exchanged
because the water molecules could strongly interact with the
polar groups of other molecules that could prevent the water
penetration via hydrogen bonds. For example, in the
presence of the dextran or PEG, water molecules in the
hydration shell of the lipid membrane can be extruded
owing to the strong aﬃnity with the polar molecules
[137, 138]. Dehydration based on the outward penetration
compresses the membrane and reduces its volume [139].
Structural changes would occur in an energetically favorable
manner by adjusting some parameters, such as the membrane packing density, or the orientation of the lipid head
group. These behaviors are elicited in the membranes and in
the interactions between individual molecules. Therefore, a
conﬁguration defect caused by water extrusion can be a
target to replace other molecules, such as the lipid head
group or the penetration of other molecules [107, 140].
The water exchange between the inner part of the lipid
membrane and the bulk region was observed in NMR experiments [141]. The orientation of the hydrophilic group
could inﬂuence the water exchange. The amount of hydration water will either tend to decrease as the orientation
tilts, or the hydration layer around the head groups will
prevent the exchange of water [142–144]. This exchange
could be the important concept to consider the activity of
hydrated water. When the water enters the membrane from
the bulk, the lateral surface tension increases [107]. The
increase in the surface pressure would occur in the penetration of the peptide. Speciﬁcally, for the analysis of the
interaction with peptides in the monolayer system, the “cut
oﬀ” surface pressure is used in which the surface pressure
becomes insensitive to the peptide penetration [122, 145].
The “cut oﬀ” surface pressures for PCs and for PEs are
approximately 40 mN/m and 30.6 mN/m, respectively.
Considering the surface pressure of the saturated PC
monolayer, which is approximately in the range of 46.6–
48.0 mN/m, the surface pressure of the PC monolayer at
which is insensitive to the peptide penetration is relatively
lower. From these results, it is suggested that the protein
does not penetrate at pressures that are much lower than the
pressures at which the head group is ﬁlled. This indicates that
an extra free energy is required to adsorb the protein, thus
suggesting that the thermodynamically active water exceeds
that within the hydrated shell. The signiﬁcantly lower “cut
oﬀ” surface pressure of the PE monolayer indicates the
existence of a smaller amount of thermodynamically active
water. In other experiments, lipid membranes composed of
PEs interact with protease at remarkably lower rates compared to PC [146]. The diﬀerence between the restricted
hydrated water molecules around carbonyl or phosphate
groups, and water molecules freely dispersing among the
head group region, could determine the surface active
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Figure 6: Hydration properties at the lipid membrane surface.

energy to interact with other molecules by replacing the
hydrogen bonds [146]. The high free energy among lipids
implies that these free water molecules could also aﬀect the
surface pressure [107]. According to the studies introduced
in this review, the correlation of the hydration properties
and lipid molecules are summarized in Figure 6.

6. Conclusions
Water is one the most basic and fundamental molecule in
nature. It exists in various materials and modulates their
unique and interesting properties, yet its actual function and
role are still ambiguous. In this review, we introduced the
characteristics of molecules hydrated with water by considering the hydration behavior at the lipid membrane interface as an example of a self-assembly system. As
mentioned in the Introduction section, it becomes important to understand the science of water to clarify the
hydrogen-bonding properties of water (what is and how it is

hydrogen bonded) and the classiﬁcation (how much water of
each type is present) around the biomaterial. Speciﬁcally, in
food chemistry, the structural stability of the cell membrane
and the homeostasis of the cell function or protein activity
are signiﬁcant issues in the preservation of the freshness of
the material. Given that the number of consumers interested
in ﬁne food has been growing in search of healthy, tasty, and
antiaging products, the design of food materials with improved performances is required. To deal with these demands, many chemical approaches have been attempted.
Some require increased nutrient permeability, while others
need to maintain enzyme activity. Therefore, the fundamental behavior of the cell and its activity should be understood properly in order to functionalize and sustain its
physiological values.
As shown in the case of lipid membranes, the hydration
property of water determines the orientation of the head
group of the lipid membrane, the lipid area, the exchangeability with bulk water, and the repulsion forces.
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Additionally, water molecules themselves adjust their
population depending on the clustering properties in the
most energetically favorable ways. The characteristics determined by hydration could lead to the surface charge
characteristics of the entire system, interaction with other
molecules, and the fusion of lipid membranes. This functional adjustment induced by water is not limited to lipid
membranes, but contributes to a basic structure for other
molecules, such as proteins, nucleic acids, and others.
Various promising prospects can be expected for the health
or medicinal eﬃcacy from the synthetic chemistry viewpoint. However, the safety is always challenging. Water is an
abundant molecule, and controlling its functional activities
aspires to use methods with the lowest energy cost and
highest safety responses. Based on the use of simulation
calculations and advanced experimental techniques, steady
understanding of the function of the water molecule has
been accomplished. Future tasks will include the classiﬁcation based on hydration characteristics that will be further
required to comprehend the various systems, to understand
the trends, and to grasp the original characteristics of water
that could ultimately lead to the engineering of water
functions.
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[47] O. Fisette, C. Päslack, R. Barnes et al., “Hydration dynamics
of a peripheral membrane protein,” Journal of the American
Chemical Society, vol. 138, no. 36, pp. 11526–11535, 2016.
[48] Y. Nojima, Y. Suzuki, and S. Yamaguchi, “Weakly hydrogenbonded water inside charged lipid monolayer observed with
heterodyne-detected vibrational sum frequency generation
spectroscopy,” Journal of Physical Chemistry C, vol. 121,
no. 4, pp. 2173–2180, 2017.
[49] O. Björneholm, M. H. Hansen, A. Hodgson et al., “Water at
interfaces,” Chemical Reviews, vol. 116, no. 13, pp. 7698–
7726, 2016.
[50] E. Tyrode and J. F. D. Liljeblad, “Water structure next to
ordered and disordered hydrophobic silane monolayers: a
vibrational sum frequency spectroscopy study,” Journal of
Physical Chemistry C, vol. 117, no. 4, pp. 1780–1790, 2013.
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T. Söderlund, J.-M. I. Alakoskela, A. L. Pakkanen, and
P. K. J. Kinnunen, “Comparison of the eﬀects of surface
tension and osmotic pressure on the interfacial hydration of
a ﬂuid phospholipid bilayer,” Biophysical Journal, vol. 85,
no. 4, pp. 2333–2341, 2003.
R. N. A. H. Lewis and R. N. McElhaney, Infrared Spectroscopy
of Biomolecules, Wiley-Liss, NewYork, NY, USA, 1996.
M. A. Frı́as, A. Nicastro, N. M. C. Casado, A. M. Gennaro,
S. B. Dı́az, and E. A. Disalvo, “Arbutin blocks defects in the
ripple phase of DMPC bilayers by changing carbonyl organization,” Chemistry and Physics of Lipids, vol. 147, no. 1,
pp. 22–29, 2007.
M. A. Frı́as, S. B. Dı́az, N. M. Ale, A. Ben Altabef, and
E. A. Disalvo, “FTIR analysis of the interaction of arbutin
with dimyristoyl phosphatidylcholine in anhydrous and
hydrated states,” Biochimica et Biophysica Acta (BBA)-Biomembranes, vol. 1758, no. 11, pp. 1823–1829, 2006.
J. Y. Lehtonen and P. K. Kinnunen, “Poly(ethylene glycol)induced and temperature-dependent phase separation in

15

[140]

[141]

[142]

[143]

[144]

[145]

[146]

ﬂuid binary phospholipid membranes,” Biophysical Journal,
vol. 68, no. 2, pp. 525–535, 1995.
G. A. Senisterra, E. A. Disalvo, and J. J. Gagliardino, “Osmotic dependence of the lysophosphatidylcholine lytic action on liposomes in the gel state,” Biochimica et Biophysica
Acta (BBA)-Biomembranes, vol. 941, no. 2, pp. 264–270,
1988.
T. Lazrak, A. Milon, G. Wolﬀ et al., “Comparison of the
eﬀects of inserted C40- and C50-terminally dihydroxylated
carotenoids on the mechanical properties of various phospholipid vesicles,” Biochimica et Biophysica Acta (BBA)Biomembranes, vol. 903, no. 1, pp. 132–141, 1987.
D. A. Pink, S. McNeil, B. Quinn, and M. J. Zuckermann, “A
model of hydrogen bond formation in phosphatidylethanolamine bilayers1work supported by NSERC of Canada
(DAP, SM and MJZ) and the UCR St. Francis Xavier University (SM).1,” Biochimica et Biophysica Acta (BBA)-Biomembranes, vol. 1368, no. 2, pp. 289–305, 1998.
H. U. Gally, W. Niederberger, and J. Seelig, “Conformation
and motion of the choline head group in bilayers of dipalmitoyl-3-sn-phosphatidylcholine,” Biochemistry, vol. 14,
no. 16, pp. 3647–3652, 2002.
G. Hunter and T. Squier, “Phospholipid acyl chain rotational
dynamics are independent of headgroup structure in unilamellar vesicles containing binary mixtures of dioleoylphosphatidylcholine and dioleoyl-phosphatidylethanolamine,” Biochimica et Biophysica Acta (BBA)-Biomembranes,
vol. 1415, no. 1, pp. 63–76, 1998.
M. F. Martini and E. A. Disalvo, “Superﬁcially active water in
lipid membranes and its inﬂuence on the interaction of an
aqueous soluble protease,” Biochimica et Biophysica Acta
(BBA)-Biomembranes, vol. 1768, no. 10, pp. 2541–2548, 2007.
M. F. Martini and E. A. Disalvo, “Eﬀect of polar head groups
on the activity of aspartyl protease adsorbed to lipid
membranes,” Chemistry and Physics of Lipids, vol. 122, no. 12, pp. 177–183, 2003.

Hindawi
Journal of Chemistry
Volume 2019, Article ID 5271923, 10 pages
https://doi.org/10.1155/2019/5271923

Research Article
Investigation of the Thermal Performance of Salt Hydrate
Phase Change of Nanoparticle Slurry Flow in a Microchannel
Saﬁ A. Memon ,1 M. B. Sajid,2 M. S. Malik ,3 Awad B. S. Alquaity ,4
M. Mohib ur. Rehman,3 Taqi A. Cheema ,3 Moon Kyu Kwak ,1 and Cheol Woo Park

1

1

School of Mechanical Engineering, Kyungpook National University, 80 Daehakro, Bukgu, Daegu 41566, Republic of Korea
U.S.-Pakistan Center for Advanced Studies in Energy (USPCAS-E), National University of Sciences and Technology (NUST),
Sector H-12, Islamabad, Pakistan
3
Faculty of Mechanical Engineering, Ghulam Ishaq Khan Institute of Engineering Sciences & Technology (GIKI), Topi, Pakistan
4
Institute for Combustion Technology, RWTH Aachen University, Aachen 52056, Germany
2

Correspondence should be addressed to Cheol Woo Park; chwoopark@knu.ac.kr
Received 15 October 2018; Accepted 4 December 2018; Published 3 January 2019
Guest Editor: Hakjin Kim
Copyright © 2019 Saﬁ A. Memon et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Computational study was conducted to investigate the thermal performance of water-based salt hydrate S44 nanoparticles as the phase
change material (PCM) in a microchannel heat sink. Constant heat dissipation was applied on the top wall of the heat sink. Forced
internal convection of the PCM slurry ﬂow was performed through a homogeneous approach. Three thermal performance parameters,
including eﬀectiveness ratio, performance index, and Merit number, were used to quantify the cooling performance of S44 for various
concentrations of the PCM nanoparticles. The thermal performance of the salt hydrate S44 slurry was also compared with a similar study
conducted for lauric acid nanoparticle slurry found in the literature. Speciﬁc operating conditions were identiﬁed. The salt hydrate S44
would provide better thermal performance than lauric acid, and vice versa. Finally, Nusselt number correlations have been developed for
the microchannel PCM heat sink for Reynolds numbers in the range 12.23 to 47.14 and Prandtl numbers in the range 3.74 to 5.30. A
design guideline for manufacturing PCM particles and microchannel heat sinks is provided. With this guideline, the heat absorption
ability of the heat sink is maximized, and the pumping power and the losses related to the addition of the particles are minimized.

1. Introduction
The miniaturization of electronic devices coupled with advances in microscale manufacturing technology has
prompted studies on increased thermal management and
cooling performance in microchannels. Several studies have
aimed at solving diﬀerent problems involving microchannel
heat sinks. An emerging problem involving conventional
microchannel heat sinks underscores their inability to meet
the ever-increasing cooling requirement of modern microelectronic devices, which can easily reach 105 W/cm3 [1].
Electronic devices must remain cool to reduce the logic gate
switching time and improve the processing speeds. In an
attempt to meet this challenge, phase change material (PCM)
particles may be introduced in the ﬂuid ﬂow of microchannel
heat sinks to increase their cooling capacity. PCM particles act
as the thermal storage device by undergoing a solid-to-liquid

phase transformation when exposed to heat ﬂux, thereby
absorbing a large amount of heat. When thermal energy is
required, PCM may be solidiﬁed, thereby releasing a large
amount of energy. The key factor aﬀecting heat transfer when
a slurry containing PCM particles is introduced inside the
microchannel is PCM’s latent heat of fusion. The particles
keep absorbing a large amount of heat from the electronic
device until they are fully melted. Therefore, introducing
PCM slurry inside a microchannel heat sink reduces the
temperature diﬀerence along the microchannel length and
increases the overall heat transfer coeﬃcient.
Research on thermal management using PCM has
evolved over the past two decades, as shown by the following
studies: Goel et al. [2], Roy and Sengupta [3], Alvarado et al.
[4], Hao and Tao [5], Kuravi et al. [6], Sabbah et al. [7],
Kuravi et al. [8], Kondle et al. [9], Xing et al. [1], Alquaity
et al. [10–12], Stritih [13], Wang et al. [14], Saha and Dutta
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[15], and Shatikian et al. [16]. The following studies have
been conducted on the PCM micro- and nanoparticle applications in heat exchangers: Goel et al. [2], Roy and
Sengupta [3], Alvarado et al. [4], and Hao and Tao [5]. Goel
et al. [2] studied microencapsulated particles of n-eicosane
in a fully developed slurry ﬂow with laminar ﬂow regime in a
circular channel that possesses a circular cross section under
constant heat ﬂux and temperature at the boundaries. By
using slurry instead of pure ﬂuid, a decrease of 50% was
observed in the wall temperature. Roy and Sengupta’s experiments used four diﬀerent combinations, which were
formed using two microencapsulated PCMs and two wall
thicknesses [3]. They studied stability of the PCM heat sinks
in thermal and structural terms and concluded that usage of
microencapsulated particles in heat sinks is suitable for
practical purposes. Alvarado et al. [4] experimentally studied
turbulent ﬂow in a copper channel with circular cross
section under constant heat ﬂux. The author concluded that
concentration signiﬁcantly contributed to the thermal
storage of the microencapsulated PCM particles. Hao and
Tao [5] computationally investigated the hydrodynamic
characteristics along with the heat transfer of PCM slurry
with micro- and nanosized PCM particles. Inclusion of PCM
particles resulted in increase of heat transfer in the wall
region. The application of PCM to microchannels is motivated by the advancement in microelectronic devices,
thereby increasing thermal dissipation requirements of these
devices, as indicated in the following studies: Kuravi et al.
[6], Sabbah et al. [7], Kuravi et al. [8], Kondle et al. [9], Xing
et al. [1], and Alquaity et al. [10–12]. The experimental and
computational analyses performed by Kuravi et al. [6] investigated water-based PCM slurry ﬂow containing noctadecane microencapsulated particles through manifold
microchannels. Thermal performance decreased in comparison with single ﬂuid ﬂow. However, the performance
improved compared with single ﬂuid ﬂow when the hydraulic diameter of the channels decreased, and PCM with
higher thermal conductivity was used. Sabbah et al. [7]
conducted a 3D computational study of the microchannel
PCM heat sink with microencapsulated PCM particles. The
thermophysical properties of the slurry were assumed to be
temperature dependent, and the thermal resistance of the
microchannel walls was considered. The authors concluded
that the heat sinks containing PCM slurry resulted in lower
and more uniform temperatures across an electronic
component when compared with heat sinks containing pure
water. Kuravi et al. [8] computationally obtained the velocity
and temperature proﬁles due to nanoencapsulated PCM in a
3D homogenous model of the microchannel with ﬁn eﬀect
and longitudinal conduction along the microchannel.
Kondle et al. [9] analyzed hydrodynamically developed
laminar water-based n-eicosane slurry ﬂow in diﬀerent
circular and rectangular microchannels using homogeneous
models for the PCM slurry and a latent heat model to determine the eﬀects of the phase change of the PCM on the
heat transfer of the microchannel heat sink. Xing et al. [1]
investigated the thermal performance of phase change slurry
in microchannels with circular cross section. Governing
equations were solved for the liquid and solid phases, and the
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interactions among the PCM particles were considered.
Maximum heat transfer across the microchannel PCM heat
sink was found for ranges of heat ﬂux and Reynolds
numbers. Alquaity et al. [12] studied two computational
models, namely, homogeneous and discrete phase models
[17], to identify which one is more suitable for studying
PCM slurry ﬂow in microchannels. The discrete phase model
incorrectly predicted the pressure drop when the concentration of PCM was increased; hence, the homogeneous
model was used for further studies. Alquaity et al. [11]
deﬁned the Merit number to account for the irreversibility
eﬀects caused by heat transfer and ﬂuid friction. Detailed
parametric study was conducted in which the bottom plate
heat ﬂux, inlet mass ﬂow rate, and PCM concentration were
varied to evaluate the thermal performance of the PCM.
Homogenous model was used to model the slurry ﬂow,
whereas the thermophysical properties of the bulk ﬂuid were
assumed to be constant. The authors concluded that an
optimal ratio of heat ﬂux to mass ﬂow rate exists, for which
the thermal performance of the heat sink is maximized.
Many studies have determined Nusselt number correlations
for PCM heat sinks, as follows: Stritih [13], Wang et al. [14],
Saha and Dutta [15], and Shatikian et al. [16]. Stritih [13]
studied the solidiﬁcation and melting behaviors of ﬁnned
paraﬃn-based PCM thermal storage unit and compared it
with a similar unit without ﬁns. The author obtained timevarying temperature distribution and developed Nusselt
number correlations as a function of the Rayleigh number
for both solidiﬁcation and melting cases. Wang et al. [14]
developed two empirical Nusselt number correlations for
4 mm diameter circular tubes by considering the laminar
and turbulent ﬂow of slurries containing 0% to 27.6%
bromohexadecane by mass. The correlations predicted the
Nusselt number with more than 90% accuracy. Saha and
Dutta [15] computationally studied the cooling performance
of thermal conductivity enhancers of plate-ﬁn type in PCM
heat sinks. The authors conducted in-depth parametric
studies by varying the aspect ratio and heat ﬂux associated
with the ﬂow channel to obtain thermal performance and
Nusselt number correlations for the PCM heat sink. A single
Nusselt number correlation was insuﬃcient to account for
all aspect ratios. Hence, the authors developed Nusselt
number correlations for the PCM heat sink for diﬀerent
aspect ratios. Shatikian et al. [16] computationally studied
the PCM behavior in a heat sink with vertical ﬁns on its
horizontal base. The PCM was stored between the ﬁns, and a
constant heat ﬂux was applied at the horizontal base. Detailed parametric study was conducted. The thickness and
height of the ﬁns, thickness of the PCM layer, and heat ﬂux
varied. The transient behavior of the phase change was
observed. The authors correlated the corresponding melt
fractions and Nusselt numbers with Fourier, Stefan, and
Rayleigh numbers. The current study aimed at analyzing the
thermal performance of the microchannel PCM heat sink
with salt hydrate S44 as the PCM [18]. The salt hydrate S44 is
manufactured by PCM Products Ltd. in the form of standardized balls, tubes, and slabs stacked in underground or
rooftop tanks for macroscale applications, such as refrigeration and free cooling, cryogenics, solar heating, heat
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recovery, and industrial heating systems. The present study
was aimed at acting as a feasibility study for production of
S44 at the nanoscale for application in microchannel heat
sinks by analyzing its performance through the computational method before its actual manufacturing.
For thermal performance analysis of the S44 slurries, the
heat ﬂux in the range of 8000 W/m2 to 20,000 W/m2 was
applied. This range of heat ﬂux values corresponds to the
thermal dissipation characteristics of the fourth to the seventh
generation of Intel Core i3, i5, and i7 processors [19]. Each
processor constitutes a 37.5 mm × 37.5 mm chip and dissipates 8.75 W to 32.50 W of thermal power for each independent CPU embedded inside the chip, thereby resulting
in heat ﬂux values ranging from 6222 W/m2 to 23,111 W/m2.
The aim of the study was achieved by ﬁrst analyzing the
thermal performance of the salt hydrate S44 slurry in a
microchannel PCM heat sink under diﬀerent values of mass
ﬂow rate, heat ﬂux, and concentration of the PCM. Then, we
compared the thermal performance of the salt hydrate S44
with a similar study from the literature conducted for lauric
acid nanoparticle slurry [11]. Finally, we developed Nusselt
number correlations for the microchannel PCM heat sink to
predict the thermal performance of the slurry using the
Reynolds and Prandtl numbers of the ﬂuid.

®

™

2. Methodology
Microchannel heat sinks are generally placed at the bottom
of the printed circuit boards containing various electrical
components on its surface. These electrical elements dissipate heat that must be removed from the circuit board. For
this purpose, small-scale heat sinks are attached at the
bottom to extract the heat with a circulating ﬂuid.
Figure 1(a) shows the schematic of a 3D model of a heat sink
with a microchannel at the bottom. The electrical elements
act as a source of constant heat ﬂux. The 35 mm long
microchannel possesses 2 mm × 50 µm cross section. Given
that the aspect ratio (B/H) of the cross section is 40, the
microchannel PCM heat sink can be considered as having a
2D geometry for the purpose of the investigation [9].
Figure 1(b) shows the schematic of the 2D computational
domain used in the present study. Water-based salt hydrate
S44 nanoparticle PCM slurry enters the microchannel
through an inlet at a speciﬁed temperature and mass ﬂow
rate. Exchange of thermal energy occurs between the slurry
and the top wall of the microchannel before the slurry exits
the microchannel through the outlet at a higher temperature.

properties of the homogeneous bulk ﬂuid of S44 [18]. The
literature suggests that the pressure drop can undergo signiﬁcant deviation when the thermophysical properties remain
constant with respect to temperature [11]. The pressure drop
is an essential parameter that signiﬁcantly contributes to the
heat sink performance and helps determine the pumping
requirement for the circulation of the cooling medium.
Therefore, despite the expected longer computational time,
the properties of the bulk ﬂuid were assumed to be temperature dependent. The mathematical model of the PCM
slurry ﬂow inside the microchannel was a multiphysics model
of ﬂuid ﬂow and heat transfer with phase change.

2.1.1. Fluid Flow Model. The conventional theory for continuum mechanics is applicable to the ﬂuid ﬂow inside
microchannels with cross sections as small as 100 µm in
width and 1.7 µm in height [20]. Therefore, Navier–Stokes
equations can be used to model the ﬂow inside the
microchannel under consideration. The assumptions for the
ﬂuid ﬂow model are as follows:
(i) The distribution of the particles is homogeneous
throughout the microchannel [8]
(ii) The ﬂow inside the microchannel is laminar and
incompressible and at steady state [8]
(iii) The ﬂuid is considered Newtonian below the 0.10
volumetric ratio concentration [8]
The governing equations for the ﬂow of the PCM slurry
are the following continuity and momentum equations [21]:
zu zu
+
� 0,
zx zy
ρ b u

zu
zu
zp
z 2 u z2 u
+ v  � − + μb  2 + 2 ,
zx
zy
zx
zx zy

ρ b u

zv
zv
zp
z2 v z 2 v
+ v  � − + μb  2 + 2 ,
zx
zy
zy
zx zy

where u and v are the ﬂuid velocities along the x and y
directions, respectively, ρb represents the eﬀective density of
the bulk ﬂuid, μb is the eﬀective dynamic viscosity of the bulk
ﬂuid, and p is the pressure.
Eﬀective density ρb of the PCM slurry is computed as the
weighted average of the densities of the PCM nanoparticles
and the carrier ﬂuid [7], as follows:
ρb � Cρp +(1 − C)ρf ,

2.1. Mathematical Modelling and Thermophysical Properties of
the Bulk Fluid. The salt hydrate S44 is a PCM produced at the
macroscale by PCM Products, Ltd., in the PlusICE range [18].
The present research was a step toward the determination of
the performance of salt hydrate S44 at the microscale by
computationally developing the Nusselt number correlations
when it is used as PCM to improve the cooling performance
of microchannel heat sinks. The salt hydrate S44 slurry inside
the microchannel was modeled as bulk ﬂuid using the homogeneous approach. Table 1 presents the thermophysical

(1)

(2)

where ρp and ρf are the densities of the PCM particle and the
carrier ﬂuid, respectively, and C is the PCM volumetric ratio
concentration in the slurry.
Eﬀective viscosity μb of the PCM slurry is computed
using Vand’s correlation [22], which was experimentally
validated by Fang et al. in [23], as follows:
−2.5

μb � 1 − C − 1.16C2 

μf ,

where μf is the dynamic viscosity of the carrier ﬂuid.

(3)
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Figure 1: (a) 3D sketch of microchannel PCM heat sink and (b) 2D computational model.
Table 1: Thermophysical properties of the salt hydrate S44 [18].
3

PCM state
Solid
Liquid

Density (kg/m )
1584
—

Speciﬁc heat (kJ/kg·K)
1.61
1.61

2.1.2. Heat Transfer Model. Heat was transferred from the
top wall where PCM changed its phase. The top wall had
constant heat ﬂux to the PCM slurry ﬂowing through the
microchannel. The physics of heat transfer with phase
change was modeled using the energy equation of the
convective heat transfer, assuming that the particles and the
carrier ﬂuid have the same velocity and temperature.
Moreover, the thermophysical properties of the PCM slurry
depend on the temperature. The 2D energy equation for the
convection heat transfer [21] with negligible mechanical
energy dissipation eﬀects is as follows:
ρb cb u

zT
zT
z2 T z2 T
+ v  � kb  2 + 2 ,
zx
zy
zx zy

(4)

where T represents the temperature distribution in the
microchannel and u and v are the velocity components
along the x and y axes, respectively. ρb and cb are the density
and speciﬁc heat of the bulk ﬂuid, respectively. kb is the
eﬀective thermal conductivity of the PCM slurry and a
combination of the thermal conductivity of the particles kp
and carrier ﬂuid kf . kb can be computed using Maxwell’s
relation [24], as follows:
kb � kf

2 + kp /kf  + 2Ckp /kf  − 1
2 + kp /kf  − Ckp /kf  − 1

,

(5)

where C is the PCM volumetric ratio concentration in the
slurry.
2.1.3. Phase Change Model. Heat was transferred from the
top surface of the microchannel to the carrier ﬂuid containing

Latent heat (kJ/kg)
100
—

Thermal conductivity (W/m·K)
0.43
0.43

nanoparticles. These particles instantaneously melted to form
a PCM slurry when the melting temperature is reached.
During the phase change process, heat was stored in the PCM.
The heat storage capacity of the PCM slurry can be determined by conducting an energy balance of the phase
change process [7]. The energy balance model required the
assumption of a piecewise function of speciﬁc heat correlation
broken at the solidus and liquidus temperatures, which may
be located with a diﬀerence of 0.5 K in either direction of the
PCM melting temperature. The bulk ﬂuid speciﬁc heat cb can
be modeled in various ways, depending on the particle
temperature relative to the temperatures of the solidus and
liquidus regions of the slurry. If the particle temperature was
less than the solidus temperature, cb was computed as follows:
Cρp cS,p +(1 − C)ρf cf
(6)
.
cb �
ρb
In case the temperature of the particles was greater than
the solidus temperature but less than the liquidus temperature, cb was modelled as a function of the speciﬁc heats of
the solidus (cS,p ) and liquidus phases (cL,p ) and latent heat of
fusion Lfusion , as follows:
cb �

CcS,p + cL,p 
2

+

CLfusion
(1 − C)ρf cf
+
.
Tliquidus − Tsolidus
ρb

(7)

When the temperature of particle exceeded that of the
liquidus phase, the correlation of the speciﬁc heat was as
follows:
Cρp cL,p +(1 − C)ρf cf
(8)
cb �
.
ρb
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3. Implementation of the Numerical Method

3.1. Mesh Properties and Mesh Independence Study. A
staggered 2D grid consisting of rectangular and triangular
elements was used in the study. A ﬁne mesh was kept near
the top and bottom regions to accurately capture the ﬂow
property gradients normal to the ﬂow direction. Mesh independence study was conducted by computing local
Nusselt numbers along the length of the microchannel for
the grid resolutions of 8 × 5600, 10 × 7000, and 12 × 8400 as
shown in Figure 2. The maximum diﬀerence between the
Nusselt numbers for diﬀerent grid resolutions was 0.086.
Therefore, the grid resolution of 10 × 7000 was used in
further simulations.
3.2. Model Validation. The computational model was
compared with that of the experimental study of Goel et al.
[2]. A model with a circular channel that is 3.14 mm in
diameter was considered to possess a wall temperature
proﬁle. The same experimental conditions, such as Reynolds
number of 200, Stefan number of 2, and PCM volumetric
ratio concentration of 0.10, were used for the comparison.
Comparison between experimental and computational
values of the wall temperature along the microchannel has
been shown in Figure 3. Evidently, both studies are in
agreement with a 1.23% maximum percentage diﬀerence
between the two temperatures.

4. Results and Discussion
The developed numerical model was simulated using ANSYS
Fluent (V. 16.1) [17]. Results were postprocessed to obtain
the performance parameters and development of the Nusselt
number correlations.
4.1. Thermal Performance Evaluation of Salt Hydrate S44.
Heat ﬂux and mass ﬂow rate were varied to investigate the
performance of the microchannel heat sink. Given that both
parameters are critical to the heat transfer, the combined
eﬀects on the three performance parameters—eﬀectiveness
ratio, performance index, and Merit number—were obtained in the form of heat ﬂux to mass ﬂow rate ratio.

Local nusselt number
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Grid resolution
8 × 5600
10 × 7000
12 × 8400

Figure 2: Local Nusselt number variations along the microchannel
axis for diﬀerent mesh resolutions.
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320
Wall temperature (k)

The mathematical model developed in the previous section
was translated into a computational model for implementation. Discretization of the governing equations was
conducted using the ﬁnite volume approach in ANSYS
Fluent (V 16.1) [17]. All variables in the numerical solution
were computed at each node, except for the velocities
computed midway between the nodes. The pressure-based
segregated algorithm, known as SIMPLE, was used to
achieve pressure-velocity coupling in the governing equations [25]. Residuals were carefully monitored with convergence criteria of 10−9 for the continuity and momentum
equations and 10−12 for the energy equation. Additionally,
convergence was ensured by monitoring the temperature at
the outlet throughout the simulations.
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Figure 3: Validation of the computational model against experimental data [2].

4.1.1. Eﬀectiveness Ratio. Eﬀectiveness ratio is a measure of
the heat transfer enhancement caused by the addition of the
PCM nanoparticles to the carrier ﬂuid [1]. It can be quantiﬁed
as the ratio of the rate of heat transfer of bulk ﬂuid and the rate
of heat transfer of the carrier ﬂuid. It is given as follows:
Q
εeff � b ,
(9)
Qf
where Qb and Qf are the heat transfer rates of the bulk ﬂuid
and the carrier ﬂuid, respectively. They are calculated as
follows:
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where q″ is the top wall heat ﬂux in W/m2, A is the area of
the top wall in m2, m_ is the mass ﬂow rate in kg/s, cf is the
speciﬁc heat of the carrier ﬂuid in J/kg·K, and ΔT is the
temperature rise along the microchannel length in Kelvin.
Figure 4 shows the eﬀect of heat ﬂux per unit mass ﬂow rate
of the bulk ﬂuid for various concentrations of the salt hydrate
S44 on the eﬀectiveness ratio. When the particles started
melting in the microchannel, the eﬀectiveness ratio reached the
maximum value because of the highest ratio of sensible heat to
latent heat of the bulk ﬂuid. For this peak value of the eﬀectiveness ratio, the largest length was that along which the
particles melt inside the microchannel. Given that the sensible
heat region near the inlet of the microchannel cannot be
avoided, the maximum value of the eﬀectiveness ratio corresponded to the circumstance when the sensible heat region at
the inlet was minimized, and the remaining distance inside the
microchannel was covered by the latent heat region. This
conﬁguration ensured minimal temperature increase between
the inlet and the outlet regions of the microchannel. Hence, for
a given concentration of the PCM, an optimal ratio of the heat
ﬂux to mass ﬂow rate existed in a region where the largest
amount of heat transfer occurred for minimum temperature
increase along the heat sink. Consequently, a value below this
optimal value indicated that the particles were not completely
melted inside the microchannel. Moreover, this optimal value
minimized the sensible region near the inlet, and the particles
melted just before the outlet. However, a heat ﬂux per unit mass
ﬂow rate above the optimal value showed that the particles
melted earlier on the inside of the microchannel. A region of
sensible heat was left at the end of the microchannel, thereby
indicating a nonoptimised design of the microchannel under
the given operating conditions. Furthermore, the plot of effectiveness ratio for bulk ﬂuid containing lauric acid as the
PCM nanoparticle was presented in Figure 5 for a performance
comparison between lauric acid and S44. It is suggested that the
slurry with lauric is able to absorb slightly more heat dissipated
from the electronic components in comparison with S44.
4.1.2. Performance Index. Performance index is deﬁned as
the ratio of the heat transfer rate per unit pumping power of
the bulk ﬂuid to the heat transfer rate per unit pumping
power of the carrier ﬂuid [1]. The performance index helps
the manufacturer in deciding the amount of pumping power
and is given as follows:
Q /P 
performance index � b b ,
(11)
Qf /Pf 
where Pb and Pf are the pumping powers of the bulk and the
carrier ﬂuid, respectively, and can be computed as follows:
Pb � Δpb ub A,
(12)
Pf � Δpf uf A,
where Δpb and Δpf are the pressure drops in case of the bulk
and the carrier ﬂuid, respectively, in atm; A is the top wall
area in m2; and ub and uf are the velocities of the bulk and

2.4
Effectiveness ratio, ε

_ f ΔT,
Qf � mc

2.8

(10)

1.9

1.5

1.0

5.0E8
1.0E9
1.5E9
Heat flux/mass flow rate (ws/kgm2)

2.0E9

C = 0.07
C = 0.10

C = 0.03
C = 0.05

Figure 4: Eﬀect of heat ﬂux per unit mass ﬂow rate on the effectiveness ratio at various concentrations of S44 PCM slurry.
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Figure 5: Eﬀect of heat ﬂux per unit mass ﬂow rate on the eﬀectiveness ratio for various concentrations of lauric acid slurry [11].

the carrier ﬂuid, respectively, in m/s. The pressure drop of
the carrier ﬂuid can be computed using the Reynolds
number Ref calculated based on the hydraulic diameter Dh
of the microchannel, as follows:
Δpf �

32Lρf u2f
,
Ref Dh

ρuD
Ref � f f h ,
μf

(13)

where ρf is the density of the carrier ﬂuid in kg/m3, L is the
microchannel length in meters, and μf is the dynamic viscosity of the carrier ﬂuid in Pa·s.
Figure 6 shows the eﬀect of the heat ﬂux per unit mass ﬂow
rate on the performance index for various concentrations of
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Figure 6: Eﬀect of heat ﬂux per unit mass ﬂow rate on the performance index for various concentrations of S44 PCM slurry.

Figure 7: Eﬀect of heat ﬂux per unit mass ﬂow rate on the performance index for various concentrations of lauric acid slurry [11].

S44. The performance index exhibited a similar pattern when
the heat ﬂux to mass ﬂow rate ratio is increased. However, the
ﬂuid with smaller particle concentration performs better than
those with higher concentration for higher heat ﬂux per unit
mass ﬂow rate values. This anomaly in the trend indicated the
eﬀect of pressure drop caused by the larger concentrations of
S44 in the carrier ﬂuid, and a new expression for the performance index was considered, as follows:
ε
P
performance index � eff × f .
(14)
Δpb ub A

4.1.3. Merit Number. Merit number is the measure of the
irreversibility of the heat transfer and frictional losses because of the addition of PCM nanoparticles. It is deﬁned as
the ratio of the gain in heat transfer due to the process of
addition of PCM particles to the sum of heat transferred at
the top wall of the microchannel and the irreversibility [11].
Such irreversibility can be the reason for using the volu″
metric entropy generation rate Sgen
(in W/m3·K), as follows:

This expression shows the direct relationship between
performance index and eﬀectiveness ratio. However, the
performance index was inversely related to the pressure drop
along the microchannel. The increase in pressure drop with
increase in the heat ﬂux to mass ﬂow rate ratio may be attributed to the decrease in the temperature gradient along the
length of the microchannel with increasing PCM concentration. Vand’s correlation, as given in equation (3), shows that
the viscosity decreases with rise in temperature. Therefore, at a
higher value of heat ﬂux per unit mass ﬂow rate, a lower rate of
increase in the eﬀectiveness ratio with respect to the increase in
PCM concentration resulted in higher temperature increase
rate, thereby decreasing viscosity at a high rate and resulting in
a higher increase of pressure drop rate. At higher values of heat
ﬂux per unit mass ﬂow rate, the rate of increase in the effectiveness ratio with respect to the PCM concentration was
lower than the rate of increase of the pressure drop. Therefore,
as predicted by equation (14), the performance index was
lower for higher PCM concentrations at higher values of heat
ﬂux per unit mass ﬂow rate. Figure 7 provides the performance
index plot of the bulk ﬂuid containing lauric acid as PCM. The
comparison clearly showed that the heat transfer rate per ﬂuid
pumping power of S44 is higher than that of the lauric acid
slurry ﬂow for the considered operating conditions. Hence,
S44 provided more practical option as a PCM slurry selection
for the objectives of this study.

′′′

Sgen �

2

2

2

kb ⎡⎣ zT
zT
μ zu
  +   ⎤⎦ + b   ,
T2 zx
T zy
zy

(15)

where kb is the thermal conductivity of the bulk ﬂuid in
W/m·K and μb is the dynamic viscosity bulk ﬂuid in Pa·s.
Hence, the Merit number is given as follows:
Qgain
M�
,
(16)
Qb + I_
where Qgain is the gain rate of heat absorption into the slurry
due to addition of the particles (W) and I_ is the rate of
irreversibility (W). It can be computed as follows:
Qgain � Qb − Qf � Qf εeff − 1,
′′′
I_ � Sgen,avg × volume × Tref ,

(17)

where the reference temperature Tref is maintained at 298 K.
Figure 8 shows the eﬀect of heat ﬂux per unit mass ﬂow
rate on the Merit number for various concentrations of S44
in the bulk ﬂuid. Merit number also shows a similar trend
with increasing heat ﬂux per unit mass ﬂow rate as in the
previous cases of eﬀectiveness ratio and performance index.
However, the increase in concentration reduced the irreversibility, demonstrating the improvement in heat transfer.
The increasing heat ﬂux per unit mass ﬂow rate hinted at the
increase in irreversibility. In an adverse situation, this trend
of continuous decrease in the Merit number may lead to
zero. Therefore, a reasonable heat ﬂux per unit mass ﬂow
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Figure 9: Eﬀect of heat ﬂux per unit mass ﬂow rate on the Merit
number for various concentrations of lauric acid slurry [11].

rate combination must be adopted to minimize irreversibility, especially with increasing PCM concentration. A
comparison between the Merit number of lauric acid and
S44 under the same conditions suggests that the lauric acid
slurry oﬀers marginally less losses than the S44 slurry at the
same concentration (Figure 9).

1.770

1.760

4.2. Development of Nusselt Number Correlations. Any
problem of convection is essentially a problem of computing
the heat transfer coeﬃcient [21]. Nusselt number NuL is the
nondimensionalized form of the heat transfer coeﬃcient and
may be correlated with Reynolds number Re and the Prandtl
number Pr of the convective ﬂuid ﬂow by equations of the
form NuL � f(Re, Pr). In order to obtain the Nusselt
number correlations for the microchannel PCM heat sink,
the data from the study were correlated in terms of averaged
Nusselt, Reynolds, and Prandtl numbers.
To develop the Nusselt number correlations for the PCM
heat sink, sets of Prandtl number, Reynolds number, and
Nusselt number for the convective ﬂow inside the microchannel were obtained, corresponding to each individual
operating condition. The Prandtl numbers ranged from 3.74
to 5.30, whereas the wall temperatures ranged between 316.5
and 332.4 K for the PCM concentrations under study. Each
data point on the plot represents a unique set of operating
conditions for the heat sink. The average Nusselt number
was plotted against the average Reynolds number on the loglog scale as shown in Figure 10. The form of the plot obtained
hints at the need for Prandtl number normalization.
Therefore, the NuL data set was normalized by the Prandtl
number to the power 0.8 in order to obtain a linear assortment of the data points (Figure 11). The power law
dependence was strictly suggested by this plot.
By inspection, each separate line in the plot shown in
Figure 11 represents each of the four values of mass ﬂow
rates considered in this study. The four power laws thus
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1.720
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4.4

Figure 10: Average Nusselt number plotted against average
Reynolds number of the slurry ﬂow on the log-log scale.

obtained are the Nusselt number correlations listed in Table 2 along with the corresponding convective heat transfer
coeﬃcients for the microchannel PCM heat sink under
study. In Table 2, NuL represents the average Nusselt
number, h represents the convective heat transfer coeﬃcient
in W/m2-K, Re represents the Reynolds number, and Pr
represents the Prandtl number. The developed convective
heat transfer coeﬃcient equations for the microchannel
PCM heat sink prediction accuracies were 2.71%, 3.17%,
2.52%, and 3.20% for each range of the Reynolds number.

5. Conclusion
The thermal performance of the water-based salt hydrate S44
slurry ﬂow through a microchannel heat sink was analyzed.
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Figure 11: Average Nusselt number normalized by the Prandtl number to the power 0.8.
Table 2: Correlations for average Nusselt number and convective heat transfer coeﬃcient for the microchannel PCM heat sink.
NuL � A ReB PrC

Range of the Reynolds number
12.23 < Re < 16.94
24.13 < Re < 32.00
36.12 < Re < 47.14
48.11 < Re < 62.29

NuL
NuL
NuL
NuL

� 0.213 Re0.783 Pr0.800
� 0.133 Re0.761 Pr0.800
� 0.116 Re0.713 Pr0.800
� 0.114 Re0.668 Pr0.800

h � D ReE PrF (W/m2·K)
h � 1380 Re0.783 Pr0.800
h � 856 Re0.761 Pr0.800
h � 745 Re0.713 Pr0.800
h � 731 Re0.668 Pr0.800

Pr: Prandtl number, such that 3.74 < Pr < 5; q″ : the top plate heat ﬂux, such that 8000 W/m2 < q″ < 20,000 W/m2; Tw : wall temperature, such that 316.5 K < Tw
< 332.4 K.

Three performance parameters, namely, eﬀectiveness ratio,
performance index, and Merit number, were utilized to
quantify the cooling performance of S44 for various concentrations of the PCM nanoparticles. A combined eﬀect of
heat ﬂux and mass ﬂow rate was examined in the form of
heat ﬂux per unit mass ﬂow rate. Moreover, Nusselt number
correlations were developed as a function of Reynolds and
Prandtl numbers under a range of operating conditions.
The eﬀectiveness ratio attained its peak value when the
phase change region inside the microchannel was maximized. This conﬁguration corresponded to the minimum
temperature rise, thereby not only allowing maximum heat
transfer to occur from the electronic component to the heat
sink but also reducing the unnecessary thermal expansions
that can damage the electronic component. Performance
index helped the manufacturer determine the pumping
power requirement based on the increase of pressure drop
with increasing PCM concentration that was required for the
electronic component for which the heat sink is to be
designed. Given the heat ﬂux of the electronic component, a
mass ﬂow rate for the slurry was set, thereby minimizing the
power required to pump the slurry through the microchannel. A comparative analysis of the salt hydrate S44 with
lauric acid showed that the latter slurry absorbed more heat
ﬂux than the former under the investigated operating
conditions; however, this occurred at the cost of higher
pumping power requirement. The losses due to the addition
of the PCM particles were only marginally less in lauric acid
than in S44 at the same concentration.

Nomenclature
Microchannel cross-sectional area (m2)
Volumetric ratio concentration of PCM
nanoparticles
cp :
Isobaric speciﬁc heat (J·kg−1·K−1)
cp,L :
Isobaric speciﬁc heat of the PCM particles in the
solid state (J·kg−1·K−1)
cp,S :
Isobaric speciﬁc heat of the PCM particles in the
liquid state (J·kg−1·K−1)
Nux :
Average Nusselt number over the interval (0, x)
Dh :
Hydraulic diameter (m)
I:_
Irreversibility rate (W)
h:
Convective heat transfer coeﬃcient (W·m−2·K−1)
k:
Thermal conductivity (W·m−1·K−1)
L:
Microchannel length (m)
Lfusion : Latent heat of fusion (J·kg−1)
_
m:
Mass ﬂow rate of PCM slurry (kg·s−1)
P:
Pumping power (W)
p:
Pressure (Pa)
Q:
Rate of heat transfer (W)
q″ :
Heat ﬂux (W·m−2)
S″ :
Volumetric entropy generation rate (W·m−3·K−1)
T:
Temperature (K)
Tin :
Inlet temperature (K)
Tout :
Outlet temperature (K)
Tw :
Wall temperature (K)
Tliquius : Liquidus temperature (K)
Tsolidus : Solidus temperature (K)
A:
C:
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u: Velocity along the x axis (m·s−1)
v: Velocity along the y axis (m·s−1)
ρ: Density (kg·m−3)
μ: Dynamic viscosity (Pa·s).
Subscripts
b: Bulk ﬂuid
f: Carrier ﬂuid
p: Particle.
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In this paper, we report a new method for continuous fabrication of dry adhesives composed of microstructures with mushroomshaped ends. Conventional mushroom microstructure fabrication is performed with a simple molding technique using a reversed
phase master. In a typical fabrication process, thin- and wide-tip portions may be ripped during demolding, making it diﬃcult to
use in a continuous process. It is also diﬃcult to apply the mushroom structure master to a continuous process system in roll form.
Here, a continuous fabrication process was developed by applying the method of fabricating a wide tip using a tip inking method
after forming a micropillar. Through the continuous process, the dry adhesive was successfully fabricated and the durability was
measured with a reasonable pull-oﬀ strength (13 N/cm2). In addition to the reasonable adhesion, high durability is guaranteed,
and fabricated dry adhesives are expected to be used in various ﬁelds.

1. Introduction
Mushroom-shaped microstructure-based dry adhesives are
expected to be applied in various ﬁelds, thanks to their
unique properties, such as strong adhesive force, repeatability, durability, reversibility, and self-cleaning [1–9].
The application is evident not only in daily necessities but
also in industries as a very strong adhesive on a smooth
surface. The principle and properties of adhesion of dry
adhesives are widely known through the body structure of
various living organisms [10–12]. However, in order for dry
adhesives to be widely used, the eﬃciency of the production
process needs to be increased. Until now, dry adhesives have
been made by fabricating a silicon master using a complex
surface micromachining process and then replicating
thermosetting or UV-curable resins [1–13]. In most dry
adhesives, because of the larger spatula or mushroom shape,
it was very diﬃcult and costly to fabricate a silicon master
[4, 14]. Even if the master was produced, it was diﬃcult to
eﬀectively reproduce through soft lithography or nanoimprint. Because of the wide-tip structure, the tip was torn
during the demolding process and the microstructure was
often broken. The limitations of the production method

suggest that continuous production techniques that can
increase productivity are considered to be more diﬃcult.
Recently, processes for realizing such continuous production have been developed. First, the existing roll-to-roll
imprint system was applied to produce UV-curable resin
with a mushroom structure to produce dry adhesives [7].
Most ultraviolet-curable resins have a very high elastic
modulus after curing, making it diﬃcult to ensure adhesion.
In order to solve this problem, a UV-curable resin with a
relatively low elastic modulus was used. As a result, a dry
adhesive having a reasonable adhesive strength could be
continuously produced. However, this method is very difﬁcult to produce a mold with a negative mushroom shape in
the form of a ﬁlm, and further development is required for
high-yield production. In order to overcome these material
limitations, a continuous production process using thermosetting polymers has been developed [5]. Polydimethylsiloxane (PDMS), which is mainly used for dry
adhesives, has a very good conformal contact property and
has excellent adhesion performance when it is made with dry
adhesives. This is because it has a low elastic modulus. By
fabricating the structure, higher contact performance can be
realized because low eﬀective elastic modulus can be
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achieved with these structures. However, since this material
generally takes about 1 hour to cure, continuous production
is diﬃcult to achieve. Lee et al. have developed a technology
that can produce a continuous roll-to-roll type by thinning
the sample and increasing the curing temperature to shorten
the time [5]. In order to produce a dry adhesive having a
wide tip for high-performance adhesives, the resin must be
completely ﬁlled with a mold having a negative tip structure.
However, since the PDMS has a high viscosity, ∼2000 cPs, it
is diﬃcult to continuously ﬁll the resin. Also, both these
methods can be used as general promising techniques to
fabricate dry adhesives. The fabricated master mold can be
used to easily produce a dry adhesive with a simple molding
technique after a simple release layer treatment; however, it
is hard to apply it in a roll-to-roll-based continuous production process due to some failures during demolding
(e.g., tip tearing depending on the polymer used) [15].
Recently, a continuous production technique using a twostep UV-assisted molding process has been announced [16].
A simple columnar microstructure is produced by the rollto-roll imprint technique, but the tip portion is partially
cured by appropriately controlling the curing time and UV
intensity. Subsequently, a mushroom-shaped microstructure was developed by forming a wide tip on the column
through the subsequent pressing and planarizing process.
This method eliminates the need for a complex master
fabrication process and avoids any failure that can occur
with demolding. Since the thickness of the uncured resin
that can be used for tip widening is only a few microns
through the partial curing process, there is a limit to make a
wide tip. In this respect, dry adhesives made through a
partial curing process are limited in application because
wide tips are essential to ensure strong adhesion of dry
adhesives.
In this paper, we introduce a simple micropillar
structure and a method of forming additional parts by
inking the tips. This fabrication method can also be applied
to the roll-to-roll-based apparatus without any severe
changes; thus, it is applied to the prototype roll-to-roll
production equipment to test the continuous fabrication
possibility. Moreover, the pull-oﬀ strength of the bioinspired dry adhesive was measured. The measured adhesion strength of approximately 13 N/cm2 is slightly lower
than that of dry adhesives made by typical one-step
molding with PDMS; nevertheless, this value is applicable for application. It also has an advantage when compared
with the continuous process using partial curing mentioned above. The adhesion strength of fabricated dry
adhesives is lower when PDMS material is used but not
signiﬁcantly lower when the same soft polyurethane acrylate (PUA) is used. In addition, higher adhesion can be
achieved if the tip size can be widened in future optimization processes.

2. Materials and Methods
2.1. Polyurethane Acrylate (PUA). The PUA consisted of a
functionalized prepolymer with acrylate groups for crosslinking, a monomeric modulator, a photoinitiator, and a
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radiation curable releasing agent (TEGO Chemical Service) for surface activity. The liquid mixture was dropdispensed onto a silicon master with slanted pillars, which
were prepared by an angled etching technique. A PET ﬁlm
with 100 mm thickness was gently placed on the liquid
mixture, followed by UV exposure for 40 s (wavelength �
250–400 nm, dose � 100 mJ/cm2). After UV curing, the
mold was peeled oﬀ from the master, thereby leaving
behind the PUA micromold. Normal PUA for mold and
soft PUA for tip have 200 MPa and 20 MPa of elastic
modulus, respectively.
2.2. Tip Widening. A feeding roller was used to induce the
continuous supply of resin to soft PUA at the end of the
fabricated micropillar. A doctor-blade-type resin dispenser
was used to coat the soft PUA on the feeding roller and the
pressure was applied for coating (∼10 kPa). We also operated
the roll device at a relatively slow speed to achieve suﬃcient
inking (10 cm/min). After inking, the liquid resin was spread
across the pressure roller and the wide tip was completely
formed with additional UV exposure.
2.3. Measurement of Pull-Oﬀ Force. We developed the
equipment for pull-oﬀ force and durability measurements of
dry adhesives. The jig with a glass substrate was moved
vertically by a motor-driven crank to make contact with a
dry adhesive. The dry adhesive was placed on the stage
assembled with a z-axis micromanual stage to control the
preload, and a micromanual stage that can be titled was used
to adjust the horizontal level. To measure the pull-oﬀ force
between the dry adhesive and glass substrate, two load cells
with a gram-scale resolution and can respond within 100 ms
were set below the stage set. The pull-oﬀ force was measured
with respect to various preloads, and a durability test was
conducted at a rate of 50 cycles/min with 40 N preload at
room temperature.
2.4. SEM Observation. The fabricated adhesive samples were
visually examined by the scanning electron microscopy
(SEM) (S-4800, Hitachi), typically at the operating voltage of
10–25 kV after sputtering a thin Au ﬁlm (<5 nm) to avoid
electron charging if necessary.

3. Results and Discussion
Figure 1 is a schematic illustration of a continuous production process for dry adhesives consisting of microstructure fabrication and tip inking. Through the whole
process, the microstructure was fabricated by UV-assisted
molding, the resin to make the adhering part was inked on
the tip part of microstructures, and the wide tip was formed
by pressurizing with a ﬂat substrate. In the experiment to
prove the concept, a 5 cm wide PET ﬁlm in the roll unit and
microstructures mold of 2 cm by 2 cm area were used. In this
process, surface treatment of the substrate and the mold is
very important. The microstructure was made of PUA and
the tip part was made of soft PUA, so that the adhesion
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Figure 1: Schematic of the continuous fabrication process for mushroom-shaped dry adhesives and procedure for mushroom-shaped
structures via imprinting and inking process.

between the two was secured. Because PUA and soft PUA
are same kind of polymer-based materials, UV curing has
been successfully combined like a single substance. For inking
process, a urethane rubber surface was used for proper
wetting of the soft PUA, and a PET ﬁlm with a release
treatment was used as the substrate for tip widening. After
verifying the possibility of the inking process at the wafer
level, the same process principle was applied to achieve
continuous production in the roll-to-roll apparatus. The
production equipment consists of three process rolls. The ﬁrst
roll is an imprint roll capable of producing a microstructure
continuously. We fabricated negative mold of the ﬁlm type
using PUA, and the fabricated soft mold was wound on ﬁrst
roll to realize continuous imprinting. The micropillar
structure fabricated on a ﬂexible substrate was then subjected
to an inking process through a feeding roll of polymer resin
for wide-tip formation. The feeding roll for the inking process
was made of urethane and secured with adequate surface
energy to transfer the soft PUA to the tip in an appropriate
amount. The resin in the tip part is then spread widely by the
pressure roll that it contacts. A wide tip was formed on the
micropillar by UV exposure with a pressure of about 10 kPa.

The operating speed of the roll unit was determined based on
the longest time among the time required for fabricating the
microstructure, for inking, and for postexposure. Although
not as fast, we were able to produce dry adhesive samples
10 cm long per minute.
Figure 2 shows SEM images of the microstructure of each
process of the dry adhesion sample prepared by the aforementioned process. Figure 2(a) is a pillar fabricated by a
microstructure production department with a diameter of
10 μm, height of 15 μm, and period of 35 μm. Since the
process does not go through an overnight heavy curing
process, a reactor still remains on the surface to ensure
suﬃcient wettability and bonding with the soft PUA resin to
be inked later. Figures 2(b) and 2(c) are SEM images of the
microstructures after inking and tip widening. Due to the
suﬃcient viscosity of the soft PUA, the resin was only present
at the tips, and due to the proper wetting it did not ﬂow down
the sides of the pillars. In addition, the wide tip was well
expressed by the pressure of the PET ﬁlm roll which was
repellent rather than the PUA surface. Although current
process conditions have allowed the production of successful
dry adhesives, future optimization of the surface energy of the
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20 µm

20µm
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Figure 2: SEM images of mushroom structures fabricated in each process: (a) micropillar molding, (b) tip inking, and (c) tip widening.

4. Conclusions
Demand for dry adhesives has increased in many areas
because of their unique performance. However, it was difﬁcult to use because of low yield and long process time of the
molding process. In this paper, we have developed a method
to continuously fabricate a mushroom-like microstructure
by continuously fabricating a simple microstructure using a
simple molding process and resin inking. The molded
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Figure 3: Measurement data of the pull-oﬀ strength of fabricated
dry adhesives as a function of preload.
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mold, substrate, and resin will lead to the formation of wider,
thinner tips, resulting in high-performance dry adhesives.
Figure 3 shows the measurement results of the pull-oﬀ
strength, which is a representative performance index of the
fabricated dry adhesives. The pull-oﬀ strength according to the
preload was found to be saturated in the preload of 20 N/cm2
or more, and the maximum adhesive property was conﬁrmed
as13 N/cm2 in the preload of 40 N/cm2. The measured adhesive strength was lower than that of the mushroom-shaped
wide-tip microstructures (∼20 N/cm2) produced by conventional methods because forming a wide and thin tip necessary
for strong adhesion was impossible, which may be solved by
optimization of the subsequent process [8].
A comparatively rapid decrease in the adhesive strength
was observed during the initial 500 times of use, and the
adhesive strength was maintained steadily from about
10 N/cm2 to 3000 times of use as shown in Figure 4. After
using 1500, 1800, 2100, and 2400 times, cleaning with a
Scotch tape was carried out, and the reduced adhesive
strength was recovered through this process. Through the
cleaning process, the contaminants were removed and the
structural collapse, typically pairing, returned to its original
state. As the adhesive force recovery through the cleaning
process was repeated, the rate at which the adhesive force
decreased was gradually increased. Although the adhesion
strength is slightly lower than the typical mushroomshaped microstructure-based dry adhesive, the degradation tendency was considerably better than that of dry
adhesives with conventional wide tips. The adhesive
strength and lifetime are inversely related to each other;
thus, the fabricated dry adhesives are likely to be completely used in applications where they have to be used for a
long period of time with a proper adhesive strength. The
marathon test result shows a reasonable adhesive strength
of up to 3,000 times, and the test is expected to be used in
various ﬁelds.
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Figure 4: Durability test of the fabricated dry adhesives over 3,000
cycles of attachment and detachment.

microstructure acts as a column in the mushroom-like
microstructure, and the inked resin acts as a tip through
subsequent planarization and curing. The fabricated microstructures showed similar properties to general dry adhesives and showed an adhesion of about 13 N/cm2 to the
smooth surface. Although the adhesive strength was
somewhat lower than that of the conventional dry adhesive
production method, the dry adhesive sample produced with
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the highly developed technology in terms of productivity did
not exhibit a speciﬁc adhesive strength drop in 3000 times of
use in the marathon test. Further process optimization
studies are expected to achieve high adhesive strength when
wide tips can be implemented.
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Nanoemulsions were prepared by using emulsiﬁers with various sizes of hydrophilic and hydrophobic groups to determine the
impact of interfacial characteristics on the stability of α-tocopherol incorporated into the nanoemulsions. The α-tocopherol
concentration remaining after 3 weeks of storage at 25°C depended greatly on the type of oxidative stress, which indicated that the
environment surrounding the oil droplets could determine the stability of α-tocopherol in nanoemulsions. α-Tocopherol was
gradually degraded by radical-mediated oxidation over storage, and approximately 60% of its initial concentration remained after
3 weeks of storage. However, under acid- and iron-mediated oxidation, α-tocopherol concentration steeply decreases for the
initial 3-day storage, but the degradation rate of α-tocopherol decreased after 3 days of storage and over 90% of the initial
α-tocopherol remained after 3 weeks of storage. Interestingly, and contrary to our expectations, the thickness and/or density of the
droplet interfacial membrane rarely aﬀected the stability of α-tocopherol incorporated into nanoemulsions. Although it is diﬃcult
to generalize beyond α-tocopherol, we conclude that the properties of oil droplet surfaces had no inﬂuence on the storage stability
of α-tocopherol encapsulated in the droplets.

1. Introduction
Lipid oxidation is one of the greatest concerns for oilcontaining food products because of its negative inﬂuence
on nutritional quality and consumer health [1]. In addition
to lipid oxidation, lipophilic functional compounds incorporated into emulsion-based delivery systems can be
decomposed by various oxidative stresses [2]. To inhibit lipid
oxidation and to prevent lipophilic compound decomposition, several synthetic and natural antioxidants are
generally incorporated into foods containing considerable
amounts of lipids [3]. However, as a result of consumers’
demands for clean food (i.e., food products that do not
contain synthetic additives), food manufacturers have been
making various attempts to replace synthetic antioxidants

with natural ones. Among the natural antioxidants permitted for food use, tocopherols are important because they
exist naturally in many vegetable oils [4] and because they
have the ability to retard lipid oxidation by reacting with
several radicals generated from lipid molecules, thereby
protecting functional compounds from oxidative degradation. α-Tocopherol radicals can form nonradical products if
they are reduced by other coexisting antioxidants, with
regeneration of α-tocopherol.
In food systems, oil-in-water emulsions generally consist
of water and oil, with the oil being dispersed as small
droplets in the water [5]. Emulsiﬁers have surface activity, so
they can create kinetically stable emulsions by absorbing at
the surfaces of droplets newly formed during homogenization [6]. Emulsiﬁers absorbed at the oil droplet surfaces
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create an interfacial membrane comprised of a layer formed
of their hydrophobic tails and a layer formed of their hydrophilic heads. Physical destabilization processes, such as
coalescence, ﬂocculation, and Ostwald ripening, are greatly
aﬀected by the characteristics of interfacial membranes
formed with emulsiﬁers [7]. Interfacial membranes also alter
the rates of chemical reactions, such as lipid oxidation
[8–10], between oil- and aqueous-phase compounds. Additionally, when a functional lipophilic compound is incorporated into emulsion droplets, the interfacial properties
of the oil droplet surface are the main factors that control the
stability of the functional compound incorporated therein
[3, 11]. Because the interfacial membrane is formed with
emulsiﬁers, the structural and physicochemical properties of
emulsiﬁers play important roles in the emulsion stability and
in the storage stability of functional compounds incorporated into the oil droplets [12].
Oil-in-water (O/W) emulsions are widely used as delivery systems in a variety of industries because of their
abilities to encapsulate functional lipophilic compounds.
Generally, O/W emulsions are classiﬁed into conventional
emulsions (usually called “emulsions”) and nanoemulsions,
according to the size of the emulsion droplets [13]. Because
nanoemulsions have much larger speciﬁc surface areas than
conventional emulsions, chemical degradation reactions at
the oil-water interface can occur more quickly in nanoemulsions than in conventional emulsions [14]. Therefore,
when O/W nanoemulsions are used as nanocarriers in
delivery systems, the interfacial membrane formed by the
emulsiﬁer is an important factor in controlling the ability of
the emulsion to protect the encapsulated functional compounds and to inhibit their diﬀusion from the oil droplets
into the aqueous phase.
Therefore, in nanoemulsion-based oral delivery systems
for functional lipophilic compounds, it is important to know
how the interfacial membrane aﬀects the stability of α-tocopherol incorporated into the emulsion for the prevention
of lipid oxidation and to understand the eﬀectiveness of
α-tocopherol in inhibiting the degradation of the functional
lipophilic compounds by oxidative stress from the aqueous
phase. Over the past decades, scientists have investigated
how the stability and eﬀectiveness of emulsion systems are
altered during the incorporation of α-tocopherol [15, 16].
The charge of the emulsion droplet surfaces is one of the
major factors inﬂuencing the oxidative stability of the
emulsiﬁed oil and also the stability of the α-tocopherol. The
chemical stability of α-tocopherol is eﬀectively improved in
emulsions droplets with positively charged surfaces. When
α-tocopherol is incorporated into an emulsion with negatively charged interfaces, the α-tocopherol stability can be
increased by adding a biopolymer layer with a positive
charge to the negatively charged droplet surfaces. However,
despite this, most studies on the inﬂuence of interfacial
membrane properties have shown that the charge of the
emulsion droplet surfaces is a key factor inﬂuencing the
stability of α-tocopherol in emulsions and in lipid oxidation.
Therefore, the objective of this work was to determine
whether the structural properties of the interfacial membrane could be involved in α-tocopherol decomposition in
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emulsions, particularly emulsion-based delivery systems.
This evaluation was accomplished by using model emulsionbased delivery systems stabilized by emulsiﬁers with different hydrophilic head sizes, which led to various droplet
interfacial thicknesses.

2. Materials and Methods
2.1. Materials. Polyoxyethylene alkyl ether-type emulsiﬁers
(polyoxyethylene 10 lauryl ether (P10L), polyoxyethylene 10
stearyl ether (P10S), polyoxyethylene 20 stearyl ether (P20S),
and polyoxyethylene 23 lauryl ether (P23L), and polyoxyethylene 100 stearyl ether (P100S)) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The molecular structures of the polyoxyethylene alkyl ether-type emulsiﬁers used
in this study are presented in Figure 1. α-Tocopherol, 2,2′azobis(2-methylpropionamidine)dihydrochloride (AAPH),
ferrous sulfate heptahydrate (FeSO4·7H2O), and ferric chloride hexahydrate (FeCl3·6H2O) were also purchased from
Sigma-Aldrich. Medium-chain triglyceride (Delios S) comprised caprylic (70%) and 30% capric (30%) acids and were
obtained from BASF (Ludwigshafen, Germany). All other
chemicals used were of analytical grade.
2.2. Emulsion Preparation. The aqueous phase was prepared
by dissolving the emulsiﬁers in the phosphate buﬀer (10 mM
and pH 7) to a predetermined concentration, and the oil
phase was prepared by dissolving α-tocopherol in mediumchain triglycerides at a ﬁnal concentration of 5 mmol/kg.
Coarse emulsions were prepared by homogenizing the oil
(5%, w/w) and aqueous (95%, w/w) phases (0.25 mmol
α-tocopherol/kg emulsion) in a high-speed blender (T18
Basic Ultra-Turrax, Ika, Staufen, Germany) for 2 min at
room temperature. The oil droplet sizes in the coarse
emulsions were then reduced with 5 passes through
a microﬂuidizer (MN400BF, Micronox, Seongnam, Korea)
at 100 MPa. After adjustment of the pH level of the emulsions to a predetermined value, the emulsions were purged
with nitrogen with gentle stirring for 30 min before the
subsequent step. To determine the eﬀect of transition metals
on α-tocopherol stability in the emulsions, ferrous sulfate or
ferric chloride solution was added to the emulsions at a ﬁnal
concentration of 1 mmol/kg emulsion. Furthermore, to
evaluate the eﬀect of free radicals on α-tocopherol stability in
the emulsions, AAPH solution was added to the emulsions
to a ﬁnal concentration of 1 mmol/kg emulsion. Then, 10 g of
the emulsion sample were transferred into 12 mL of a glass
vial, closed airtight, and were stored in the dark at 25°C.
2.3. Droplet Size Measurement. The mean emulsion droplet
diameters were measured by using static light scattering
(laser diﬀraction). To avoid multiple scattering eﬀects, all
emulsion samples were diluted to a droplet concentration of
approximately 0.005% (w/w) with a buﬀer solution of the
same pH value as the sample, and samples were stirred
continuously throughout the measurements to ensure homogeneity. The refractive index values for MCT and buﬀer
solution were set at 1.47 and 1.33, respectively. The particle
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Figure 1: Molecular structures of polyoxyethylene alkyl ether-type emulsiﬁers used in this work. (a) polyoxyethylene 10 lauryl ether (P10L);
(b) polyoxyethylene 10 stearyl ether (P10S); (c) polyoxyethylene 20 stearyl ether (P20S); (d) polyoxyethylene 23 lauryl ether (P23L); (e)
polyoxyethylene 100 stearyl ether (P100S).

size distribution of the emulsions was then measured by
using a commercial static light scattering instrument (BT9300ST; Bettersize Instruments, Dandong, China). The
particle size data are reported as the volume-weighted mean
diameter, d43 �  ni · d4i /  ni · d3i , with ni representing the
number of particles with diameter di .
2.4. α-Tocopherol Concentration Measurement. α-Tocopherol
concentration was measured according to the method
described by Yang et al. [17] with slight modiﬁcation.
α-Tocopherol concentrations in emulsions were determined
by ﬁrst vigorously vortexing 2 g of emulsion with 4 g of
dichloromethane for 2 min. The mixture was then centrifuged at 1,842 × g for 10 min at 25°C, and the solvent layer
was collected. α-Tocopherol concentrations were determined with HPLC by using an Agilent 1100 instrument
(Palo Alto, CA, USA). A Triart C18 column (250 mm ×
4.6 mm × 5 μm, YMC, Tokyo, Japan) was used, with a
methanol mobile phase at a rate of 1 mL/min. The wavelength for detection was 295 nm. Concentrations of
α-tocopherol were calculated on the basis of a calibration
curve generated by using authentic α-tocopherol.
Therefore, the decomposition rate (k) of α-tocopherol
was calculated, by assuming a ﬁrst-order reaction:
Ct � C0 · e−k·t ,

(1)

where C0 is the initial α-tocopherol concentration (mmol/kg
emulsion) and Ct is the α-tocopherol concentration remaining
at time t (day). The k value was calculated by performing
a linear regression on the plot ln(Ct /C0 ) versus t. The equality
of coeﬃcients of diﬀerent linear regressions was analyzed by
the Chow test [18]. If time-dependent changes in the degradation of α-tocopherol in emulsions were observed (the fast
degradation of α-tocopherol in the early stage of storage and
the slow its degradation in the late storage period in this
study), the initial α-tocopherol decomposition rate (mmol/kg
emulsion/day) was determined. The initial α-tocopherol decomposition rate could be determined by calculating the

tangential slope at t � 0 because the instantaneous rate at time t
is determined by calculating the tangential slope at t on
α-tocopherol concentration versus time curve.
2.5. Statistical Analysis. All the experiments were performed
in triplicate, and the data are expressed as mean ± standard
deviation. Analysis of variance (ANOVA) was performed,
and the mean separations were performed using Duncan’s
multiple range test (p < 0.05). The statistical analyses described above were all conducted using SAS (version 9.4.;
SAS Institute Inc., Cary, NC, USA).

3. Results and Discussion
To minimize the negative eﬀect of micelles on the stability of
the emulsions and α-tocopherol therein [19], the minimum
emulsiﬁer concentrations (MECs) required to prepare
highly stable emulsions with mostly small droplets were
determined in our previous study [7]. The MECs for P10L,
P10S, P20S, P23L, and P100S were 2.903, 3.165, 2.926, 1.784,
and 0.994 mM, respectively. As all emulsions prepared at the
MECs had similar initial droplet diameters (d43 � 0.29, 0.28,
0.29, 0.32, and 0.28 μm for P10L-, P10S-, P20S-, P23L-, and
P100S-stabilized emulsions, respectively) and the droplet
sizes rarely changed after 21 days of storage, and any signiﬁcant diﬀerence in the α-tocopherol decomposition rate
between emulsions could not stem from an eﬀect of the oil
droplet interfacial area. Although the emulsiﬁer concentration in emulsions were diﬀerent from each emulsion, the
facts that all emulsions had a similar oil droplet size indicated that emulsions had the diﬀerent emulsiﬁer loading
(emulsiﬁer concentration per unit droplet surface area)
values which could be attributed to droplet interfacial
density. The emulsiﬁer loading values for P10L-, P10S-,
P20S-, P23L-, and P100S-stabilized emulsions were calculated as 1.91, 2.90, 1.87, 1.24, and 0.62 μmol/m2, respectively,
indicating that the interfacial density of emulsions diﬀered.
When oils are stabilized by emulsiﬁers to spherical droplets,
the interfacial membrane of oil droplet surfaces are
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comprised of the inner layer formed with the hydrophobic
tails of emulsiﬁers and the outer layer formed with their
hydrophilic heads. Considering the molecular structures of
emulsiﬁers used in this work, it means that the thickness of
the outer layer of the interfacial membrane could be mainly
attributed by a number of oxyethylene groups of the hydrophilic groups of emulsiﬁers and that the length of alkyl
chains of the hydrophobic tails of emulsiﬁers could determine the thickness of its inner layer.
Since the partition coeﬃcient of α-tocopherol is approximately 12 [20], it is likely that the concentration of
α-tocopherol in the aqueous phase was negligible. Therefore,
if α-tocopherol degradation is observed after a certain period
of storage and prooxidants are present in the aqueous phase,
most of α-tocopherol must have decomposed at the emulsion droplet surface, rather than in the aqueous phase.
3.1. Inﬂuence of the pH Level on α-Tocopherol Degradation.
Vitamin E compounds, including α-tocopherol, exhibit
fairly good stability in the absence of oxygen and lipid
peroxides [21]. However, with the consideration that
commercially available emulsion-based foods are generally
acidic [10] and molecular oxygen is never completely removed from them, it is important to understand the inﬂuence of the pH level on the chemical stability of
α-tocopherol in emulsions. Therefore, to examine how the
characteristics of emulsion droplet surfaces aﬀect the
chemical decomposition of α-tocopherol in acidic environments, the pH level of the emulsions was adjusted to 7 or
3 and the emulsions were then stored. Because mediumchain triglycerides consist of only saturated fatty acids, they
are exceptionally stable to oxidation [22]. In addition, most
of the oxygen molecules were removed by nitrogen purging.
Therefore, if α-tocopherol degradation is observed to
a considerable level, it could be the result of factors other
than lipid peroxides derived from the oxidation of the
medium-chain triglyceride carrier oil. One possible reason
for the reduction of α-tocopherol during storage is the
presence of a trace amount of oxygen molecules in the
emulsions. In this study, to minimize the eﬀect of oxygen
molecules on α-tocopherol decomposition, nitrogen purging
was carried out to remove oxygen molecules. However, it
seems that the oxygen molecules in the aqueous phase were
not completely removed. The eﬀects of the emulsiﬁer and pH
level on α-tocopherol stability in emulsions are shown in
Figure 2. As indicated in Table 1, regardless of the pH level,
P100S-stabilized emulsions showed the highest initial decomposition rate of α-tocopherol among the emulsions.
P100S has the largest hydrophilic head size among the
emulsiﬁers used and the P100S-stabilized emulsion contained the smallest amount of the emulsiﬁer among the
emulsions prepared in this work, so it appears that the thick
and/or loosely-packed interface is disadvantageous for the
stability of α-tocopherol encapsulated in the emulsions.
Because the P10S- and P20S-stabilized emulsions have
droplet surfaces of similar density, it was expected that
α-tocopherol in the emulsion stabilized with P20S, which
has a hydrophilic head size that is twice as large as that of
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P10S, would be more stable than that in the P10S-stabilized
emulsion; however, there was no signiﬁcant diﬀerence in the
initial decomposition rate of α-tocopherol in these two
emulsions (p > 0.05). P20S- and P23L-stabilized emulsions
have interfacial membranes of similar thickness because the
diﬀerence in the oxyethylene group number of the hydrophilic heads of P20S and P23L is only three, while the P20Sstabilized emulsion has a denser interfacial membrane than
the P23L-stabilized emulsion, as described above. However,
both of these emulsions showed very similar initial decomposition rates of α-tocopherol, independent of the pH
level. It was apparent that the thickness and/or density of the
droplet surfaces did not aﬀect the initial α-tocopherol decomposition rate. In addition, considering the content
(>90%) of α-tocopherol remaining after 21 days of storage,
the variation in initial α-tocopherol decomposition rates
among the emulsions did not have much eﬀect.
3.2. Inﬂuence of Transition Metals on α-Tocopherol
Degradation. The previous ﬁndings indicate that iron ions
could be the direct or indirect reasons for the degradation of
the several food components including lipids [23] and the
precursors of vitamins such as carotenoids [24] because of
their electron transfer reaction. The cation radicals could be
formed by the interaction of iron ions with those food
components. It means transition metals like iron could act as
oxidizing agents. Therefore, in this study, iron ions were
chosen as oxidants for studying the degradation of α-tocopherol. The initial decomposition rates of α-tocopherol in
emulsions with iron were diﬀerent from those of α-tocopherol in iron-free emulsions. As shown in Table 1, the
emulsions stabilized with diﬀerent emulsiﬁers in the absence
of iron had diﬀerent initial α-tocopherol decomposition
rates, whereas little diﬀerence was observed in the initial
α-tocopherol decomposition rates for emulsions stabilized
with diﬀerent emulsiﬁers in the presence of iron. However,
similar to the observation mentioned above, there was no
signiﬁcant diﬀerence in the α-tocopherol content remaining
in the emulsions after 21 days of storage (p < 0.05), which
suggests that iron did not have an inﬂuence on the stability
of α-tocopherol in the emulsions (Figures 3 and 4).
Irrespective of the oxidative state of the iron, the initial
decomposition rates of α-tocopherol in emulsions in the
presence of ferrous iron were not signiﬁcantly diﬀerent from
those in emulsions stored with ferric iron (p < 0.05). In addition, when emulsions contained iron with the same oxidative state, they showed very similar initial decomposition
rates of α-tocopherol, regardless of the pH level. Although all
of the emulsiﬁers used in this work were nonionic, the droplet
surface charges of the emulsions were slightly negative and
their values changed depending on the pH level (−7.3, −6.8,
−5.5, −9.4, and −1.7 mV for P10L-, P10S-, P20S-, P23L-, and
P100S-stabilized emulsions at pH 7, respectively, and around
−1.5 mV at pH 3). Because the droplet surfaces were more
negatively charged at pH 7, except those in the P100Sstabilized emulsion and could attract iron molecules to the
surface of the emulsion droplets, it was expected that α-tocopherol would be rapidly decomposed at pH 7 because the
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Figure 2: Change in concentration of α-tocopherol in emulsions at pH 7 (a) and 3 (b) stored at 25°C. P10L, polyoxyethylene 10 lauryl ether;
P10S, polyoxyethylene 10 stearyl ether; P20S, polyoxyethylene 20 stearyl ether; P23L, polyoxyethylene 23 lauryl ether; P100S, polyoxyethylene 100 stearyl ether.

iron molecules would accumulate around the more negatively
charged droplet surfaces at this pH level. This suggests that the
iron did not decompose α-tocopherol by direct interaction at
the interfacial membrane. Therefore, the stability of α-tocopherol in emulsions was not inﬂuenced by the thickness
and/or density of the droplet interfaces.

3.3. Inﬂuence of Radicals on α-Tocopherol Degradation.
AAPH may be a suitable material for studying the inﬂuence
of radicals on the stability of α-tocopherol encapsulated in
emulsions because it is a self-generator of free radicals
through spontaneous decomposition at room temperature.
Quite diﬀerent from the previous ﬁndings, in this case, the
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Table 1: The initial decomposition rate (mmol/kg emulsion/day) of α-tocopherol in emulsions stabilized with emulsiﬁers having various
sizes of hydrophilic and hydrophobic groups.
Environmental stress
No
Ferrous iron
Ferric iron
No
Ferrous iron
Ferric iron

pH 7

pH 3

Emulsiﬁer used for emulsion preparation
P10S
P20S
P23L
B
b
B
b A
0.0034 ± 0.0007
0.0083 ± 0.0094
0.0098 ± 0.0109ab
AB
0.0210 ± 0.0000b A0.0250 ± 0.0009a A0.0242 ± 0.0028a
AB
0.0231 ± 0.0028a A0.0215 ± 0.0035a A0.0258 ± 0.0323a
B
0.0030 ± 0.0000c B0.0034 ± 0.0005c A0.0030 ± 0.0005c
AB
0.0225 ± 0.0021a A0.0250 ± 0.0009a A0.0217 ± 0.0042a
A
0.0330 ± 0.0407a A0.0264 ± 0.0101a A0.0364 ± 0.0467a

P10L
AB
0.0185 ± 0.0108ab
ABC
0.0142 ± 0.0003c
A
0.0210 ± 0.0093a
ABC
0.0173 ± 0.0004b
A
0.0226 ± 0.0017a
A
0.0231 ± 0.0060a

P100S
0.0266 ± 0.0095a
A
0.0211 ± 0.0002b
A
0.0230 ± 0.0061a
A
0.0188 ± 0.0011a
A
0.0107 ± 0.0011b
A
0.0198 ± 0.0236a

A

P10L, polyoxyethylene 10 lauryl ether; P10S, polyoxyethylene 10 stearyl ether; P20S, polyoxyethylene 20 stearyl ether; P23L, polyoxyethylene 23 lauryl ether;
P100S, polyoxyethylene 100 stearyl ether. The values with diﬀerent small letter superscripts in the same row are signiﬁcantly diﬀerent (p < 0.05) by Duncan’s
multiple range test. The values with diﬀerent capital letter superscripts in the same column are signiﬁcantly diﬀerent (p < 0.05) by Duncan’s multiple range test.
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Figure 3: Change in concentration of α-tocopherol in emulsions in the presence of ferrous iron at pH 7 (a) and 3 (b) stored at 25°C. P10L,
polyoxyethylene 10 lauryl ether; P10S, polyoxyethylene 10 stearyl ether; P20S, polyoxyethylene 20 stearyl ether; P23L, polyoxyethylene 23
lauryl ether; P100S, polyoxyethylene 100 stearyl ether.
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Figure 4: Change in concentration of α-tocopherol in emulsions in the presence of ferric iron at pH 7 (a) and 3 (b) stored at 25°C. P10L,
polyoxyethylene 10 lauryl ether; P10S, polyoxyethylene 10 stearyl ether; P20S, polyoxyethylene 20 stearyl ether; P23L, polyoxyethylene 23
lauryl ether; P100S, polyoxyethylene 100 stearyl ether.
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Figure 5: Change in concentration of α-tocopherol in emulsions in the presence of radicals at pH 7 (a) and 3 (b) stored at 25°C. P10L,
polyoxyethylene 10 lauryl ether; P10S, polyoxyethylene 10 stearyl ether; P20S, polyoxyethylene 20 stearyl ether; P23L, polyoxyethylene 23
lauryl ether; P100S, polyoxyethylene 100 stearyl ether.

Table 2: The decomposition rate (k) of α-tocopherol in emulsions stabilized with emulsiﬁers having various sizes of hydrophilic and
hydrophobic groups in presence of radicals.

pH 7
pH 3

P10L
k (day−1)
r2
B
b
0.0218
0.989
A
0.0312bc
0.996

Emulsiﬁer used for emulsion preparation
P10S
P20S
P23L
k (day−1)
r2
k (day−1)
r2
k (day−1)
r2
B
a
B
ab
B
ab
0.0252
0.984
0.0235
0.967
0.0226
0.985
A
A
A
0.0319b
0.994
0.0310bc
0.988
0.0344a
0.999

P100S
k (day−1)
r2
B
ab
0.0230
0.951
A
0.0293c
0.995

P10L, polyoxyethylene 10 lauryl ether; P10S, polyoxyethylene 10 stearyl ether; P20S, polyoxyethylene 20 stearyl ether; P23L, polyoxyethylene 23 lauryl ether;
P100S, polyoxyethylene 100 stearyl ether. The α-tocopherol decomposition rate values with diﬀerent small letter superscripts in the same row are signiﬁcantly
diﬀerent (p < 0.05) by the Chow test. The α-tocopherol decomposition rate values with diﬀerent capital letter superscripts in the same column are signiﬁcantly
diﬀerent (p < 0.05) by the Chow test.

α-tocopherol concentration gradually decreased during the
21-day storage period (Figure 5). The values of k for α-tocopherol in emulsions stored at pH 3 ranged from 0.0293 to
0.0344 day−1, and the values of k for α-tocopherol in
emulsions stored at pH 7 ranged from 0.0218 to 0.0252 day−1
(Table 2). Although α-tocopherol decomposed more quickly
in acidic conditions than neutral conditions, the lack of
correlation between the k value and the properties (thickness
and/or density) of the interfacial membranes suggests that
the interfacial characteristics played little or no role in
improving the stability of emulsiﬁed α-tocopherol against
radical-mediated oxidation.
During the design of this experiment, we expected that
the properties of the interfacial membranes of oil droplets
would aﬀect the storage stability of α-tocopherol incorporated in emulsions. Although there is a lack of information about the inﬂuence of the density of interfacial
membranes on the oxidative stability of emulsiﬁed oils and
the storage stability of encapsulated functional lipophilic
compounds, according to previous studies, the emulsion
interfacial thickness could be one of the important

determinants of the oxidative stability of food emulsions
[16]. Song et al. [11] reported that the storage stability of
β-carotene in emulsions varied depending on the droplet
interfacial thickness, and they also revealed that the droplet
interfacial density may be a factor to consider for improving β-carotene stability. As described above, all of the
emulsions analyzed in this study had diﬀerent densities and
thicknesses for their interfacial membranes. For example,
the P100S-stabilized emulsion had the thickest interfacial
membrane but its density was the lowest among the
emulsions, whereas the P10L- and P10S-stabilized emulsions had the opposite properties. The stability of α-tocopherol in the emulsions greatly depended on the
environmental conditions surrounding the emulsion
droplets, and the denseness and/or thickness of the interfacial membrane of the oil droplets did not play a crucial
role in improving the stability of the encapsulated α-tocopherol. In conclusion, our ﬁndings, together with those
of previous studies, suggested that the data are still insuﬃcient to generalize the inﬂuence of droplet interface
characteristics on the oxidative stability of emulsiﬁed oils
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and the chemical stability of encapsulated oil-soluble
components.
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As the researches to utilize nanotechnology in food science are advanced, applications of nanotechnology in various ﬁelds of the
food industry have increased. Nanotechnology can be applied to the food industry for production, processing, storage, and quality
control of foods. Nanomaterials, unlike conventional microscale materials, having novel characteristics can improve sensory
quality of foods by imparting novel texture, color, and appearance. Nanotechnology has been used to design nanosensors for
detection of harmful components in foods and a smart packaging system enabling to recognize food contamination very rapidly
and sensitively. Nanoencapsulation is the most signiﬁcant technology in food science, especially for bioactive compounds and
ﬂavors. Targeted delivery systems designed with nanoencapsulation can enhance bioavailability of bioactive compounds after oral
administration. In addition, nanoencapsulation enables to control the release of ﬂavors at the desired time and to protect the
degradation of ﬂavors during processing and storage. In this review, current applications of nanotechnology in food science
including ﬂavor control, enhancement of bioavailability of bioactive compounds, and detection of deleterious substances in foods
are presented. Furthermore, this article overviews classiﬁcation, preparative methods, and safety issues of nanomaterials for food
science. This review will be of help to provide comprehensive information for newcomers utilizing nanotechnology to the
food sector.

1. Introduction
Nanotechnology is deﬁned as the creation, utilization, and
manipulation of materials, devices, or systems at the
nanometer scale [1]. Nanomaterials are usually deﬁned as
materials smaller than 100 nm and have unique properties
when compared with their macroscale counterparts, due to
the high surface to volume ratio and novel physicochemical
properties such as color, solubility, and thermodynamics
[2, 3]. These novel properties provide opportunities to
improve the sensory qualities of food such as taste, texture,
and color. In addition, nanomaterials can be used to improve

protection mechanisms for food. Utilizing nanosensors and
nanopackaging materials enables rapid, sensitive, and reliable detection of microbial contamination, harmful chemicals, and pesticides. Nanoencapsulation systems have the
potential to improve food processing by enabling the delivery of bioactive compounds for enhancing bioavailability
in foods [4]. In this review, the classiﬁcation, methods of
preparation, and safety issues of nanomaterials are described. The main focus of the review is on nanotechnology
applications for foods and includes controlled release of
ﬂavors, targeted delivery of bioactive compounds for enhancing the bioavailability, and nanosensors for pathogens
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and chemical detection in foods. The aim of this review is
to describe the circumstances of nanotechnology utilized
in the food sector and to present a comprehensive perspective to food scientists embarking on research about
nanotechnology.
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on the repeating unit as seen when using diﬀerent units, such
as chitin, melamine, polyamidoamine, poly L-glutamic acid,
polyethyleneimine, polyethylene glycol, and polypropyleneimine [14]. Core materials can be loaded either in
the interior or conjugated to a large number of free surface
groups to enhance targeted delivery [15].

2. Classification of Nanocarriers
Nanocarriers can be widely classiﬁed as organic-based,
inorganic-based, or a combination of both (Table 1) [5].
Organic nanocarriers are comprised of polymeric nanoparticles and lipid-based nanoparticles such as liposomes,
nanoemulsions (e.g., micelles and reversed micelles), dendrimers, and carbon-based nanocarriers (e.g., fullerenes and
carbon nanotubes). Inorganic nanocarriers are comprised of
metallic nanostructures such as quantum dots (Figure 1).
2.1. Polymeric Nanoparticles. Polymeric nanoparticles are
based on biocompatible and biodegradable polymers derived from natural and synthetic sources. Biodegradable
polymers are typically composed of synthetic polymers such
as poly(lactic acid), polyglycolic acid, poly(lactic-co-glycolic
acid), poly(ε-caprolactone), polymethyl methacrylate, and
poly(amino acid). Biodegradable polymers may also consist
of natural polymers including, but not limited to, agarose,
sodium alginate, chitosan, collagen, and ﬁbrin [6]. Polymers
that can provide a controlled drug release of core materials
are desirable and have given rise to the popularity of
polymeric nanoparticles for anticancer treatment and vaccine delivery [7]. The chemical properties of polymeric
nanoparticles and their ﬂexibility has made them suitable for
integration with biomaterials (e.g., genetic material and
growth factors) and for targeted delivery to stimulate tissue
regeneration [8].
2.2. Liposomes. Liposomes are concentric lipid-bilayered
nanocarriers comprised of an aqueous core enclosed by
surfactant that can be of either natural or synthetic phospholipids. Liposomes can be categorized based on their
structure as multilamellar vesicles (MLVs), oligolamellar
vesicles (OLVs), and unilamellar vesicles (ULVs). Based on
the size of the ULVs, they are further divided into small
unilamellar vesicles (SUVs) of 20 to 100 nm diameter, medium unilamellar vesicles (MUVs), large unilamellar vesicles
(LUVs) of larger than 100 nm diameter, and giant unilamellar
vesicles (GUVs) of larger than 1,000 nm diameter [9].
Liposome-based carrier systems such as immunoliposomes,
virosomes, stealth liposomes, and archaeosomes contain lipid
bilayers that are biocompatible and may improve the solubility and stability of core materials [10–13].
2.3. Dendrimers. Dendrimers are monodispersed macromolecular compounds composed of repetitively branched
molecules around an inner core. Dendrimers can be
structured from monomers by convergent or divergent
polymerization methods. The desired size and shape of
a dendrimer is dependent on the number of branching units

2.4. Carbon-Based Nanocarriers. Carbon nanotubes are
carbon-based tubular structures that are arranged in the
shape of a graphene sheet that has been wound into a cylinder or capped at both ends to produce a buckyball shape
[14]. There are two carbon-based conﬁgurations: singlewalled nanotubes (SWNTs) and multiwalled nanotubes
(MWNTs). Whereas SWNTs are composed of a single
graphene cylinder, MWNTs are composed of more than two
concentric cylindrical shells of graphene sheets around
a central hollow core [16]. Depending on the functionalization, the nanotubes are further categorized as targetoriented,
ligand-attached,
solvent-dispersed,
and
surfactant-grafted. In addition to tubular types, fullerenes
are also common carbon-based nanocarriers that represent
geometric cage-like structures composed of hexagonal and
pentagonal carbon faces [17].
2.5. Hydrogel Nanoparticles. Hydrogels are threedimensional polymer networks that can absorb a large
volume of water or biological ﬂuid. Water-absorbing ability
of the hydrogels is dependent on the presence of hydrophilic groups (e.g., -OH, -CONH-, -CONH2-, and
–SO3H) [18]. The crosslinks in the polymer networks are
provided by covalent bonds, hydrogen bonds, dipoledipole interactions, van der Waals interactions, and
physical entanglements [19]. These crosslinks can be
categorized by physical entanglements or crystallites, and
chemical tie-points and junctions [20]. In a drug delivery
system, polymer materials such as alginate, chitosan, poly
(vinyl alcohol), poly(ethylene oxide), poly(vinyl pyrrolidone), and poly-N-isopropylacrylamide are widely used to
make cross-linked networks. These networks are aﬀected
by the electric ﬁeld, light intensity, pH, and temperature
[21, 22].
2.6. Quantum Dots. Quantum dots are nanocrystals of inorganic ﬂuorescent semiconducting atoms and have a size
range of 2–10 nm. The semiconducting material, cadmium
selenide, consists of a core, and aqueous zinc sulﬁde shell that
insulates the core to enhance optical properties. Quantum
dots can be constructed to emit light from the ultraviolet to
infrared wavelength. Emitted wavelengths are intense enough
to be detected at the subcellular level [23]. In addition,
quantum dots are a stable and inert delivery vessel as biomolecules can be conjugated to the outer aqueous shell [24].
2.7. Nanoemulsions. Nanoemulsions consist of droplets
with a size range of 10–100 nm and can be categorized into
two types based on the relative spatial organization of the oil
and water phases. A micellar system comprised of oil
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Table 1: Physicochemical properties and applications of various nanomaterials.

Types

Size (nm)

Carbon nanotubes

0.5–3
(diameter)
20–1,000
(length)

Dendrimer

<10

Liposome

50–100

Metallic nanoparticles

Nanocrystals quantum
dots
Polymeric micelles

Polymeric nanoparticles

<100

2–9.5

10–100

10–1,000

Physicochemical properties
Third allotropic crystalline form of carbon
sheets either single layer (single-walled
nanotube, SWNT) or multiple layer
(multiwalled nanotube, MWNT). These
crystals have remarkable strength and unique
electrical properties (conducting,
semiconducting, or insulating)
Highly branched, nearly monodispersed
polymer system obtained from controlled
polymerization; three main parts core, branch,
and surface
Phospholipid vesicles, biocompatible,
versatile, good entrapment eﬃciency and
diﬀerent vesicle types depending on the
structure multilamellar vesicles (MLV):
>500 nm; oligolamellar vesicle (OLV):
100–500 nm; unilamellar vesicles, and
unilamellar types depending on the size as
small unilamellar vesicles (SUV): 20–100 nm;
large unilamellar vesicles (LUV): >100 nm;
giant unilamellar vesicles (GUV): >1,000 nm
Gold and silver colloids, very small size
resulting in high surface area available for
functionalization, high stability
Semiconducting material synthesized with IIVI and III-V column element; size between 10
and 100 Å; bright ﬂuorescence, narrow
emission, broad UV excitation, and high
photo stability
Block amphiphilic copolymer micelles, high
drug entrapment, payload, and biostability
Biodegradable, biocompatible, and oﬀer
complete drug protection

droplets suspended within a water phase is referred to as
an oil-in-water (O/W) nanoemulsion, whereas a reversed
micellar system that is comprised of water droplets suspended in an oil phase is referred to as a water-in-oil
(W/O) nanoemulsion [25]. O/W nanoemulsions are
usually kinetically stable and slightly turbid to transparent. Due to the weak light scattering of particles in
nanoemulsions, they are suitable for incorporation into
optically transparent products such as fortiﬁed soft drinks
and waters, whitening cosmetics, sauces, and soups
[26–29].

3. Preparation Methods for Nanocarriers
There are several conventional and emerging methods for
the preparation of nanocarriers. Typical methods based on
emulsiﬁcation technology are most commonly used but
speciﬁc methods must be developed for each type of
nanocarrier. In this section, the conventional and emerging

Applications

Functionalization enhanced solubility,
penetration to cell cytoplasm and to nucleus,
as Carrier for gene delivery, peptide delivery

Long circulatory, controlled delivery of
bioactive compounds, targeted delivery of
bioactive compounds to macrophages, liver
targeting

Long circulatory, oﬀer passive and active
delivery of gene, protein, peptide, and various
other components

Drug and gene delivery, highly sensitive
diagnostic assays, thermal ablation, and
radiotherapy enhancement
Long-term multiple color imaging of liver cell;
DNA hybridization, immunoassay; receptormediated endocytosis; labeling of breast
cancer marker HeR2 surface of cancer cells
Long circulatory, target speciﬁc active and
passive drug delivery, diagnostic value
Excellent carrier for controlled and sustained
delivery of drugs; Stealth and surface modiﬁed
nanoparticles used for active and passive
delivery of bioactive compounds

methods for the preparation of nanocarriers are described
(Table 2) [18].
3.1. Conventional Methods
3.1.1. High-Pressure Homogenization. High-pressure homogenization has been widely used for the preparation of
lipid-based nanocarriers such as nanoemulsions and solid
lipid nanoparticles. High shear stress produces high
pressures (100–2,000 bar), resulting in disruption of
particles into the nanometer range [30]. This method is
divided into hot homogenization and cold homogenization. The former gives lower particle size because of the
decreased viscosity of the phase at a higher temperature
but may result in an increased degradation rate of the core
material in the nanocarrier. The latter was developed to
overcome the limitations of the hot homogenization,
incurred by high temperatures, and involves the
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Figure 1: Schematic diagrams of 6 types of nanocarriers. (a) Micelle. (b) Liposome. (c) Polymeric nanoparticle. (d) Hydrogel nanoparticle.
(e) Dendrimer. (f ) Carbon nanotube.

solubilization or dispersion of core material above the
melting point of nanocarriers (5–10°C) [31]. Highpressure homogenization has high encapsulation eﬃciency thereby enabling the controlled release of the core
material.
3.1.2. Solvent Emulsiﬁcation-Diﬀusion Method. Solvent
emulsiﬁcation-diﬀusion is the most commonly used method
for the preparation of lipid-based and polymeric-based
nanoparticles. The oil phase contains the polymer in an
organic solvent whereas the aqueous phase contains a stabilizer in water. When mixed together, the water induces the

diﬀusion of the organic solvent resulting in the formation of
nanoparticles [31]. The solvent used for the preparation of
nanoparticles must be removed. Moreover, emulsiﬁcation
methods for the production of more complex nanocarriers
required a double emulsion [32]. The ﬁrst step is to add
a small amount of aqueous media to a larger volume of
immiscible organic solvents to dissolve the phospholipid.
The organic solution containing the water droplets is added
to a large volume of aqueous media producing a water-inoil-in-water (W/O/W) emulsion. A lipid monolayer forms
around the organic droplets resulting in aqueous cores
surrounded by two lipid monolayers that are separated by an
organic layer. Unilamellar liposomes with high entrapment
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Table 2: Conventional and emerging methods for preparation of nanocarriers.

Preparation method
Conventional methods
High homogenization
Solvent injection (ethanol or ether)
Reverse phase evaporation
Solvent-emulsiﬁcation
Postformation processing

Advantages

Disadvantages

Large-scale production, high encapsulation
eﬃciency

Deactivation of core material in nanocarrier

Ability to control vesicle size
High encapsulation eﬃciency, economic
High encapsulation eﬃciency
Reduced processing time, high encapsulation
eﬃciency

Dilution of nanocarrier, heterogeneous
population, use of high temperature
Organic solvent traces, not suitable for fragile
molecules or food ingredients
Multivesicular, unstable
Low lamellarity and heterogeneity

Emerging methods
Microﬂuidic channel method
Supercritical ﬂuid method
Self-assembly method
Spray drying
Freeze drying of monophase
solutions
Membrane contactor method

Synthesis of monodisperse nanocarrier, high
encapsulation eﬃciency
Control over particle formation, easily translated
to large-scale production, environment-friendly
Handy and controllable method for changing the
shape of nanocarriers
Environment-friendly process, high
encapsulation eﬃciencies
Monodisperse nanocarrier that can be stored for
a long time in a sealed container
Nanocarriers have homogeneous and small size,
high encapsulation eﬃciency, simplicity for
scale-up

of the initial aqueous media can then be formed by the
removal of the organic solvent [33, 34].
3.1.3. Injection Methods. The two injection methods for
preparation of lipid-based nanocarriers utilize ether or
ethanol. Diethyl ether and ether-methanol mixtures are
widely used for dissolving the lipids [35]. The lipid-ether
solution is injected into the aqueous media and nanocarrier
vesicles are formed [36, 37]. LUVs are formed as the injection speed increases. An advantage of the ether injection
method is the removal of the solvent from the product,
allowing extended process-running time and producing
a concentrated liposomal product with high entrapment
eﬃciencies. However, this technique creates a heterogeneous
population (70–200 nm) with a requirement for high temperatures to encapsulate the organic products [38].
The ethanol injection method dissolves the lipids in
ethanol [39]. The high concentration of the core materials in
the aqueous phase can be increased by multiple injections of
the lipid solution. An advantage of this technique is the
quick and simple formation of MLVs [40]. Disadvantages
include producing a heterogeneous population (30–110 nm),
low concentration of enabled liposomes, and a high level of
diﬃculty when removing the ethanol. Ethanol removal poses
a signiﬁcant problem when using liposomes for biological
cell culture or microorganism treatment, as all of ethanol the
must be removed [41].
3.1.4. Reverse Phase Evaporation Method. The reverse phase
evaporation method was ﬁrst shown by Szoka and Papahadjopoulos and is based on the creation of reversed micelles

Fabrication could be complex and needs
optimization
Elevated pressure and temperatures
Poorly understood experimental conditions
Expense and time-required
Time-required
Hydrophilic drug encapsulation needs
optimization

[42]. Reversed micelles are in the aqueous phase with
a central core surrounded by lipid and dispersed in an
organic solvent [43]. Reversed micelles are produced by
dissolving the lipids in an organic solvent, adding a small
volume of aqueous phase, and sonicating the solution to
produce inverted micelles. The organic solvent is removed
using a rotary evaporator resulting in a viscous gel [44].
When suﬃcient solvent has been removed, the gel collapses,
and an aqueous suspension of vesicles forms [45]. The
disadvantage of the reverse phase evaporation method is that
the compound to be encapsulated within the vesicles is in
contact with an organic solvent. Consequently, this method
is not suitable for fragile molecules or food ingredients
despite the potential to achieve encapsulation eﬃciencies of
up to 80% [44].
3.2. Emerging Technologies
3.2.1. Microﬂuidic Channel Method. The microﬂuidic
channel method consists of two silicon wafers such as
polydimethylsiloxane (PDMS), vertically attached together
[46]. In this case the microchannel, the width of which is
200–1,000 µm, was carved on one side of the PDMS layer.
Two inlet lines (outside inlet and central inlet) and one outlet
were directly connected with the microchannel. In the case
of liposome preparation, a lipid solution is injected into the
central inlet while aqueous solutions are injected to the
outside inlet, which intersects with the central position.
Liposomes are formed due to the diﬀerent shear forces that
are generated at the liquid interfaces by the changing ﬂow
rate ratio. The process involves a stream of lipid dissolved
in solvent passing between two aqueous streams in
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a microﬂuidic channel. Mixing occurs at the liquid interfaces
creating nanocarriers [47, 48]. An advantage of this technique is the ease of control concerning vesicle size and
monodispersion although a continuous system is yet to be
developed.
3.2.2. Supercritical Fluid Methods. Methods involving supercritical ﬂuids for nanocarrier preparation are used in
pharmaceutical research and industry to address limitations
associated with conventional methods [32]. A supercritical
ﬂuid can be either a liquid or gas, such as water or carbon
dioxide, under conditions that are above its thermodynamic
critical point of temperature and pressure (e.g., carbon dioxide at 60°C and 250 bar). Supercritical ﬂuid methods are
separated into two categories: rapid expansion and antisolvent precipitation [31]. The advantages of these methods
over conventional methods include a reduction of impact on
the environment and improved design of particle morphology (size and shape). The disadvantage of this method is
poor scalability for industrial manufacturing, which may
result in variable particle characteristics [49].
3.2.3. Self-Assembly Methods. Self-assembly is the physical
process where preexisting disordered components or molecules arrange themselves into regulated structures by
physical or chemical reactions without external inﬂuences
[50]. Protein folding and liposome assembly are examples of
self-assembly. Self-assembly has the potential to be used in
nanotechnology, where a desired structure could be encoded
into the properties of the nanomaterials being used. Nevertheless, it has not been used to its full potential as yet
because experimental conditions under which a set of
components self-assemble remain poorly understood [31].

4. Applications in the Food Sector
4.1. Flavor Control. Flavors are considered important ingredients in any foods, playing a signiﬁcant role in sensory
quality and inﬂuencing the consumption of food. The
increasing interest on the stability of ﬂavors in diﬀerent
types of food is linked to the quality and acceptability of the
food [51]. However, it is diﬃcult to control and stabilize
ﬂavors, mainly during the storage and manufacturing
processes [52]. To limit ﬂavor degradation or loss during
processing and storage, it is beneﬁcial to encapsulate the
ﬂavor before use in food, improving chemical stability, and
providing controlled release. Encapsulation with a protective carrier guard against interactions between ﬂavors,
reactions induced by light, and oxidation [53]. Popular
carriers are biopolymers such as carbohydrates (e.g., starch,
maltodextrins, and dextrose), gums (e.g., gum arabic, alginates, and carrageenan), proteins (e.g., whey proteins and
gelatin), and chitosan [51]. When designing an encapsulation system, factors for consideration are the physicochemical properties of the ﬂavor (solubility) and the carrier
(viscosity). Especially, the carriers should not react with the
ﬂavors [54].
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Nanoencapsulation packs substances into nanocarriers
and provides ﬁnal product functionality that includes
controlled release of the core materials [55]. With a properly
designed controlled release system such as sustained release
and burst release, the ﬂavors can be released at the desired
time and at a desired rate [56]. This system has a slow or near
zero release of ﬂavors in solvated conditions but have a burst
release due to changes in pH and/or ionic strength or
temperature when a food product is in contact with saliva.
Nanocarrier encapsulation provides sustained release of the
ﬂavor compounds maintaining the ﬂavor quality during
shelf-life storage. Sustained release can be achieved by encapsulating a compound in appropriate nanocarriers that
maintain physical stability under the expected performing
conditions and durations. Factors inﬂuencing the release
mechanisms include the type of carrier to encapsulate the
ﬂavors, the method of preparation, and the environment
where the ﬂavors are released. On the release mechanism,
processes of diﬀusion, degradation, melting, and osmosis
may also be important [52]. Controlled release of ﬂavor
compounds can be manipulated by interactions between
core materials and carrier materials.
4.2. Enhancing the Bioavailability of Bioactive Compounds.
The bioavailability of bioactive compounds is the most
important factor for consideration when producing functional foods. Bioavailability is deﬁned as the amount of
a bioactive compound that can enter the bloodstream [57].
When bioactive compounds are administrated orally, these
compounds pass through the mouth, stomach, and intestines to access the bloodstream. Protection against the
gastrointestinal tract (GIT) environment requires defense
against digestive enzymes, pH, and temperature [33]. It is
necessary to increase the stability of bioactive compounds
and improve their absorption by epithelium cells, to increase
bioavailability.
Several target delivery systems using nanocarriers have
been developed to improve the bioavailability of various
bioactive compounds. Bioactive compounds can be classiﬁed
into lipophilic and hydrophilic types based on their solubility in water. Many of the bioactive compounds are highly
lipophilic molecules, such as polyunsaturated lipids, oilsoluble vitamins, phytosterols, curcuminoids, carotenoids,
and ﬂavonoids. The lipophilic bioactive compounds have
low bioavailability within the human GIT due to poor absorption in the gastrointestinal ﬂuids [58]. These bioactive
compounds are usually encapsulated to resist the high
acidity and degradation by enzymes in the stomach and
duodenum but also to enhance their low water-solubility,
which interferes with applications in food such as beverages
[59].
Nanocarriers provide an increased surface area and
enhance solubility and bioavailability of the encapsulated
bioactive compounds when compared to microsize carriers.
Reducing the particle size improves the delivery eﬃciency,
solubility, and biological activity of the compounds due to
greater surface area per unit [60]. It was demonstrated that
the bioavailability of β-carotene encapsulated within O/W
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nanoemulsions increased with decreasing particle size [58].
These ﬁndings have been conﬁrmed with Coenzyme Q10 and
lipophilic compounds when fed to animals [61]. It was
concluded that a more rapid digestion of the lipid phase in
emulsions occurred when the lipid droplet size decreased.
More mixed micelles cause to solubilize the lipophilic
bioactive compounds within the ﬂuids of the small intestine
[58]. Although carbohydrate, protein, and lipid-based
nanocarriers have several advantages, the carbohydrateand protein-based carriers currently have low potential for
scale-up due to the requirement for complicated chemical or
heat treatments in the process that cannot be adequately
controlled. On the other hand, lipid-based nanocarriers, including nanoemulsions and nanoliposomes, solid lipid
nanoparticles, biopolymer nanoparticles, and microgels, have
a greater potential for industrial scale-up and have the advantage of higher encapsulation eﬃciency and low toxicity [1].
Many targeted delivery systems have been proposed but
none can currently be considered as a universally applicable
system for bioactive compounds because individual bioactive compounds have their own characteristic molecular
structure necessitating diﬀerent systems. It was demonstrated that each compound could have diﬀerences in
molecular weight, polarity, and solubility, resulting in the
need for diﬀerent encapsulation approaches to meet the
speciﬁc physicochemical and molecular requirements for
a speciﬁc bioactive compound [59]. When targeted delivery
systems are designed, an important requirement is encapsulation eﬃciency of core materials into carriers. The eﬃciency is related to the type of molecule to be encapsulated
and the speciﬁc products that serve as carriers [62]. Whilst
high encapsulation eﬃciency is important, it is essential to
choose a system that can be easily incorporated without
interfering with the texture and taste of the food. Food
products have various physicochemical properties and
sensory characteristics, such as appearance, texture, ﬂavor,
and mouthfeel. Some food products are optically clear lowviscosity liquids (such as fortiﬁed waters), whereas others are
optically opaque semisolids or solids (such as yogurts and
spreads) [58]. Delivery systems for a bioactive compound
must be incorporated into the ﬁnal food product without
adverse eﬀect on its quality.
4.3. Detection of Deleterious Substances in Foods.
Nanosensors are an important area in food industry. These
devices may be able to detect and quantify low concentrations of pathogens, organic compounds, and other chemicals. Furthermore, these devices have the potential to
exhibit high sensitivity, fast response, and recovery and
integrate addressable arrays on a large scale [63].
An example of a nanosensor application is organophosphate for pesticide detection in fruit and water [64].
High interface sensitivity caused by the loading of more
enzyme/antibody, low detection limits, and excellent selectivity are some of the advantages of nanosensors. An
example of applying semiconductors to the use of quantum
dots in the detection of the pesticide 2,4-dichlorophenoxyacetic acid was studied [65]. Quantum dots are

7
semiconductor ﬂuorescent nanoparticles, which can be used
to monitor pesticide with high sensitivity [66]. Another
example of a nanosensor is an invention by Kraft Foods.
They developed a nanosensor to be incorporated within food
packaging consisting of an array of nanosensors that are
extremely sensitive to gases produced by food as it spoils. As
the food spoils and these gases are detected, the sensor strip
changes color providing a clear optical signal of food
freshness [66].
Nanosensors have also been used for pathogen and
mycotoxin detection in foods. Conventional control of these
microorganisms is complicated, but the nanosensor can
rapidly detect toxins and pathogens in foods, during processing, and in storage. The nanosensor can be used for
smart packaging where the sensor ﬂuoresces in diﬀerent
colors when the sensor contacts with diﬀerent food pathogens. Diﬀerent devices have been developed to detect
numerous toxins, pathogens, and chemicals in food packaging using nanowires and antibodies [58].
In the food market, nanoelectromechanical systems
(NEMS) are already in use to analyze deleterious substances.
NEMS could be used in quality control devices for foods
because they consist of advanced transducers for speciﬁc
detection of chemical and biochemical signals [67]. The use
of nanosensors has several advantages for food technologies,
such as portable instrumentation with quick responses and
low costs. Nanocantilevers are another innovative class of
nanosensors. The detection is based on the principle to
detect biological-binding interactions through physical
and/or electromechanical signals (e.g., antigen and antibody,
enzyme and substrate or cofactor, and receptor and ligand)
[68]. These nanosensors consist of tiny pieces of siliconbased materials that have the capability of recognizing
proteins and detecting pathogenic bacteria and viruses [69].

5. Safety Issues in Food Nanotechnology
A recent innovation in nanotechnology has fostered
a number of nano-based scientiﬁc and industrial areas with
the market for nanomaterial-containing products experiencing steady growth. Despite its various advantages, the
rapid proliferation of nanotechnology in food technology
has also raised public safety and environmental, ethical,
policy, and regulatory issues. Nanomaterials may exhibit
substantially diﬀerent physicochemical and biological
properties compared to their conventional form, and these
unknown properties may create unpredictable hazards.
The potential hazard of direct contact of nanomaterials
with humans through oral intake is still a concern, even
though the nanoencapsulation technology of bioactive
compounds has been very extensively studied in the food
industry [70]. The fate of nanocarriers in GIT varies greatly
depending on their susceptibility to hydrolysis by digestive
enzymes and the conditions of GIT [71]. Nevertheless, free
nanocarriers typically cross intestinal/cellular barriers,
which could lead to an increase in the bioaccumulation of
foreign materials in human blood, cells, and tissues.
The high usage of organic solvents and emulsiﬁers for the
preparation of nanocarriers can lead to risks due to their
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toxicity [25]. The organic solvents must be removed by an
evaporation process but can lead to unexpected residual
solvents remaining in the ﬁnal product, causing safety implications if their concentration is unknown. Solvents and
emulsiﬁers have been classiﬁed as toxic, with safe usage levels
documented by organizations including the World Health
Organization (WHO), the Food and Drug Administration
(FDA), and the European Food Safety Authority (EFSA) [25].
In fact, the available information on the potential safety
risks that may arise from the nanotechnology is sparse. The
safety of nanomaterials and associated hazards remain
uninvestigated and require further risk assessment. The
direct and indirect eﬀects of nanomaterials to human health
must be explored and include the biological fate of nanomaterials after digestion, their behavior within GIT, and
their possible interactions with biological systems. Moreover, it is of great importance to develop regulatory controls
to protect the public from potential adverse eﬀects of
nanotechnology [72].
Modern food legislation, with the help of several world
organizations, regulates many issues related to consumer
health, many of which may be applied to nanotechnology
and nanomaterials used in foods. Despite the current lack of
speciﬁc regulation and risk management for nanotechnology, it is evident that there have been signiﬁcant advances in
the application and regulation of novel nanotechnology in
the food industry. By keeping modern food regulations, any
new speciﬁc nanotechnology regulation, information
transparency and a willingness to provide the public with
information in mind, the safety of nanomaterials in the food
industry can be assured.

6. Conclusions
Advances in nanotechnology have brought beneﬁts for the
food industry, with many applications yet to be realized.
Nanotechnology has already demonstrated its applicability
in the areas of food production, processing, packaging, and
safety. Although nanotechnology in foods has progressed
year upon year, further research is necessary to maximize the
number of uses within the food industry. In particular, the
safety concerns regarding the consumption of nanomaterials
in foods must be addressed before the products are released
to the market. Therefore, it is necessary to standardize test
procedures to determine the impact of nanomaterials.
Furthermore, regulations must be introduced that can ease
consumer worry and improve consumer acceptability. The
uptake of nanotechnology will cause rapid development of
the food industry with nanotechnology-based foods becoming more readily available to the consumer.
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