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Editorial

Preparation of Novel Nanomaterial and Its Application in
Food Industry

Hong Wu 1,* and Hui Zhang 2,*

1 School of Food Science and Engineering, South China University of Technology, Guangzhou 510000, China
2 College of Biosystems Engineering and Food Science, Zhejiang University, Hangzhou 310058, China
* Correspondence: bbhwu@scut.edu.cn (H.W.); hubert0513@zju.edu.cn (H.Z.)

Nanotechnology has offered a wide range of opportunities for the development and
application of structures, materials, or systems with new properties in the food industry in
recent years. The developed nanomaterials could greatly improve not only food quality
and safety but also the foods’ health benefits. In this special issue, different nano-sized
vehicles (e.g., nanoparticle, nanoliposome, nanofiber, nanobody) are reported as efficient
bioactives delivery systems and sensitive detection materials.

To resolve the low chemical instability, poor water solubility, and intestinal efflux limi-
tations and challenges of bioactive ingredients, constructing an effective delivery vehicle
using food-grade polymers is supposed to be a novel and feasible strategy. For exam-
ple, Chen et al. [1] encapsulated hydrophobic naringenin and naringin in nanoliposomes
based on the gradual reduction in their water solubility after the pH changed to acidity.
The naringenin-loaded nanoliposomes were predominantly nanometric (44.95–104.4 nm),
negatively charged (−14.1 to −19.3 mV) and exhibited relatively high encapsulation ef-
ficiency (EE = 95.34% for 0.75 mg/mL naringenin within 1% w/v lecithin). Additionally,
the naringenin-loaded nanoliposomes still maintained good stability during 31 days of
storage at 4 ◦C. Zhou et al. [2] fabricated a caseinate-stabilized thymol nanosuspension
by pH-driven methods. Thymol was extremely stable at pH 7.0–12.0 even after incuba-
tion for 24 h, which means the loss of thymol during the pH-driven process is negligi-
ble. The physicochemical properties of thymol nanosuspensions are highly dependent
on the caseinate concentration. Caseinate could stabilize thymol nanosuspensions even
at a relatively low caseinate concentration, and the loading capacity can be as high as
45.9%. Chen et al. [3] compared two polysaccharides [sodium alginate (ALG) and sodium
carboxymethyl cellulose (CMC)] to establish zein/sophorolipid/ALG (ALG/S/Z) and
zein/sophorolipid/ALG (CMC/S/Z) nanoparticles to encapsulate 7,8-dihydroxyflavone
(7,8-DHF), respectively. They found that CMC/S/Z possessed lower polydispersity index,
particle size and turbidity, but higher zeta potential, encapsulation efficiency and loading
capacity compared to ALG/S/Z. Compared to zein/sophorolipid nanoparticles (S/Z),
both ALG/S/Z and CMC/S/Z had better stability against low pH (pH 3~4) and high
ionic strengths (150~200 mM NaCl). Apart from the above particle forms, nanofibers have
emerged as a novel delivery system due to its simplicity and effectiveness. Electrospinning,
solution blow spinning, and eletro-blow spinning are the most common techniques for
continuously producing nanofibers with a fiber diameter range from sub-nanometers to
micrometers. The electrospun films were also adopted to stabilize the sensitive bioactives.
Cui et al. [4] fabricated an antimicrobial food packaging film with controlled release by
loading cinnamaldehyde (CIN) on etched halloysite nanotubes (T-HNTs) and adding it to
sodium alginate (SA) matrix. It was found that CIN could be successfully loaded into the
T-HNTs and the addition of T-HNTs-CIN significantly improved the water vapor barrier
properties and tensile strength of the film. Additionally, the SA/T-HNTs-CIN film could
delay the release of CIN into fatty food simulation solution compared with that of SA/CIN
film. Wen et al. [5] reported that the incorporation of a Nervilia fordii extract (NFE) in the
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electrospun poly(vinyl alcohol) (PVA) and polyvinyl(pyrrolidone) (PVP) bio-composite film
could retain its antioxidant capacity, avoiding the fish oil’s oxidation (and thus extending
its shelf life). Yang et al. [6] fabricated gelatin/nylon 66 (PA66) composite nanofibers by
solution blow spinning (SBS). Morphology observations show that GA/PA66 composite
films had a nano-diameter from 172.3 to 322.1 nm. Nylon 66 (PA66) was proved to improve
the mechanical properties and the ability to resist dissolution of gelatin nanofibrous films.
Another study was performed by microfluidics to encapsulate lutein to improve its bioac-
cessibility in the gastrointestinal tract [7]. Two types of oils (safflower oil (SO) and olive
oil (OL)) were selected as a delivery vehicle for lutein, and two customized microfluidic
devices (co-flow and combination-flow) were used. The results demonstrated that the types
of oil and device do not affect the lutein bioaccessibility. Findings from this study may
provide scientific insights into emulsion-based delivery systems that employ microfluidics
for the encapsulation of bioactive compounds into foods. Finally, Deng [8] systematically
summarized that soy-based emulsifiers are currently extensively studied and applied in
the food industry for its applications in bioactive and nutrient delivery.

Another focus of the published articles in this special issue is the sensitive detection of
various contaminants (pesticides, drug, copper (II) ions, pathogenic bacterium) associated
with food safety through different nano-techniques. In the study by Feng et al. [9], a novel
nano/micro-structured pesticide detection card was developed by combining electrospin-
ning and hydrophilic modification, and its feasibility for detecting different pesticides was
investigated [9]. This self-made detection card showed a 5-fold, 2-fold, and 1.5-fold reduc-
tion of the minimum detectable concentration for carbofuran, malathion, and trichlorfon,
respectively, compared to the national standard values. In another study, Li et al. [10]
created a portable, rapid, and sensitive time-resolved fluorescence immunochromatog-
raphy for on-site detection of dexamethasone in milk and pork. A parallel experiment
for 20 milk and 10 pork samples with LC-MS/MS was carried out to confirm the perfor-
mance of the developed TRFM-ICA. The results of the two methods are basically the same.
In addition, the nanobody, as an important tool in immunoassay for chemical contami-
nants, was developed and its efficiency was examined by detecting a secondary metabolite
of cyanobacteria, namely nodularin (NOD-R) [11]. The ic-ELISA method based on the
nanobody N56 was validated with spiked water sample and confirmed by UPLC–MS/MS,
which indicated that the ic-ELISA established in this work is a reproducible detection assay
for nodularin residues in water samples. Xu et al. [12] prepared a highly sensitive and
selective fluorescence probe that used mercaptopropionic acid (MPA)-capped InP/ZnS
quantum dots (MPA-InP/ZnS QDs) for the detection of trace amounts of Cu2+ in water.
This probe exhibited an extremely low limit of detection of 0.22 nM. Meanwhile, a possible
fluorescence-quenching mechanism was proposed in this study. In another study, to achieve
the rapid detection of Listeria monocytogenes, Zhu et al. [13] used aptamers for the original
identification and built a photoelectrochemical aptamer sensor using exonuclease-assisted
amplification. In brief, tungsten trioxide (WO3) was used as a photosensitive material,
which was modified with gold nanoparticles to immobilize complementary DNA, and am-
plified the signal by means of the sensitization effect of CdTe quantum dots and the shearing
effect of exonuclease I (Exo I) to achieve high-sensitivity detection. This strategy had a
detection limit of 45 CFU/mL in the concentration range of 1.3 × 101–1.3 × 107 CFU/mL,
providing a new way to detect Listeria monocytogenes.

Overall, these articles extend the knowledge on the application of nanomaterials in
food nutrition and safety, promoting the development of nanotechnologies in food industry.

Finally, we would like to thank all of the authors for their submissions, and all of the
referees for their valuable suggestions for improving the manuscripts.

Author Contributions: H.W. and H.Z. conceived and wrote this editorial. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: To achieve the rapid detection of Listeria monocytogenes, this study used aptamers for the
original identification and built a photoelectrochemical aptamer sensor using exonuclease-assisted
amplification. Tungsten trioxide (WO3) was used as a photosensitive material, was modified with
gold nanoparticles to immobilize complementary DNA, and amplified the signal by means of the
sensitization effect of CdTe quantum dots and the shearing effect of Exonuclease I (Exo I) to achieve
high-sensitivity detection. This strategy had a detection limit of 45 CFU/mL in the concentration
range of 1.3 × 101–1.3 × 107 CFU/mL. The construction strategy provides a new way to detect
Listeria monocytogenes.

Keywords: photoelectrochemical detection; aptamer; Listeria monocytogenes; quantum dots;
exonuclease I

1. Introduction

Foodborne illness induced by pollution is a serious safety issue [1]. Pathogens in food
can cause the food to spoil and rot, and some can produce toxic substances that can lead
to illness. In recent years, food-borne poisoning incidents due to Listeria monocytogenes
have aroused widespread concern [2]. Listeria monocytogenes can survive and grow under
both aerobic and anaerobic conditions. It grows in a wide temperature range and has
strong resistance to alkali and salt [3]. It is widely found in milk; meat; aquatic products;
and frozen, and cold storage, and ready-to-eat foods [4]. Listeria monocytogenes can cause
meningitis and sepsis, which have high hospitalization rates and mortality [5–7]. Various
countries have formulated relevant limit standards. In China, it is stipulated that Liste-
ria monocytogenes cannot be detected in meat products (GB29921-2013), as is true in the
United States [8].

Traditional microbial detection methods include separation, culture, detection, and
other steps. Although the detection accuracy is high, the detection time is long and the
subsequent detection steps are cumbersome, which is not conducive to rapid detection [9].
In recent years, many rapid detection methods have been developed for pathogenic bac-
teria. These are mainly immunological detection methods based on the enzyme-linked
immunosorbent method and the enzyme-linked fluorescence analysis method [10], along
with molecular biological detection based on PCR technology and loop-mediated isother-
mal amplification technology [9,11–13]. However, all these methods need special reagents,
instruments, and equipment, which are operated by professionals. There is a very impor-
tant, practical need to explore more convenient, sensitive, effective, and rapid detection
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methods. Because of their good sensitivity, rapidity, and easy operation, biosensors have
been developed and widely used. They have been used in medicine, environmental testing,
food safety, and other fields [14–19]. The photoelectrochemical (PEC) sensor is a new type
of detection technology with development potential. Because of the separation of the exci-
tation light source and the generated photocurrent, the PEC sensor has a higher sensitivity
than the electrochemical sensor and has great development potential [20]. PEC sensors
have been used to detect DNA [21,22], miRNA [23,24], small organic molecules [25,26],
heavy metal ions [27–29], proteins [30,31], and other substances, and they have attracted
much attention.

Choosing optoelectronic materials with good photoelectric activity is one of the keys
to improving sensor performance [32]. Graphite phase carbon nitride [33–35], bismuth-
based semiconductors [36,37], and sulfides [30,38] are all considered potential materials.
WO3 is a typical n-type tungsten oxide semiconductor that has good chemical stability,
strong electron transmission ability, and a proper band gap (2.5–2.8 eV). It has been widely
used in photocatalysis and sensors, as well as in other fields. Shen et al. [39] constructed
a WO3-doped gold nanoparticle gas sensor that can detect ppb-level NO2. Lu et al. [40]
prepared a core-shell WO3/CdS heterojunction, which also had excellent photocatalytic
performance in the near-infrared region. Gold nanoparticles (Au NPs) have good electrical
conductivity and the ability to fix identification elements. Therefore, they are often used to
construct sensors and are promising intermediates [41].

Because of their characteristics of the narrow band gap, high yield, wide absorp-
tion, and adjustable size, quantum dots (QDs) have been widely used in the field of
sensors [42,43]. Quantum dots are a kind of nanoscale semiconductor, such as CdS, CdSe
and CdTe. In addition, QDs can be labeled with various biomolecules after chemical modi-
fication, and their good biocompatibility has unique advantages in biosensor applications.
Aptamers are low cost, have high selectivity and good specificity, and are excellent substi-
tutes for antibodies. In addition, aptamers have a variety of targets, which can be used to
identify proteins, amino acids, pathogenic bacteria, cells, and viruses [44]. Exonuclease I
(Exo I) can degrade single-stranded DNA in the 3′→5′ direction, and it only recognizes
the 3′ end of single-stranded DNA. Compared with other cutting enzymes, its operation is
simple, so it is also widely used [45].

In this study, a PEC aptamer sensor based on WO3, CdTe QDs, and Exo I auxiliary
signal amplification was constructed to detect Listeria monocytogenes. WO3 was used as a
photosensitive material and modified with Au NPs as intermediates for connecting the
complementary DNA (cDNA) of the aptamer. Then, the quantum dot-coupled aptamer
(QD–Ap) is modified on the electrode by DNA hybridization. The photocurrent is signifi-
cantly enhanced because of the sensitization of quantum dots. When the target bacteria
and Exo I are present, the photocurrent is significantly reduced. The constructed sensing
platform provides a new strategy with a high potential for the rapid and efficient detection
of Listeria monocytogenes in food.

2. Experimental Section

2.1. Chemicals and Reagents

Sodium tungstate dihydrate (Na2WO4·2H2O), ammonium oxalate monohydrate
((NH4)2C2O4·H2O), ascorbic acid (AA), cadmium chloride hemi(pentahydrate)
(CdCl2·2.5H2O), and 6-mercapto-1-hexanol (MCH) were obtained from Macklin (Shanghai,
China). Potassium tellurite (K2TeO3), chloroauric acid (HAuCl4), 1-ethyl-3(3-dimethylamin
opropyl) carbodiimide hydrochloride (EDC), ethanol, Tris (2-carboxyethyl) phosphine
(TCEP), and N-hydroxysuccinimide (NHS) were purchased from Aladdin (Shanghai,
China). Sodium borohydride (NaBH4) and thioglycolic acid (TGA) were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Tryptone, yeast extract powder,
and agar (bacteriological) were obtained from Qingdao Hope Bio-Technology Co., Ltd.
(Qingdao, China). Tris HCl solution, Exonuclease I (Exo I), and phosphate-buffered saline
(PBS) were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). Raw chicken was
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purchased from a local supermarket. Listeria monocytogenes (ATCC 19115), Staphylococcus
aureus, Escherichia coli O157:H7, and Salmonella typhimurium were obtained from China
General Microbiological Culture Collection Center (Beijing, China). The DNA strands used
were ordered from Sangon Biotech Co., Ltd. (Shanghai, China). All DNA sequences are
summarized as follows: aptamer (Ap), 5′-NH2-(CH2)6-ATA CCA GCT TAT TCA ATT CCA
AAA GCG CAC CCA TAT ATG TTC TAT GTC CCC CAC CTC GAG ATT GCA CTT ACT
ATC T-3′ [46]; and aptamer-complementary DNA (cDNA), 5′-GTG CGC TTT TGG AAT
TGA ATA AGC TGG TAT TTT TTT-(CH2)6-SH-3′.

2.2. Apparatus

The X-ray diffraction (XRD) patterns of samples were measured using a 7000S device
(Shimadzu, Japan). The test conditions were set with a Cu-Ka XRD source, a scan rate of
5◦/min, and a scan range of 10–70 degrees at room temperature. Surface morphologies of
the prepared materials were observed using field emission scanning electron microscopy
(JSM-7800F, Tokyo, Japan). Transmission electron microscopy (TEM) was performed using
a JEOL JEM-2100 UHR (Tokyo, Japan). The UV–visible (UV–vis) absorption spectra were
recorded using a TU-1901 UV–visible spectrophotometer (Beijing, China). Photolumi-
nescence (PL) spectroscopy was characterized by an F-7000 fluorescence spectrometer
(Hitachi, Japan) at room temperature. A xenon lamp was applied as the excitation source
for the photoelectrochemical tests. Photocurrent and electrochemical characterizations
were conducted with a CHI 660C electrochemical workstation (Shanghai, China) with a
typical three-electrode system.

2.3. Preparation of WO3 Nanoplate

First, 0.4 g of Na2WO4·2H2O and 0.17 g of (NH4)2C2O4·H2O was dissolved in 33 mL
deionized water. After stirring for 10 min, 9 mL of HCl solution (37%) was added. After
stirring for another 10 min, 8 mL of H2O2 (30%) was added. Stirring was continued for
20 min. Then, 30 mL of absolute ethanol was added, and the solution was stirred for 30 min.
The conductive surface of the pretreated SnO2 transparent conductive glass doped with
fluorine conductive glass (FTO) was facing downward, inclined at 45◦ close to the beaker
wall, placed in the above solution. This was placed in a constant temperature bath at 85 ◦C
for 200 min and was then washed with deionized water and dried at 60 ◦C. Finally, the
WO3/FTO electrode was prepared by calcining at 500 ◦C for two hours in a muffle furnace,
cooling to room temperature, washing with deionized water, and drying.

2.4. Preparation of Au NPs

Two milliliters of 50 mmol/L HAuCl4 solutions were added into a double-necked
flask with 98 mL deionized water. Stirring and refluxing were performed in an oil bath
at 120 ◦C. When reflux began, the sodium citrate solution was added (10 mL, 38.8 Mm).
When the solution turned wine-red, after refluxing for 20 min, the solution was cooled to
room temperature and stored in a refrigerator.

2.5. Preparation of CdTe QDs

CdCl2·2.5H2O (0.0457 g) was dissolved in 50 mL of deionized water; then, 18 μL of
TGA (thioglycolic acid) was added, and the solution was stirred for 10 min. The pH was
then adjusted to 10.7 with 1 M NaOH. K2TeO3 (0.010 g) was dissolved in deionized water
(50 mL) and added to the above solution after fully stirring. After 5 min, 80 mg NaBH4 was
added. Then, the flask was connected to the condenser and condensed at 100 ◦C for 3 h.
After cooling to room temperature, the TGA-coated CdTe QDs were centrifugally washed
with ethanol. Then, the same amount of deionized water was added, and the solution was
stored in a refrigerator at 4 ◦C.
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2.6. Preparation of the CdTe QD–Ap Conjugates

Quantum dots (QDs) were coupled with aptamers (Ap) through an EDC–NHS cou-
pling reaction. CdTe QDs (400 μL) were activated by 30 μL of 40 mM EDC and 30 μL of
15 mM NHS for 1 h. Then, 40 μL of 2 μM Ap was added, and the solution was placed in
4 ◦C shakers for 12 h. Finally, the solution was purified to obtain the QD–Ap conjugate.

2.7. The Culture Process of Listeria Monocytogenes

First, 1 g tryptone, 0.5 g yeast extract powder, and 1 g NaCl were added to 100 mL
of deionized water, and the pH was adjusted to 7.5 with NaOH. After sterilization, the
configuration of the LB liquid medium was completed. The solid medium was prepared
with 1 g tryptone, 0.5 g yeast extract powder, 1 g NaCl, 1.5 g agar powder, and 100 mL
deionized water. The pH was adjusted to 7.5, and the medium was sterilized with high-
pressure steam. The purchased Listeria monocytogenes lyophilized powder was stored with
glycerin. Next, 20% glycerin was added to the bacterial solution, and the mixture was
evenly mixed, divided into cryogenic tubes, and stored in a refrigerator at −80 ◦C. Before
the experiment, an ultra-clean worktable was sterilized by ultraviolet irradiation for 30 min,
and the Listeria monocytogenes frozen solution was thawed naturally at room temperature.
After sterilization, 100 μL of thawing solution was added to the liquid medium, and then it
was shaken in a shaking table at 37 ◦C for 15 h activation. The configured solid medium
was poured into a Petri dish plate next to an alcohol lamp on the ultra-clean workbench
to allow it to solidify naturally. After the plate was completely solidified, the secondary
activation solution was picked up with the inoculation ring and streaked on the plate.
Then, the plate was placed in a 37 ◦C incubator for 12 h. A single Listeria monocytogenes
colony was added into the liquid medium, which was shaken on a shaking table at 37 ◦C
for 15 h. Thus, the Listeria monocytogenes stock solution culture was completed. A series of
10 times gradient dilutions of Listeria monocytogenes stock solution was carried out.

2.8. Fabrication of the Aptamer Sensor

The working electrode was constructed as illustrated in Figure 1. First, 30 μL of Au
NPs was dropped onto the surface of the WO3/FTO electrode. Then, 30 μL of cDNA was
mixed with TCEP (0.6 μL, 10 mM) and dropped onto the surface of the Au/WO3/FTO
electrode and incubated. After that, the electrode was washed with Tris HCl to re-
move the unconnected cDNA. Next, 30 μL of 1 mM 6-mercapto-1-hexanol (MCH) was
added dropwise to the electrode, sealed for 1 h, and washed with Tris HCl to obtain an
MCH/cDNA/Au/WO3/FTO electrode. Next, 30 μL of CdTe Quantum dot–aptamers
(QD–Aps) was added to the MCH/cDNA/Au/WO3/FTO electrode and incubated at 4 ◦C
for 1 h to hybridize the cDNA with Ap. When the QD–Ap/MCH/cDNA/Au/WO3/FTO
electrode was obtained, photocurrent detection was carried out, and the detection value
was recorded as a. After rinsing with Tris HCl, 30 μL of pathogenic bacteria solutions of
different concentrations containing 20 U of Exonuclease I (Exo I) was dropped onto the
QD–AP/MCH/cDNA/Au/WO3/FTO electrode and incubated for 60 min. After rinsing
with Tris HCl, the electrode was placed in a refrigerator at 4 ◦C for photocurrent detection
in the next step, and the photocurrent was recorded as b. The current change, detected
twice, was recorded as ΔI = a–b. Finally, the relationship between ΔI and the concentration
of Listeria monocytogenes was calculated and analyzed.
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Figure 1. Construction of working electrode and working mechanism of the sensor.

2.9. Recovery Experiments

A 25 g chicken sample was placed in a sterile homogenization bag containing 225 mL
of LB broth without additives and homogenized continuously on a flapping homogenizer
for 2 min, without incubation of the chicken homogenate after contamination. A quantity of
1 mL of 1.3 × 101 CFU/mL, 1.3 × 104 CFU/mL, or 1.3 × 107 CFU/mL Listeria monocytogenes
liquid was added to 9 mL of sample homogenate, and the test tube was shaken to mix it
evenly. The sample homogenate containing different concentrations of pathogenic bacteria
was centrifuged for 5 min under low-speed centrifugation at 2000 r/min. The supernatant
was absorbed and added into the sterilization centrifuge tube and centrifuged at a speed
of 12,000 r/min for 3 min. After that, the supernatant was discarded, and 1 mL of normal
saline was added for full mixing. Then the Listeria monocytogenes pollution solution of the
adult model was configured, and the prepared sensor was used for analysis and detection.

3. Results and Discussion

3.1. Photoelectrochemical Reaction Mechanism of the Sensor

The charge transfer of the working electrode is displayed in Figure 2. WO3 has
a high electron-hole recombination rate and a low photoelectric conversion efficiency.
Therefore, sensitizing the CdTe quantum dots with a small band gap can broaden the
spectral response range, improve the photoelectric conversion efficiency, and increase the
photocurrent intensity. Au NPs mainly connect aptamers through Au-S bonds and can also
increase the absorption of light by quantum dots. AA is used as the electron donor in the
electrolyte solution.

Under illumination, the electrons generated by the CdTe quantum dots’ transition
from the valence band to the conduction band flow through the Au NPs and are injected
into the conduction band of WO3. Then, together with the photogenerated electrons
generated inside WO3, they are finally transferred to the FTO electrode to generate the
current signal. The WO3 and CdTe valence bands leave a large number of photogenerated
holes. At this time, the AA in the solution provides electrons and is oxidized by the holes.

When there were no Listeria monocytogenes, the CdTe QDs were close to the electrode
surface and produced sensitization, and the photocurrent increased. In the presence of
Listeria monocytogenes, Ap specifically combined with Listeria monocytogenes, causing the
CdTe QDs to leave the electrode surface and reduce the photocurrent intensity. Meanwhile,
Exo I could recognize and cut Ap. Listeria monocytogenes bound to Ap continued to bind to
Ap on the electrode, and the QDs were far away from the electrode. In this cycle, the QDs

9



Foods 2021, 10, 2896

on the electrode gradually decreased, and the photocurrent decreased significantly. The
sensitive detection of Listeria monocytogenes was achieved.

Figure 2. Photogenerated electron transfer mechanism.

3.2. Characterization of Synthesized Materials

Figure 3a shows the XRD patterns of FTO, WO3/FTO, and Au/WO3/FTO. The
WO3/FTO diffraction peaks (002), (200), (020), (-112), (202), (222), (140), (240), and (420) are
obvious in the figure, which proves the formation of monoclinic crystal WO3 (JCPDS no.
43-1035). When the Au NPs were modified, no new peaks appeared, but the intensity of the
WO3 peaks was significantly reduced. This may be because of the Au NP layer covering
the surface of WO3, but the content of Au NPs was too small. Figure 3b shows the XRD
pattern of CdTe QDs. The 2θ value corresponds to the three crystal planes (111), (220) and
(311) of the cubic crystal CdTe on the standard card no. 65-1046. The above results indicate
that the sensor electrode material was successfully prepared.

Figure 4 shows the SEM images of WO3 and Au/WO3 modified on FTO conductive
glass. It can be seen that WO3 nanosheets were arranged vertically on the surface of the
FTO glass (Figure 4a) with regular shapes and a thickness of 70.8–74.7 nm. Figure 4b shows
a cross-sectional SEM image of WO3/FTO. The WO3 layer deposited on the surface of FTO
was relatively uniform, with a thickness of about 422 nm. The vertically arranged structure
increased the surface area of the WO3 layer and could improve the utilization rate of light.
After modification with Au NPs, as shown in Figure 4c, the basic morphology of the WO3
layer did not change, and the surface of the smooth nanosheet became rough, indicating
that the Au NPs were successfully modified. There was no change in the cross-sectional
thickness after the modification of Au NPs.

The TEM image (Figure 5a) of Au NPs shows that the prepared Au NPs were spherical
and uniform in size, and the particle size was between 10 and 15 nm. Obvious lattice
fringes can be seen in Figure 4b, and the lattice spacing of the Au (111) lattice plane was
about 0.235 nm after software analysis.

To further confirm the surface element composition, we performed an XPS test on
WO3/Au. Figure 6a shows the full spectrum of WO3/Au. W, Au, O, and C were observed.
Figure 6b shows the XPS spectrum of W 4f. It shows that the characteristic peaks of the
binding energy of W 4f7/2 and W 4f5/2 were 35.7 eV and 37.7 eV, consistent with W6+. The
XPS spectrum (Figure 6c) of O 1s showed two characteristic peaks of the binding energies
of 530.3 eV and 531.9 eV. The peak at 530.3 eV aligns with the O2− ions characteristic of
the WO3 phase, corresponding to lattice oxygen. The peak at 531.9 eV corresponds with
the chemically adsorbed oxygen species at the oxygen vacancy in WO3 [41,47,48]. The XPS
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spectrum of Au 4f consisted of two parts, as shown in Figure 6d. The characteristic peaks
at 83.8 eV and 87.5 eV can be ascribed to Au 4f7/2 and Au 4f5/2, respectively.

(a) 

 
(b) 

Figure 3. XRD pattern of FTO, WO3/FTO, and Au/WO3/FTO (a) and XRD pattern of CdTe QDs (b).
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Figure 4. SEM images of the WO3/FTO front (a) and cross-section (b) and Au/WO3/FTO (c).

b a 

Figure 5. TEM image (a) and HRTEM image (b) of Au NPs.
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(a) (b) 

 
(c) (d) 

Figure 6. XPS spectra of WO3/Au: survey spectrum (a), high-resolution XPS of W 4f (b), O 1s (c), Au
4f (d).

Figure 7 shows the UV–vis (a) and fluorescence spectra (b) of CdTe QDs. The curves a,
b and c in the figure represent quantum dots prepared through reactions for 30 min, 1 h
and 3 h, respectively. With the extension of the reaction time, the peaks of the ultraviolet–
visible absorption spectrum and the fluorescence spectrum gradually shifted to the long-
wavelength direction, which enhanced the absorption range of visible light. This may
be due to the quantum confinement effect, through which the emission wavelength was
red-shifted. The stronger the peak in the fluorescence spectrum, the higher the electron-hole
recombination rate. After optimization experiments, CdTe QDs with a reflow time of 3 h
were selected to construct the sensor. The exciting absorption peak was 538 nm, and its
maximum fluorescence emission wavelength was 582 nm.

3.3. Photocurrent Characterization of the Aptamer Sensor

In order to prove the successful preparation of the working electrode of the aptamer
sensor, a photocurrent response test was performed in a 10 × PBS buffer containing
0.12 mol/L of AA with a pH of 7.4. As shown in Figure 8, the light source was turned
on and off at 20 s and 40 s, and photocurrent changes within 60 s were observed. The
blank FTO had no change in photocurrent (curve a), and when modified with WO3, the
photocurrent significantly increased (curve b). This is because WO3 had good photoelectric
activity and generated current under light conditions. When Au NPs were modified on
the electrode surface, the photocurrent decreased (curve c). Since the Fermi level of gold
nanoparticles is lower than that of WO3, the work function of gold nanoparticles is greater
than that of WO3. To balance the two Fermis levels, part of the photogenerated electrons
on the conduction band of WO3 is transferred to the gold nanoparticles, which causes a
decrease in the photocurrent. When cDNA and MCH were modified, the photocurrent
had a slight increase (curve d), which may have been due to the modification of cDNA
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and MCH, weakening the balance trend of the Fermi level [49]. Therefore, the tendency of
photogenerated electrons on the conduction band of WO3 to transfer to gold nanoparticles
was weakened. After the QD–Ap conjugate was modified on the electrode, the photocurrent
was significantly enhanced because of the sensitization of the quantum dots (curve e). When
30 μL of 1.3 × 106 CFU/mL Listeria monocytogenes (LM) solution containing 20 U of Exo I
was added dropwise and incubated for 60 min, the photocurrent decreased significantly
(curve f). This is because the specific binding of Listeria monocytogenes and Ap caused the
QD–Ap conjugate to detach from the electrode surface, and the quantum dot sensitization
was weakened. The shearing effect of Exo I also released the Listeria monocytogenes that
had been bound to Ap, which re-attached to the electrode surface. The binding of Ap
further weakened the sensitization effect. To verify the shear cycle amplification effect of
Exo I, a control experiment was carried out. As shown in Figure 9, the photocurrent of
the aptamer electrode (curve b) with 30 μL of 1.3 × 106 CFU/mL Listeria monocytogenes
containing Exo I was 26% lower than that of the electrode without Exo I (curve a). This
shows that Exo I has a significant signal-amplifying effect on the photocurrent detection
process. In summary, this shows that the aptamer sensor was successfully constructed and
can be used for Listeria monocytogenes detection.

 
(a) (b) 

Figure 7. UV-vis (a) and fluorescence spectra (b) of CdTe QDs, a: 30 min, b: 1 h, c: 3 h. Inset in
Figure (a) shows the image of CdTe QDs under UV lamps with different reflow times.

μ

Figure 8. Photocurrent graphs of working electrodes modified with different materials; a: FTO, b: WO3/FTO,
c: Au/WO3/FTO, d: MCH/cDNA/Au/WO3/FTO, e: QD–Ap/MCH/cDNA/Au/WO3/FTO, f: LM-Exo
I/QD–Ap/MCH/cDNA/Au/WO3/FTO.
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μ

Figure 9. Photocurrent graph of aptamer electrode with or without Exo I modification, a: LM/QD–
Ap/MCH/cDNA/Au/WO3/FTO, b: LM-Exo I/QD–Ap/MCH/cDNA/Au/WO3/FTO.

3.4. EIS and CV Characterization of Aptamer Sensors

Electrochemical impedance spectroscopy (EIS) was used to further prove the success-
ful construction of the aptamer sensor. EIS was used to a different frequency AC signal
to the system; analyze the change in impedance with frequency; analyze the electrode
dynamics, diffusion, and electric double layer; and study the mechanism of the solid elec-
trolyte and corrosion protection electrode materials. Electrochemical impedance analysis
was performed on working electrodes with different modification processes in solutions.
A typical EIS spectrum is a curve with a semicircle and a “tail”, which correspond to the
high-frequency region and the low-frequency region, respectively. The high-frequency
area is dominated by charge transfer, and the low-frequency area is dominated by mass
transfer. Among them, the diameter of the high-frequency region circle is equal to the
charge transfer resistance (Rct). The larger the diameter, the greater the obstruction of the
oxidation–reduction probe on the electrode surface. In Figure 10, FTO has the smallest
diameter (curve a), indicating that FTO without any modification can transfer electrons
more effectively. After the deposition of WO3, the impedance increased (curve b). Because
of the excellent conductivity of gold nanoparticles, the impedance decreased after mod-
ification with Au NPs (curve c). The impedance value increased after cDNA and MCH
were modified (curve d). This is because the oligonucleotide was negatively charged, and
the oxidation–reduction probe Fe (CN)6

3−/4− was also negatively charged; the repulsive
force between the two caused an increase in the resistance of electron transport, and MCH
is non-conductive, which led to an increase in impedance. When the QD–Ap conjugate
was modified on the electrode, the impedance was further increased because of the weak
conductivity of QDs and the increase in oligonucleotides. The impedance decreased after
incubating Exo I and Listeria monocytogenes. This is because many oligonucleotides and
QDs left the electrode surface after the specific binding of Listeria monocytogenes and Ap
and Exo I shearing. Therefore, the change of impedance value proves that the aptamer
sensor was constructed successfully.
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Figure 10. Electrochemical impedance spectroscopy, a: FTO, b: WO3/FTO, c: Au/WO3/FTO,
d: MCH/cDNA/Au/WO3/FTO, e: QDs-Ap/MCH/cDNA/Au/WO3/FTO, f: LM-Exo I/QDs-
Ap/MCH/cDNA/Au/WO3/FTO. Inset is the equivalent circuit model.

Cyclic voltammetry is also a commonly used electrochemical analysis method, as
shown in Figure 11. On the bare FTO electrode (curve a), a pair of obvious redox anode and
cathode peaks can be observed at −0.15 V and 0.5 V, and the two peaks are symmetrical,
which proves that the reaction is reversible. After being modified with WO3, the redox peak
current decreased (curve b). When Au NPs were modified, the current value increased
(curve c), indicating that Au NPs can accelerate electron transfer. When cDNA, MCH
(curve d), and QD–Ap conjugate (curve e) were modified sequentially, the redox peak
current gradually decreased, and the current value increased after incubating Exo I and
Listeria monocytogenes (curve f). The above test results were consistent with the EIS results,
providing further evidence for the successful construction of the sensor.

3.5. Optimization of Experimental Parameters

The test conditions of the sensor were optimized, and the concentration of AA, the
pH value of the electrolyte, the reflow time of the quantum dots, and the incubation time
of the electrode with Listeria monocytogenes and Exo I were investigated.

AA acts as an electron donor and plays a significant role in increasing photocurrent.
As shown in Figure 12a, when there was no AA in the electrolyte, the photocurrent of
WO3/FTO was the smallest. With the gradual increase in AA concentration, the photocur-
rent reached its maximum value at 0.10 mol/L. When the AA concentration exceeded
0.10 mol/L, the current value gradually decreased. It may be that the excessive AA con-
centration increases the absorbance of the electrolyte and reduces the light intensity on the
electrode surface. Therefore, 0.10 mol/L was chosen as the optimum concentration of AA.

In addition, aptamers can only remain active in relatively neutral solutions. Figure 12b
shows that the WO3/FTO electrode photocurrent reached the maximum when the elec-
trolyte pH was 7.4, so 7.4 was selected as the optimal pH.
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Figure 11. Cyclic voltammogram, a: FTO, b: WO3/FTO, c: Au/WO3/FTO, d: MCH/cDNA/Au/WO3/FTO,
e: QD–Ap/MCH/cDNA/Au/WO3/FTO, f: LM-Exo I/QD–Ap/MCH/cDNA/Au/WO3/FTO.

 
(a) (b) 

μ μ

 
(c) (d) 

μ μ

Figure 12. Photocurrent graphs of different AA concentrations (a); pH (b); quantum dot reflux times (c), a: 30 min, b: 1 h,
c: 3 h; and incubation time (d).
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Three CdTe quantum dots with different reflow times were prepared. It can be seen
from the above that the positions of the strongest peaks of the ultraviolet–visible absorption
spectra and fluorescence spectra of CdTe quantum dots with different reflow times are
different. As time increased, the positions of the strongest peaks moved toward the long-
wavelength direction. To further prove the size of the photocurrent of quantum dots at
different reflow times, three different QDs were used to construct aptamer electrodes and
perform photocurrent detection. Figure 12c shows that the photocurrent was the largest
when the reflux time was 3 h. Therefore, CdTe QDs with a reflow time of 3 h were chosen
to construct an aptamer sensor.

The incubation time of Exo I and Listeria monocytogenes also affects the change in
photocurrent. Proper incubation time not only reduces the time used in the preparation
process but also enables the aptamer sensor to achieve optimal performance. As can be
seen from Figure 12d, the photocurrent gradually decreased with an increase in time before
the incubation time of 60 min. After 60 min, the photocurrent decreased, but it gradually
stabilized. Therefore, the optimal incubation time of Exo I and Listeria monocytogenes was
60 min.

3.6. Analytical Performance of Aptamer Sensor

The prepared aptamer sensor relies on the changes in the photocurrent of the electrodes
before and after the addition of pathogenic bacteria to quantitatively and qualitatively
detect the pathogenic bacteria. The change in sensor photocurrent is directly related to the
concentration of pathogenic bacteria. Figure 13a shows the photocurrent change curve of
different concentrations of Listeria monocytogenes. It shows that as the Listeria monocytogenes
concentration increased, the photocurrent gradually decreased. This is because of the
combination of a large amount of Listeria monocytogenes and Ap on the electrode surface,
which weakened the sensitization effect of QDs and reduced the photocurrent. Figure 13b
shows that from 1.3 × 10 CFU/mL to 1.3 × 107 CFU/mL, the change in photocurrent
had a very good linear relationship with the concentration of pathogenic bacteria. The
linear equation obtained was ΔI = 9.76logCLM − 4.44 (R2 = 0.9980), and the detection limit
was 45 CFU/mL. This may be due to the sensitization of quantum dots and the auxiliary
amplification effect of Exo I, allowing the aptamer sensor to have a wider detection range
and a smaller detection limit.

 
(a) (b) 

Figure 13. Photocurrent curve (a) and a calibration curve (b) of the aptamer sensor with different concentrations of Listeria
monocytogenes (a→g: 1.3 × 101→1.3 × 107CFU/mL).
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3.7. Selectivity, Stability, and Reproducibility of the PEC Sensing Platform

Specificity is a significant indicator of the sensor. The specificity of the sensor was char-
acterized by the change of photocurrent before and after incubation with different interfer-
ents. A quantity of 1.3 × 105 CFU/mL Listeria monocytogenes (A) was selected for detection;
Staphylococcus aureus (B), Escherichia coli O157:H7 (C), and Salmonella typhimurium (D) at the
same concentration were selected as interferents, and physiological saline (E) was used as
a blank control. As can be seen from Figure 14a, the photocurrent changed significantly
before and after the incubation of Listeria monocytogenes. After calculation, the change value
RSD was 2.94%. The photocurrent changes in the interferents were similar to those in
the blank group. This result indicates that the prepared aptamer sensor has satisfactory
specificity for Listeria monocytogenes.

To investigate the stability of the sensor, the electrode was incubated with
1.3 × 105 CFU/mL Listeria monocytogenes, and Exo I was repeatedly switched on and
off within 400 s to observe the change in photocurrent to judge the stability of the sensor.
The light source switch interval was 20 s, as shown in Figure 14b. It can be seen from the
figure that there was almost no change in the photocurrent within 400 s. After the second
electrode was placed in a refrigerator at 4 ◦C for a week, the photocurrent detection was
performed again under the same conditions, and the current value dropped by about 5%,
which proved that the sensor had good stability.

Five electrodes were constructed under the same conditions, 1.3 × 105 CFU/mL
Listeria monocytogenes and Exo I were incubated with photoelectric detection, and the
reproducibility of the sensor was analyzed. The experimental calculation showed that
the RSD was 2.1%, proving that the prepared aptamer sensor has good accuracy and
reproducibility.

3.8. Analysis of Real Samples

To verify the feasibility of the sensor to detect Listeria monocytogenes in actual samples,
we added 1 × 102 CFU/mL, 1 × 105 CFU/mL, and 1 × 107 CFU/mL of Listeria mono-
cytogenes to chicken samples that did not contain Listeria monocytogenes for photocurrent
detection. The Listeria monocytogenes concentration was obtained and compared with the
actual addition to calculate the recovery rate. As shown in Table 1, for three different
dilutions of Listeria monocytogenes, the prepared aptamer sensor was used for detection,
and the recovery rate met the requirements. This shows that the sensor has great potential
in practical applications.

(a) 

Figure 14. Cont.

19



Foods 2021, 10, 2896

(b) 

μ

Figure 14. (a) Photocurrent response of the sensor to 1.3 × 105 CFU/mL of Listeria monocytogenes
(A), Staphylococcus aureus (B), Escherichia coli O157:H7 (C), Salmonella typhimurium (D), saline (E);
(b) photocurrent response of the aptamer electrode when the light was turned on and off
within 400 s continuously.

Table 1. Detection of Listeria monocytogenes in chicken samples with sensors.

Samples Added (CFU/mL) Found (CFU/mL) Recovery (%) RSD (%)

1 1 × 102 0.91 × 102 91 2.2
2 1 × 105 1.12 × 105 112 3.4
3 1 × 107 0.89 × 107 89 5.3

4. Conclusions

In the present study, a photoelectrochemical sensor based on WO3 was constructed to
detect Listeria monocytogenes. When pathogenic bacteria were present, the quantum dots
fell off the surface of the electrode, causing the photocurrent to decrease. At the same time,
combined with the shearing effect of Exo I, the photocurrent was significantly reduced,
thereby amplifying the signal changes before and after the addition of pathogenic bacteria
and increasing the detection limit. Finally, the performance of the sensing platform was
verified through the aspects of specificity, stability, and repeatability. Under the optimal
conditions, a range of 1.3 × 101 to 1.3 × 107 CFU/mL was observed, with a detection
limit of 45 CFU/mL. This method may have hopeful prospects for the rapid detection of
Listeria monocytogenes.
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Abstract: Detection of copper (II) ions (Cu2+) in water is important for preventing them from entering
the human body to preserve human health. Here, a highly sensitive and selective fluorescence probe
that uses mercaptopropionic acid (MPA)-capped InP/ZnS quantum dots (MPA-InP/ZnS QDs) was
proposed for the detection of trace amounts of Cu2+ in water. The fluorescence of MPA-InP/ZnS QDs
can be quenched significantly in the presence of Cu2+, and the fluorescence intensity shows excellent
linearity when the concentration of Cu2+ varies from 0–1000 nM; this probe also exhibits an extremely
low limit of detection of 0.22 nM. Furthermore, a possible fluorescence-quenching mechanism was
proposed. The MPA-InP/ZnS QDs probes were further applied to the detection of trace Cu2+ in real
water samples and drink samples, showing good feasibility.

Keywords: fluorescence; quantum dots; copper (II) ions; water

1. Introduction

As one of the essential trace elements for humans, Cu2+ plays an important role in
many physiological processes, such as hemoglobin regulation, bone formation, and cell
metabolism [1]. However, high concentrations of Cu2+ can affect the function of the kidney
and liver and may cause brain diseases, such as Alzheimer’s disease and Parkinson’s
disease [2]. Even short-term exposure to high concentrations of Cu2+ can cause stomach
and intestinal discomfort [3]. Cu2+ is taken up by humans through contaminated water
and food and accumulates in the human body. To this end, the maximum residue levels
of Cu2+ in water are clearly defined. The United States Environmental Protection Agency
(USEPA) stipulated that the maximum allowable amounts of Cu2+ in drinking water and
in industrial effluents are 20 μM [4] and 1.3 mg/L [5], respectively. Therefore, detecting
Cu2+ in water is of great significance for preventing Cu2+ from entering the human body
and ensuring human health.

There are many methods for detecting Cu2+, such as atomic absorption spectrome-
try [6], inductively coupled plasma optical emission spectrometry (ICP-OES) [7], induc-
tively coupled plasma mass spectrometry (ICP-MS) [8], electrochemical methods [9], and
fluorescence methods [10]. Atomic absorption spectrometry, ICP-OES, and ICP-MS are
highly accurate for the detection of Cu2+; however, the disadvantages of expensive equip-
ment, cumbersome operation, and time consumption [11,12] make them unable to detect
mobile Cu2+ in real time. Electrochemical methods have the advantages of low cost, sim-
ple operation, and portability; however, the electrodes have to be maintained due to the
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polarization effect [13]. Fluorescence methods have attracted increasing attention in the
field of Cu2+ detection in recent years due to their high sensitivity, anti-interference ability,
and fast response. In particular, with the development of fluorescent nanomaterials, Cu2+

fluorescent strategies with simple and environmentally friendly designs have attracted
increasing interest [14,15].

Quantum dots (QDs) are widely used in the detection of Cu2+ in water due to their
advantages of simple preparation, stable optical performance, adjustable emission, and
surface modification [16]. Sadeghi et al. [17] developed a fluorescent probe based on CdSe
QDs capped with deep eutectic solvent (DES-CdSe QDs) to determine the levels of Cu2+ in
various drinks based on aggregation-induced emission (AIE), but CdSe QDs are poisonous
and environmentally unfriendly, which limits the application of the method. Carbon dots
(CDs) are some of most popular QDs in the detection of Cu2+ [18]. The fluorescence of
CDs can be quenched in the presence of Cu2+ based on the complexation reaction of Cu2+

with the oxygen-containing functional groups on the surface of the CDs. Although CDs
have the advantages of simple synthesis, low price, and nontoxicity, some metal ions that
could be present in the water, such as iron ions and mercury ions, can also quench the
fluorescence of the CDs [19,20], which can interfere with the detection of Cu2+. Therefore,
in real environmental samples, eliminating the influence of potential interfering substances
to detect Cu2+, even in trace amounts and with highly sensitive methods, is one of the main
challenges.

In this work, we synthesized 3-mercaptopropionic acid (MPA)-capped InP/ZnS QDs
(MPA-capped InP/ZnS QDs) for the first time and developed a fluorescent probe based on
MPA-InP/ZnS QDs for the detection of trace Cu2+ in water. With proper capping of MPA,
the MPA-InP/ZnS QDs exhibit excellent monodispersity in aqueous media and are suitable
for the highly selective detection of trace Cu2+. In the presence of Cu2+, the fluorescence of
MPA-InP/ZnS QDs could be significantly quenched, the sensing performance was studied,
and the possible mechanism was proposed. Furthermore, the probe was applied to the
detection of Cu2+ in environmental water and drink samples. To the best of our knowledge,
there are few reports on the use of MPA-InP/ZnS QDs to detect Cu2+ in water.

2. Materials and Methods

2.1. Materials and Instruments

Indium (III) iodide (InI3) (99.998%), zinc (II) chloride (ZnCl2) (≥98%), tris(diethylamino)-
phosphine (C12H30N3P) (97%), 100 mesh selenium powder (99.99%), hydrochloric acid
(HCI) (mass fraction, 36.46%), zinc stearate (C36H70O4Zn) (technical grade, 65%), tri-
octylphosphine (C24H51P) (>97%), octadecene (C18H36) (technical grade, 90%), chloroform
(CHCI3) (≥99%), 3-mercaptopropionic acid (C3H6O2S) (MPA) (≥99%), tetramethylam-
monium hydroxide pentahydrate ((CH3)4N-OH·5H2O) (TMAH) (≥97%), sulfur powder,
oleylamine (C18H37N) (mass fraction, 80–90%), citric acid (C6H8O7) (≥99.5%), disodium
hydrogen phosphate (Na2HPO4) (≥99%), and all of the soluble metal salts (NaCl, MgCl2,
AlCl3, KCl, CaCl2, MnCl2, FeCl3, CoCl2, CuCl2, PbCl2, CdCl2, BaCl2, and AgNO3) were
analytically pure and purchased from Sigma–Aldrich (St. Louis, MO, USA). All chemical
reagents were directly used without further purification. The distilled water used in all
experiments had a conductivity of 1.37 (μs/cm) and a resistivity of 0.73 (MΩ/cm).

Transmission electron microscopy (TEM) observations were carried out by using a
transmission electron microscope (JEOL, JEM-2100, Akishima, Japan). Fourier-transform
infrared spectra (FT-IR) were obtained by FT-IR spectroscopy (Tianjin Jiangdong Company,
FT-IR-650, Tianjin, China). X-ray photoelectron spectroscopy (XPS) was recorded by
using an XPS spectrometer (Japan Electronics, D/MAX, Tokyo, Japan). Additionally, the
quantum yield (QY) was measured by using a fluorescence spectrometer (Horiba Jobin
Yvon, Nanolog FL3-2 IHR, Pairs, France). The fluorescence spectra of the probes were
recorded by using a fluorescence spectrometer (Edinburgh Instruments Ltd., Edinburgh FS5,
Livingston, UK) at an excitation wavelength (λex) of 250 nm and an emission wavelength
(λem) of 520 nm with an integration time of 0.1 s. Both the excitation and emission slits were
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set to a width of 5 nm. A time-resolved fluorescence spectrometer (Horiba Jobinyvon IBH
Inc, Deltaflex 77-500K, Pairs, France) was used to measure the fluorescence lifetime of the
probes with λex = 250 nm and λem = 520 nm. The ultraviolet-visible (UV-Vis) spectrum was
scanned in the wavelength range of 190–1100 nm with a UV-Vis spectrophotometer (Hach
Company, DR6000, Loveland, USA) with a step size of 5 nm. A refrigerated centrifuge
(Sigma, 3k15, Landkreis Osterode, Germany) was used for the pretreatment of samples.
In addition, the pH was adjusted by an automatic acid-base titration apparatus (Mettler
Toledo, Titration Excellence T9, Zurich, Switzerland), and the sample was sonicated by an
ultrasonic cleaner (Kunshan Shumei, KQ-250DE, Kunshan, China).

2.2. Synthesis of MPA-InP/ZnS QDs

The MPA-InP/ZnS QDs were synthesized according to a previously reported proce-
dure [21]. The solvothermal method was used to proceed with the MPA-InP/ZnS QDs.
First, 100 mg of InI3 (0.45 mM) and 300 mg of ZnCl2 (2.2 mM) were added to 5.0 mL
(15 mM) of technical oleylamine, which is a coordinating solvent at 120 ◦C, and stirred and
degassed to react for one hour; then, 0.45 mL (1.6 mM) of tris(diethylamino)-phosphine
(phosphorus:indium ratio = 3.6:1) was injected into the above mixture at 180 ◦C under
inert atmosphere for 20 min to synthesize the InP nanocrystals. Subsequently, 1 mL of
saturated TOP-S (2.2 M) was slowly injected into the solution of InP nanocrystals, and the
temperature was raised to 200 ◦C after 40 min; 4 mL of ODE with 1 g Zn(stearate)2 was
injected into the solution, and the temperature was increased to 220 ◦C after 60 min; 0.7 mL
saturated TOP-S (2.2 M) was slowly injected into the solution, and the temperature was
increased to 240 ◦C, and 2 mL of ODE with 0.5 g Zn(stearate)2 was injected into the solution
in turn, and temperature was increased to 260 ◦C after 30 min and 60 min, respectively.
At the end, the solution reacted at 260 ◦C for 30 min to form trioctyl phosphine oxide
(TOPO)-capped InP/ZnS QDs.

To improve the monodispersion and optical properties in aqueous media, the InP/ZnS
QDs were capped by MPA. One hundred milligrams of the organic base TMAH were mixed
well vigorous shaking with 50 μL MPA in 1 mL of chloroform and allowed to stand for 1 h
for MPA deprotonation. Then, the bottom organic phase containing deprotonated MPA
was transferred into a polypropylene tube. Then, 100 μL of the TOPO-capped InP/ZnS
QDs (0.1 μM in chloroform) was added to the polypropylene tube and mixed at room
temperature for 40 h for the ligand-exchange reaction between TOPO and MPA. Finally, the
product was washed with chloroform and ethanol 3 times to obtain MPA-InP/ZnS QDs.

2.3. Detection of Cu2+ Based on MPA-InP/ZnS QDs

Next, 100 μL of different concentrations of Cu2+ (0 nM, 3 nM, 5 nM, 10 nM, 15 nM, 20 nM,
30 nM, 50 nM, 100 nM, 150 nM, 200 nM, 250 nM, 300 nM, 400 nM, 600 nM, and 1000 nM) were
added to 2 mL of MPA-InP/ZnS QDs PBS solution (14 nM, pH = 8.0) for 12 min incubation at
room temperature, and the fluorescence spectra were recorded (λex = 250 nm). The calibration
curves of the fluorescence intensity at the emission peak of 520 nm vs. the concentrations of
Cu2+ were plotted. The stability and selectivity of MPA-InP/ZnS QDs were investigated.
The fluorescence intensity was recorded at indoor environment every day for 7 days at
room temperature; different metal ions, including Na+, Mg2+, Al3+, K+, Ca2+, Co2+, Mn2+,
Fe3+, Ba2+, Cd2+, Pb2+, and Ag+ (500 nM for each), were added to the MPA-InP/ZnS QDs
solution, and the fluorescence intensity of each solution was recorded.

The probes were used for the detection of Cu2+ in the environmental water samples
and drinking samples. In the spiked and real samples detection, 100 μL of samples were
added to 2 mL of MPA-InP/ZnS QDs PBS solution (14 nM, pH = 8.0) for 12 min incubation
at room temperature, and the fluorescence spectra were recorded (λex = 250 nm).

Samples 1–5 were mineral water of different brands, including Sample 1 (Uni-President;
Tainan, China), Sample 2 (Jingtian Food & Beverage Co., Ltd.; Shenzhen, China), Sample 3
(Evergrande Mineral Water Group Co., Ltd.; Guangzhou, China), Sample 4 (Voss Beverage
Co., Ltd.; Voss, Norway), and Sample 5 (Danone Co., Ltd.; Pairs, France); the carbonated
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drinks included Sample 6 (Coca-Cola; Atlanta, GA, USA) and Sample 7 (Pepsi; New York,
NY, USA), and the drinking water Sample 8 (Beijing Xiangshan Tianquan Beverage Co.,
Ltd.; Beijing, China), all of which were purchased from the local market in Haidian District
of Beijing. The river water samples (Sample 9) were obtained from the Jingmi Diversion
Canal in Beijing. Tap water (Sample 10) was obtained in Haidian District of Beijing. The
river water samples were centrifuged at 5000 rpm for 3 min to obtain the supernatant,
which was filtered through a 0.45-μm filter membrane. The carbonated drink samples were
pretreated by ultrasonic oscillation for 5 min. The Cu2+ of the samples were detected by ICP-
MS method as comparisons [22] and all experiments were performed in triplicate. Unless
otherwise specified, all experiments in this article were performed at room temperature.

3. Results and Discussion

3.1. Characterization of MPA-InP/ZnS QDs

As shown in Figure 1, the synthesized MPA-InP/ZnS QDs were spherical and well
dispersed in water solution. The particle size of MPA-InP/ZnS QDs was distributed in a
relatively narrow range of 1.87–5.86 nm, with an average size of 3.21 nm (inset in Figure 1a).
The MPA-InP/ZnS QDs had an obvious lattice with a lattice spacing of 0.23 nm, as shown
in Figure 1b, and the charge couple device (CCD) image revealed that InP/ZnS QDs have
round shape and excellent light-emitting characteristics.

Figure 1. TEM (a) and HRTEM images (b) of MPA-InP/ZnS QDs (inset: particle size distribution (i) and CCD image of
MPA-InP/ZnS QDs (ii)). TEM: transmission electron microscopy, HRTEM: high resolution transmission electron microscope,
MPA-InP/ZnS QDs: mercaptopropionic acid capped InP/ZnS quantum dots, CCD: charge couple device.

FT-IR spectra were obtained to investigate the functional groups on the surface of
MPA-InP/ZnS QDs. As shown in Figure 2a, the FT-IR spectra of MPA (red curve) displays
that the absorption bands at 3142 cm−1 and 1701 cm−1 are attributed to the stretching
vibration of the O–H and the C=O of COOH, respectively. The FT-IR spectra of MPA-
InP/ZnS QDs (black curve) shows the absorption band at 3396 cm−1 is attributed to
the stretching vibration of the O–H band of COOH. The peaks at 1640, 1568, 1486, and
1396 cm−1 are caused by the stretching vibrations of the C=O, C–H, –NH, and –OH bonds,
respectively. The presence of carboxyl hydroxyl and amine groups was demonstrated on
the surface of the MPA-InP/ZnS QDs [23], which are beneficial to the homogenous and
stable dispersion of MPA-InP/ZnS QDs in water [24] and indicating the InP/ZnS QDs are
successfully capped by MPA. XPS spectra were recorded to investigate the surface elements
of the MPA-InP/ZnS QDs. As shown in Figure 2b, the XPS spectrum of MPA-InP/ZnS
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QDs shows three peaks at 284.8, 402.4, and 532.0 eV, which correspond to the C1s, N1s, and
O1s orbitals with relative atomic percentages of 73.96%, 5.01%, and 21.03%, respectively.
The high-resolution C1s and O1s XPS spectra, as shown in Figure 2c,d, demonstrate the
presence of C–C/C–H, C–O–H/C–O–N, O–H, and C=O, which agrees with the FT-IR
spectra. The XPS spectra shows that the MPA-InP/ZnS QDs contain a large number of
carboxyl groups, which further indicates that the InP/ZnS QDs are successfully capped by
MPA.

Figure 2. FT-IR spectrum (a), XPS patterns (b), C1s XPS spectrum (c), and O1s XPS spectrum
(d) of MPA-InP/ZnS QDs. XPS: X-ray photoelectron spectroscopy, C1s XPS: X-ray photoelectron
spectroscopy of 1s orbital electron peak of carbon atom, O1s XPS: X-ray photoelectron spectroscopy
of 1s orbital electron peak of oxygen atom, MPA-InP/ZnS QDs: mercaptopropionic acid capped
InP/ZnS quantum dots.

The fluorescence excitation and emission spectra of the MPA-InP/ZnS QDs were
obtained to investigate the fluorescence properties. As shown in Figure 3a, the MPA-
InP/ZnS QDs show an emission wavelength at 520 nm with an excitation wavelength of
250 nm. The MPA-InP/ZnS QDs are pale yellow in daylight and exhibit strong yellow
color under UV light (365 nm), as shown in the insert of Figure 3a. An obvious emission
peak located at approximately 520 nm with excitation wavelength scanning from 200 nm
to 300 nm can be observed in Figure 3b, indicating that the emission is independent of the
excitation wavelength. The quantum yield of purified MPA-InP/ZnS QDs was measured
by a fluorescence spectrometer with an integrating sphere to be 12.05%.
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Figure 3. The absorption spectrum, excitation, and emission spectroscopy (a). (insert: photos of
MPA-InP/ZnS QDs solutions under sunlight (i) and UV light (365 nm)) (ii) Emission spectroscopy
with different excitation of MPA-InP/ZnS QDs (b). MPA-InP/ZnS QDs: mercaptopropionic acid
capped InP/ZnS quantum dots.

3.2. Detection of Cu2+ by Utilizing the MPA-InP/ZnS QDs

The influence of pH, the concentration of MPA-InP/ZnS QDs, and the reaction time
were investigated to optimize the conditions of reaction conditions for the detection of Cu2+.
As shown in Figure 4a, the ratio of the fluorescence quenching of the MPA-InP/ZnS QDs
with Cu2+ (50 nM, 100 μL) added in PBS buffer at different pH values (2–10) was recorded,
and the fluorescence was quenched most obviously at pH = 8.0. Thus, the value of 8.0 was
used as the optimum pH. Figure 4b shows that the fluorescence intensity of MPA-InP/ZnS
QDs at a concentration of 14 nM was the strongest, which means that the quenching degree
may be the greatest in the presence of same concentration of Cu2+. In order to investigate
this issue further, the fluorescence intensity of MPA-InP/ZnS QDs in the concentration of
6 nM, 10 nM, 14 nM, and 18 nM in the presence of different concentrations of Cu2+ were
measured. As shown in Figure S1 of Supplementary Materials, in the concentrations of
Cu2+ of 0–1000 nmol/L, the MPA-InP/ZnS QDs solution with a concentration of 14 nM has
the greatest degree of fluorescence quenching. The results indicated that 14 nM is the best
concentration. Furthermore, the time-based fluorescence behavior of the MPA-InP/ZnS
QDs with added Cu2+ was studied, and it is shown in Figure 4c that the fluorescence was
stable after 12 min. Therefore, we chose 12 min as the incubation time for the complete
reaction of MPA-InP/ZnS QDs and Cu2+. All the following experiments were performed
under the optimum conditions.

The fluorescence intensity of MPA-InP/ZnS QDs solutions with different concen-
trations of Cu2+ was measured at λex = 250 nm to explore the sensitivity in terms of
detecting Cu2+ in water. Figure 5a shows a remarkable decrease in fluorescence intensity
at 520 nm with increasing concentrations of Cu2+. The insets of Figure 5a shows photos
of MPA-InP/ZnS QD solutions with different concentrations of Cu2+ irradiated by a UV
lamp (365 nm). The color of the MPA-InP/ZnS QDs solution under UV light gradually
changed from extremely bright yellow to pale yellow until colorless with increasing Cu2+

concentration. The Figure 5b shows a good linear relationship (R2 = 0.94) between the F0/F
(F0 is the initial fluorescence intensity of MPA-InP/ZnS QDs, and F is the fluorescence
intensity of MPA-InP/ZnS QDs after adding Cu2+) and concentration of Cu2+ in the range
of 0–1000 nM. Moreover, the insert of Figure 5b shows that the fluorescence intensity of
the MPA-InP/ZnS QDs at low concentrations of Cu2+ (0–50 nM) is quenched more rapidly,
which means that the Cu2+ detection is extremely sensitive at low concentrations. In the
concentration range of 0–50 nM, the calibration curve has better linearity (R2 = 0.99), and
the limit of detection (LOD) of the prepared MPA-InP/ZnS QDs calculated by the Formula
3σ/x was 0.22 nM [18].
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Figure 4. The fluorescence intensity of MPA-InP/ZnS QDs without and with Cu2+ in different pH
and the fluorescence-quenching rate of MPA-InP/ZnS QDs after adding Cu2+ (a), the fluorescence
intensity of MPA-InP/ZnS QDs in different concentrations (b), and the changes of fluorescence inten-
sity of MPA-InP/ZnS QDs with added copper over time (c). MPA-InP/ZnS QDs: mercaptopropionic
acid capped InP/ZnS quantum dots.

Figure 5. The fluorescence spectra of MPA-InP/ZnS QDs with different added concentrations of
Cu2+ (0 nM, 3 nM, 5 nM, 10 nM, 15 nM, 20 nM, 30 nM, 50 nM, 100 nM, 150 nM, 200 nM, 250 nM,
300 nM, 400 nM, 600 nM, and 1000 nM) (a), (insert: photos of MPA-InP/ZnS QDs solutions with
different concentrations of Cu2+ under 365 nm UV light) and the relationship between the F0/F and
the concentrations of Cu2+ (b), (insert: the relationship between the F0/F and low concentrations of
Cu2+ (0–50 nM)). MPA-InP/ZnS QDs: mercaptopropionic acid capped InP/ZnS quantum dots.

The stability and selectivity are important indicators for evaluating the practicability
and feasibility of probes. Figure 6a shows that the changes in the fluorescence intensity of
the MPA-InP/ZnS QDs solution at indoor environment are less than 8% within seven days,
indicating the perfect stability of the MPA-InP/ZnS QDs probe. Furthermore, the influence
of the potentially competing metal ions Na+, Mg2+, Al3+, K+, Ca2+, Co2+, Mn2+, Fe3+, Ba2+,
Cd2+, Pb2+, and Ag+ (500 nM for each) was studied. As shown in Figure 6b, compared with
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Cu2+, only Ag+ and Fe3+ can quench the fluorescence of InP/ZnS QDs. The fluorescence-
quenching degree of InP/ZnS QDs are 7.25% and 7.77% in the concentration of 500 nM
of Ag+ and Fe3+, respectively. While in the presence of 50 nM Cu2+, the fluorescence-
quenching degree of InP/ZnS QDs is 39.2%, indicating the fluorescence quenching of MPA-
InP/ZnS QDs by other metal ions is almost negligible. The ion selectivity is dependent on
the intrinsic affinity between the analyte and the surface ligands [25], and the MPA ligand
has a high affinity constant with Cu2+ [26], which may be the reason of MPA-InP/ZnS QDs
has higher selectivity to Cu2+ than other metal ions. These experimental results show the
excellent sensitivity, high selectivity, and good anti-influence of the MPA-InP/ZnS QDs
probe for the detection of trace Cu2+ in water.

Figure 6. The stability (a) and the selectivity (b) of the fluorescent probe.

3.3. Fluorescence-Quenching Mechanism of MPA-InP/ZnS QDs

The fluorescence-quenching mechanism of quantum dots is complicated, generally
including inner filter effect (IFE), fluorescence resonance energy transfer (FRET), photoin-
duced electron transfer (PET), static quenching effect (SQE), and dynamic quenching. The
FRET, PET, and dynamic quenching can cause the fluorescence lifetime of the fluorophore
to decay after adding a quencher, while IFE and SQE cannot [27]. As shown in Figure 7a, the
fluorescence decay lifetimes of the MPA-InP/ZnS QDs without and with Cu2+ were 1.07 ns
and 1.02 ns, respectively; these values were almost unchanged, indicating that FRET, PET,
and dynamic quenching do not occur between MPA-InP/ZnS QDs and Cu2+. Moreover,
IFE can be confirmed by UV-Vis absorption spectrum because IFE requires a certain degree
of overlap between the excitation or emission band of the fluorophore and the absorption
band of the UV-Vis spectrum of the quencher [28]. As shown in Figure 7b, the absorption
band of Cu2+ in the range of 200 nm to 270 nm with a peak at 205 nm was observed, and
the absorption band of Cu2+ overlaps with the excitation peak of the MPA-InP/ZnS QDs at
250 nm, indicating that the IFE may exist in the quenching mechanism. To further confirm
the quenching mechanism, a typical Stern–Volmer diagram was constructed:

F0/F = 1 + KSV [Q] = 1 + Kqτ0[Q] (1)

where F0 is the fluorescence intensity of MPA-InP/ZnS QDs, F is the fluorescence intensity
observed after adding Cu2+, KSV is the quenching Stern–Volmer constant, and [Q] is the
concentration of the Cu2+, Kq is the dynamic quenching Stern–Volmer constant, and τ0 is
the lifetime of the InP/ZnS QDs. The static quenching can be judged by KSV in different
temperatures. The value of KSV decreases with the increase of temperature in the SQE
process [29]. Obviously, as shown in Figure 7c, with the increasing temperature from 20 ◦C
to 40 ◦C, the slope of the curves that are KSV decreases, which confirms the existence of
SQE. Moreover, the maximum Kq of collision quenching is 2 × 1010 L mol−1 s−1 [30]. In
addition, the Kq of 20 ◦C, 30 ◦C, and 40 ◦C in this paper are 2.34 × 1015, 1.31 × 1015, and
1.21 × 1015, respectively, which are much larger. The results further confirm the existence
of SQE.
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Figure 7. The fluorescence lifetime decay curves of MPA-InP/ZnS QDs without and with Cu2+

(a); the absorption spectrum of Cu2+, excitation, and emission spectra of MPA-InP/ZnS QDs (b); the
calibration curves between F0/F and the concentrations of Cu2+ under different temperature (20 ◦C,
30 ◦C, and 40 ◦C) (c). MPA-InP/ZnS QDs: mercaptopropionic acid capped InP/ZnS quantum dots.

3.4. Detection of Cu2+ in Real Samples

The applicability and accuracy of MPA-InP/ZnS QDs for the detection of Cu2+ in
environmental water samples and drinking samples were investigated. As shown in
Table 1, spiked detections were carried out in pure water of Watsons; the recovery was
93.64–120.91%, and the relative standard deviation (RSD) (n = 3) was below 1.02%. The
results of the detection of Cu2+ in different water samples using our prepared MPA-
InP/ZnS QDs probes and ICP-MS are listed in Table 2 and Figure S2. The results of the two
methods demonstrate that the MPA-InP/ZnS QDs probes are highly accurate and have the
ability to detect trace amounts of Cu2+ in real water samples.

The performance of MPA-InP/ZnS QDs probes was also compared with several
previously reported studies on the detection of Cu2+ in water. As shown in Table 3
and Figure S3, the detection range of fluorescent probes for Cu2+ can reach hundreds
of micromoles; however, the LOD is difficult to reach for the nanomolar level. As the
comparison, the detection range of our probe is 0–1000 nM with the LOD of 0.22 nM, which
exhibited superior sensing performance, especially in the detection of trace Cu2+. Our work
shows promising prospects in the highly sensitive detection of trace Cu2+ in real water.

Table 1. Determination results of copper ions (Cu2+) in pure water of Watsons samples (n = 3).

Spiked/nM Found/nM Recovery (%) RSD (%)

5.00 4.97 99.33 0.58
10.00 12.09 120.91 0.54
20.00 18.73 93.64 1.02
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Table 2. Detection of Cu2+ using this method and ICP-MS (n = 3).

Samples
This Method ICP-MS

Found/nM RSD (%) Found/nM RSD (%)

Sample 1 5.16 5.24 5.31 0.54
Sample 2 4.29 2.42 3.75 1.04
Sample 3 14.03 1.96 12.50 0.67
Sample 4 7.97 1.09 6.56 0.47
Sample 5 13.59 1.79 14.69 0.64
Sample 6 4.68 5.66 3.38 1.23
Sample 7 5.07 7.25 3.69 0.78
Sample 8 3.81 2.96 3.75 0.97
Sample 9 17.47 4.47 15.09 1.06
Sample 10 31.06 5.13 33.13 0.54

Table 3. Comparison of the performance of fluorescent MPA-InP/ZnS QDs probes for the detection of Cu2+.

Materials Principle Detection Range LOD
Reaction

Time
Applications Ref.

Mercaptoacetic
acid-CdTe QDs Dynamic quenching 40–600 nM 35.0 nM 5 min Urine [31]

Polyamine@C-dots Static quenching
effect 0.07–60 μM 0.02 μM 15 min

Conduit water, tap
water, and mineral

water
[18]

Coumarin Static quenching
effect 0–50 μM 0.27 μM 10 min Tap water [32]

CdTe QDs-
polyethyleneimine/
polyvinyl alcohol

electrospun

Dynamic quenching 0.08–800 μM 11.1 nM 50 min Lake water [26]

Deep eutectic
solvent-CdSe QDs

Aggregation-induced
emission 10–600 nM 5.3 nM 1 min

Tap water, mineral
water, pineapple fruit
juice, milk, and cola

[17]

MPA-InP/ZnS QDs Static quenching
effect 0–1000 nM 0.22 nM 12 min

River water, tap water,
purified water,
mineral water,

drinking water, and
beverages

This work

MPA-InP/ZnS QDs: mercaptopropionic acid capped InP/ZnS quantum dots.

4. Conclusions

In summary, MPA-capped MPA-InP/ZnS QDs were synthesized by a solvothermal
method; they exhibited bright yellow fluorescence and excellent monodispersity in aqueous
solution. A highly sensitive and highly selective fluorescent probe for the detection of trace
Cu2+ was developed using the synthesized MPA-InP/ZnS QDs. The fluorescence intensity
of the MPA-InP/ZnS QDs can be quenched significantly in the presence of Cu2+ due to the
SQE, which showed an excellent linear relationship with Cu2+ in the concentration range
of 0–1000 nM, with a detection limit of 0.22 nM. Furthermore, the probe was applied to the
detection of Cu2+ in environmental water and drink samples, indicating that MPA-InP/ZnS
QDs could be used as a fluorescence probe in the application of highly sensitive and rapid
detection of trace Cu2+ in real water.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10112777/s1, Figure S1: The response curves of InP/ZnS QDs solutions with concen-
trations of 6 nM, 10 nM, 14 nM and 18 nM to different concentrations of Cu2+, Figure S2: The data
comparison image of the detection results of the two methods, Figure S3: The results comparison
image of this work and literature.
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Abstract: Nanobodies have several advantages, including great stability, sensibility, and ease of pro-
duction; therefore, they have become important tools in immunoassays for chemical contaminants.
In this manuscript, nanobodies for the detection of the toxin Nodularin-r (NOD-R), a secondary
metabolite of cyanobacteria that could cause a safety risk for drinks and food for its strong hepa-
totoxicity, were for the first time selected from an immunized Bactrian camel VHH phage display
library. Then, a sensitive indirect competitive enzyme-linked immunosorbent assay (ic-ELISA) for
NOD-R, based on the nanobody N56 with great thermostability and organic solvent tolerance, was
established under optimized conditions. The results showed that the limit of detection for NOD-R
was 0.67 μg/L, and the average spike recovery rate was between 84.0 and 118.3%. Moreover, the
ic-ELISA method was validated with spiked water sample and confirmed by UPLC–MS/MS, which
indicated that the ic-ELISA established in this work is a reproducible detection assay for nodularin
residues in water samples.

Keywords: nodularin; nanobody; detection; ic-ELISA

1. Introduction

Nodularins (NODs) are harmful cyanobacteria toxins produced by Nodularia spumi-
gena, especially when blooms brake out in lakes or rivers [1]. So far, different forms of NOD
variants have been found. Among these variants, NOD-R is the most abundant and the
only one commercially available [2]. NOD-R is a characteristic cyclic peptide composed
of five amino acids (-D-MeAsp–L-Y–Adda–D-Glu–Mdhb), in which the Adda structural
region ((2S,3S,8S,9S)-3-amino- 9-methoxy-2,6,8-trimethyl-10-phenyl deca-4,6-dienoic acid)
is also found in microcystins (MCs), another group of cyanobacteria toxins composed of
heptapeptides. Although NOD-R is similar to MCs in structure (Figure 1), it penetrates
more easily into hepatocytes than MCs and exhibits stronger acute toxicity [3]. It has been
found that NOD-R can inhibit the catalytic subunit of seine/threonine-specific protein
phosphatases (PPs) 1 and 2A (PP1 and PP2A) and lead to severe hepatotoxicity [4–6].
Meanwhile, NOD-R cannot be completely eliminated via routine water treatment processes
because of its water solubility and heat stability; therefore, contaminated drinking water
and polluted recreational water might increase the risk of human exposure through intake
or skin contact. A guideline value specific for NOD-R in drinking water and recreational
water has not yet been established by the World Health Organization (WHO); however,
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many countries commonly take 1.0 μg/L, the maximum residue limit (MRL) for MC-LR,
as a reference [7]. Rapid and sensitive detection methods for NOD-R are required to con-
tinuously monitor the level of NOD-R in the environment as well as in drinking water or
foods [8].
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Figure 1. Structure of NOD-R.

Recently, several methods for the detection of NOD-R residues have been devel-
oped, including high-performance liquid chromatography (HPLC) [9], mass spectrometry
(MS) [10], liquid chromatography–mass spectrometry (LC–MS) [11], as well as some rapid
detection methods such as immunoassays based on specific antibodies or biosensor as-
says based on aptamers [12]. Compared with instrumental assay methods, immunoassay
technology has the obvious advantages of rapidness, simplicity, and lower cost [13]. For
example, only several cents to dollars are commonly spent on each sample when using com-
mon ELISA kits, whereas at least tens of dollars are necessary when using UPLC–MS/MS.
In addition, antibodies are routinely stable in conformation and common in practical utiliza-
tion; thus, immunodetection of NOD-R has attracted attention. Both polyclonal antibodies
(PAbs) and monoclonal antibodies (MAbs) against NOD-R were obtained, and several
detection methods, e.g., indirect competitive enzymatic-linked immunoassay (ic-ELISA),
fluorescence polarization immunoassay (FPIA), and optical surface plasmon resonance
(SPR) immunosensor detection, were developed, obtaining a limitation of detection (LOD)
for NOD-R ranging from 0.051 μg/L to 0.95 μg/L [14,15].

Actually, except for a few examples, most of the antibodies reported above are broad-
specificity antibodies originally prepared for MC-LR, but they can recognize also other MCs
as well as NOD-R simultaneously. Previously, with MC-LR-KLH as a common immunogen,
multi-residue-recognizing PAbs [16] and MAbs [data not shown] were generated in our
lab with IC50 of 0.29 μg/L and 18 μg/L for NOD-R, respectively.

Obviously, antibodies, as molecular recognition elements, are the core components of
immunoassays. In recent years, single-domain antibodies derived from heavy-chain-only
antibodies, namely VHH, have been found in camelids, including camels and llamas,
as well as VNAR in cartilaginous fishes, including sharks [17]. These antibodies, also
called nanobodies (Nbs), have attracted attention for their application in in immunoas-
says and have shown superiority over traditional PAbs and MAbs because of their small
size (−15 kDa) and high solubility and stability [18]. In addition, Nbs can be efficiently
generated by the phage display method and can be genetically encoded and expressed in
Escherichia coli host cells with high yields [19,20]. Until now, several specific Nbs for some
chemical contaminants such as parathion [21], aflatoxin B1 [22] and triazophos [23] have
been successfully prepared, and related immunoassays have been established.

In this study, an immunized Bactrian camel phage display library was constructed, and
then Nbs against NOD-R were selected and prepared. Furthermore, based on optimized
reaction conditions, an ic-ELISA for NOD-R in water samples was established. Finally, the
performance of the ic-ELISA was measured and validated by UPLC–MS/MS.
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2. Materials and Methods

2.1. Materials and Reagents

Nodularin-R and microcystins (MC-LR, -LA, -LY, -LW, -LF, -YR, -WR, -RR) (Enzo, USA)
were used as standards. Nodularin-R-ovalbumin (NOD-R-OVA, prepared in our lab) was
the coating antigen. Microcystin-LR-keyhole limpet hemocyanin (MC-LR-KLH, prepared
in our lab) was used as the immunogen. An anti-MC-LR monoclonal antibody (anti-MC-LR
MAb, prepared in our lab) was used for comparison with the nanobodies. pComb3XSS
vector and E. coli BL21(DE3) available in our lab were used to construct a recombinant
vector and a transformed host strain, respectively. Helper phage M13K07 (New England
Biolabs, Ipswich, MA, USA) was used for the construction of a phage displayed nanobody
library. The anti-VHH-HRP polyclonal antibody from rabbit (Genscript Bio. Co.Ltd,
Nanjing, China) was used as a secondary antibody in ELISA. HisPur Ni-NTA resin (GE
Healthcare, Beijing, China) was utilized for protein purification. The primers used in
this work were synthesized by Invitrogen Biotechnology Co. (Shanghai, China). Other
chemical reagents were provided by Sigma (St. Louis, MS, USA) and Thermo Fisher
Scientific (Thermo, Waltham, MA, USA).

2.2. Instruments

A NanoDrop 2000C spectrophotometer (Thermo, Waltham, MA, USA) was used to
measure absorbance in the ultraviolet–visible spectrum. Centrifugation of phages and bacte-
ria was performed using SORVALL LYNX 4000 centrifuges (Thermo, Waltham, MA, USA).
Biologic LP (Bio-Rad, Hercules, CA, USA) was used to purify VHH antibodies. The
absorbance values in ELISA were measured using a Multiskan MK3 microplate reader
(Thermo Scientific, Waltham, MA, USA).

2.3. Construction of a Phage-Displayed Nanobody Library

The procedure for constructing the nanobody library by the phage display technology
was similar to that previously published [24]. In practice, a three-year-old Bactrian camel
was immunized with 500 μL of MC-LR-KLH(1.0 mg/mL) emulsified with Freund’s adju-
vant at a ratio of 1:1 (v/v) every two weeks for a total of 6 times. Particularly, the first time of
immunization was performed with complete adjuvant, and the boost immunizations with
incomplete adjuvant. One week after the sixth immunization, 100 mL of fresh peripheral
blood was collected, and lymphocytes were isolated, followed by RNA extraction. After
the synthesis of cDNA by RT-PCR, the VHH genes were amplified by two-step nested
PCR using the primers shown in Table 1. The VH−CH1−CH2 and VHH−CH2 regions
were firstly amplified using the primers CALL001and CALL002. Next, the primers Fr4-SfiI
and Fr1-SfiI were used to amplify the VHH genes. The VHH genes and the pComb3XSS
vector were digested using the restriction endonuclease SfiI, ligated, and transfected into
competent E. coli ER2738 cells. All transformants were collected by scraping from LB–agar
plates containing ampicillin and tetracycline. After infection with helper phage M13K07, a
phage-displayed Nb library was constructed. The capacity and diversity of the constructed
library were identified by sequence analysis of 20 randomly selected clones.

Table 1. Primers’ sequences used to amplify the VHH genes (W = A or T, S = G or C, M = A or C,
R = G or A).

Primer Names Nucleotide Sequences (5′→3′)

CALL001 GTCCTGGCTGCTCTTCTACAAGG
CALL002 GGTACGTGCTGTTGAACTGTTCC

Fr4-SfiI ACTGGCCCAGGCGGCCGAGGTGCAGCTGSWGSAKTCKG
Fr1-SfiI ACTGGCCGGCCTGGCCTGAGGAGACGGTGACCWGGGTC
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2.4. Biopanning and Identification of Nanobody Clones for NOD-R

Four rounds of biopanning in 96-well microtiter plates were performed, as described
in references to select Nb clones for NOD-R [25]. In practice, the antigen NOD-R-OVA was
coated at decreasing concentrations (10, 2.5, 0.5, 0.1 μg/mL) in four rounds of biopanning
at 4 °C with overnight incubation. Meanwhile, 1 mg/mL of OVA and BSA was coated
in the parallel wells under the same condition (4 °C, overnight). After shaking out the
excess coating solution, a 1% gelatin solution was used to block the coated wells at 37 °C
for 2 h. In each round of biopanning, 100 μL of phage library (about 1 × 1011 pfu/mL)
was introduced into OVA-wells and BSA-wells in turn, for 1 h at 37 °C, to pre-absorb the
non-specific phages; then, the supernatant was transferred to NOD-R-OVA-coated wells
and incubated for another 1 h at 37 °C. After washing with PBST for six times, elution was
conducted by incubating with decreasing concentrations of NOD-R (2, 0.5, 0.1 μg/mL) and
10 mg/mL of trypsin under gentle shaking at 37 °C for 1 h in each round. Finally, 10 μL of
elution solution was used to test the phage titer, and the remainder was amplified for the
next round of biopanning.

After four rounds of biopanning, 20 clones were picked out randomly and induced by
1.0 mmol/L isopropylthio-β-D-galactoside (IPTG) to express Nbs in 96-deep-well plates at
37 °C with shaking at 250 rpm for 16 h. Then, ic-ELISA was used to identify the positive
clones. Furthermore, the positive clones were subjected to DNA sequencing.

2.5. Expression and Characteristics of Nanobodies

The recombinant vector pComb3XSS-vhh with the NOD-R VHH gene was extracted
from the positive E. coli ER2738 clones and then transfected into competent cells of the
host strain E. coli BL21(DE3) to express specific Nbs. For scaled-up expression, 10 mL
of the overnight culture was added to 1 L of LB medium (with 100 mg/mL ampicillin)
and incubated at 37 ◦C with shaking at 250 rpm. When the absorbance of the culture
at a wavelength of 600 nm (A600nm) reached 0.6–0.8, 1 mM IPTG was added to induce
the expression of the target protein, followed by continuous incubation overnight. Then,
the bacteria precipitate was harvested after centrifugation at 12,000 rpm for 15 min. The
extraction solution (0.2 M Tris-HCl, pH 8.0, 0.5 mM EDTA, 0.5 M sucrose) was added, and
the soluble proteins were isolated via cycles of freezing and thawing and by using the
osmotic pressure method. The expressed Nbs were purified using the HisPur Ni-NTA
resin, followed by 15% SDS-PAGE and Western blotting identification.

To assess the thermostability of the candidate Nbs, 1 mg/mL of purified Nbs was
separately incubated at different temperatures, i.e., 25, 37, 50, 65, 80, 90 ◦C for 10 min,
or at 90 ◦C for 10, 20, 30, 40, 50, and 60 min. The organic solvent tolerance of Nbs was
evaluated using different concentrations (10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and
100%) of methanol (MeOH) or acetonitrile. PBS buffer (10 mm PBS, pH = 7.0) was used as
the dilution reagent (v/v), and Mc-MAb was used as the control.

2.6. Establishment of an Indirect Competitive ELISA Based on the Nanobody N56

The ic-ELISA for NOD-R was developed under optimized reaction conditions. The
concentrations of N56 and coating antigen NOD-R-OVA were optimized by checkboard
titration. Different buffers (PB, PBS, PBST, Tris-HCl, HEPES), pH values (6.5, 7.0, 7.5,
8.0), and ionic strengths of PBS (5 mM, 10 mM, 20 mM, 40 mM) were chosen to optimize
the conditions based on absorbance values of approximately 1.0 in ELISA at 450 nm
wavelength or on the Amax (maximal absorbance)/IC50 ratio. Then, the established ic-
ELISA was performed as follows. In practice, 100 μL/well of NOD-R-OVA solution was
used to coat a 96-well plate, which was incubated overnight at 4 °C and then blocked with
3% BSA in PBS buffer for 1 h. After five washings with PBST buffer, 50 μL/well of an N56
solution at optimal concentration and 50 μL/well of NOD-R at different concentrations
were added into the microwells, which were incubated for 40 min at 37 °C with a slight
oscillation. After additional five washings, 100 μL/well of rabbit anti-VHH-HRP polyclonal
antibody (1:5000 dilution) was added in the microwells, and incubation was carried out
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at 37 °C for 30 min. After 5 more washings, 100 μL/well of TMB peroxidase substrate
buffer was added, and the enzyme reaction was stopped after a 10 min incubation by the
addition of 50 μL/well of 10% H2SO4 (v/v). The absorbance values of the microplates
were measured using a microplate reader at 450 nm wavelength. Furthermore, a standard
curve was obtained based on the established four-parameter logistic equation utilizing
Origin 8.5 (Origin Lab Corp., Northampton, MA, USA). Consequently, the limit of detection
(LOD) was defined as the concentration with 10% inhibitory activity and the half-maximal
inhibitory concentration (IC50) as the concentration with 50% inhibitory activity. The rate
of cross reactivity was calculated according to a previously formula, namely, CR (%) = IC50
(NOD-R, μg/L)/IC50 (other toxins, μg/L) × 100.

2.7. Analysis of Water Samples by Ic-ELISA for NOD-R Detection

Tap water was from Guangdong Provincial Key Laboratory of Food Quality and safety,
College of Food Science, South China Agricultural University (Guangzhou, China), lake
water was from NingYin Lake in South China Agricultural University, and river water was
from CheBei river. After filtering through a 0.22 μm nitrocellulose membrane, all water
samples (5 mL) were spiked with different concentrations of NOD-R standard obtaining
concentrations of 0, 0.5, 1, 2 μg/L for assessment of the recovery. Furthermore, the spiked
samples were analyzed by the established ic-ELISA. According to the ic-ELISA standard
curve, the values of mean recovery, SD, and CV were calculated.

The N56-based ic-ELISA was verified by UPLC–MS/MS operated at the Guangzhou
Institute for Food Control, China. The conditions were established according to the lit-
eratures [16]: Accucore aQ C18 column (150 mm × 2.1 mm, 2.6 μm, Thermo Scientific,
USA) was used for chromatographic separation. The mobile phase A was a MeOH solution
containing 0.1% formic acid (v/v) and 5 mmol/L ammonium formate, while the mobile
phase B was an aqueous solution with the same constituents as the mobile phase A. The
gradient elution was 0–0.5 min, 80% B; 0.5–4 min, 80–25% B; 4–7 min, 25–0% B; 7–7.5 min,
0% B; 7.5–8 min, 0–80% B; 8–10 min, 80%B. The flow rate was 0.3 mL/min, and the injection
volume of each sample was 5 μL. The temperature of the column oven was set at 40 ◦C.
The mass spectra were obtained with the AB TRIPLE QUAD 4500 mass spectrometer under
positive ionization mode, with the following parameters’ values: curtain gas flow rate,
30 L/min; nebulizer gas flow rate, 50 L/min; auxiliary gas flow rate, 55 L/min; collision
gas, 8 L/min; spray voltage, 5.5 kV.

3. Results and Discussion

3.1. Selection of Anti-NOD-R Nanobodies from the Phage Display Library

Considering that MC-LR-KLH previously prepared in our lab as a common immuno-
gen can induce excellent immunization and has been successfully used to generate specific
PAbs and MAbs which could recognize NOD-R, in this work, this molecule was chosen as
the immunogen for the camel [16]. After six inoculations, the serum titer was up to 1:64,000,
and inhibition of NOD-R was higher than 80%. By two-step nested PCR, VHH genes were
amplified, and a bacterial library with the capacity of 8.0 × 107 cfu/mL was constructed.
Then, rescued by helper phage M13K07, the titer of phage-displayed Nbs library was about
1.0 × 1012 pfu/mL. Furthermore, after four rounds of biopanning, three clones, namely,
N4, N56, and N159, were identified as positive ones and exhibited recognition activity for
NOD-R (Figure 2). The inhibition rates of these three clones identified by ic-ELISA were
all higher than 80%. By sequence alignment analysis, these three clones, composed of 131
amino acid residues, were confirmed to possess the characteristics of Nbs and to have high
similarity, except for a few residues in frame regions (FRs) (Figure 3). Therefore, they were
considered as the same category of Nbs, and N56 was chosen for further analysis.
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Figure 2. Positive clones identified by ic-ELISA.

Figure 3. Sequence alignments of the three positive clones.

3.2. Preparation and Characterization Analysis of the Nanobody N56

To better investigate the characteristics of the nanobody N56, it was expressed in 1L of
LB medium and purified using the HisPur Ni-NTA resin. The purified N56 were identified
by 15% SDS-PAGE (Figure 4a) and Western blotting (Figure 4b). The results showed that
the molecular weight of N56 is around 17 kDa, with purity of more than 90%, and the
yield was about 4.5 mg/L. It has been observed that Nbs can be highly expressed in E. coli,
yielding from more than 10 mg to tens of milligrams, thanks to their low molecular weight
and good solubility [26]. However, in our work, N56 showed a relatively low yield, not
higher than 5 mg/L. We thought it might be related to the ratio of hydrophobic amino
acids (22%) in its composition, but after comparison with other Nbs, e.g., Nb-T3-15 (for
tetrabromobisphenol A) [27] or Nb-3F9 (for tenuazonic acid) [28], which gave yields up
to 30 mg/L and just less then 1 mg/L under the same expression conditions, respectively
(Figure S1), this hypothesis was discarded because Nb-T3-15 has a higher hydrophobic
amino acids ratio than Nb-3F9. Therefore, maybe the location of the hydrophobic amino
acids in the 3D structure of Nbs plays a more important influence on the solubility of
nanobodies then their expression level in E. coli host cells.

Furthermore, the thermostability and organic solvent tolerance of N56 was evaluated
with Mc-MAb as a control. After incubation at different temperatures, from 4 °C to 90 °C,
for 10 min, N56 could maintain a binding activity higher than 90%, whereas Mc-MAb lost
its activity very quickly. Especially at 25 °C (RT) or 37 °C, two commonly used temperatures
during practical detection, N56 exhibited full activity, while Mc-MAb lost nearly 30% of its
activity (Figure 5a). Even more, N56 was stable at the high temperature of 90 °C for 1 h,
retaining 80% of its activity (Figure 5b). In addition, the tolerance of N56 for the organic
solvents methanol (MeOH) and acetonitrile was determined. As shown in Figure 5c,d, with
increasing concentration of MeOH or acetonitrile, both N56 and Mc-MAb began to lose their
activities; however, N56 as a whole had superior performance than Mc-Mab, in particular,
it showed better tolerance to acetonitrile. Generally, the disulfide bonds formed by cysteine
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residues present in Nbs are thought to contribute to its excellent stability. According to
the sequence of N56, four cysteine residues (cys22, cys37, cys100, cys103) might form two
disulfide bonds and maintain the stability of N56 structure in harsh environments, at either
high temperature or in the presence of organic solvents (Figure 3). This phenomenon was
also observed for other reported Nbs for low-molecular-weight chemical contaminants [29].

Figure 4. Identification of N56 by SDS-PAGE and Western blotting. (a) SDS-PAGE: lane 1, marker;
lane 2, purified N56. (b) Western blotting: lane 3, marker; lane 4, purified N56.

Figure 5. Thermostability and organic solvent tolerance of N56 and Mc-MAb by ic-ELISA: (a) N56 and Mc-MAb (1 mg/mL)
were incubated at 25, 37, 50, 65, 80, and 90 °C for 10 min; (b) N56 and Mc-MAb (1 mg/mL) were incubated at 90 °C for 10,
20, 30, 40, 50, and 60 min; a series concentrations (10%, 20%, 30%, 40%, 50%, 60%, 70% and 80%) of (c) methanol (MeOH)
and (d) acetonitrile were used to dilute (v/v) N56 and Mc-Mab (n = 3).
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3.3. Establishment of an Ic-ELISA Based on the Nanobody N56

In order to develop an ic-ELISA for NOD-R with N56 as the recognition element,
various reaction conditions, such as concentrations of nanobody and coating antigen,
buffers, pH, and ionic strength, were optimized (Figure 6a–c). After the checkboard
titration test, the optimal concentrations of N56 and NOD-R-OVA were determined to be
0.125 μg/mL and 2 μg/mL, respectively. The other conditions were further optimized with
the highest Amax/IC50 as the selection criterion [28]. Consequently, 10 mM PBS buffer
at pH 7.0, at a relative lower ionic strength under a neutral reactive environment, was
confirmed as the most suitable buffer for the establishment of ic-ELISA. Finally, an ic-ELISA
standard curve based on N56 for NOD-R was established (Figure 7). The IC50 value was
9.94 μg/L, and the linear range of detection was 1.74–56.66 μg/L with a limit of detection
(LOD) of 0.67 μg/L, which was lower than that of Mc-MAb for NOD-R (1.25 μg/L). This
LOD value can also satisfy the detection requirement of 1 μg/L in drinking water.

Figure 6. Optimization of assay conditions for the establishment of ic-ELISA: (a) types of buffers
(PB, PBS, PBST, Tris-HCl, and HEPES), (b) pH value (6.5, 7.0, 7.5, and 8.0), and (c) ionic strength
(5 mM, 10 mM, 20 mM, and 40 mM PBS). The conditions were evaluated by the Amax (maximal
absorbance)/IC50 ratio.
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Figure 7. Standard curves of ic-ELISA for NOD-R based on purified N56 under the optimized reaction
conditions. The standard curves were normalized by expressing the experimental absorbance values
(B) as B/B0, where B0 is the absorbance value at zero analyte concentration (n = 3).

Besides, the N56-based assay showed relatively significant cross reactivity for MCs.
This might result from the common special Adda structural regions ((2S,3S,8S,9S)-3-amino-
9-methoxy-2,6,8-trimethyl-10-phenyl deca-4,6-dienoic acid). In this work, NOD-R-OVA
was used as the coating antigen, and NOD-R at decreasing concentration as the competitive
drug to increase the specificity of the eluted phages; yet, the generation of VHHs against
the Adda structure in camel by the immunogen MC-LR-KLH was possible, and these
antibodies would consequently recognize NOD-R as well as MCs. In addition, among the
MCs capable of binding N56, MC-LR, -YR, -RR, -WR exhibited higher cross reactivity than
other MCs (Table 2). This is because these four MCs have an arginine residue as NOD-R
besides the Adda region. From another perspective, high cross reactivity might be helpful
in the detection of multiple residues of cyanobacteria toxins. It was reported that VHHs
for MC-LR prepared by Pírez-Schirmer et al. [30] or Xu et al. [31] could recognize other
MCs, but there are no data about their cross reactivity with NOD-R. In this study, we, for
the first time, obtained N56 that is able to detect NOD-R and MCs, i.e. two groups of
cyanobacteria toxins.

Table 2. CRs of N56 for MCs analogues (n = 3).
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Table 2. Cont.

Algal Toxins Structure IC50(μg/L) CRs
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3.4. Water Sample Analysis by ELISA and UPLC–MS/MS

The N56-based ic-ELISA was further employed to analyze water samples spiked with
NOD-R at three concentrations (0.5, 1, 2 μg/L). As shown in Table 3, the average recovery
ranged from 111.0% to 119.5%, with CVs of 2.0–5.8%. The value of the correlation coefficient
(R2) between ic-ELISA and UPLC–MS/MS was up to 0.999, indicating that the established
N56-based ic-ELISA is accurate and reliable for detecting NOD-R in water samples.

Table 3. Reproducibility and accuracy of NOD-R from spiked water samples by ic-ELISA and LC–MS/MS (n = 3).

Ic-ELISA UPLC-MS/MS

R2
Spiked

Level (μg/L)
Found ± SD (μg/L) Recovery (%) CV (%) Found ± SD (μg/L) Recovery (%) CV (%)

0 / / / / / /

0.999
0.5 0.59 ± 0.02 117.7 3.6 0.53 ± 0.01 106.0 1.9
1 1.11 ± 0.07 111.0 5.8 1.07 ± 0.02 107.0 1.9
2 2.39 ± 0.02 119.5 2.0 2.33 ± 0.04 116.5 1.5

4. Conclusions

In this work, three Nbs for NOD-R were selected from a Bactrian camel phage display
library, and N56 showed high stability and good affinity. Then, an ic-ELISA method for
NOD-R detection was established, with a LOD lower than 1.0 μg/L, the generally reference
value for cyanobacteria toxins. In a thorough comparison with UPLC–MS/MS, the ic-
ELISA method exhibited good accuracy and reliability, which suggests its potential for the
development of a rapid detection kit for the safety detection of toxins based on N56.
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Abstract: Inadequate intake of lutein is relevant to a higher risk of age-related eye diseases. However,
lutein has been barely incorporated into foods efficiently because it is prone to degradation and is
poorly bioaccessible in the gastrointestinal tract. Microfluidics, a novel food processing technology
that can control fluid flows at the microscale, can enable the efficient encapsulation of bioactive
compounds by fabricating suitable delivery structures. Hence, the present study aimed to evaluate
the stability and the bioaccessibility of lutein that is encapsulated in a new noodle-like product made
via microfluidic technology. Two types of oils (safflower oil (SO) and olive oil (OL)) were selected as a
delivery vehicle for lutein, and two customized microfluidic devices (co-flow and combination-flow)
were used. Lutein encapsulation was created by the following: (i) co-flow + SO, (ii) co-flow + OL,
(iii) combination-flow + SO, and (iv) combination-flow + OL. The initial encapsulation of lutein
in the noodle-like product was achieved at 86.0 ± 2.7%. Although lutein’s stability experienced a
decreasing trend, the retention of lutein was maintained above 60% for up to seven days of storage.
The two types of device did not result in a difference in lutein bioaccessibility (co-flow: 3.1 ± 0.5%;
combination-flow: 3.6 ± 0.6%) and SO and OL also showed no difference in lutein bioaccessibility
(SO: 3.4 ± 0.8%; OL: 3.3 ± 0.4%). These results suggest that the types of oil and device do not affect the
lutein bioaccessibility. Findings from this study may provide scientific insights into emulsion-based
delivery systems that employ microfluidics for the encapsulation of bioactive compounds into foods.

Keywords: lutein; stability; bioaccessibility; encapsulation; microfluidics

1. Introduction

Carotenoids are a family of terpenoid pigments rich in fruits and vegetables and are re-
lated to several potential health benefits because of their antioxidant and anti-inflammatory
properties [1–5]. Lutein is one of the main carotenoids that can selectively accumulate in
the eye, macula and retina in particular, and is known for eye protection effects, especially
against photoinduced damage [6–8]. This is mainly because lutein is capable of quenching
singlet oxygen and other reactive oxygen species and absorbing blue light [6]. Abundant
epidemiological evidence has suggested that lutein intake is positively correlated with a
lower risk of age-related macular degeneration and cataracts [9–11]. Nevertheless, lutein
can only be obtained from diets, which is often insufficient due to the limited consumption
of fruits and vegetables. Additionally, the biological activity of lutein is highly dependent
on its gastrointestinal absorption, which may be hindered mainly as a consequence of its
physicochemical properties [12,13].

One approach to overcome the challenges of insufficient lutein intake is to develop
lutein-enriched staple foods, thus delivering lutein to humans regularly and continuously.
However, merely incorporating lutein as an ingredient into foods and beverages hardly
exerts the nutritional value of lutein due to its poor solubility and the fact that lutein is
prone to oxidative degradation [13,14]. Encapsulation technology has shown to be an
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attractive strategy to entrap the bioactive compounds within a carrier, which can improve
their stability during food processing, storage and gastrointestinal absorption [15–18]. Mi-
crofluidics has become a trending topic in innovative food processing in recent years, with
nutrients encapsulation being an emerging application of the microfluidic technique [19].
Microfluidics particularly focuses on accurate control over minute volumes of fluids within
a system of microchannels [20,21]. This makes it possible to alter the way of working with
dispersed food systems, and inherently manipulate structures at a micro-level [19].

Lutein has to be incorporated into mixed micelles for gastrointestinal absorption due
to its hydrophobic property. Bioaccessibility describes the fraction of lutein solubilized in
the mixed micelles and is usually determined in vitro via a simulated gastrointestinal diges-
tion model [22]. Several lines of studies have indicated that fat-soluble carotenoids such as
lutein, when dispersed in dietary oils, obtain greater bioaccessibility than when they are con-
sumed alone [23–25]. This is because oils work as a delivery vehicle for these hydrophobic
nutrients: The hydrolysis products of oils—free fatty acids and monoglycerides—together
with phospholipids, bile salts and cholesterol, form the mixed micelles in the aqueous
digestion fluid [26]; the formation of the mixed micelles facilitates the solubilization of
hydrophobic lutein in mixed micelles and makes lutein become accessible during diges-
tion [23,27]. Moreover, several studies have reported that the emulsion-based delivery
system shows desired properties such as alleviating the degradation of bioactive com-
pounds, improving the efficiency in micellization and promoting the digestive enzyme
activity [28–30].

However, considering microfluidics is a relatively innovative technology, especially
in “foods” area, limited studies have investigated its potential in nutrient encapsulation
combined with an emulsion-based delivery system. Additionally, the evidence of applying
this microfluidic technique to encapsulate carotenoids into foods is lacking. Therefore,
this study aimed to encapsulate lutein into a staple food noodle using excipient emulsions
via microfluidics-based continuous extrusion technique, and to assess the stability and
bioaccessibility of lutein with different microfluidic assemblies and different types of oils.

2. Materials and Methods

2.1. Materials

Food-grade sodium alginate and calcium chloride (CaCl2) were purchased from a
local shop (Phoon Huat, Singapore). Soy protein isolate (SPI, New Fujipro SEH; Fuji
Oil Co., Ltd., Tokyo, Japan) formulation was generously sponsored by Fuji Oil Holdings
Inc. (Izumisano-shi, Japan), and its protein content was about 90%. FloraGlo lutein was
sponsored by DSM company (Dutch State Mines, DU, Heerlen, The Netherlands) and
was known to be extracted from Tagetes erecta. Safflower oil (SO) was purchased from
iHerb (Eden Foods, Clinton, Michigan, US) and olive oil (OL) was purchased from the
local supermarket (NTUC FairPrice, Singapore). Pure lutein standards, amylase (10 U/mg),
pepsin (695 U/mg), pancreatin (P7545, 8 X USP) and bile salt were purchased from Sigma
Aldrich (St. Louis, MI, USA). All used chemicals were of analytical-grade and all solvents
for lutein extraction were of high-performance liquid chromatography (HPLC)-grade.

2.2. Sample Preparation

Sodium alginate was blended with deionized water to form a 2% (w/v) solution, and
was centrifuged at 19,802× g, 20 ◦C for 15 min. SPI was blended with deionized water to
form a 12% (w/v) solution at room temperature and underwent ultrasonic degassing for
20 min. The pH of the SPI solution was determined to be 7.51. The viscosity of the prepared
sodium alginate solution and SPI solution was determined to be 2630 and 10,590 cP,
respectively, at 20 rpm speed. CaCl2 solution (3% w/v) was prepared by dissolving CaCl2
in deionized water. Lutein fortified OL (0.5% w/v) or SO (0.5% w/v) was added in the
SPI solution to form the emulsion by using the high shear mixer (Silverson L4RT, US)
at 8000 rpm for 7 min, and the container was placed under the ice bath to prevent the
excessive heat. The ratio of the lutein fortified oil to SPI solution was 10:1 (v/v).
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2.3. Assembly of Microfluidic Devices

Assembly of microfluidic devices was performed based on the methods disclosed in
a patent (No. 10201906256W). The flow rate was set at 3000 μL/min for sodium alginate
solution and 500 μL/min for SPI and lutein-fortified oil emulsion for the co-flow device, while
it was set separately at 454.5 μL/min and 45.5 μL/min for the SPI solution and lutein-fortified
oil for the combination of co-flow and flow-focusing device (namely combination-flow).

Schematic diagrams of two different microfluidic devices are shown in Figure 1. The
co-flow device (Figure 1a) is made up of an inner circular capillary that is fitted in an
outer square capillary, with both the inner (SPI and lutein fortified oil emulsion) and
outer (sodium alginate) fluids flowing in the same direction. Flow-focusing is similar
to the co-flow device, whereby the inner (lutein fortified oil) and outer (SPI) fluids are
introduced in opposing directions to each other before exiting through the same capillary.
Combination-flow (Figure 1b) consists of the flow-focusing on the left part and co-flow on
the right part. The mixture of lutein-fortified oil and SPI is extruded first with flow-focusing
and then follows the fate of the co-flow; flowing through the inner capillary with the same
direction as sodium alginate, which flows in the outer capillary. The material composition
of extrudates are theoretically the same for both two devices. The extruded noodle-like
samples were subjected to a CaCl2 bath for 30 min for ionic gelation and were subsequently
heated in a deionized water bath (80–85 ◦C) for 6 min for thermal gelation. Afterwards,
all noodle samples were kept in water as dehydration may occur due to the diffusion of
saturated water vapor at the surface [31]. All the above procedures were done under dull
red light to minimize the photodecomposition of lutein.

 
(a) (b) 

Figure 1. Schematic diagram of microfluidic devices (a) Co-flow; (b) Combination-flow. SPI: Soy protein isolate. Critical
channel diameters are measured in millimeters.

2.4. In Vitro Digestion

The microfluidic noodle was cut into < 2 mm pieces before being subjected to the
simulated in vitro digestion. The protocol for digestion was referred from the INFOGEST
method with minor modification [32]. All simulated saliva fluid (SSF), simulated gastric
fluid (SGF) and simulated intestinal fluid (SIF) solutions were prepared according to the
INFOGEST method. Specifically, SSF was comprised of 15.1 mmol/L potassium chloride
(KCL), 3.7 mmol/L potassium dihydrogen phosphate (KH2PO4), 13.6 mmol/L sodium
bicarbonate (NaHCO3), 0.15 mmol/L magnesium chloride hexahydrate (MgCl2(H2O)6) and
0.06 mmol/L ammonium carbonate ((NH4)2CO3); SGF was comprised of 6.9 mmol/L KCL,
0.9 mmol/L KH2PO4, 25 mmol/L NaHCO3, 47.2 mmol/L NaCl, 0.1 mmol/L MgCl2(H2O)6
and 0.5 mmol/L (NH4)2CO3; SIF was comprised of 6.8 mmol/L KCL, 0.8 mmol/L KH2PO4,
85 mmol/L NaHCO3, 38.4 mmol/L NaCl and 0.33 mmol/L MgCl2(H2O)6. To start, 5 g of
cut noodle samples were mixed with 3.5 mL SSF, 0.5 mL salivary a-amylase (1500 U/mL)
solution, 25 uL CaCl2 (0.3 M) and 975 uL deionized water, and were incubated in the
water bath at 37 ◦C, 85 rpm for 2 min. Gastric digestion was started with the oral digesta
being acidified, by adding 1 M hydrogen chloride (HCL) (~0.2 mL) to adjust the pH to
reach 3.0. It was subsequently mixed with 7.5 mL SGF, 5 uL CaCl2 (0.3 M), 1.6 mL pepsin
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(25,000 U/mL) solution and 695 uL deionized water, and was incubated in the water bath
at 37 ◦C, 85 rpm for 1.5 h. Afterwards, to simulate the intestinal digestion, 1 M sodium
hydroxide (NaOH) (~0.15 mL) was used to adjust the pH to 7.0, and then was mixed with
11 mL SIF, 5 mL pancreatin solution (800 U/mL), 2.5 mL bile (10 mM), 40 uL CaCl2 (0.3 M)
and 1.31 mL deionized water, and was incubated in the water bath at 37 ◦C, 85 rpm for
2.5 h. Right after the final stage of the simulated gastrointestinal digestion was completed,
raw digesta was centrifuged at 19,802× g, 20 ◦C for 45 min. Given that large particles
are unable to pass through the mucus layer and be taken up by epithelium cells [33], the
aqueous supernatant after filtration (pore size 0.45 μm) was assumed to be comprised of
mixed micelles where the lutein solubilized [34]. We considered the lutein solubilized in
the micellar fractions as the bioaccessible lutein. During the entire digestion procedure,
all the samples were kept in the amber color tubes or the containers were covered with
aluminum foil to minimize the photodecomposition of lutein.

2.5. Extraction and Quantification of Lutein

Lutein in digesta, micelle fraction and homogenate were extracted and analyzed as pre-
viously reported [35]. Briefly, digesta, micellar fraction or homogenate was extracted with
acetone:petroleum ether (1:1, v/v, second and third times was extracted with petroleum
ether alone), vortexed for 2 min and was centrifuged for 10 min at 19,802× g, 20 ◦C. The
supernatant layer was collected and the above extraction was repeated three times. All the
supernatant layers were combined, and then it was evaporated by nitrogen gas. The final
samples were reconstituted in methanol:methyl tert-butyl ether (MTBE) (1:1, v/v) and were
filtered through a 0.45 μm filter. The extraction procedure was fully carried out under dull
red light, and 0.1% butylated hydroxytoluene (w/v) was added in the extraction solvents
to minimize lutein degradation.

Lutein was detected by the HPLC (Waters, US) at 4 ◦C at the wavelength of 450 nm
with a YMC carotenoid C30 column, 250 mm × 4.6 mm ID (YMC, Japan), that has been
reported previously [35]. The mobile phases were comprised of methanol:MTBE:water (A,
81:15:4, v/v/v) and methanol:MTBE:water (B, 9:87:4, v/v/v). The gradient program was
carried out as follows: an initial condition of eluent A:B was 100:0 (%), then there was a
linear increase till A:B was 81:19 (%) at 3 min, followed by an A:B of 47:53 (%) at 25 min,
and then a rapid increase till A:B was 0:100 (%) at 27 min, held for 10 min and finally back
to the initial condition in 3 min, allowing for a 10 min hold as re-equilibration. The flow
rate was set as 1 mL/min and the injection volume was 80 μL.

2.6. Optical Microscopy

Images of microfluidic noodle with two types of devices (co-flow and combination-
flow) were obtained using a microscope digital camera DP74 mounted on an Olympus
BX51 light microscope. The images were viewed under 4× magnification.

2.7. Storage Stability

The stability of lutein was represented by the retention of lutein in the microfluidic
noodle at each storage day 1, 2, 3, 4, 5, 6 and 7 under 4 ◦C as compared to the initial added
lutein content. The storage stability was calculated as follows:

Stability(%) =
100 × Csample

Cintial
(1)

where Csample is the remaining lutein content in the microfluidic noodle samples at each
storage day, and Cintial corresponds to the initial added lutein content.
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2.8. Bioaccessibility, Release and Micellarization of Lutein

The fraction of lutein solubilized in the mixed micelles phase after passing through the
simulated in vitro digestion was taken to be bioaccessibility and was calculated as follows:

Bioaccessibility(%) =
100 × Cmicelles

Cintial
(2)

The release rate was determined as the lutein content in the digesta released from the
initial food matrix and was calculated as follows:

Release(%) =
100 × Cdigesta

Cintial
(3)

The micellarization rate was determined as transfer of lutein from the digesta to the
mixed micelles and was calculated as follows:

Micellarization(%) =
100 × Cmicelles

Cdigesta
(4)

where Cmicelles is lutein content in the micellar fraction, Cdigesta is lutein content in the
digesta, and Cintial is the initial added lutein content in the microfluidic noodle. All the
determinations of lutein bioaccessibility, release and micellarization were conducted on
day 1.

A schematic representation of the stability, bioaccessibility, release and micellarization
of lutein are shown in Figure 2.

Figure 2. A schematic representation of the stability, bioaccessibility, release and micellarization of lutein.

2.9. Statistical Analysis

All determinations were performed in triplicates and all data were expressed as mean
± SE. Analysis of the variance followed by Tukey test was performed using SPSS software
(SPSS Inc., US), and p < 0.05 was considered as statistically significant.

3. Results and Discussion

3.1. Structure Characteristics of the Microfluidic Noodle

The noodle-like structures were created with the co-flow device and the combination-
flow device and are shown in Figure 3, and their microscope images viewed under 4×
magnification are shown in Figure 4. For the co-flow device, two distinct layers were
observed. The outer layer is calcium alginate and inner layer is the SPI and lutein fortified
oil emulsion. For the combination-flow, two distinct layers of SPI and calcium alginate
were observed and oil droplets were seen within the SPI layer.
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(a) (b) 

Figure 3. Microfluidic noodle (a) created via co-flow device; (b) created via combination-flow.

  
(a) (b) 

Figure 4. Microscope image of microfluidic noodle (a) created via co-flow device; (b) created via combination-flow.

The gel-like outer layer was formed by ionic cross-linking of the sodium alginate
layer being extruded into a hardening bath of CaCl2 that promotes gelation. The core-shell
structured noodle comprised a gelled alginate shell and an SPI core. The alginate shell was
measured to be about 0.9 mm in diameter and the SPI core was around 0.5 mm in diameter.
The oil droplet that fortified with lutein was approximately 0.2 mm in diameter and was
dispersed in the SPI core for the combination-flow. Therefore, the formation of an alginate
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shell may act as a physical barrier and help inhibit the degradation of its encapsulated
compounds [36].

3.2. Stability of Lutein

The percentage of encapsulated lutein in the microfluidic noodle with four different
treatments are presented in Table 1. The highest level was with combination-flow + SO,
being 92.1 ± 1.6%, followed by co-flow + SO and co-flow + OL, being 88.7 ± 3.6% and
83.3 ± 1.5% respectively. Among which, combination-flow + OL showed the lowest
encapsulated lutein level, being 80.0 ± 0.6%. Compared to OL, SO resulted in a higher
lutein encapsulated content in the microfluidic noodle. It is worth noting that here the
encapsulated lutein percentages were the same data present as the stability of lutein on day
1. Given that the microfluidic noodle was subjected to thermal processing (80–85 ◦C) for six
minutes on day 1, the differences in the encapsulated content were assumed mainly to be
attributed to the different degradation rate of lutein under high temperatures. Therefore,
our findings suggest that SO may be beneficial in protecting lutein from degradation during
heating. Theoretically, the encapsulated lutein content is approximately 17.4 mg in the
100 g microfluidic noodle, and 15.0 ± 0.5 mg of lutein was detected in the extruded noodle
(86.0 ± 2.7%), calculated by the average level with four different treatments. After up
to seven days of storage, although the stability of lutein experienced a decreasing trend,
the retention of lutein in all four types of microfluidic noodle still maintained above 60%
(Figure 5). This result indicates that microfluidic encapsulation may be a good strategy to
ensure the stability of bioactive compounds.

Table 1. Encapsulated lutein in noodle-like product via microfluidic techniques.

Co-Flow + OL
(%)

Co-Flow + SO
(%)

Combination-Flow + OL
(%)

Combination-Flow + SO
(%)

83.3 ± 1.5 ab 88.7 ± 3.6 ab 80.0 ± 0.6 b 92.1 ± 1.6 a

Notes: Tukey tests were carried out and significant differences (p < 0.05) exist among those with different letters (a, b). OL: olive oil;
SO: safflower oil.

Figure 5. Storage stability of lutein in the microfluidic noodle. Notes: Tukey tests were carried out and bars with different
letters (a, b, c, d) indicate significant differences among each storage day (p < 0.05). OL: olive oil; SO: safflower oil.

In this study, SPI was used to create oil-in-water emulsion and served as a vehicle for
encapsulation of lutein. However, the interfacial layer formed by SPI is electrically charged
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and is particularly sensitive to pH and ionic strength [37], leading to an unstable emulsion
system. For example, oil–water phase separation was observed during the storage [38],
and significant droplet flocculation occurred following the simulated gastric digestion [39].
Additionally, the stability of the encapsulated compounds is hardly ensured with these
protein-stabilized emulsions. This is because only a thin layer of protein molecules coat
the lipid droplets. Therefore, any encapsulated compounds located close to the droplet
surfaces are prone to chemical degradation, which could be promoted by compounds such
as acids, transition metals, or enzyme components present in the aqueous phase [40].

To overcome this shortage, this study fabricated a core-shell structured food material,
comprising a gelled alginate shell to protect the SPI core from any adverse environmental
conditions and improve its stability during the long-term storage. A previous study
reported that trapping β-carotene-loaded oil droplets in protein-alginate microparticles
was observed with less oil-water phase separation and had a relatively constant particle
size, as compared to the emulsion without the alginate coating [38]. Similarly, another
study described that the microbeads maintained good physical integrity when they were
coated with alginate [31]. These suggested a potential advantage of alginate in stability
improvement. During seven days of storage, no free oil fortified with lutein was observed in
the water medium where the noodle samples were stored. Consistent with our observation,
Liu et al. reported that nearly all of the β-carotene-loaded oil droplets were fully trapped
inside the alginate microparticles [38]. This indicated that alginate coating ensured a good
encapsulation efficiency. Ivana et al. also demonstrated that the free oil enriched with
carotenoids was only about 10%, and this value was measured as the free oil left on the
surface [41]. However, it is worth noting that in our study, the amount of free lutein left
on the surface was minimized by using the microfluidic technique, given that lutein was
directly extruded into the core of the noodle-like sample. Meanwhile, studies showed
that applying an interfacial layer of alginate outside the protein-stabilized emulsions was
more effective at inhibiting carotenoids degradation [37,38]. In our study, the retention
of lutein was still above 60% in all four types of microfluidic noodle after seven days
of storage. Consistent with our result, a study reported that the content of β-carotene
was able to maintain around 55% with an alginate coating after storage for twelve days.
However, it fell down to only 0.2% with the emulsion alone [40]. Moreover, emerging
evidence demonstrated the improvement in lutein stability with multilayered emulsions by
covalently attaching polysaccharides to proteins [42]. A previous study fabricated the whey
protein isolate-flaxseed gum-chitosan stabilized lutein emulsions by using layer-by-layer
electrostatic deposition, and they observed that the retention of lutein was as high as 69%
after seven days of storage at a higher temperature 70 ◦C [43]. This is possibly attributed to
the multilayer biopolymer, which provides a physical barrier to the diffusion of oxygen,
pro-oxidant, and free radicals [36], and thus inhibits the oxidation of carotenoids.

3.3. Bioaccessibility, Release and Micellarization of Lutein

The co-flow and combination-flow devices did not result in a difference in lutein
bioaccessibility (co-flow: 3.1 ± 0.5%; combination-flow: 3.6 ± 0.6%). SO and OL also
showed no differences in lutein bioaccessibility (SO: 3.4 ± 0.8%; OL: 3.3 ± 0.4%). These
results suggest that both types of oil and device do not influence on the bioaccessibility
of lutein. However, during the gastrointestinal digestion, the co-flow device showed
higher lutein release (co-flow: 64.3 ± 4.5%; combination-flow: 44.3 ± 1.6%), while lower
micellarization (co-flow: 4.8 ± 0.2%; combination-flow: 8.1 ± 0.7%) as compared with the
combination-flow device. Moreover, compared to OL, SO resulted in less lutein released
from the noodle matrix (SO: 48.7 ± 3.0%; OL: 59.9 ± 6.3%) but greater lutein formed into
micelles (SO: 7.2 ± 1.0%; OL: 5.7 ± 0.5%). Specific data of the bioaccessibility, release and
micellarization of the encapsulated lutein are presented in Table 2.
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Table 2. Bioaccessibility, release and micellarization of lutein in microfluidic noodle following the in vitro digestion.

Lutein Lutein in Micelles (μg) Lutein in Digesta (μg) Bioaccessibility (%) Release (%) Micellarization (%)

Co-flow + OL 29.8 ± 2.2 640.8 ± 21.3 3.4 ± 0.3 ab 73.7 ± 2.5 a 4.6 ± 0.3 c

Combination-flow + OL 27.1 ± 1.6 401.8 ± 12.4 3.1 ± 0.2 ab 46.2 ± 1.4 bc 6.8 ± 0.4 b

Co-flow + SO 23.7 ± 1.8 477.6 ± 24.1 2.7 ± 0.2 b 54.9 ± 2.8 b 5.0 ± 0.4 bc

Combination-flow + SO 34.8 ± 1.7 369.1 ± 22.2 4.0 ± 0.2 a 42.4 ± 2.6 c 9.4 ± 0.5 a

Device Type - - p = 0.051 p < 0.05 p < 0.05
Oil Type - - p > 0.05 p < 0.05 p < 0.05

Notes: Theoretically, 870 μg lutein was initially added in every 5 g of microfluidic noodle. Lutein content in micelles and digesta were
calculated based on every 5 g of the noodle sample. The bioaccessibility, release and micellarization of lutein were all determined on day
1. Lutein bioaccessibility was determined as the fraction of lutein solubilized in the mixed micelles after passing through the simulated
in vitro digestion. Lutein release was determined as the lutein content in the digesta from the initial food matrix. Lutein micellarization
was determined as transfer of lutein from the digesta to the mixed micelles. Tukey tests were carried out in each column and significant
differences (p < 0.05) exist among those with different letters (a, b, c). OL: olive oil; SO: safflower oil.

Compared to the co-flow, the combination-flow device had an approximately 31%
lower lutein release rate. This is possibly because the droplet of lutein-fortified oil is
tightly trapped within the SPI layer and further surrounded by an alginate layer when
the noodle is created with the combination-flow device. As described above, the lutein-
fortified oil droplet was shown to be encapsulated in a core-shell structure with SPI being
the core and gelled alginate being the shell. In particular, the droplet of the lutein-fortified
oil (0.2 mm in diameter) was tightly trapped at the center of the SPI core (0.5 mm in
diameter), and a relatively thick alginate shell (0.9 mm in diameter) fully covered the
SPI core. Thus, it may make lutein difficult to be released from this complex multilayer
structure. However, lutein is relatively easier to be released when the noodle is created
with the co-flow device. Since lutein-fortified oil was pre-mixed with SPI solution and
formed an emulsion, to be released from the noodle matrix, lutein only has to penetrate the
outer alginate layer. On the contrary, the co-flow device resulted in about 41% lower lutein
micellarization as compared with the combination-flow device. This is mainly explained
by the SPI-stabilized emulsion as an inner layer of the noodle made using the co-flow
device. When subjected to in vitro digestion, especially during the gastric phase, due to the
weakening of electrostatic repulsion and protein hydrolysis, protein stabilized emulsions
are prone to flocculate [44,45]. This flocculation phenomenon may further restrict the
lipase access to lipid droplet surfaces [38], resulting in less generation of lipid-digestion
products, which are the components of micelles. Consequently, the formed mixed micelles
could be insufficient to solubilize the lutein molecules, and thereby result in lower lutein
micellarization with the co-flow device.

Compared to OL, SO showed an approximately 19% lower lutein release rate. Linoleic
acid is a polyunsaturated omega-6 fatty acid and accounts for 55–77% fatty acids in the
SO [46]. Dietary oils rich in polyunsaturated fatty acids (PUFAs) were reported to make
carotenoids more susceptible to oxidation. PUFAs are prone to oxidation and the gener-
ated radicals are likely to attack carotenoids, thereby leading to a variety of carotenoid
decomposition products [47,48]. Since SO is rich in PUFAs, greater lutein degradation may
happen when lutein was co-digested with SO than OL. This may also explain the lower
lutein content determined in the digesta which was considered as the released fraction.
On the contrary, SO resulted in about 26% higher lutein micellarization as compared with
OL. A previous study reported that PUFAs-rich oils promoted the formation of smaller
droplet size in emulsions because of the presence of more unsaturated linkages increasing
the interface flexibility [49]. Emulsions with a smaller droplet size tend to have a higher
extent of lipid digestion, and consequently, a greater mixed micelles formation [50,51].
Although the detail underlying the mechanism explaining the effect of oil types on lutein
micellarization cannot be elucidated from this present study, further research may be
required to investigate the differences (if any) of lipid digestion extent and the formed
micelles size between OL and SO.

Lutein generally shows a low bioaccessibility, which ranges from 9 to 59% determined
from raw fruits and vegetables [52]; in this study, the bioaccessibility of lutein from the
lutein-fortified noodle was about 3 to 4%. A previous study formulated a carotenoids-rich
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milk beverage and the bioaccessibility of lutein was also reported to be lower or equal
to 7% [27]. Several reasons possibly attribute to this relatively low lutein bioaccessibility.
Firstly, lutein degradation may happen during the noodle thermal processing, considering
carotenoids are sensitive to high temperatures [53,54]. Therefore, lutein loss is more inclined
to happen with the processed food rather than in raw fruits and vegetables. Secondly,
lutein can remain in the lipid droplets and be trapped inside the alginate layer. Thirdly,
trapped and undigested lipids can result in insufficient fatty acids and monoacylglycerols
to form mixed micelles [55], and in turn hinder the micellarization of lutein. Lastly, the
increased viscosity due to the presence of alginate may induce lutein aggregation and
precipitation, thereby making lutein hard to solubilize in the mixed micelles [56].

As mentioned earlier, an advantage of this fabricated multilayer structure lies in the
release rate of its encapsulated compounds could be engineered to fit different purposes.
A previous study evaluated the stability of alginate-coated microbeads with different
pH to mimic the gastrointestinal tract, and reported that the alginate-coated microbeads
maintained physical integrity in acidic conditions but started to disintegrate when pH
reaches 7 [31]. This indicates that the multilayer structure of the noodle may be able to delay
the release of lutein in the gastric phase at a pH of about 3. This may in turn help protect
lutein from degradation. When following the intestinal phase near pH 7, the structure may
disintegrate and lutein will be released for absorption. Furthermore, abundant evidence
has been reported that consuming 10–20 mg lutein supplementation resulted in a beneficial
effect on visual health [57–59]. A meta-analysis reported that every 0.3 mg increment
of lutein/zeaxanthin intake reduced the risk of nuclear cataracts, cortical cataracts and
posterior subcapsular cataracts by 3%, 1% and 3%, respectively [60], and lutein intake was
reported to be safe up to 20 mg per day [61]. According to USDA, a serving size of dry
pasta is about two ounces (57 g); after considering the morphology and compositions of
this microfluidic noodle, we recommend one cup as a portion, which is about 128 g for
consumption. This present study managed to encapsulate about 15 mg lutein per 100 g
of the new noodle-like food products, which indicates that this lutein-fortified noodle
may be a possible alternative food item to compensate for the insufficient lutein intake
in humans. However, it is also worth noting that only around 0.5 mg lutein may be
successfully incorporated into the mixed micelles upon consuming 100 g of this noodle.
Therefore, further study on the application of microfluidic technology in encapsulation is
necessary, especially to improve the bioaccessibility of encapsulated compounds.

4. Conclusions

In conclusion, lutein is successfully encapsulated in new noodle-like food product
using excipient emulsions via a novel microfluidic technology, and is relatively stable
for storage. In vitro results suggest that types of oil and device do not affect the lutein
bioaccessibility. Findings from this study may provide insights into an emulsion-based
delivery system via microfluidics that is a potential for lutein encapsulation in commercial
applications, such as functional foods.
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Abstract: In this study, two polysaccharides [sodium alginate (ALG) and sodium carboxymethyl cellu-
lose (CMC)] were selected to establish zein/sophorolipid/ALG (ALG/S/Z) and zein/sophorolipid/
ALG (CMC/S/Z) nanoparticles to encapsulate 7,8-dihydroxyflavone (7,8-DHF), respectively. The re-
sults showed that polysaccharide types significantly affected performance of ternary nanoparticles,
including CMC/S/Z possessed lower polydispersity index, particle size and turbidity, but higher
zeta potential, encapsulation efficiency and loading capacity compared to ALG/S/Z. Compared to
zein/sophorolipid nanoparticles (S/Z), both ALG/S/Z and CMC/S/Z had better stability against
low pH (pH 3~4) and high ionic strengths (150~200 mM NaCl). Hydrophobic effects, electro-
static interactions and hydrogen bonding were confirmed in ternary nanoparticles fabrication via
Fourier-transform infrared spectroscopy. Circular dichroism revealed that CMC and ALG had no
evident impact on secondary structure of zein in S/Z, but changed surface morphology of S/Z
as observed by scanning electron microscope. Encapsulated 7,8-DHF exhibited an amorphous
state in ternary nanoparticles as detected by X-ray diffraction and differential scanning calorimetry.
Furthermore, compared to S/Z, ALG/S/Z, and CMC/S/Z remarkably improved the storage stability
and bioaccessibility of 7,8-DHF. CMC/S/Z possessed a greater storage stability for 7,8-DHF, however,
ALG/S/Z exhibited a better in vitro bioaccessibility of 7,8-DHF. This research provides a theoretical
reference for zein-based delivery system application.

Keywords: Zein; 7,8-dihydroxyflavone; sophorolipid; polysaccharide; ternary nanoparticles

1. Introduction

7,8-dihydroxyflavone (7,8-DHF) (Figure S1), a naturally occurring infrequent flavone
monomeric compound from Tridax procumbens and Godmania aesculifolia„ was authenticated
as a high-affinity tropomyosin receptor kinase B (TrkB) agonist [1,2]. It could mimic the
physiological roles of brain-derived neurotrophic factor (BDNF) and its associated down-
stream signaling pathway [3]. Current literature confirms that 7,8-DHF’s role in attenuating
many BDNF- relevant human illnesses, including Parkinson’s disease, Alzheimer’s disease,
obesity, and depression [4–8]. However, glucuronidation, sulfation, and methylation of
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7,8-DHF in the intestinal tract or liver caused its extremely low oral bioavailability [9].
In our previous study, we testified that 7,8-DHF’s permeability coefficient was lower than
3 × 10−6 cm/s and had an active efflux mediated by multidrug resistance-related proteins
(MRPs, especially MRP 2 outflow) and P-glycoprotein (P-gp) [10]. Thus, the low chemical
instability, poor water solubility, and intestinal efflux of 7,8-DHF limit its application as a
nutraceutical ingredient in functional food and beverage products.

To resolve the previously mentioned limitations and challenges, constructing an ef-
fective delivery vehicle using food-grade polymer is a novel strategy for boosting the
utilization of water-insoluble functional components, such as liposomes, microemul-
sions, nano-emulsions, nanosuspensions, and nanoparticles [11–14]. Among these carriers,
protein-based polymers, such as ovalbumin [15], casein [16], gliadin [17], and zein [18],
have been utilized to create colloidal delivery systems for phenolic compounds to improve
their physicochemical stability, water insolubility, and bioaccessibility. Specifically, these
polymers possess several benefits such as high levels of biocompatibility, biodegradability,
and label-friendliness.

As a primary storage protein found in corn, zein occupies for approximately 45~50%
of total protein content, and has a relatively high percentage of hydrophobic groups. Zein’s
high level of hydrophobic groups means that it is soluble in 60~95% ethanol-water so-
lutions, but insoluble in water [19]. The varying solubility of zein indicates that zein
colloidal delivery systems can be established by antisolvent precipitation (ASP) [20]. Nev-
ertheless, when exposed to a certain temperature, ionic strength, and pH range, zein
nanoparticles are highly susceptible to aggregation because of the strong hydrophobic
attractions among them. Previous studies have shown that food-grade biopolymers and
surfactants can improve the aggregation stability of zein nanoparticles by establishing a
protective layer around them. Among these applications, zein-based ternary nanoparticles
exhibited more advantages compared to binary nanoparticles. Dai et al. and Wei et al.
report that zein/polysaccharide/surfactant ternary nanoparticles functioned as delivery
systems for coenzyme Q10 and curcumin, enhancing their structural stability and in vitro
bioaccessibility [21,22]. Zhang et al. reported a one-step assembly method for building
zein/caseinate/alginate nanoparticles, as propolis were successfully encapsulated in these
carriers, their bioaccessibility was improved [23]. In addition, zein/caseinate/sodium
alginate nanoparticles were also established to improve the controlled release and physico-
chemical properties of curcumin [24].

In our previous study, we utilized sophorolipid, a surfactant molecule, to function as
fabrication stabilizer for zein binary nanoparticles. These nanoparticles displayed stability
at varying salt concentrations (0~100 mM NaCl) and a wide pH range (5~9) [25]. However,
at low pH conditions, their stability was low. Therefore, we aim to use biomacromolecules
like polysaccharide in this study to construct zein ternary nanoparticles and solve the
aforementioned defects. Sodium alginate (ALG) is a natural anionic polysaccharide with
a structure of (1 → 4)-b-d-mannan and (1 → 4)-a-l-guluronopyranoys homopolymer se-
quence isolated from Phaeophyceae. ALG can be used as a carrier for biological food
components [26]. In addition, sodium carboxymethyl cellulose (CMC) is also a suitable
anionic polymer for the delivery of bioactive ingredients [27]. Due to their widespread
availability and functional properties, CMC and ALG are favorable candidates for the
protection of coated zein/sophorolipid binary nanoparticles when encapsulating 7,8-DHF.

The first objective of our research was to explore the effect of polysaccharides type
(CMC and ALG) on the formation and performance of zein ternary nanoparticles. Subse-
quently, to improve in vitro bioaccessibility and storage stability of 7,8-DHF, zein ternary
nanoparticles encapsulation were manufactured. Moreover, the microstructure and chemi-
cal structure of these ternary nanoparticles were analyzed by a series of characterization
techniques. For precision diet intervention or functional food field, this research provides
valuable insights to develop more effective delivery systems for 7,8-DHF, which will allow
more 7,8-DHF to be absorbed by the human intestines, exerting greater biological effects for
human heath. For functional beverage industry, stable zein-surfactant-polysaccharide deliv-
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ery systems allow hydrophobic active components, such as 7,8-DHF, to be better dispersed
in the water-phase beverage system to develop more functional beverage products.

2. Materials and Methods

2.1. Materials and Chemicals

Pancreatin (4 × USP specification) and zein (≥95%) and were bought from Sigma-
Aldrich (Missouri, USA). 7,8-dihydroxyflavone (≥98%) was purchased from TCI Co.,
Ltd. (Tokyo, Japan). Sophorolipid was purchased from the Boliante Chemical Com-
pany (Xian, China). Sodium alginate (>90%) was obtained from Macklin (Shanghai,
China). Sodium carboxymethyl cellulose was purchased from Aladdin (Shanghai, China).
Bile salts and pepsin (activity 3000~3500 U mg−1) were obtained from Sangon Biotech Co.,
Ltd. (Shanghai, China). Other utilized reagents and chemicals were of analytical grade.

2.2. Zein/Sophorolipid/Polysaccharide Ternary Nanoparticles Preparation

Zein/sophorolipid/polysaccharide ternary nanoparticles and zein/sophorolipid bi-
nary nanoparticles (S/Z) were fabricated based on our previous study [25]. In detail,
zein and sophorolipid (mass ratio 1:1, w/w) were both dissolved in 80% ethanol/water
solution to prepare the stock solution (1% sophorolipid +1% zein, w/v). For preparation of
zein/sophorolipid/polysaccharide ternary nanoparticles, the stock solution was quickly
added into the polysaccharide (ALG or CMC) aqueous solution (antisolvent) in a volume
ratio of 1:3 (v/v) under continuous stirring at 800 rpm for 30 min. Subsequently, ethanol
was removed by a rotary evaporator at appropriate temperature. The mass ratio (w/w) of
zein to polysaccharide was set to 30:1, 20:1, 10:1, 5:1, 3:1, 2:1, and 1:1, respectively. The pre-
pared CMC-based ternary nanoparticles were expressed as CMC/S/Z 30:1, CMC/S/Z
20:1, CMC/S/Z 10:1, CMC/S/Z 5:1, CMC/S/Z 3:1, CMC/S/Z 2:1, and CMC/S/Z 1:1, re-
spectively. And the ALG-based ternary nanoparticles were denominated as ALG/S/Z 30:1,
ALG/S/Z 20:1, ALG/S/Z 10:1, ALG/S/Z 5:1, ALG/S/Z 3:1, ALG/S/Z 2:1, ALG/S/Z
1:1, respectively. In addition, the S/Z was also fabricated by ASP methods; the difference
was that antisolvent was deionized water without ALG or CMC. The final concentration
of zein in every nanoparticle was 2.5 mg/mL. Then, the pH value of each nanoparticle
dispersion was adjusted to 4.0 for dispersions stability investigation. The CMC/S/Z 5:1
and ALG/S/Z 5:1 were used for the following structure characterization. The freshly
prepared samples were stored at 4 ◦C, and a portion of each sample was freeze-dried into
lyophilized powder for the following testing and analysis.

2.3. Polydispersity Index (PDI), Particle Size, Zeta Potential and Turbidity

PDI, particle size, and zeta potential of fresh dispersions were characterized using a
dynamic light scattering (DLS) instrument (Nano-ZS90 analyzer, Malvern, UK) at 25 ◦C.
PDI and particle size was detected via light intensity at a fixed scattering angle of 90◦,
and the refractive index of water was set at 1.45. The zeta potential was calculated by
Smoluchowski model. The turbidity of complex particles was tested at 600 nm using an
ultraviolet-visible spectrophotometer at 25 ◦C.

2.4. Physical Stability of Ternary Nanoparticles
2.4.1. pH Influence

The influence of pH on physical stability of each nanoparticle dispersion was evaluated
within a pH range of 3 to 9 adjusting by either 2 M HCl or 2 M NaOH.

2.4.2. Ionic Strength Influence

Each nanoparticle dispersion was blended with NaCl to obtain samples with 0, 25, 50,
100, 150 and 200 mM NaCl concentrations and stored for 24 h for observing physical stability.

Size changes within nanoparticle dispersions were recorded using DLS at 25 ◦C.
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2.5. Encapsulation of 7,8-DHF into Ternary Nanoparticles

7,8-DHF encapsulation was conducted according to the methods described in Section 2.2.
7,8-DHF, sophorolipid, and zein were dissolved at a mass ratio of 1:10:10 and 1:5:5 in 80%
ethanol/water solution, respectively. The mass ratio of zein to polysaccharide was 5:1 in
the final reaction system. 7,8-DHF encapsulation in binary and ternary nanoparticles were
denoted as DHF-S/Z, DHF-CMC/S/Z, and DHF-ALG/S/Z. Loaded complex particles
were reserved at 4 ◦C, with other samples freeze-dried for 48 h to conduct further analysis.

2.6. Encapsulation Efficiency (EE) and Loading Capacity (LC)

The EE and LC of encapsulated 7,8-DHF were assessed by UPLC based on our previ-
ously described method [25]. Specifically, the nanoparticles were centrifuged at 10,000× g
for 10 min at 4 ◦C using a centrifugal machine (3K15, Sigma, Osterode, Germany). The su-
pernatant (containing loaded 7,8-DHF) was removed and diluted 5-fold with methanol.
And an equal volume of the initial suspension was diluted in 5-fold methanol to obtain
initial 7,8-DHF. Then, EE and LC were calculated according to the following equation:

EE (%) = loaded 7,8-DHF/initial 7,8-DHF × 100 (1)

LC (%) = loaded 7,8-DHF/weight of vehicle × 100 (2)

2.7. 7,8-DHF Loaded Ternary Nanoparticles Characterization
2.7.1. Fourier-Transform Infrared (FTIR) Spectroscopy

7,8-DHF and lyophilized sample under analysis were prepared by adding 99% KBr
disc and scanned on an FTIR spectrometer (Avatar 370, Nicolet, Madison, WI, USA).
The spectral scanning range was 500~4000 cm−1 at a resolution of 4 cm−1. The analytical
results were carried out by OMNIC software version 8.0.

2.7.2. Circular Dichroism (CD) Spectrum

Secondary structural characteristics of nanoparticle dispersions under analysis were
measured using a CD spectrometer (J-1500, JASCO, Tokyo, Japan). The concentration of
complex dispersions was 0.2 mg/mL corresponding to zein. The buffer in CD experiments
was deionized water (pH = 7). The secondary structure scanning region was 190~260
nm with a 0.1 cm path length. The bandwidth was 1.0 nm and scanning speed was
50 nm/min. The data were evaluated by Spectra Manager™ II Software equipped with
CD spectrometer.

2.7.3. Differential Scanning Calorimetry (DSC)

Thermal behavior of 7,8-DHF and freeze-dried samples were studied via DSC (Mettler
Toledo, Zurich, Switzerland). 2~10 mg of samples were accurately weighed and hermet-
ically sealed in aluminum pans. An empty crucible under the same condition was used
as a reference. Scanning calorimetry was performed from a range of 25 to 200 ◦C in N2
atmosphere at a heating rate of 10 ◦C /min under 30 mL/min flow.

2.7.4. X-ray Diffraction (XRD)

The crystalline characteristic of lyophilized nanoparticles and selected 7,8-DHF were
recorded on an X-ray diffractometer (Bruker D8, Karlsruhe, Germany). This diffractometer
was carried at 40 kV accelerating voltage and 40 mA tube current to produce copper Kα

radiation. Soller slit and divergence slit were set at 2.5◦ and 0.5◦, respectively, the 2θ angle
was ranged from 5◦ to 90◦.

2.7.5. Transmission Electron Microscopy (TEM)

10-fold diluted fresh nanoparticle dispersions were deposited on a copper grid with
formvar-carbon coating. Then, the samples were air-dried for 5 min and stained with
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2% uranyl acetate. TEM (JEM-1200 EX, Tokyo, Japan) was performed for microscopic
observation at 120 kV accelerating voltage.

2.7.6. Field Emission Scanning Electron Microscope (FE-SEM)

The surface morphology of polysaccharide samples and freeze-dried nanoparticles
was captured by FE-SEM (GeminiSEM 300, ZEISS, Germany). Before analysis, 3–6 nm of a
thick gold layer was covered on the sample surfaces. The electron microscope acceleration
voltage was 15.0 kV.

2.8. Storage Stability of 7,8-DHF

7,8-DHF, DHF-S/Z, DHF-ALG/S/Z, and DHF-CMC/S/Z were performed at 5 ◦C
for 72 h under dark and 25 ◦C for 15 days under light, respectively. At an appropriate
point in time, the samples were acquired with 7,8-DHF presence being measured by UPLC.
The storage stability was calculated based on the following equation:

Retention rate (%) = retained 7,8-DHF concentration/initial 7,8-DHF concentration × 100 (3)

2.9. In Vitro Simulated Gastrointestinal Digestion

Based on Yuan et al.’s study via some amendments [28], briefly, 10 mL of simulated
gastric fluid (SGF, 3.2 mg/mL pepsin and 2 mg/mL NaCl, pH = 2.5) and 10 mL of 7,8-
DHF, DHF-S/Z, DHF-ALG/S/Z, and DHF-CMC/S/Z were mixed for incubating in a
37 ◦C water bath shaker for 60 min at 100 rpm. After SGF digestion, 10 mL of above-
mentioned simulated gastric digestive fluids were rapidly adjusted to pH 7.4 using 2
M NaOH. Whereafter, 10 mL of simulated intestinal fluid (SIF, 4 mg/mL pancreatin, 5
mg/mL bile salts, 6.8 mg/mL K2HPO4 and 8.8 mg/mL NaCl, pH = 7.4) was added into
above-mentioned simulated gastric digestive fluids and incubated for 120 min at same
temperature and revolving speed. Finally, the final digestive solution was centrifuged
by 20,000× g centrifugal force for 1 h, and the supernatant (the mixed micelle phase
containing 7,8-DHF) was collected. The bioaccessibility (%) was calculated based on the
following equation:

Bioaccessibility (%) = 7,8-DHF concentration in the micelles phases/7,8-DHF concentration in the formulation × 100 (4)

2.10. Statistical Analysis

Mean ± SD was presented via at least three times for all data. One-way ANOVA
followed by Tukey’s honestly significant difference post hoc tests were utilized to assess
potential significant differences among groups. A p < 0.05 indicated significant differ-
ences between groups. Data analysis was carried out by Origin 2021 (Origin Lab Co.,
Northampton, MA, USA) and GraphPad Prism version 8.0 (GraphPad Sofware, San Diego,
CA, USA).

3. Results and Discussion

3.1. Effect of Polysaccharides on Ternary Nanoparticles Fabrication

The effects of varying concentrations and types of polysaccharide on particle size of
S/Z were illustrated in Figure 1. S/Z was approximate 82.81 nm particle size. The par-
ticle size of the ternary nanoparticles was differentially altered from that of S/Z after
introduction with CMC and ALG into the binary system. After supplementation with
CMC, the particle size of CMC/S/Z stepwise grew as the concentration of CMC increased
(Figure 1A). Moreover, the incorporation of ALG resulted in a significant increase in particle
size (p < 0.05). And in comparison to CMC/S/Z, ALG/S/Z showed a greater particle size at
the identical polysaccharide level (Figure 1B). The above phenomenon might be attributed
to the distinctive molecular structure of two studied polysaccharides and interaction force
among molecules. The changes in particle size of zein/sophorolipid/polysaccharide
ternary nanoparticles are possibly a result of sufficient anionic CMC and ALG being ab-
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sorbed on the surface of S/Z through the electrostatic attractions. The changes in PDI value
of CMC/S/Z and ALG/S/Z was analogous to that of particle size. As the concentration of
CMC and ALG increased, the PDI value of CMC/S/Z and ALG/S/Z gradually increased
as well. However, ALG/S/Z showed a higher PDI value at the same polysaccharide level.

 
Figure 1. Particle size, PDI, zeta potential and turbidity of CMC/S/Z and ALG/S/Z with different
zein to polysaccharide mass ratios. Particle size and PDI (A,B). Zeta-potential and turbidity (C,D).
The photograph of each group appearance (E,F).

The zeta-potential of S/Z was −40.63 mV. When CMC and S/Z were combined, their
charge values became more negative as the fraction of present CMC increased (Figure 1C).
On the other hand, the negative charges of ALG/S/Z initially declined and grew whereafter
when the level of ALG was increased (Figure 1D). When the mass ratio of polysaccha-
ride to zein was above 1:10, the negative charges of ALG/S/Z were higher than that of
CMC/S/Z. This difference is potentially caused by the different molecular structures of
the two polysaccharides. The zeta-potential of zein/sophorolipid/polysaccharide ternary
nanoparticles had been dominated by negatively charged CMC and ALG. It is reported
that electrostatic attraction played a critical role in the formation of protein-surfactant-
polysaccharide complexes, for instance, zein-rhamnolipid-propylene glycol alginate [29],
and zein-lecithin-propylene glycol alginate [30]. Meanwhile, the uniform trend of turbidity
in ternary nanoparticles was consistent with that of PDI value and particle size, as the
increasing trend of turbidity was primarily caused by micro-aggregation of complexes [31].
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3.2. CMC and ALG Prevents S/Z Ternary Nanoparticles Precipitation at pH = 4

Our previous work confirms that S/Z exhibits weak stability in low pH conditions.
To overcome this deficiency, we explore the influence of polysaccharide type (CMC and
ALG) and concentration on S/Z stability at pH = 4. As shown in (Figure 2A), S/Z ternary
nanoparticles were extremely unstable and aggregated together as expected. This phe-
nomenon could be elucidated by the lack of appropriate electrostatic repulsion, which is
required to conquer attractive interactions (e.g., van der Waals) among nanoparticles. Fur-
thermore, at low pH values, the pKa of hydrophilic sugar residues present on sophorolipid
molecules were reported to promote this instability [32]. After CMC was added, the PDI
value, particle size, and turbidity of CMC/S/Z initially declined and subsequently jumped
until a mass of zein to CMC was 5:1, the CMC/S/Z were possessed the lowest values
for particle size, PDF, and turbidity (particle size ≈ 341.50 nm, PDI ≈ 0.335 and turbid-
ity ≈ 2.257) (Figure 2A,C). Moreover, the incorporation of ALG similarly decreased and
then increased PDI value, particle size and turbidity of ALG/S/Z. The particle size for
ALG/S/Z was smallest at the 10:1 (353.62 nm), while the PDI value (0.335) and turbidity
(2.509) were lowest at 5:1 mass ratio of zein to ALG (Figure 2B,D). As seen from photograph
(Figure 2E,F), no floccules were observed at the bottom of the container at varying zein
to polysaccharide mass ratios (10:1, 5:1, 3:1, and 2:1). A reason for lacking floccules at
these mass ratios might be a result of appropriate CMC and ALG participation, which
potentially increased the steric or electrostatic repulsions for S/Z against aggregation. Nev-
ertheless, at a zein to polysaccharide mass of 1:1, there were sediments in both CMC/S/Z
and ALG/S/Z. The underlying mechanism for these observations is bridging flocculation,
i.e., the ability of a single CMC or ALG molecule to adsorb to the surfaces of two or more
S/Z. Therefore, CMC or ALG adsorption results in the formation of clusters [33]. Further-
more, with the CMC and ALG concentrations raised, the charge values of CMC/S/Z and
ALG/S/Z became increasingly negative. The intensification of these charges revalidates
the idea that CMC/S/Z and ALG/S/Z experience sufficient electrostatic repulsion to avoid
precipitation at varying mass ratios of 10:1~2:1. Based on these results, we subsequently
selected CMC/S/Z and ALG/S/Z at a mass ratio of zein to polysaccharide at 5:1 as the
optimum ratio to study in the following research.

Figure 2. Cont.
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Figure 2. Particle size, PDI, zeta potential and turbidity of CMC/S/Z and ALG/S/Z with different
zein to polysaccharide mass ratios at pH = 4. Particle size and PDI (A,B). Zeta-potential and turbidity
(C,D). The photograph of each group appearance (E,F).

3.3. Physical-Chemical Stability Study on Ternary Nanoparticles

The optimum delivery system for food nutraceuticals must accommodate flexible pH
and ionic environments during beverages processing, storage, and gut passage.
Therefore, pH and salt stability testing of delivery systems is necessary to evaluate colloidal
particles’ functionality.

3.3.1. Effect of pH

As seen from Figure 3A, S/Z exhibited extensive aggregation at pH 3.0 and 4.0, exhibit-
ing an increased particle size. This increase in size could be due to the fact that weakened
electrostatic repulsion was weakened among binary nanoparticles.
However, after adding CMC and ALG, compared to S/Z, the stability of both nanoparticles
was enhanced noteworthily within pH 3.0 to 4.0. Most notably, from pH 3 to 9, both
CMC/S/Z and ALG/S/Z had excellent stability. It is reported that certain zein-surfactant
or zein-polysaccharide binary nanoparticles, such as zein-rhamnolipid, zein-alginate, and
zein-chondroitin sulfate, experienced a significant size increase at low pH levels [34–36].
Unexpectedly, zein-surfactant-polysaccharide ternary nanoparticles exhibited superior pH
stability. There are some yellow floccules in the bottom of the container of S/Z at pH 3.0
and 4.0 but no floccules in CMC/S/Z and ALG/S/Z (Figure S4).
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Figure 3. Particle size of colloidal particles at different pH conditions (A) and different NaCl concentrations (B).

3.3.2. Effect of Ionic Strengths

Particle size of S/Z was relatively low by 0 to 100 mM NaCl concentrations (Figure 3B).
However, when increased to higher ionic strengths at 150~200 mM NaCl concentrations,
precipitates were produced along with increasing particle size. This forming aggregation
patterns for nanoparticles at high ionic strengths could be explained by increasing counte-
rions (such as Cl− and Na+), depressed electrostatic repulsion via electrostatic screening
and nanoparticle charge neutralization [21]. However, in the existence of CMC and ALG,
the particle size of CMC/S/Z and ALG/S/Z was increased with the NaCl concentration
increased. And adding CMC and ALG reduced the sensitivity of S/Z to aggregation under
high ionic strength condition. There are two possible reasons for the improved physical
stability of CMC/S/Z and ALG/S/Z. Firstly, CMC and ALG prevented counterion neu-
tralization and strong electrostatic repulsions, which could potentially restrain complex
particles from coalescence via enhancing repulsive forces among particles. Secondly, an
increase of the steric repulsion among particles could have occurred as polysaccharide
molecules were attached to S/Z. Some floccules were also observed at the bottom of the
tube for S/Z at 150 and 200 mM NaCl (Figure S5). However, there were no floccules at the
bottom of the tube for CMC/S/Z and ALG/S/Z, in which stable colloidal systems were
both developed.

3.4. Encapsulation of 7,8-DHF

The influence of polysaccharide types (CMC and ALG) and 7,8-DHF concentration on
PDI value, particle size, EE and LC value in different delivery systems were summarized
in Table 1. When the mass ratio of 7,8-DHF to zein was 1:5, the EE and LC of DHF-S/Z
were 82.42 and 7.49%, respectively. However, compared to DHF-S/Z, DHF-CMC/S/Z
and DHF-ALG/S/Z exhibited better EE value, especially DHF-CMC/S/Z nanoparticles
(88.63%) (p < 0.05). These findings suggested that polysaccharide addition improved the
embedding ability of S/Z via non-covalent interactions. There are two hydroxyl groups
in the 7,8-DHF molecule that can interact with the hydroxyl groups of polysaccharides
and the tyrosyl of zein. These interactions can form hydrogen bonds, possibly resulting
in an increase of EE. These phenomena indicated that polysaccharides and S/Z showed a
synergistic effect on the EE of 7,8-DHF. When mass ratio of 7,8-DHF to zein was 1:10, three
colloidal delivery systems possessed high EE for 7,8-DHF (above 98.21%). In contrast to
unloaded colloidal delivery systems, the particle size of loaded colloidal delivery systems
was growing when increasing the mass ratio of 7,8-DHF to zein. In general, 7,8-DHF, as
a hydrophobic compound, is expected to be located within hydrophobic region of zein,
ultimately possessing an impact on the size and stability of particles. 7,8-DHF encapsulation
might impair interactions among hydrophobic groups of zein and increase particle size.
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Additionally, the encapsulation of 7,8-DHF caused an increase of PDI value in contrast to
unloaded complexes. A uniform result was reported by Sun et al. [37]. The formation of
free 7,8-DHF aggregates might help to explain the above observed phenomenon.

Table 1. EE, LC, particle size and PDI of 7,8-DHF in different colloidal systems.

Zein:
7,8-

DHF
(w/w)

Colloidal
Systems

EE (%) LC (%)
Particle Size

(nm)
PDI

Without
7,8-

DHF
S/Z - 82.81 ± 0.61 a 0.155 ± 0.010 a

CMC/S/Z - 145.6 ± 0.75 c 0.228 ± 0.006 b

ALG/S/Z - 178.2 ± 0.35 d 0.266 ± 0.024 c

5:1 S/Z 82.42 ± 3.72 a 7.49 ± 0.22 a 114.7 ± 3.01 b 0.271 ± 0.016 c

CMC/S/Z 88.63 ± 3.01 b 7.38 ± 0.13 a 177.4 ± 3.04 a 0.363 ± 0.023 de

ALG/S/Z 84.15 ± 2.63 a 7.01 ± 0.16 a 214.3 ± 3.21 e 0.394 ± 0.022 e

10:1 S/Z 98.21 ± 1.31 c 4.68 ± 0.40 b 106.9 ± 1.11 b 0.201 ± 0.021 b

CMC/S/Z 99.51 ± 0.24 c 4.33 ± 0.12 b 168.4 ± 3.62 dc 0.334 ± 0.014 d

ALG/S/Z 98.71 ± 1.12 c 4.29 ± 0.35 b 200.1 ± 2.01 e 0.352 ± 0.017 de

Values are the means ± SD (n = 3). a–e: Different letters in the same column indicate significant differences
(p < 0.05) based on one-way ANOVA analysis followed by Tukey’s honest significant difference post hoc tests.

3.5. Characterization of Loaded Nanoparticles
3.5.1. FTIR

FTIR is a versatile tool for monitoring changes within the functional groups of biopoly-
mers and evaluating intermolecular interactions between components and particles. As
shown in Figure 4A, the spectrum of CMC and ALG included diversiform representative
carbohydrate peaks. The broad 3446 and 3441 cm−1 peaks represented hydroxyl groups
(O-H) stretching, and the sharp 1604 and 1615 cm−1 peaks are associated with carboxyl
(-COO-) symmetrical stretching vibration [38]. The featured peaks of CMC and ALG
spectra appear at 1418 and 1417 cm−1, corresponding to rhamnogalacturonan moiety [39].
Multiple simultaneous vibration peaks in CMC and ALG at 900~1350 cm−1 were accredited
to characteristic peaks of polysaccharides [24]. In our previous study, we confirmed that
there are electrostatic attractions, hydrophobic interactions, and hydrogen bonding in
S/Z. The FTIR spectrum of S/Z nanoparticles showed typical characteristic peaks at 3368,
1657, and 1545 cm−1, respectively. When CMC and ALG were added, the peaks of O-H
stretching vibration (3100~3500 cm−1 peaks) shifted from 3368 (S/Z) to 3382 (CMC/S/Z)
and 3402 cm−1 (ALG/S/Z) [40]. This characteristic peak migration implied that there
was a strong hydrogen bond between -OH groups in polysaccharides and amide group
of glutamine in zein [41]. According to Liu et al.’s report [42], the 1657 cm−1 peak of
zein at was the C=O stretching (amide I). 1545 cm−1 peak was primarily associated with
bending of N-H coupled with the stretching of C-N (amide II). With CMC and ALG in-
corporation, the amide I and amide II characteristic peaks of ternary nanoparticles were
switched to (1650 and 1651 cm−1) and (1544 and 1544 cm−1), respectively. These results
revealed electrostatic attractions were related to the establishment process of CMC/S/Z
and ALG/S/Z. Based on these results, we confirmed that ALG/S/Z possessed stronger
hydrogen bonding and electrostatic attraction than CMC/S/Z. As seen from Figure 4B,
the peaks at 3114, 1626, 1575, 1405, 1195, and 1071 cm−1 were the typical peaks of 7,8-DHF,
which have been confirmed in our previous study [25,43]. Expectedly, these characteristic
peaks of 7,8-DHF were vanished in both binary and ternary nanoparticles, indicating that
DHF-S/Z, DHF-CMC/S/Z, and DHF-ALG/S/Z samples successfully encapsulated for
7,8-DHF.
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Figure 4. FTIR spectra of CMC, ALG and bare complex nanoparticles (A), free 7,8-DHF and 7,8-DHF loaded in each complex
nanoparticles (B), CD spectra of zein in DHF-Z, DHF-Z/S-CMC, and DHF-ALG/S/Z (C), DSC analysis of free 7,8-DHF,
CMC, ALG, S/Z, and 7,8-DHF loaded each complex nanoparticles (D), XRD spectra of free 7,8-DHF, polysaccharides and
loaded each complex nanoparticles (E).
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3.5.2. CD Spectrum

In this study, CD spectrum analysis was applied to measure conformational changes
(secondary structure) of zein in complexation (260 nm~190 nm). As seen from (Figure 4C),
two peaks at 209 and 223 nm with a zero-crossing were around 203 nm (typical secondary
structure) in the zein spectrum [44]. As shown in (Table 2), the α-helix, β-sheet and β-turn
content of DHF-S/Z changed from 25.3 to 24.7 and 24.5%, 25.8 to 26.1 and 26.6% and 28.3
to 29.1 and 27.9%, respectively after adding CMC and ALG. These results suggested that
the addition of CMC and ALG had no apparent impact on zein’s secondary structure in
DHF-S/Z. The behavior of CMC and ALG could possibly be the result of sophorolipid
adsorption on the zein surface. This adsorption could have possibly resulted in insufficient
contact between the polysaccharides and zein, which was difficult to further change the
secondary structure of zein. In general, the amide I band shifts in FTIR spectra could also
reflect secondary structure changes of the protein, including the band of α-helix, β-sheet,
and β-turn [45]. In the FTIR spectra of our study (Figure 4B), the band of amide I did not
show significant change among DHF-S/Z, DHF-CMC/S/Z and DHF-ALG/S/Z. This lack
of significant change further confirmed that CMC and ALG did not impact the secondary
structure of zein.

Table 2. Secondary structure of zein in DHF-S/Z, DHF-CMC/S/Z and DHF-ALG/S/Z.

Sample
Content (%)

α-Helix β-Sheet β-Turns Unordered

DHF-S/Z 25.3 ± 0.23 25.8 ± 0.21 20.6 ± 0.19 28.3 ± 0.26
DHF-CMC/S/Z 24.7 ± 0.18 26.1 ± 0.17 20.1 ± 0.21 29.1 ± 0.20
DHF-ALG/S/Z 24.5 ± 0.16 26.6 ± 0.23 21.0 ± 0.26 27.9 ± 0.24

3.5.3. DSC

Thermal properties of individual components and composite nanoparticles were stud-
ied via DSC. As shown in (Figure 4D), the embedded thermograms of 7,8-DHF displayed
a narrow and sharp peak at 246.24 ◦C. This temperature peak was probably caused by
the melting of 7,8-DHF crystals [46]. Furthermore, the representative endothermal peak
of CMC and ALG was at approximately 96.33 and 113.33◦C, respectively. These findings
confirmed that ALG had a higher thermostability than CMC because of its specific carbo-
hydrate structure. However, the endothermic peak of S/Z was at approximately 60.33 ◦C,
showing a low thermostability. After 7,8-DHF was encapsulated, no endothermic peaks
of 7,8-DHF were found in DHF-S/Z, DHF-CMC/S/Z, and DHF-ALG/S/Z. The lack of
endothermic peaks verified that 7,8-DHF was defined as an amorphous form rather than a
crystalline form. Similar literature has reported in recent study on curcumin [47] and hy-
peroside [48]. In addition, the endothermic peak of DHF-S/Z nanoparticles was increased
from 60.33 ◦C to 64.66 ◦C compared to S/Z. This increase in melting temperatures could
be attributed to intermolecular interactions among 7,8-DHF, zein and sophorolipids [29].
Most importantly, after adding CMC and ALG, the endothermic peak of DHF-CMC/S/Z
and DHF-ALG/S/Z rose to 70.01 and 76.33 ◦C in comparison to DHF-S/Z, respectively.
The higher endothermic peak of DHF-CMC/S/Z and DHF-ALG/S/Z manifested that
they possessed better thermal stability than DHF-S/Z. This new peak might be the result
of CMC and ALG interaction enhancements for hydrophobic, electrostatic, or hydrogen
bond interactions among different components in nanoparticles, which ultimately leads to
a higher endothermic peak temperature.

3.5.4. XRD

X-ray diffraction ranging from 5◦ to 90◦ at 2θ values was applied to examine 7,8-DHF’s
physical state in different nanoparticles. As presented in (Figure 4E), 7,8-DHF was highly
crystalline with multiple sharp diffraction peaks at the range of 5~40◦. On the one hand,
when the diffraction angles of ALG in the 2θ range were 13.2◦ and 21.8◦, two flat peaks

76



Foods 2021, 10, 2629

without sharp diffraction maximum appeared in the XRD spectrum. On the other hand,
CMC only had a flat peak at a diffraction angle of 20.2◦, while no sharp diffraction peaks
were emerged. This XRD hump indicated that both pure polysaccharides were totally in
an amorphous form [21,32]. However, no obvious sharp diffraction peaks about crystalline
form for 7,8-DHF were found in both binary and ternary nanoparticles. Such behavior
indicated 7,8-DHF was completely loaded into nanoparticles with an amorphous state.
Interestingly, in comparison to DHF-S/Z, the hump for DHF-ALG/S/Z was distinctly
increased, while the hump of DHF-CMC/S/Z was only slightly increased as the diffraction
angle was at 19.6◦. Thus, the polysaccharide types applied to construct nanocomposites can
significantly affect XRD patterns. Moreover, no characteristic peaks for these two polysac-
charides were observed. Collectively, due to changes in the interactions (hydrophobic,
hydrogen bonding, and electrostatic) among zein, polysaccharide, and surfactant molecule,
distinguishable behaviors of 7,8-DHF in DHF-S/Z, DHF-CMC/S/Z, and DHF-ALG/S/Z
were observed.

3.6. Micromorphology

The microstructural features of loaded composite nanoparticles were analyzed via
TEM. As observed in (Figure 5A), the diameter of DHF-S/Z was roughly 100 nm, this
finding was in agreement with the results of dynamic light scattering. After adding CMC
and ALG, DHF-CMC/S/Z and DHF-ALG/S/Z showed a similar spherical structure that
was comparable to the DHF-S/Z. However, the diameter of DHF-CMC/S/Z and DHF-
ALG/S/Z was larger than that of DHF-S/Z, exhibiting a particle size of 100~200 nm
(Figure 5B,C). These findings demonstrate that CMC and ALG were absorbed on the
surface of DHF-S/Z. Additionally, the diameter of DHF-CMC/S/Z was larger than that of
DHF-ALG/S/Z, which was consistent with the results of DLS.

   
Figure 5. TEM images of DHF-S/Z (A), DHF-CMC/S/Z (B) and DHF-ALG/S/Z (C), 30,000× magnification times.

Furthermore, FE-SEM was applied to further observe the differences in surface micro-
scopic morphology among individual composite nanoparticles (Figure 6). As seen from
(Figure 6A), the surface morphology of DHF-S/Z expressed an irregular and rough shape
consisting of many interlinked independent complexes. This morphological change was
possibly attributed to sophorolipid adsorption on the surface of zein particles. The mi-
crophotograph of CMC and ALG depicted a shape similar to that of a silk ribbon
(Figure 6D,E). When CMC and ALG were incorporated into DHF-S/Z, the micromor-
phology of DHF-CMC/S/Z and DHF-ALG/S/Z were spherical with uniform size and
smooth surface (Figure 6B,C). The particle sizes of DHF-CMC/S/Z and DHF-ALG/S/Z
were larger than that of DHF-S/Z. The polysaccharide coating on the outer layer of DHF-
S/Z nanoparticles via electrostatic attraction possibly caused this size difference [49].
The above results were consistent with DLS measurements.
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Figure 6. FE-SEM images of DHF-S/Z (A), DHF-CMC/S/Z (B), DHF-ALG/S/Z (C) (50,000× magnification times),
individual CMC (D) and ALG (E) (2000× magnification times).

3.7. A Graphic Illustration for the Formation and Stability Mechanism of Nanoparticles

Diverse technologies and measurements including EE, PDI, particle size, zeta po-
tential, turbidity, CD, TEM, FE-SEM, DSC, XRD, and FTIR were used to make clear the
formation and stability mechanism of zein/sophorolipid/polysaccharide ternary delivery
system (Figure 7). After zein and sophorolipid were rapidly added into polysaccharide
(polysaccharide: zein mass ratio ≤ 1:2), sufficient CMC or ALG acted as a shielding ef-
fect (electrostatic repulsion) and steric hindrance stabilizer was coated onto the surface
of S/Z particles to prevent their sedimentation at low pH 3~4 range condition, showing
a homogeneous PDI, turbidity and size based on DLS and UV. Certain internal drives
(electrostatic interaction, hydrogen bonding and hydrophobic effect) participated in the
formation of DHF-CMC/S/Z and DHF-ALG/S/Z, and CMC and ALG had no significant
impact on secondary structure of zein in S/Z according to CD, FTIR, and FE-SEM. Upon
employing EE, XRD, DSC, TEM analysis, 7,8-DHF was shown to be successfully encapsu-
lated in CMC/S/Z and ALG/S/Z with relatively uniform sphericity, displaying a good
entrapment efficiency.
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Figure 7. An illustration of the formation and stability mechanism of DHF-CMC/S/Z and DHF-
ALG/S/Z.

3.8. Storage Stability of 7,8-DHF

During storage, preventing food neutraceuticals from heat or light exposure is chal-
lenging, but critically necessary for mitigating degradation. To meet this application end,
short and long term storage were investigated under varying environments for 7,8-DHF,
loaded binary and ternary nanoparticles. As shown in (Figure 8A), free 7,8-DHF was
mostly degraded at 25 ◦C with light exposure for 15 days post-storage. Encapsulation
of the 7,8-DHF in S/Z nanoparticles strengthened storage stability of 7,8-DHF (26.26 %).
The addition of CMC and ALG further enhanced the stability of encapsulated 7,8-DHF, in
particular DHF-CMC/S/Z (58.75%). At 50 ◦C under dark conditions (Figure 8B), a similar
effect was observed. The active groups of 7,8-DHF were possibly protected within the
hydrophobic lumen of DHF-S/Z, DHF-CMC/S/Z, and DHF-ALG/S/Z nanoparticles as a
mechanism [50], besides, due to the different chemical structures of CMC and ALG, DHF-
CMC/S/Z have higher EE, which caused more 7,8-DHF to be protected in the hydrophobic
part. These results are in agreement with previous studies that introduced curcumin being
embedded in zein and quaternized chitosan complexes [51], along with work showing that
quercetagetin was loaded using the zein-hyaluronic acid binary complexes [52].
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Figure 8. Storage stability of free 7,8-DHF, DHF-S/Z, DHF-CMC/S/Z and DHF-ALG/S/Z at 25 ◦C under light (A), at
50 ◦C under dark (B).

3.9. In Vitro Simulated Gastrointestinal Digestion

A gastrointestinal tract (GIT) model was applied to study the digestive fate and
bioaccessibility of 7,8-DHF in different formulations. Particle size changes were monitored
at a specific digestion time (30, 60, 120, and 180 min), and the results were presented in
(Figure 9A). The mean particle size of DHF-S/Z was significantly increased after 60 min
SGF digestion (p < 0.05). This finding was possibly due to the fact that the S/Z were
exposed to ionic strength along with low pH and partially digestion via pepsase. The low
pH and ionic strength exposure likely weakened electrostatic repulsion forces among the
nanoparticles [52]. Particle size reduction in DHF-S/Z post-SIF-exposure was attributed
to the fact that SIF contains bile salt with strong emulsifying ability. Bile salt can bind
many biopolymer molecules and induce bridging flocculation [21]. The particle size of
DHF-CMC/S/Z was increased after exposure to the stomach phase but remained relatively
constant during incubation in SIF. This behavior suggested that the existence of CMC
strengthened intestinal stability of DHF-CMC/S/Z. However, the particle size of DHF-
ALG/S/Z remained fairly steady throughout simulated GIT, only showing a large increase
at 30 min during the SGF incubation. The different influence of polysaccharide type
(CMC or ALG) on gastrointestinal fate of colloidal carriers can be attributed to different
molecular characteristics. FE-SEM microscopic observation further confirmed that exposure
to simulated gastrointestinal conditions had a significant effect on the morphology of the 7,8-
DHF-loaded nano-complexes (Figure 9C). For DHF-S/Z, irregular shapes have developed
after they were added into the SGF and SIF, similar to an anomalous sheet structure.
This shape acquisition was due to irregular aggregates appearing after SGF digestion.
Furthermore, DHF-CMC/S/Z and DHF-ALG/S/Z exhibited a spherical shape. After
gastrointestinal digestion, the nanoparticles possessed a relatively spherical morphology,
resembling the cross-linked structure of large nanoparticles. Overall, CMC and ALG
effectively protected the stability of DHF-S/Z nanoparticles through the GIT. Particularly,
ALG performed extremely well.
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Figure 9. Influence of in vitro digestion time on the particle size (A) and bio-accessibility of DHF-S/Z, DHF-CMC/S/Z, and
DHF-ALG/S/Z (B), FE-SEM images of DHF-S/Z, DHF-CMC/S/Z, and DHF-ALG/S/Z, 15,000× magnification times (C).

After being exposed to simulated gastrointestinal conditions, 7,8-DHF bioaccessi-
bility was measured after centrifugation and collection of micelle phases. As shown in
Figure 9C, the S/Z was broken down when exposed to SGF digestion, and the core of
7,8-DHF was released, resulting in a low bioaccessibility. The bioaccessibility of DHF-S/Z
gradually increased in SIF digestion, primarily due to the emulsibility of bile salts and
sophorolipids. Another reason for this increase was the binding of hydrolyzed peptides
of zein protein [33]. In the presence of CMC, low levels of bioaccessibility were exhibited
in SGF digestion. This behavior was introduced by the vulnerability of CMC to acid,
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pepsin enzymes, and the alkali ions of SGF juices [53]. However, the bioaccessibility of
DHF-CMC/S/Z was higher than that of DHF-S/Z, indicating a synergistic effect existed
among CMC, sophorolipid and zein on controlling the release of 7,8-DHF. Furthermore,
the presence of ALG further increased bioaccessibility to 75.46% (Figure 9B), showing the
highest bioaccessibility of 7,8-DHF after GIT digestion compared to DHF-CMC/S/Z and
DHF-S/Z. These results indicated that ALG increased the solubilization capacity of mixed
micelles in small intestine fluids. Collectively, our results demonstrated that encapsulating
7,8-DHF in polysaccharide coated S/Z nanoparticles can promote an appreciable increase
in its in vitro bioaccessibility.

4. Conclusions

In the present study, we compared the performance of ternary nanoparticles in the
existence of two selected polysaccharides (CMC and ALG) for encapsulation of bioac-
tive 7,8-DHF but with low bioavailability. CMC/S/Z exhibited lower PDI, particle size
and turbidity, but higher zeta potential and loading capacity compared to ALG/S/Z.
Furthermore, both polysaccharides supplementations promoted the EE value of 7,8-DHF
in S/Z, especially CMC. Invitation of polysaccharides displayed positive effects on the
formation and physical stability (pH and ionic strength stability) of ternary complexes.
The formation of ternary complexes mainly occurred via hydrophobic effects, hydrogen
bonding and electrostatic interactions. More significantly, compared to S/Z, ALG/S/Z,
and CMC/S/Z obviously enhanced the storage stability and in vitro bioaccessibility of
7,8-DHF. CMC/S/Z possessed a higher storage stability for 7,8-DHF. In contrast, ALG/S/Z
had a better in vitro bioaccessibility of 7,8-DHF. Collectively, the results of this study in-
dicate that selected polysaccharides containing composite nanoparticles are efficient at
encapsulating, retaining, and delivering 7,8-DHF, and might therefore be utilized in di-
etary supplements and functional foods. Future work will focus on the applicability of
DHF-ALG/S/Z and DHF-CMC/S/Z in complex water-phase beverage systems. Besides,
the transepithelial transport mechanism of DHF-ALG/S/Z in an Caco-2 cell model, and
in vivo pharmacokinetic studies in rat will be also studies.
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Abstract: Gelatin (GA) is a natural protein widely used in food packaging, but its fabricated fibrous
film has the defects of a high tendency to swell and inferior mechanical properties. In this work,
a novel spinning technique, solution blow spinning (SBS), was used for the rapid fabrication of
nanofiber materials; meanwhile, nylon 66 (PA66) was used to improve the mechanical properties
and the ability to resist dissolution of gelatin films. Morphology observations show that GA/PA66
composite films had nano-diameter from 172.3 to 322.1 nm. Fourier transform infrared spectroscopy
and X-ray indicate that GA and PA66 had strong interaction by hydrogen bonding. Mechanical tests
show the elongation at break of the composite film increased substantially from 7.98% to 30.36%, and
the tensile strength of the composite film increased from 0.03 MPa up to 1.42 MPa, which indicate
that the composite films had the highest mechanical strength. Water vapor permeability analysis
shows lower water vapor permeability of 9.93 g mm/m2 h kPa, indicates that GA/PA66 film’s water
vapor barrier performance was improved. Solvent resistance analysis indicates that PA66 could
effectively improve the ability of GA to resist dissolution. This work indicates that SBS has great
promise for rapid preparation of nanofibrous film for food packaging, and PA66 can be applied to
the modification of gelatin film.

Keywords: solution blow spinning; gelatin; nylon 66; modification; rapid fabrication

1. Introduction

Solution blow spinning (SBS) is a rising preparation technique to produce polymer
films with ultrafine fibers and high specific surface area [1]. A regular SBS apparatus
consists of a high velocity air source, a syringe pump, a concentric nozzle system, and
a collector [2]. The polymer solution in the inner nozzle is elongated into fine fiber by
the surrounding high velocity airflow in the outer nozzle. Moreover, because SBS uses
high velocity airflow to form fibers, there is no requirement for the conductivity of the
solution compared to electrospinning. As the solvent rapidly evaporates in the process of
moving towards the collector, ultrafine fibers deposited and formed a nanofibrous film on
the collector [3]. The SBS has served a wide range of purposes that include biosensors, the
aerospace industry, impurity removers, and wearable electronics [4]. The development of
nanofiber films for food packaging using SBS, however, has undergone little research. For
the present, the utilization of nanofiber film in food packaging is primarily manufactured
by the electrospinning method [5–9]. Nonetheless, previous works show that the fiber
production efficiency of SBS could be much higher than electrospinning. Tandon et al. [10]
found that SBS was three times more efficient in fiber production than electrospinning; and
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in the study of Sett et al. [11], the fiber productivity of SBS was even up to 30 times higher
than that of electrospinning. Shen et al. [12] also found that the SBS process could reach a
rapid feed rate of 3 mL/h, while the feed rate of the electrospinning is generally between
0.1 mL/h and 0.6 mL/h. In this regard, the SBS technology has demonstrated its promising
potential for the fast production of large area nanofiber film for food packaging.

Gelatin (GA) is a single-stranded protein obtained by hydrolysis of collagen, with
favorable biocompatibility, biodegradability and nontoxicity, and has been utilized exten-
sively in the food, pharmaceutical and photographic industries [13–15]. However, due
to the solubility in aqueous solution and poor mechanical properties, gelatin nanofibers
usually require modification by chemical cross-linking agents [16,17]. Bigi et al. [18] in-
vestigated the mechanical and swelling properties of glutaraldehyde (GTA) crosslinked
gelatin films, and found that the use of GTA allowed to regulate the physical-chemical
properties of gelatin films. But the residue and cytotoxicity of chemical agents have limited
its application in the food field [19].

Various studies have shown that many synthetic polymers such as poly(caprolactone)
(PCL), poly(glycolic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) can be used with
natural polymers to produce polymer composites with improved performance [20–24].
Among these synthetic polymers, nylon 66 (polyamide 66, PA66) is a multifunctional
synthetic thermoplastic polymer broadly used in textiles, parachutes, biomedical fields,
and functional materials [25]. It was reported that PA66 has been successfully used to
modify epoxy resins to achieve tensile toughness enhancement [26], however there has
been limited work related to the use of PA66 for the modification of natural polymers,
especially gelatin. Owing to its anti-abrasion resistance, high mechanical strength, light
weight, relatively low cost and, very importantly, biological safety [27–31], PA66 can be
used as a potential modification material for gelatin.

In this work, SBS was used to rapidly fabricate GA/PA66 composite nanofiber films to
address the need for food packaging materials to be prepared on a large scale. The feasibility
of PA66 as the modifier to enhance comprehensive performance of gelatin in mechanical
properties and the ability to resist dissolution was evaluated. The morphology, diameter
distribution, molecular interaction, crystal structures, thermal stability, mechanical strength,
water contact angle (WCA) and water vapor permeability (WVP) of the GA, GA/PA66 and
PA66 films were characterized. In addition, the prospects of SBS for rapid preparation of
food packaging are discussed.

2. Materials and Methods

2.1. Chemicals

Gelatin (GA, Bloom 250 g) was obtained from Aladdin, Inc. (Shanghai, China). Nylon
66 (PA66, pellets) was obtained from Sigma Aldrich (St. Louis, MO, USA). 88% (v/v) Formic
acid and glacial acetic acid (analytical reagent grade) were acquired from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Spinning Solution

GA (12% w/v) solutions were obtained through dissolving 1.2 g GA in 10 mL glacial
acetic acid after sufficient stirring overnight. PA66 (12% w/v) solution was obtained
through adding 1.2 g PA66 pellets into 10 mL formic acid with stirring overnight. Blend
solutions at a final concentration of 12% (w/v) with gelatin/PA66 weight ratios of 1/2,
1/1 and 2/1 were obtained through dissolving gelatin and PA66 in glacial acetic acid and
formic acid after stirring overnight. The solution was stirred for 6 h and ultrasonic treated
for 30 min before the SBS process.
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2.3. Solution Blow Spinning (SBS) Process

The JNS-SBS-01 SBS apparatus (Janus New-Materials Co., LTD, Nanjing, China) was
employed to fabricate the nanofibrous films. Solutions were added into a syringe, and the
feed rate of syringe pump was 3 mL/h. The distance between nozzle and reticular collector
was 20 cm. An air pressure of 0.06 MPa was used to provide a stable shear force. The SBS
process was performed at 30 ◦C with a relative humidity of approximately 50%. Obtained
films were GA film, PA66 film and gelatin/PA66 (2:1, 1:1, 1:2) films, respectively.

2.4. Fiber Morphology

The nanofiber morphology of the films was observed by FE-SEM (GeminiSEM 300,
ZEISS, Oberkochen, Germany). The average diameters of nanofiber and their distributions
were obtained through randomly measuring 100 fibers with Nano Measurer 1.2 (Fudan
University, Shanghai, China).

2.5. Fourier Transform Infrared (FTIR) Analysis

FTIR analysis was carried out by method of KBr pellet to determine interactions among
the components. The FTIR spectrum was obtained by using a Nicolet 170-SX instrument
(Thermo Nicolet Ltd., Waltham, MA, USA). The wavenumber range was 4000–400 cm−1

and an average of 32 scans at 4 cm−1 were performed for each measurement.

2.6. X-ray Diffraction (XRD) Analysis

The crystal structure of the nanofiber films can be examined through XRD. XRD anal-
ysis was performed through an X’Pert Pro diffractometer (PA Analytical B.V., Eindhoven,
The Netherlands) with the conditions at 40 kV, 35 mA. The diffraction range was 5–90◦ (2θ)
and the rate of scanning was 2◦ min−1.

2.7. Thermal Analysis

DSC was performed through a TA Q200 instrument (TA Instruments, Newcastle, DE,
USA) with the heating range of 20 ◦C to 300 ◦C. TGA was performed through a TA Q500
instruments (TA Instruments, Newcastle, DE, USA) with the heating range of 50 to 600 ◦C.
The rate of heating for DSC and TGA was 10 ◦C min−1.

2.8. Mechanical Strength

The mechanical strength of the nanofibrous films was measured through a mechanical
testing instrument (Instron 5944, Norwood, MA, USA) quipped with a loadcell of 10 N
used at ambient temperature. The force rate was 1 mm min−1. The films were tailored into
strips with a thickness of 0.1 mm.

2.9. Water Contact Angle (WCA)

A OCA20 device (Data Physics Co., Ltd., Bad Vilbel, Germany) was employed to
investigate the WCA of the nanofibrous films through the sessile drop method [32]. The
nanofibrous films were fixed on the object slides, and then a droplet of distilled water
(3.5 μL) was deposited on the nanofibrous films. The water drops at 0 and 3 s were both
recorded and averaged to determine the values of the WCA. The WCA value was computed
from three positions on the films [33].

2.10. Water Vapor Permeability (WVP)

The ASTM E96 gravimetric method was used to calculate the WVP values. Fibrous
film was fixed on top of a permeation cup filled with distilled water and kept in a desiccator
loaded with dry silica gel. Following the attainment of steady state (approximately 1 h), the
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permeation cups were weighed every 12 h during a 5-day period. The WVP was obtained
according to the following Equation [34]:

WVP =
ΔM × d

Δt × A × Δp
(1)

where ΔM/Δt is the weight of water loss per unit time (g h−1), d is the film thickness (mm),
A is the area of the film exposed to moisture (m2), and Δp is the water vapor pressure
difference crossing the film (3.1671 kPa at 25 ◦C), respectively.

2.11. Solvent Resistance

The GA, PA66, and GA/PA66 films were tailored into round sheets and immersed in
1 × PBS for 24 h at room temperature, respectively. After drying at room temperature, the
morphology of the samples was observed using field-emission scanning microscopy.

2.12. Statistical Analysis

All data were prepared in triplicate and expressed as the mean values ± standard
deviation (SD). One-way ANOVA was performed using SPSS 19.0 statistical software (IBM
Corp., Armonk, NY, USA) followed by Duncan’s multiple comparison test; p < 0.05 had
statistical significance.

3. Results and Discussion

3.1. Morphologies of Nanofibrous Films

Figure 1 shows the pictures of each film and the morphologies and diameter distri-
butions of the solution blowing spun GA, PA66 films and GA/PA66 films with various
weight ratios (2/1, 1/1 and 1/2 w/w). The average diameter of pure GA fibers was over
1000.0 nm, and the average diameter of pure PA66 fibers was 223.2 nm; with the weight
ratio of PA66 increased from 1:2 to 2:1, the diameters increased from 172.3 nm to 322.1 nm.
It can be observed that the addition of PA66 resulted in a significant reduction in fiber
diameter, thus creating a denser network structure, which could improve the water vapor
barrier performance. This was probably due to the fact that the addition of PA66 reduced
the viscosity of the solution and promoted the elongation of the nanofibers, resulting in a
thinner diameter [12]. In a similar study of modification of gelatin by Meng et al. [22], they
found the average diameter of GA/poly (lactic-co-glycolic acid) (PLGA) nanofibers also
decreased with the addition of PLGA. Moreover, the pure GA fibers were straight, while
after the addition of PA66, the GA/PA66 composite fibers showed a curly appearance.
In addition, the usage of pure gelatin solution for spinning resulted in a large number
of droplets, so the film had hard lumps, leading to low solution utilization; while after
the introduction of PA66, the droplets were significantly reduced and the phenomenon
of hard lump formation disappeared, making the solution utilization improve. Therefore,
this indicates that the addition of PA66 led to the improvement of GA spinnability during
the SBS fabrication of nanofiber films. Like other spinnable polymers, nylon may increase
the viscoelasticity of the gelatin-containing precursor solution, allowing for easier fiber
formation [35].

3.2. FTIR Spectra Analysis

Figure 2a shows the FTIR spectra of the GA, PA66 films and GA/PA66 films with
various weight ratios. For the GA film, the broad stretching band at 3000 to 3750 cm−1

(amide A) was related to N–H stretching vibrations and O–H, and three characteristic
peaks of GA were observed at around 1647 cm−1 (amide I) corresponding to C=O and
C–N stretching vibrations, 1542 cm−1 (amide II) corresponding to N–H bending and C–H
stretching vibration, and 1259 cm−1 (amide III) [9,36]. For PA66 film, the adsorption peak
appearing at 3305 cm−1 belonged to the N–H stretching band of amine group and the peaks
at 1641 cm−1 and 1540 cm−1 [37]; and the characteristic peak at 2934 cm−1 corresponding to
the stretching vibration of C–H also confirmed solid evidence of the existence of PA66 [38].
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Figure 1. Pictures and scanning electron microscopy (SEM) images of the solution blowing spun
gelatin (GA) (a), GA/PA66 (2:1) (b), GA/PA66 (1:1) (c), GA/PA66 (1:2) (d), PA66 (e) nanofibers.

Figure 2. (a) Fourier transform infrared (FTIR) spectra and (b) X-ray diffraction (XRD) patterns of the GA, GA/PA66 (2:1),
GA/PA66 (1:1), GA/PA66 (1:2), PA66 nanofibers.

The absence of peak splitting in all mixed nanofibers indicates that gelatin and PA66
were uniformly dispersed in the fibers. Overall, the GA/PA66 composite films exhibited
similar major peaks, but with different amplitudes. The characteristic peaks of PA66 at
around 3305 and 2934 cm−1, and three characteristic peaks of at around 1647, 1542 and
1259 cm−1 belonging to GA, were observed in the GA/PA66 composite films, indicating
that the introduction of PA66 did not disrupt the structure of GA and the homogeneous
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mixing in the GA/PA66 composite film. In addition, it can be observed that the peak around
3436 cm−1 in GA shifted to a higher band at about 3305 cm−1. The lower intensity of the
peak in the range 3125 cm−1 and 3400 cm−1 may be attributed to the interaction between
the O–H and N–H groups of gelatin and PA66 molecules resulting in more intermolecular
or intramolecular hydrogen bonding [20]. This result may also explain the phenomenon of
improved GA spinnability mentioned above.

3.3. XRD Analysis

Figure 2b shows the XRD results of the GA, PA66 films and GA/PA66 films with
various weight ratios. PA66 has two obvious diffraction peaks at around 2θ = 20.1◦ ascribed
to the interchain hydrogen bond plane of the amide group [29] and 2θ = 23.7◦, which is
similar to the results of Noguchi’s study [39]; whereas gelatin had a broad diffraction peak
at 2θ = 19.2◦, suggesting a low crystallinity of GA. For the GA/PA66 composite films, two
diffraction peaks appeared between 20◦ and 25◦, which were corresponding to the two
characteristic peaks (α1 and α2) of the α-crystalline form of PA66 [38]. It was noticeable
that the intensity of the peaks of the GA/PA66 composite film was enhanced compared to
the pure GA film, suggesting that the crystallization of the GA/PA66 composite films was
advanced with the addition of PA66.

3.4. Thermal Analysis

Figure 3a shows the DSC curves of the GA, PA66 films and GA/PA66 films with
various weight ratios. The melting temperature (Tm) and melting enthalpy (ΔHm) are
summarized in (Table 1). The Tm of the pure GA and PA66 films were 126.50 ◦C and
260.43 ◦C, respectively. It should be noticed that the Tm and ΔHm of the GA/PA66 com-
posite films decreased with the addition of PA66. This might be because the GA nucleation
was promoted to generate crystalline regions after the introduction of PA66.

Figure 3. (a) Differential scanning calorimetry (DSC) and (b) thermogravimetric analysis (TGA) curves of the GA, GA/PA66
(2:1), GA/PA66 (1:1), GA/PA66 (1:2), PA66 nanofibers.
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Table 1. Detailed data of the DSC and TGA thermograms for the nanofibrous films.

Sample
DSC Parameters TGA Parameters

Tm, GA (◦C) ΔHm, GA (J/g) Tm, PA66 (◦C) ΔHm, PA66 (J/g) T10wt% (◦C) 1 Tmax (◦C) 2 Wred (%) 3

GA 126.50 145.10 / / 236.70 329.59 21.04
GA/PA66 (2:1) 110.20 148.7 259.71 21.87 240.17 330.22 16.20
GA/PA66 (1:1) 106.22 115.3 259.81 28.74 282.64 427.51 13.50
GA/PA66 (1:2) 108.28 102.9 260.39 38.52 298.13 435.59 9.70

PA66 / / 260.43 65.61 387.09 420.18 2.95
1 T10wt% was the temperature at 10% mass loss. 2 Tmax was the temperature at maximum weight loss rate. 3 Wred was the residual weight
at 600 ◦C.

Figure 3b shows the TGA curves of the nanofibrous films, and the details were
provided in (Table 1). The results indicate that there was a weight loss in the period from
50 to 260 ◦C, which was related to the vaporization of moisture [40]. After approximately
300 ◦C, a higher loss of nanofiber films resulting from polymer decomposition was recorded.
The decomposition of GA occurs at about 300 ◦C, while the decomposition of PA66 at
around 420 ◦C was observed. As the temperature hits 600 ◦C or higher, the mass of the
films tended to be stable, indicating that the decomposition of the films was complete.
At the completion of the TGA, the residual weights of the pure GA and PA66 films were
21.04% and 2.95%, respectively. The residual weights of the GA/PA66 composite films
were 16.20%, 13.50% and 9.70%, corresponding to weight ratios of 2/1, 1/1 and 1/2, which
were negatively correlated with the weight of PA66. The above results revealed that the
residual amount of the composite films was reduced, while the rate of decomposition and
the maximum decomposition temperature increased.

3.5. Mechanical Properties Analysis

Figure 4 shows the mechanical properties of the GA, PA66 films and GA/PA66 films
with various weight ratios. The elastic modulus, elongation at break, and tensile strength
of the GA film were 0.52 MPa, 7.98%, and 0.03 MPa, respectively. This result implied that
the GA film was a material with poor ductility and mechanical strength. After blending
with PA66, the elongation at break of the GA film increased substantially from 7.98% to
30.36% at the weight ratio of 1:1 (GA/PA66), and the tensile strength of the GA film were
considerably enhanced from 0.03 MPa up to 1.42 MPa, which was 48 times higher, but
there was a certain range of differences compared with pure PA66 nanofiber film. This
might be due to the fact that the reduction of the diameter of nanofibers led to an increase
in the density of inter-fiber alignment, and the uniformity of the nanofiber film might
be improved [41]. In a similar study of Zhang et al. [21], they found that the mechanical
properties of the GA films was also improved with the addition of poly(ε-caprolactone).
In addition, the elongation at break of GA/PA66 was significantly improved compared to
the pure GA film. These results indicate that the composite films had higher mechanical
strength due to the addition of PA66.

3.6. Water Contact Angles Analysis

Figure 5 shows the WCAs of the films at the equilibration times of 0 s and 3 s. The
WCA of the GA film was 111.73◦ at 0 s and 71.87◦ at 3 s, which implied the GA film had a
comparatively hydrophilic surface. This was because GA was a hydrophilic material [42].
The WCA of the PA66 film was 136.83◦ at 0 s and 137.07◦ at 3 s, which meant the PA66
film had a comparatively hydrophobic surface. However, the hydrophilicity of GA/PA66
films was significantly increased since the composite films had a super hydrophilic surface
of 0◦ at both 0 s and 3 s. Similar results were reported by Cao et al. [43], who found that
compared to pure polyethersulfone film, the hydrophilicity of the polyethersulfone/PA66
filtration film surface was improved. This may be related to the fact that a considerable
number of hydrophilic groups existed in PA66 [44], and the homogeneous dispersion of
gelatin in the mixing system, thus exposing the hydrophilic groups more sufficiently to
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the surface. The hydrophilic surfaces of materials have been considered as an important
factor in increasing the antimicrobial agent loading and antimicrobial activity. Karam
et al. [45] found that hydrophilic surfaces could load more antimicrobial agents (nisin) and
had higher antimicrobial activity than hydrophobic surfaces. Therefore, the GA/PA66
composite film presents promising potential in loading high doses of antimicrobial agents
for food packaging.

Figure 4. Mechanical properties of the nanofibrous films: (a) stress-strain curves; (b) elastic modulus; (c) elongation at break;
(d) tensile strength. Values denoted with different letters (a–e) are significantly different (p < 0.05), where a is the highest
value.

Figure 5. Water contact angles of the films at 0 s and 3 s (equilibration time).
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3.7. Water Vapor Permeability Analysis

The rate of water vapor transmission was investigated to be proportional to the
porosity of the nanofiber film due to the fiber diameter [46]. Figure 6 shows the WVP
values of the GA, PA66 films and GA/PA66 films with various weight ratios. It is well
acknowledged that WVP is an inevitable factor of packaging products, which is associated
with the exchange of water with the food and the environment [34]. The WVP values of
the pure GA and PA66 nanofibrous mat were 16.99 and 12.61 g mm/m2 h kPa, respectively.
When mixing with PA66, the WVP decreased significantly at weight ratios of 2:1 and
1:2 (GA/PA66), and the WVP for the GA/PA66 composite film declined from 16.99 to
9.93 g mm/m2 h kPa at weight ratios of 2:1 (GA/PA66), indicating that the water vapor
barrier performance was improved. This improved water vapor barrier performance could
be attributed to a higher crystallization, which could function as a nucleating element,
producing increased crystallinity and impermeable regions in the film [47]. In a similar
study of the modification of gelatin by Mohammadi et al. [48], they also found that the
WVP of GA/chitosan composite film significantly decreased after chitosan was added.

Figure 6. Water vapor permeability of the nanofibrous films. Values denoted with different letters
(a–c) are significantly different (p < 0.05), where a is the highest value.

3.8. Solvent Resistance

Figure 7 shows the morphologies of the PA66 films and GA/PA66 films after immers-
ing them in 1 × PBS for 24 h and drying. The pure gelatin film (Figure 7a) swelled in
1 × PBS solution, completely losing their fibrous structure and dried to form a transparent
solid with a block-like structure, while the pure PA66 film (Figure 7e) remained intact
in its fibrous form. With the addition of PA66, the fiber structure of the composite films
(Figure 7b–d) was well maintained, indicating that the addition of PA66 could effectively
improve the ability of GA to resist dissolution and thus maintained the various advantages
brought by its nanometer size. The explanation for this could be that the PA66 network
provided good support in an aqueous environment to maintain the basic structure of the
gelatin. This intact fiber structure could improve the barrier performance of the fiber film
in humid environments. The above results are consistent with the observation of Deng
et al.’s work [16], which found that zein particles were distributed nicely in the gelatin
network and helped preserve the compact structure by co-electrospinning. As reported by
Ahammed et al. [49], the resistance to water of GA was also improved with the solubility
in water decreased from 100% to 40% after the introduction of zein. The improved solvent
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resistance allows GA/PA66 composite films to be used for packaging of foods that generate
water vapor due to respiration, such as fruits and vegetables.

Figure 7. Morphologies of the GA (a), GA/PA66 (2:1) (b), GA/PA66 (1:1) (c), GA/PA66 (1:2) (d) and PA66 (e) films after
immersed in 1 × phosphate-buffered saline (PBS) for 24 h.

4. Conclusions

In this work, GA/PA66 composite films were fabricated successfully by the SBS
technique. The addition of PA66 resulted in a significant reduction in the diameter of
the composite film. The SBS process mixed GA and PA66 into a homogeneous system by
forming hydrogen bonding. Compared to the pure gelatin film, the GA/PA66 composite
films had higher mechanical strength and the solvent resistance was improved. Overall,
the comprehensive observation of GA/PA66 composite films indicated that PA66 can be
used as a modified material for gelatin to improve the mechanical properties and solvent
resistance, and SBS presents great promise for the rapid preparation of large area nanofiber
film for food packaging.
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Abstract: An ethyl acetate extract from of Nervilia fordii (NFE) with considerable suppression activity
on lipid peroxidation (LPO) was first obtained with total phenolic and flavonoid contents and anti-
LPO activity (IC50) of 86.67 ± 2.5 mg GAE/g sample, 334.56 ± 4.7 mg RE/g extract and 0.307 mg/mL,
respectively. In order to improve its stability and expand its application in antioxidant packaging, the
nano-encapsulation of NFE within poly(vinyl alcohol) (PVA) and polyvinyl(pyrrolidone) (PVP) bio-
composite film was then successfully developed using electrospinning. SEM analysis revealed that
the NFE-loaded fibers exhibited similar morphology to the neat PVA/PVP fibers with a bead-free and
smooth morphology. The encapsulation efficiency of NFE was higher than 90% and the encapsulated
NFE still retained its antioxidant capacity. Fourier transform infrared spectroscopy (FTIR) and X-ray
powder diffraction (XRD) analysis confirmed the successful encapsulation of NFE into fibers and
their compatibility, and the thermal stability of which was also improved due to the intermolecular
interaction demonstrated by thermo gravimetric analysis (TGA). The ability to preserve the fish oil’s
oxidation and extend its shelf-life was also demonstrated, suggesting the obtained PVA/PVP/NFE
fiber mat has the potential as a promising antioxidant food packaging material.

Keywords: electrspinning; Nervilia fordii extract; nano-encapsulation; antioxidant activity

1. Introduction

Antioxidant packing is a promising approach to avoiding oxidative damage of fatty
foods by the incorporation of antioxidant agents into the packaging material [1]. This
allows sustained release behavior of encapsulated antioxidants with high bioactivity, thus
preserving food quality and extending its shelf-life. The increasing demand for healthy
and safe food has promoted the study and the utilization of natural extracts, such as allium
ursinum L. extract [2], coptis chinensis extract [3] and cinnamon essential oil [4]. Nervilia fordii
(Hance) Schltr (Orchidaceae), also called “Qing Tian Kui”, is one kind of Nervilia species
that is mainly distributed in the Southwest of China and Southeast Asia [5]. It has been
employed as a traditional Chinese herbal medicine for the treatment of tuberculosis, cough,
and throat swelling. Phytochemical studies have focused on the isolation and identification
of bioactive compounds [6]. This is the first report regarding the antioxidant activity of
different solvent extracts from Nervilia fordii and its potential for antioxidant packaging.

Studies have shown that the nanostructure of packaging material with a high surface
area is beneficial for the release of encapsulated compounds compared to that of a bulk ma-
terial. Electrospinning is an emerging and promising technique to produce nanofibers due
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to the ease of operation, versatility at room temperature, controllable fiber morphology, and
high entrapment capacity of different bioactive compounds [7]. It has been well established
in food areas such as active food packaging, targeted delivery, and functional foods [8–10].
Recently, more attention has been paid to biodegradable polymers because of the serious
environmental problem caused by traditional plastic waste. Polyvinylpyrrolidone (PVP), a
nontoxic and biocompatible polymer with excellent film-forming ability, has been applied
as a packaging material [11]. Previous study showed that electrospun PVP nanofibers
can be used to increase the solubility and achieve the controlled release of curcumin [12].
However, the neat PVP film is too brittle and easily broken, which limits its application.
Poly(vinyl alcohol) (PVA) is also an electrospinable and non-toxic polymer permitted for
food contact materials [13]. It has been reported that PVA has been blended with other poly-
mers to encapsulate bioactive compounds, including chitosan [14], polycaprolactone [15],
and soy protein isolate [16]. To the best of our knowledge, studies on combinations of PVA
and PVP for the preparation of electrospun antioxidant packaging material have not been
reported yet.

Hence, in this study, different solvent extracts of Nervilia fordii were prepared and the
antioxidant activity was measured using DPPH radical scavenging and lipid peroxidation
assay. After that, the development of the PVA/PVP-based biodegradable polymer matrix
for the encapsulation of ethyl acetate extract of Nervilia fordii (NFE) using electrospinning
was performed to improve its stability and antioxidant bioactivity. The morphology, encap-
sulation efficiency and structural characterization of the obtained composite fibers were
investigated. Finally, the applicability for lessening the fish oil oxidation was also explored.

2. Materials and Methods

2.1. Materials

The dried aerial part of Nervilia fordii with water content being around 11% was pur-
chased from the Dashenlin Pharmaceutical Co. Ltd. (Guangzhou, China) with phenological
stage being September in 2018; 2, 2-Diphenyl-1-picrylhydrazine (DPPH), ascorbic acid (Vc),
rutin, gallic acid were obtained from Sigma-Aldrich Co. (Shanghai, China). PVP of molecu-
lar weight 1,300,000 was obtained from Aladdin Biological Technology Co., Ltd. (Shanghai,
China); PVA (M w 85,000−124,000) was provided by Tianyi company (Guangzhou, China).
All other reagents used were analytical grade.

2.2. Preparation of Different Solvent Extracts

The different Nervilia fordii extracts were prepared as follows: 10 g of air-dried aerial
part of Nervilia fordii plant was mixed with 100 mL of a certain concentration of ethanol
solution. The mixture was stirred at a certain temperature (50~90 ◦C) for 2 h, and the
residues were re-extracted twice. Filtrates were pooled, and, after the evaporation of
ethanol, the concentrated ethanol extract was then extracted with petroleum ether, ethyl
acetate, and n-butanol for 4 h, respectively. The supernatants were combined and the
residue was re-extracted by repeating the above procedure twice. The effects of variables
like the ethanol concentration, temperature and solid-to-solvent ratio on DPPH activity
were investigated. Finally, the obtained extracts were freeze-dried and kept in a desiccator
for further analysis.

2.3. Determination of Antioxidant Contents in Nervilia fordii Extracts

(1) Total phenol content (TPC)

TPC was measured by Folin–Ciocalteu Reagent assay according to a previous study
with some modifications [17]. In brief, 100 μL of different concentrations of solvent extracts
were individually dissolved in 70% ethanol. Then, 0.5 mL of Folin–Ciocalteu Reagent and
7.9 mL of water were added, followed by shaking. After incubation in the dark for 5 min,
the solution was reacted with 1.5 mL of 10% Na2CO3 solution and incubated in the dark for
2 h. After that, the absorbance at 765 nm against a blank was measured. A series of gallic
acid standard solution was used to establish a calibration curve. The results were expressed
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as mg gallic acid equivalent (GAE)/g extract. For the NFE-loaded film, the sample was
first immersed into 10 mL of 70% ethanol. The obtained extract solution from film was
then determined by the above method. The TPC is expressed as mg of GAE/g film.

(2) Total flavonoid content (TFC)

TFC was calculated by AlCl3-HAc-NaAc (pH 5.5) assay. Briefly, 200 μL different
concentrations of solvent extracts were individually dissolved in 70% ethanol. Then 300 μL
of 0.1 mol/L AlCl3 solution and 200 μL of HAc-NaAc buffer solution (pH 5.5) were serially
added and mixed with 4.5 mL of 70% ethanol. The absorbance at 405 nm was monitored.
A series of rutin standard solution was used to establish a calibration curve. The results are
expressed as mg rutin equivalent (RE)/g extract.

2.4. Antioxidant Activity Analysis

(1) DPPH assay

DPPH assay was used to evaluate the free radical scavenging activity of each sample
as described by Neo with slight modifications [18]. Briefly, a certain amount of different
extracts was dissolved in 70% ethanol aqueous solutions. One milliliter of the sample
solution was then mixed with 3 mL of 0.1 mM DPPH that dissolved in ethanol in the dark
for 30 min. The DPPH radical-scavenging rate was expressed as follows:

DPPH radical-scavenging rate % = (A517, control − A517,sample)/A517,control × 100%

A517,sample and A517,control are the absorbance of DPPH solution with or without samples.

(2) Lipid peroxidation (LPO) assay

First, the yolk lipoprotein solution was prepared as follows: albumen was removed
from fresh eggs and the yolk was mixed with the same volume of 0.1 mol/L phosphate
buffer (pH 7.4). After shaking for 10 min, the mixture was diluted into 1:25 using phosphate
buffer. The obtained solutions were kept at 4 ◦C. Then, 0.2 mL of the above solutions was
serially mixed with 0.1 mL of tested sample, 0.2 mL of FeSO4 and 1.7 mL phosphate buffer.
The mixtures were incubated at 37 ◦C for 1 h followed by adding 0.5 mL of trichloroacetic
acid (TBA, 20%, w/v) solution. After 10 min incubation, the mixture was centrifuged at
4000 rpm for 10 min. The supernatant (2 mL) was taken out and mixed with 1 mL of TBA
(0.8%) in a boiling water bath for 15 min. After cooling down to 25 ◦C, the absorbance
was monitored at 532 nm. The LPO suppression ratio was determined as follows: LPO
suppression ratio (%) = ((Acontrol − Asample)/Acontrol) × 100%

Asample and Acontrol are the absorbance of solution with or without samples.

2.5. Encapsulation of Nervilia fordii Extract by Electrospinning

NFE was first prepared according to the optimized extract conditions described in
Section 2.2. After that, the blending solution of PVA with PVP containing NFE was achieved
as follows. First, 10%~15% (w/v) of PVA solution was prepared by stirring at 80 ◦C for 2 h.
Then, the NFE-loaded PVP solution that was dissolved in 90% ethanol was added into the
above PVA solution with a volume ratio of 1:1 to achieve a total polymer mass ratio and
NFE of 12.5% and 4%, respectively. Finally, the electrospinning solution was injected into
a syringe (21# needle), and the electrospinning process was conducted as a feed rate of
0.3 mL/h, voltage of 16 kV and distance of 14 cm. The encapsulation efficiency (EE) and
loading capacity (LC) of NFE were determined based on the measurement of the amount
of non-encapsulated extract. In brief, hexane was used to remove the free NFE from the
electrospun nanofiber for 2 min, and the absorbance of obtained solution was measured at
472 nm. A series of NFE solution dissolved in hexane was used to establish a calibration
curve. The EE and LC were determined as below:

EE% = (theoretical mass of NFE − free mass of NFE)/theoretical mass of NFE ∗100
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LC% = (theoretical mass of NFE − free mass of NFE)/the mass of fiber∗100

2.6. Characterization of the Electrospun Fiber Mat

Scanning Electron Microscopy (SEM). The morphology of the obtained fiber was ob-
served by a 3700 N scanning electron microscopy (SEM, Hitachi, Japan). The average
diameter of fibers and the fibers size distribution was analyzed by Image-J software.

Fourier transform infrared Spectroscopy (FTIR). The interactions among PVA, PVP and
NFE were investigated by FTIR spectroscopy (Bruker-VERTEX 70, Germany). The analysis
was conducted under wave number of 3800–500 cm−1 and resolution of 4 cm−1.

X-ray diffraction pattern (XRD). The XRD pattern of the different composite fibers
was recorded to examine the crystallography of the prepared films using a MiniFlex 600
diffractometer (RigaKu, Tokyo, Japan) with Cu-Kα radiation. Data were collected in the 2θ
range from 5◦ to 60◦ with a step of 0.02◦.

Thermogravimetric Analysis (TGA). The thermal property of the fiber mats was charac-
terized using a TGA Q500 (TA Instruments, New Castle, DE, USA). The sample was heated
from 25 ◦C to 700 ◦C with a heating rate of 20 ◦C/min under nitrogen gas atmosphere.

2.7. Oxidative Stability in Accelerated Storage Test

The oxidative stability of encapsulated fish oil was analyzed under storage conditions
of 45 ◦C since low and ambient temperatures require a relative long period of time. As
described previously [19], 10 mL of fish oil sample was aliquoted into 20 mL brown glass
vials, and 20 mg TA fibrous mat (2 cm × 3 cm) were added, followed by incubation at
45 ◦C in the dark for 30 days, as shown in Figure 1. This subject is of primary importance,
since the goal of the paper is to evaluate the potential application of the antioxidant film as
a pouch or direct contacting material. The un-encapsulated fish oil was used as the control,
while oil samples with pure PVA/PVP film were used as a negative control. Peroxide
value (PV) analysis was conducted by taking different amounts of samples out at different
intervals as follows [20]. Briefly, 3 g of fish oil sample was dissolved in 50 mL of acetic acid
and chloroform mixture (3:2 v/v). Then, 1 mL of saturated KI solution was added and the
mixture was kept in the dark for 1 min. After adding distilled water (50 mL), the mixture
was immediately titrated with 0.01 mol/L of sodium thiosulfate until the yellow color had
almost disappeared. The PV value was determined as follows:

PV value (mEq of O2/kg sample) = 12.69 × 78.8 × (VS − VB) × C/m.

where VS and VB is the volume of titrant used in the titration of oil sample and a blank
without any oil sample (mL), respectively, C is the concentration of sodium thiosulfate
(mol/L) and m is the weight of oil sample (g).

 

Figure 1. The schematic diagram for measuring the fiber mat’s antioxidant activity on fish oil oxidation.
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2.8. Statistical Analysis

All experiments were performed in triplicate. The obtained results were reported
as the mean values ± standard deviations. Significant differences were carried out by
SPSS 17 statistical software (SPSS Inc., Chicago, IL, USA), as p < 0.05 is regarded to be
significantly different.

3. Results

3.1. Preparation of Nervilia fordii Ethanol Extract

The extraction parameters for Nervilia fordii ethanol extract was first optimized using
single factor experiments by investigating the effects of variables such as the ethanol
concentration, temperature and solid-to-solvent ratio on the antioxidant activity and yields
of Nervilia fordii ethanol extract. Regarding the ethanol concentration, from Figure 2a, it
can be seen that no significant difference (p < 0.05) in DPPH scavenging rate between the
two ethanol concentrations (60% and 70%) was observed. For the extraction temperature,
it was found that the increase of temperature would cause an enhanced DPPH scavenging
activity (Figure 2(b1)), which may be ascribed to the accelerated molecular movement
and decreased solvent viscidity. There was no statistical significance (p > 0.05) among the
extraction temperatures with the value of 70 ◦C vs. 80 ◦C. In addition, higher temperature
could cause the degradation of the flavonoids and phenolic compounds, as exhibited
in the yields (Figure 2(b2)), a similar phenomenon was reported by Altemimi et al. [21].
Figure 2(c1) shows that DPPH activity was significantly increased (p < 0.05) with the
increase of the solid-to-solvent ratio from 1:5 to 1:15, and no significant difference (p < 0.05)
was observed between 1:10 and 1:15. This finding agreed with Prasad et al. who found
that the permeation of compounds into the solvent can be enhanced under the higher
solid-liquid ratio [22]. However, too high of a liquid-solid ratio can restrain the cavitation
effect (Figure 2(c2)). Hence, from an economic point of view, the optimized process for
Nervilia fordii ethanol extract was: ethanol concentration 60%, extraction temperature 70 ◦C
and solid-to-solvent ratio 1:10.

After that, Box-behnken design (BBD) and response surface methodology (RSM) were
then adopted for the optimization of extraction parameter. The levels for response surface
design are shown in Table S1. The ANOVA results (Table S2) revealed that the model was
remarkably significant (p < 0.0001), and the R-squared value obtained was 0.9968, indicating
the model was very consistent with the experiment results. The fitted equation was: DPPH
scavenging rate (%) = 38.95 − 0.75*A + 1.53*B + 1.69*C + 0.31*B*C + 0.28*A*C − 0.25*A*B −
0.43*A2 − 0.81*B2 − 1.04*C2 (A—Ethanol concentration; B—Temperature; C—Solid to liq-
uid ratio). Besides that, two-dimensional contour plots and three-dimensional response
surface for the correlation between any two variables are displayed in Figure S1. The
optimal condition for extraction of Nervilia fordii ethanol extract was obtained as follows:
ethanol concentration 55.55%, extraction temperature 75 ◦C and solid–liquid rate 14.2:1.
Regarding the practical situation, the optimal condition was adjusted to an ethanol concen-
tration of 56%, extraction temperature of 75 ◦C and solid–liquid rate of 14:1. Under which,
the DPPH scavenging rate of Nervilia fordii ethanol extract obtained was 41.5%, which is
closer to the theoretical prediction value of 40.9%, suggesting that the model was desirable.
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Figure 2. Effects of extraction condition on the extract’s DPPH radical scavenging activity and yield.
((a1–c1) indicated the effects of ethanol concentration, temperature and solid-liquid rate on the DPPH
radical scavenging rates of Nervilia fordii ethanol extract, respectively; (a2–c2) indicated the effects
of ethanol concentration, temperature and solid-liquid rate on the yields of Nervilia fordii ethanol
extract, respectively).

3.2. Antioxidant Capacities of Different Solvent Extracts

Then, different solvents (petroleum ether, ethyl acetate and n-butyl alcohol) were used
to further extract the above obtained Nervilia fordii ethanol extract and their antioxidant
activities were evaluated. From Figure 3a, it can be seen that the activity increased with
the increase of extract concentration, and the scavenging abilities on DPPH radicals were
in the order of ethyl acetate extract of Nervilia fordii (NFE) > n-butyl alcohol extract of
Nervilia fordii (NFB) > petroleum ether extract of Nervilia fordii (NFP), which reached 94.5%,
60.5%, 33% and 18.4% at 3 mg/mL, respectively. However, a better scavenging rate was
exhibited by Vc (96.3% at 0.1 mg/mL). As summarized in Table 1, the EC50 values of
DPPH radical-quenching activity for NFE, NFB and NFP were 0.66, 2.43 and 4.25 mg/mL,
respectively. Lipid peroxidation (LPO) is also considered to be another type of free radical
oxidation, which is related to cellular damage. Similar to the tendency of DPPH scavenging
activity of extracts, the LPO inhibition potency of different extracts were also concentration
dependent and NFE possessed the highest inhibitory effect. Figure 3b shows that the
inhibition rate rose from 24.9% to 77.4% for Vc and from 12.8% to 88.7% for NFE with
the concentration increasing from 100 μg/mL to 500 μg/mL, respectively. In particular,
a higher inhibition rate was achieved for NFE than that of Vc when the antioxidant
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concentration >300 μg/mL. From the IC50 values of LPO suppression activity in Table 1,
NFE (0.307 mg/mL) has considerable activity in comparison to Vc (0.310 mg/mL), while
NFB was 0.347 mg/mL and NFP was 0.436 mg/mL. These results clearly indicated that all
of the solvent extracts had a noticeable effect on the inhibition of LPO, especially for the
NFE, suggesting its potential in inhibiting the oxidation of fatty food or the application for
functional foods.

 
(a) (b) 

Figure 3. The DPPH radical scavenging ability (a) and the LPO suppression ratio (b) of different
extracts and Vc.

3.3. Total Phenol and Flavonoid Contents

Being the main chain-breaking antioxidants that contributed to the antioxidant activity
of extracts, the total phenolic and flavonoid contents in different extracts were examined
using gallic acid equivalents (GAE) and rutin equivalents (RE), respectively. As presented
in Table 1, the NFE had significantly higher contents of total phenols (86.67 ± 2.5 mg
GAE/g extract) and total flavonoids (334.56 ± 4.7 mg RE/g extract), followed by NFB
and NFP. It can be concluded that the polar solvent extracts (n-butanol and ethyl acetate)
exhibited a higher content than nonpolar solvent extracts (petroleum ether) did, which may
contribute to the stronger antioxidant activity of NFE and NFB than that of NFP. Taken the
polarities of used solvents into consideration, it has been revealed that flavonoids from
Nervilia fordii were more extractable by solvents with high polarity.

Table 1. Extraction yields, and total phenols, total flavonoid contents in different extracts.

Sample

Content EC50 c of DPPH IC50 d of LPO

Total Phenols
(mg GAE a/g

Extract)

Total Flavonoids
(mg RE b/g Extract)

Radical-Quenching
Activity (mg
Sample/mL)

Suppression
Activity (mg
Sample/mL)

Ethyl acetate extract (NFE) 86.67 ± 2.5 334.56 ± 4.7 0.66 0.307
n-Butyl alcohol extract (NFB) 41.85 ± 1.3 125.9 ± 2.6 2.43 0.347

Water extract 18.04 ± 1.2 46.95 ± 1.5 8.36 0.492
Petroleum ether extract (NFP) 15.17 ± 0.8 100.36 ± 3.1 4.25 0.436

Vc 0.087 0.310

Values (mean ± SD, n = 3) in the same column followed by a different letter are significantly different (p < 0.05). a GAE, Gallic acid
equivalents. b RE, Rutin equivalents. c EC50 means the effective concentration of sample that can decrease 50% of DPPH radical scavenging
rate. d IC50 means the effective concentration of sample that can inhibit 50% of lipid peroxidation.

3.4. Encapsulation of NFE into PVA/PVP Electrospun Nanofibers

As shown in Figure 4, the different NFE content-loaded PVA/PVP fibers did not show
different morphology compared to the neat PVA/PVP fibers. However, the diameters
of nanofibers significantly increased with the addition of NFE, which could be due to
the solution characteristics as shown in Table 2. Although the conductivity decreased
with the increase of NFE into the PVA/PVP solution, no significant decrease was ob-
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served. The viscosity of the solution increased from 1535 Pa·S to 1693 Pa·S because of
the molecule entanglements, which was favorable for the formation of thick fibers [23].
A similar phenomenon was observed in tomato peel extract-loaded gelatin fibers [24]. In
addition to fiber diameter, the DPPH radical scavenging rate also enhanced by increasing
NFE concentration, suggesting the potential for antioxidant packaging (Table 2). When the
NFE concentration was 4.0 mg/mL, the scavenging rate reached 78.4%, and there was no
significant difference (p > 0.05) compared to that of 8 mg/mL. Besides that, the encapsu-
lation efficiency values for 2 mg/mL, 4 mg/mL and 8 mg/mL NFE were 96.57 ± 1.46%,
94.32 ± 1.78%, and 91.42 ± 2.45%, respectively. These results suggested that almost no
loss of NFE occurred during the electrospinning and more than 90% of NFE could be
encapsulated into PVA/PVP fibers, indicating the efficient nano-encapsulation of NFE
by electrospinning.

Figure 4. SEM images of different NFE content-loaded PVA/PVP fibers and its diameter distribution.

Table 2. Characteristics of electrospun solutions and the obtained fibers.

NFE Concentration
(mg/mL)

Viscosity (Pa·S)
Conductivity

(μS/cm)
Average Diameter

(nm)

DPPH Radical
Scavenging Rate

(%)

0 1535 326 470 0 a

2.0 1572 315 510 38.7 ± 1.2 b

4.0 1604 307 570 78.4 ± 2.4 c

8.0 1693 302 600 80.2 ± 1.9 c

Note: different letters in the same column indicates the statistically different (p < 0.05).

3.5. Characterization of Electrospun Nanofibers

The interactions and compatibility among different components were examined by
FTIR spectroscopy. Figure 5 shows that NFE exhibited peaks of O–H stretching (3330 cm−1),
C=O stretching (1705 cm−1), and C–O–C) stretching (1242 and 1079 cm−1). Compared to
neat PVP and PVP fibers, almost no changes in the spectra of PVP/NFE and PVA/NFE
were observed, suggesting that NFE could be compatibly entrapped into the PVP and
PVA fibers. When NFE was added to the PVA/PVP matrices, the infrared spectra of
NFE-loaded PVA/PVP fiber mat exhibited the characteristic peaks of both polymers, while
the presence of NFE peaks almost disappeared, indicating the encapsulation of NFE into
the fiber mat due to the formation of various kinds of intra/inter-molecular hydrogen
bonds. In particular, the intensity and width of the peak broadening over 3380 cm−1 was
in the following order of PVA/PVP/NFE > PVA/PVP, which indicated that a stronger
hydrogen bond was formed in PVA/PVP/NFE.
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Figure 5. FTIR of different samples.

A crystallinity analysis by XRD pattern was carried out to confirm the inter-molecular
interaction and biocompatibility among different components. As shown in Figure 6, pure
NFE exhibited patterns of a crystalline state with diffraction peaks at 19.67◦, 22.75◦ and 24.63◦;
however, these characteristic peaks for NFE were absent in the diffractograms of PVA/NFE,
PVP/NFE and PVA/PVP/NFE. It can be suggested that NFE was converted into an amor-
phous state, which was ascribed to the electrospinning process and the interaction with
amorphous PVP polymer. The rapid evaporation of solvent caused the quick transfor-
mation of polymer solution into solid form without enough time for crystallization [25].
Besides that, it can be seen that the first peak of PVP/NFE at 10.82◦ significantly diminished
in PVP/PVA/NFE, and the intensity of the PVA/NFE peak at 19.47◦ was weakened and
shifted to the higher 2θ position in PVP/PVA/NFE. These findings corresponded with
the FTIR study where the intermolecular interaction existed among different components,
particularly as hydrogen bonds.

 
Figure 6. X-ray diffractograms of different samples.
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TGA was used to evaluate the thermal stability of the obtained fiber mat. From
Figure 7, the weight loss around 60~180 ◦C was attributed to the evaporation of free,
freezing bound and chemical bound water for all curves. Free water is usually related to
the absorption water and the freezing bound water is weakly interacted with the polymeric
chain, while the chemical bound water is regarded as the water molecules bound to the
polymeric chains via hydrogen bound. Thus, the mass loss in the first region of the
thermograms related to different samples can be ascribed as evaporation of different types
of water. For the PVA/NFE curve, another two main weight loss regions were displayed.
The first region around 280~330 ◦C was due to the degradation of the side chain in the PVA
matrix, like the C–O bond, and the second stage (400~460 ◦C) appeared as the cleavage of
the C–C backbone in polymers, leading to so-called carbonization. In the case of PVP/NFE
film, the region around 400~460 ◦C was attributed to the degradation of PVP. In particular,
the higher degradation temperature is a result of increased number of hydroxyl groups
among components. These findings are consistent with the previous results of FTIR and
XRD analysis. Taking all results into consideration, it can be concluded that the obtained
PVA/PVP/NFE fiber mat possesses adequate thermal stability and can be safely used for
packaging application.

Figure 7. TGA curves of different samples.

3.6. Effectiveness of the Active Films against Lipid Oxidation of Fish Oil

Oxidation is one of the major causes of oil deterioration. For example, fish oil, a nutri-
tive functional food, is highly susceptible to oxidation due to the presence of polyunsatu-
rated fatty acids, thus limiting its application. Hydroperoxides are the primary products
formed in the first stage of oxidation, which can be reflected by peroxide values (PV), an
indicator that represents the extent of early phase lipid oxidation [26]. For an edible food
product, the PV levels should be less than 30 meq peroxide/kg oil [27]. Herein, the effect of
different antioxidant films on the oxidation extent of fish oil was determined by measuring
the PV at 25 ◦C for 60 days. Unpacked fish oil was used as blank. As depicted in Figure 8,
the initial raw fish oil presented a PV value of 3.03 meq peroxide/kg oil. It was increased
markedly for non-packed fish oil after day 10, reaching a maximum level of 378 meq per-
oxide/kg oil at day 50, and then declined to 343 meq peroxide/kg oil at day 60 (p > 0.05),
which may be due to the degradation of peroxides as secondary oxidation began [28]. A
similar trend was also noted for fish oil packed with PVP/PVA film, although there was a
slight suppression in the PV values compared with the control, which could be related to
the excellent gas barrier property of PVA-based films [29]. On the contrary, the different
forms of antioxidants resulted in different extents of inhibitory effects on oxidation, as
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the PV values of samples packed with PVP/PVA/NFE were always lower than that of
the oil treated with free NFE on all sampling days. For instance, the PV value (30 meq
peroxide/kg oil) occurred on the 10th, 30th and 40th day with respect to the unpacked oil
and oil packed with PVA/PVP film and free NFE, respectively. The results indicated that
the incorporation of natural antioxidants into an electrospun nanoscale delivery system
was able to maintain its activity and was more effective than that of the non-encapsulated
antioxidant due to the improved solubility. A similar trend was found in the edible guar
gum-based nanofibrous mat for the encapsulation of tannic acid to inhibit the oxidation of
flaxseed oil [19].

 
Figure 8. X-ray diffractograms of different samples. Different lowercase letters indicated a significant
difference (p < 0.05) over different incubation time that treated with the same film. Different capital
letters indicated a significant difference (p < 0.05) among different packaging film at a specific
incubation time.

4. Conclusions

In this study, the ethyl acetate extract of Nervilia fordii (NFE) possessing excellent an-
tioxidant activity was first obtained, followed by encapsulation into a PVA/PVP nanofiber
with high encapsulation efficiency. FTIR-ATR, TGA and XRD analysis confirmed the pres-
ence of hydrogen bonding interactions among different components and their miscibility
at the molecular level. The prepared nanofiber still exhibits good antioxidant activity by
inhibiting the primary oxidation products of fish oil, in particular, it was more effective
than the non-encapsulated NFE. These results suggested that nanoencapsulation by electro-
spinning is an effective way to stabilize NFE and improve its antioxidant activity. Hence,
the PVA/PVP/NFE nanofiber could be a promising antioxidant packaging material for
fatty food preservation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10081728/s1, Figure S1: Response surface and corresponding contour plots of three fac-
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variance (ANOVA) for the experimental results of BBD.
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Abstract: Dexamethasone (DEX) is widely used because of its anti-inflammatory, anti-endotoxin, anti-
shock, and stress-enhancing response activities. It can increase the risk of diabetes and hypertension
if it is abused or used improperly. However, there is a lack of sensitive and rapid screening methods
for DEX in food. In this study, a time-resolved fluorescent microspheres immunochromatographic
assay (TRFM-ICA) integrated with a portable fluorescence reader was developed for the quantitative
detection of DEX in milk and pork. The cut-off values of the TRFM-ICA were 0.25 ng/mL and
0.7 μg/kg, respectively. The limits of quantitation (LOQs) were 0.003 ng/mL and 0.062 μg/kg,
respectively. The recovery rates were 80.0–106.7%, and 78.6–83.6%, respectively, with the coefficients
of variation ranging 6.3–12.5%, and 7.5–10.3%, respectively. A parallel experiment for 20 milk
and 10 pork samples with LC-MS/MS was carried out to confirm the performance of the on-site
application of the developed TRFM-ICA. The results of the two methods are basically the same; the
correlation (R2) was >0.98. The establishment of TRFM-ICA will provide a new sensitive and efficient
technical support for the rapid screening of DEX in food.

Keywords: dexamethasone; time-resolved fluorescent microspheres; immunochromatographic assay;
milk; pork

1. Introduction

Dexamethasone (DEX) is a synthetic corticosteroid and has pharmacological effects
including anti-inflammatory, anti-toxic, anti-allergic, and anti-rheumatic activities [1].
Therefore, it is widely used in veterinary clinical treatment of maternal metabolic diseases
or in combination with antibiotics to treat infectious diseases, and it is also one of the
commonly used drugs in livestock and poultry breeding [2]. However, DEX can also cause
certain adverse reactions to animals, such as gastrointestinal reactions, allergic reactions,
liver dysfunction, skin and mucosal symptoms, etc. Long-term consumption of animal
products with excessive DEX will cause diabetes, hypertension, myocardial infarction,
gastrointestinal ulcer, and other symptoms [3]. Therefore, DEX is strictly forbidden to
be used as a growth hormone in animal-derived food globally [4]. Many countries and
organizations have established the maximum residue limits (MRLs) for DEX in animal
foods. For example, China and Codex Alimentarius Commission set MRLs of 0.3 and
0.75 μg/kg in milk and pork, respectively [5,6]. Based on the wide application, serious side
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effects, and trace detection requirements of DEX, it is imperative to establish a rapid and
sensitive detection method for DEX in food to ensure the health of humans and animals.

Since the emergence of immunochromatographic assay (ICA), it has become the most
popular rapid detection method for food safety testing due to its outstanding advantages
such as simple sample preparation, fast acquisition of test results, no professional training,
low cost, and being suitable for screening large quantities of samples [7–9]. ICA based on
gold nanoparticle (GNP) is the most widely used method on the market. However, with the
increasing demand for food safety detection, the sensitivity of GNP-ICA has become a
bottleneck restricting its development [10]. Therefore, how to improve the sensitivity
of ICA has become the focus of research. There are mainly two ways to overcome this
deficiency from the published literature. On the one hand, novel Ab-labeled tracers are
synthesized for signal amplification, such as quantum dots (QD) [11,12], fluorescent micro-
spheres (FM) [8,13], chemiluminescent materials [14,15], up conversion phosphorescence
(UCP) [16], biotin-affinity [17], and metal–organic frameworks [18]. On the other hand,
external analytical instruments are developed, such as desktop [19,20], hand-held [21,22],
or smartphone-based [23,24] reading platforms. Therefore, with the continuous develop-
ment of material technology and equipment, the problem of ICG restricted by sensitivity
will be alleviated, and its advantages in rapid detection will become increasingly promi-
nent. However, up to now, there have been only three reports on the detection of DEX
in animal-derived foods by ICA. One used GNP-ICA for milk detection, where the cut
off value was 0.5 μg/kg, which could not meet the requirement of residue detection [25].
The second used UCP-ICA for the animal tissue detection, and the stability of UCNP is
controversial [26]. The third use latex microspheres (LMs)-ICA for milk and pork detection;
based on the color diversification of LMs, different samples could be distinguished by color.
However, the sensitivity was not as good as our present work [27].

Therefore, in order to provide a stable, sensitive, reliable, and rapid detection method
for DEX residue detection, ICG based on time-resolved fluorescent microspheres (TRFM)
was established. TRFM was employed as the signal-labeled tracer with several advanta-
geous features: (a) Rare earth ions with longer fluorescence half-life (103–106 times the
traditional fluorescence) are used as labels, which have extremely wide stokes shift (he
excitation wavelength and emission wavelength are 365 and 610 nm, respectively, and the
stoke shift is more than 200 nm) and long fluorescence quenching time, thus effectively
eliminating the interference of various non-specific fluorescence and improving the accu-
racy and sensitivity [24]. (b) There are thousands of fluorescent molecules in the TRFM,
which greatly improves the labeling efficiency of fluorescence and analytical sensitivity [28].
(c) The surface of TRFM is modified with carboxyl or other functional groups, which are
used for covalent coupling with proteins or Ab, improving the stability of the conjugates.
These features are ideal for the development of ICG. Meanwhile, a portable, compact
desk reader was used to quantify results. This integrated strategy could provide valuable
technical support for the on-site detection of DEX in animal-derived food.

2. Materials and Methods

2.1. Reagents and Instruments

DEX, hydrocortisone, prednisone, triamcinolone, betamethasone, 1-ethyl-3-(3-dimethy
laminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 2-(N-
morpholino) ethanesulfonic acid (MES), ovalbumin (OVA), and bovine serum albumin
(BSA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). TRFM, europium chelates
(365/610), with 1% solid content (w/v) and 0.2 μm particle size, was purchased from Bangs
Laboratories, Inc (Fishers, IN, USA). Anti-DEX monoclonal A and DEX-OVA coating
antigen (Ag) were prepared in our laboratory. The nitrocellulose filter (NC) membrane
(Sartorius, UniSart CN95) was purchased from Sartorius Stedim Biotech GmbH (Goettingen,
Germany). The microtiter plates were supplied by the JET BIOFIL Co. (Guangzhou, China).
The polyvinylchloride (PVC) backing plate (SMA31-40), sample pad (GF-2), and absorbent
pad (CH37) were purchased from Shanghai Kinbio Tech. Co., Ltd. (Shanghai, China).
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Sucrose, sodium chloride, and other chemicals reagents were bought from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).

The strip cutter ZQ-2000 and the slitting machine SPT300 were purchased from
Shanghai kinbio Tech. Co., Ltd. (Shanghai, China). The XYZ-3060 Dispensing Platform
was bought from BioDot, Inc. (Irvine, CA, USA). The UV spectrometer was provided by
Thermo Fisher Scientific Co. (Waltham, Massachusetts, USA). The Lynx-4000 centrifuge
was obtained from Thermo Fisher Scientific GmbH (Berlin, Germany). The time-resolved
fluorescence quantitative analysis reader (FQ-S2, 254 nm, 365 nm) was purchased from
WDWK Biotechnology Co., Ltd. (Beijing, China).

2.2. Preparation of TRFM Immunoprobe

The preparation of TRFM immunoprobe mainly includes two steps: activation of car-
boxyl groups on the surface of TRFM and covalent coupling with DEX Ab [28] (Figure 1A).
Briefly, with constant stirring (300 rpm/min), 0.1 mg of TRFM was added in 1 mL of
MES buffer (50 mM, pH 5.5). Then, 15 μL of freshly prepared 0.5 mg/mL EDC and NHS
solution were sequentially added. The mixture was centrifuged at 14,000× g for 15 min at
4 ◦C after reaction for 15 min. The supernatant was discarded, and the bottom sediment
was redissolved with 1 mL of borate buffer (BB, 50 mM, pH 8.0). Anti-DEX Ab (1 μL,
1.0 mg/mL), which was dissolved in 60 μL of BB (2 mM, pH 8.0), was added. The reaction
solution was well mixed and incubated at room temperature for 45 min, and then 20 μL of
20% BSA (w/v) were added for blocking. The above solution was centrifuged at 14,000× g
for 15 min at 4 ◦C after another 60 min of blocking reaction. The bottom sediment was
dissolved in 200 μL of resuspension, which was stored at 4 ◦C for later use. The key
technical parameters are shown in Table S1.

Figure 1. Schematic diagram of TRFM-ICG for DEX detection in milk and pork: (A) the preparation
principle of TRFM-DEX Ab immunoprobe and structure of test strip; (B) the detection principle of
test strip; and (C) the qualitative and quantitative test results.
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2.3. Preparation of the Test Strips

The goat anti-mouse secondary Ab and coating Ag (DEX-OVA) were diluted to the
optimal concentration, and then sprayed on the NC film to form the control (C) and test (T)
lines, respectively. The technical parameters of the spray film were as follows: spray length,
30 cm; distance between T-C line, 8 mm; and spray volume, 0.8 μL/cm. The processed NC
films were placed in a 37 ◦C oven to dry overnight. The sample pads were immersed in the
designed sample pad treatment solution for 30 s, and then dried for 2 h at 60 ◦C. Finally,
the dried NC film, sample pad, and absorbent pad were pasted on the PVC backing pad
with 2 mm overlap each other (Figure 1A). The PVC sheet was cut into 3.5 mm strips for
use. The working principle is that the analyte competes with coating Ag for the limited Abs.
The binding of the analyte to the Abs inhibited that of the coating Ag to the Abs, which was
judged by the fluorescence intensity of T-line. The greater is the amount analyte, the weaker
is the T-line signal, or there is even no color (Figure 1B). The working parameters of the
goat anti-mouse secondary Ab and coating Ag are shown in Table S1.

2.4. Sample Pretreatment

Milk: Milk samples can be detected directly without pretreatment. If the sample is
rich in fat, the fat can be removed by centrifugation.

Pork: After the pork was chopped with scissors and homogenized, 4 g were accurately
weighed into a centrifuge tube, and 4 mL of 0.2 M phosphate buffer (PB, pH 7.4)-methanol
solution (v/v) were added. The sample was vortexed vigorously for 3 min, sonicated for
3 min, and then centrifuged at 4000× g for 10 min at room temperature. The supernatant
was transferred out for use.

2.5. Test Procedure

Five microliters of TRFM-DEX Ab immunoprobe were added to the microwell, and then
150 μL of standard solution or sample solution were added. After reaction for 4 min, the test
strip was inserted into the microwell for 5 min for chromatographic reaction. The test strip
was taken out of the microwell, and the sample pad was quickly peeled off. The qualita-
tive result was observed under an ultraviolet lamp (Figure 1C). The quantitative results
were obtained by inserting the test strip into the fluorescence quantitative analysis reader
(Figure 1C). The fluorescence intensity of the T/C lines were converted into the corre-
sponding peak. The stronger is the signal, the larger is the peak area.

2.6. Method Performance Evaluation
2.6.1. Sensitivity

In this study, the spiked milk and pork samples with a series of DEX concentrations
were used to assess the sensitivity of the developed TRFM-ICG; each spiked concentration
was detected in triplicate. The sensitivity was expressed by the cut-off value, calibration
curve, and limit of quantitation (LOQ). The cut-off value was defined as the lowest DEX
concentration that can cause the T-line signal to disappear. The fluorescence intensity of
the T/C line can be achieved by the fluorescence reader. The DEX concentration in milk or
pork sample was quantified by the calibration curve, taking the concentration of DEX as the
x-axis and B/B0 (T/C line fluorescence signal ratio, where B is with analyte in the reaction
system and B0 is without analyte in the reaction system) as the y-axis. The LOQ was defined
as the concentration corresponding to 80% of B/B0 value on the calibration curve [29].

2.6.2. Specificity

Method specificity is expressed by cross-reactivity (CR). DEX and several structural
analogs, such as hydrocortisone, prednisone, triamcinolone, and betamethasone, were an-
alyzed at different concentrations for the CR by the indirect competitive enzyme-linked
immunosorbent assay (icELISA) and TRFM-ICG. The CR is calculated by the ratio of the
IC50 of the target analyte/analogs.
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2.6.3. Accuracy and Precision

Milk and pork samples, identified by LC-MS/MS as DEX-free, were spiked with three
known concentrations of DEX, respectively. All spiked samples were processed according
to the previous description. Each spiked level was tested in triplicate on three different
days using the fluorescence reader. The precision and accuracy of the TRFM-ICG were
assessed by the coefficient of variation (CV) and recovery, respectively.

2.7. Blind Sample Detection

Twenty milk and ten pork blind samples were provided by Guangdong Provincial Key
Laboratory of Food Quality and Safety, which were tested by the developed TRFM-ICG
and LC-MS/MS as the confirmatory method. It should be noted that we did not know the
concentration of DEX in each sample. Each sample was tested in triplicate; the correlation
between the two methods was compared; and the consistency of the results reflects the
reliability of the method.

The working parameters of the LC-MS/MS method are given in the Supplemen-
tary Materials. The sample pretreatment of milk and pork was consistent with the
national standards [30,31].

3. Results and Discussion

3.1. Optimization of the TRFM-ICG

Several important technical parameters were optimized to achieve the best detection
performance of the established TRFM-ICG, including the particle size and activated pH
value of TRFM, the optimal pH value and ion concentration of Ab coupling with TRFM,
Ab amount, sample pad treatment solution formula, etc.

3.1.1. Particle Size of TRFM

The particle size of the microsphere determines the specific surface area, which affects
not only the binding efficiency of the carboxyl groups on the surface of the microsphere
with Ab but also the chromatographic release of the immunoprobe [8,28]. The detection
results of 200 and 300 nm microspheres were compared. The results show that the release
effect of the 300 nm microsphere immunoprobe was not as good as that of the 200 nm
microsphere immunoprobe. There were many residues in the reaction zone, which led to
the background being very red and fuzzy (Figure S1). However, high background values
will have a negative impact on the subsequent visual judgment and quantitative detection.
Therefore, 200 nm microspheres were selected as DEX-Ab labeling tracers.

3.1.2. Activation pH Value of TRFM

TRFM are modified with carboxyl groups and need to be activated before coupling
with Ab. The appropriate pH value can improve the activation efficiency of carboxyl
group, and thus improve the binding efficiency with Ab [24]. The carbodiimide method
was applied to activate the carboxyl groups under four different pH conditions, including
pH 5.0, 5.5, 6.0, and 6.5. The results show that the fluorescence signal intensity of T-line
increased with the increase of pH value, but the inhibitory effect was difficult to distinguish
with the naked eyes. With the help of quantitative analysis results, the inhibition rates were
the highest in the detection of milk and pork samples under pH 5.5 (Figure S2). Therefore,
the optimal activation pH was selected as 5.5.

3.1.3. The Ab Dilution Buffer

The Ab dilution buffer can not only maintain the biological activity of Ab but also pre-
vent non-specific reactions and improve the sensitivity of the method [7,32]. Five different
Ab dilution buffers, namely ultrapure water, 0.01 M PB (pH 7.4), 0.01 M PB (pH 7.4, 0.5%
BSA), 0.5% BSA, and 0.002 M BB (pH 8.0), were used to dilute DEX Ab, adding a control
group with no Ab diluent. The photos of the test strips and quantitative detection results
show that 0.002 M BB (pH 8.0) as an Ab diluent had outstanding advantages in inhibition

117



Foods 2021, 10, 1339

effect, and the fluorescence intensity was also satisfactory (Figure 2). This result shows that
pH was a key factor affecting the binding of Ab-FMs, and BSA would hinder the coupling
of Ab-FMs. Therefore, BSA should not be contained in the Ab diluent. Interestingly, this re-
sult is exactly the opposite of our previous research [27]. Therefore, there was no doubt
that 0.002 M BB (pH 8.0) was our target Ab dilution.

Figure 2. The fluorescence intensity, inhibition effect, and inhibition rate results of the Ab dilution
buffer: (A) ultraviolet lamp results for milk detection; (B) ultraviolet lamp results for pork detection;
(C) fluorescence quantitative results for milk detection; and (D) fluorescence quantitative results for
pork detection.

3.1.4. The Ab Amount

The Ab amount plays a decisive role in the signal intensity and inhibitory effect of the
immunoassay method [10,33]. The detection performance of four different Ab amounts
(0.8, 1.0, 1.2, and 1.4 μg for milk and 0.6, 0.8, 1.0, and 1.2 μg for pork) were investigated.
As shown in Figure S3, with the increased of Ab amount, the fluorescent signal of T-line
increased gradually, but the inhibition effect became worse. Combined with the results
of quantitative detection, it was not difficult to find that, when the amount of Ab was
0.8 μg, which was equivalent to adding 80 μL of Ab solution, the inhibition rate of the
test strip was the best. Therefore, the optimal amount of Ab was 0.8 μg for both milk and
pork detection.

3.1.5. Key Reagents of Sample Pad Treatment Solution

The main function of the sample pad is the carrier of the sample, which can pro-
mote the release of Ab probe and eliminate the matrix interference of the sample [24,28].
Therefore, the handling of the sample pad is very important.
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Surfactant. Surfactant can promote the release of immunoprobe, affect the behavior of
immunoprobe on chromatographic pads, and reduce non-specific reaction [28,34]. In this
study, we employed Tween-20 as a surfactant and studied the effect of its concentration
changes on the performance of test strips. As shown in Figure S4, we prepared a series of
different concentrations of Tween-20 in the sample pad treatment solution and found that,
as the concentration of Tween-20 increased, the release rate of immunoprobe accelerated.
The results of quantitative analysis show that the inhibition rate was the best when the con-
centration of Tween-20 was 0.5% for milk samples and 0.2% for pork samples. The reason
for the inconsistency of the optimal concentration should be closely related to the viscosity
and fluidity of the samples.

Sample pad treatment buffer. It is particularly important for the sample pad treatment
buffer to protect Ab activity and eliminate the interference of the sample matrix [24,29].
In this study, the effects of three kinds of buffers with different ionic strength and pH
values on the detection performance of test strips were compared. The results (Figure 3)
show that pH value > 9.0 was not conducive to the performance of Ab activity because
the fluorescence intensity of test strip was not ideal. However, high ionic strength was
conducive to inhibition. Considering the fluorescence signal intensity, inhibition effect,
and inhibition rate, 0.05 M PB was finally determined as the buffer of the sample pad
treatment solution.

Figure 3. The fluorescence intensity, inhibition effect, and inhibition rate results of the sample pad
treatment buffer: (A) ultraviolet lamp results for milk detection; (B) ultraviolet lamp results for pork
detection; (C) fluorescence quantitative results for milk detection; and (D) fluorescence quantitative
results for pork detection.
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To sum up, the formula of the sample pad treatment solution for milk detection was
0.05 M PB (pH 7.4, 0.5% Tween-20, 0.3% PVP) and for pork detection was 0.05 M PB (pH 7.4,
0.2% Tween-20, 0.3% PVP).

3.2. Method Performance Evaluation
3.2.1. Sensitivity

Based on the above optimization conditions, negative milk and pork samples were
spiked with DEX at different concentrations and tested by the optimized TRFM-ICG.
As shown in Figure 4, the cut-off values of TRFM-ICG for DEX in milk and pork were
0.25 ng/mL and 0.7 μg/kg, respectively. The LOQ were 0.003 ng/mL and 0.062 μg/kg,
respectively. The dynamics ranged 0.05–0.3 ng/mL and 0.12–1.35 μg/kg, respectively.

Figure 4. The results of TRFM-ICG for milk and pork detection: (A) the cut-off value for milk was
0.25 ng/mL; (B) calibration curve for quantitative detection of DEX in milk; (C) the cut-off value for
pork was 0.7 μg/kg; and (D) calibration curve for quantitative detection of DEX in pork.

3.2.2. Specificity

The specific results are shown in Table S2. DEX Ab exhibited a strong CR to triam-
cinolone, with a CR rate of 54.5%, which may be due to the similar structure of the Ag
recognition site. The CR rates to betamethasone, prednisolone, and hydrocortisone were
24.0%, 14.0%, and 1.5%, respectively. The specificity results of TRFM-ICG were consistent
with that of icELISA, and the CR rates to DEX, triamcinolone, betamethasone, prednisolone,
and hydrocortisone were 100%, 62.5%, 31.3%, 20.8%, and 4.2%, respectively. The specificity
results show that the established TRFM-ICG method can be used for the multiple targets’
detection of five glucocorticoids.

3.2.3. Accuracy and Precision

The DEX-free milk and pork samples were spiked with DEX standard working so-
lution so that the concentrations of DEX in milk were 0.075, 0.15, and 0.3 ng/mL and in
pork were 0.35, 0.7, and 1.4 μg/kg. The recovery rates of DEX in milk and pork samples
were 80.0–106.7%, and 78.6–83.6%, respectively, with the CVs of 6.3–12.5%, and 7.5–10.3%,
respectively (Table 1). The recoveries and CVs meet the requirement for residue detec-
tion. These results indicate that the established TRFM-ICG method has good accuracy
and reproducibility.
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Table 1. Recovery of the TRFM-ICG for the determination of DEX in milk and pork samples (n = 3).

Sample
Spiked Level

(ng/mL or μg/kg)
Measured Level
(ng/mL or μg/kg)

Recovery (%) CV (%)

Milk
0.075 0.08 ± 0.01 106.7 12.5
0.15 0.16 ± 0.01 106.6 6.3
0.3 0.24 ± 0.03 80.0 12.5

Pork
0.35 0.28 ± 0.02 80.4 7.5
0.7 0.55 ± 0.05 78.6 9.1
1.4 1.17 ± 0.12 83.6 10.3

3.3. Blind Sample Detection

Twenty milk and ten pork blind samples were analyzed simultaneously with our
established TRFM-ICG method and the national standard method (LC-MS/MS). The test
results are shown in Table 2 and Figure 5. Eighteen milk and eight pork samples were
detected to contain DEX using LC-MS/MS, and the same results were obtained by TRFM-
ICG. The detection results of the two methods were basically consistent; the correlation
coefficient was greater than 0.98 (R2 > 0.98). These results indicate that the established
TRFM-ICG method was accurate and reliable, and it can be used in the actual detection.

Table 2. Determination of DEX in blind milk and pork samples by LC-MS/MS and TRFM-ICG
(n = 3).

Sample
TRFM-ICG

(ng/mL or μg/kg)
CV (%)

LC-MS/MS
(ng/mL or μg/kg)

CV (%)

Milk 1 0.09 ± 0.01 11.1 0.14 ± 0.02 14.3
Milk 2 0.55 ± 0.02 3.6 0.58 ± 0.04 6.9
Milk 3 0.10 ± 0.01 10.0 0.13 ± 0.01 7.7
Milk 4 0.24 ± 0.03 12.5 0.22 ± 0.01 4.6
Milk 5 0.29 ± 0.01 3.5 0.33 ± 0.04 12.1
Milk 6 0.81 ± 0.06 7.4 0.91 ± 0.05 5.5
Milk 7 0.27 ± 0.01 3.7 0.30 ± 0.02 6.7
Milk 8 0.24 ± 0.01 4.2 0.24 ± 0.05 16.7
Milk 9 0.12 ± 0.01 8.3 0.13 ± 0.04 15.4

Milk 10 0.80 ± 0.07 8.8 0.83 ± 0.05 6.0
Milk 11 0.55 ± 0.05 9.1 0.52 ± 0.02 3.9
Milk 12 ND - ND -
Milk 13 0.11 ± 0.02 18.2 0.15 ± 0.03 13.3
Milk 14 0.30 ± 0.04 13.3 0.32 ± 0.05 15.6
Milk 15 0.16 ± 0.02 12.5 0.19 ± 0.03 15.8
Milk 16 0.46 ± 0.06 13.0 0.58 ± 0.04 6.9
Milk 17 ND - ND -
Milk 18 0.22 ± 0.01 4.6 0.22 ± 0.01 4.6
Milk 19 0.85 ± 0.03 3.5 0.96 ± 0.01 1.0
Milk 20 0.30 ± 0.04 13.3 0.33 ± 0.02 6.1
Pork 1 ND - ND -
Pork 2 0.52 ± 0.02 3.9 0.49 ± 0.01 2.0
Pork 3 2.17 ± 0.07 3.2 2.28 ± 0.04 1.8
Pork 4 0.21 ± 0.01 4.8 0.18 ± 0.03 16.7
Pork 5 1.17 ± 0.01 0.9 0.97 ± 0.03 3.1
Pork 6 2.78 ± 0.15 5.4 2.57 ± 0.08 3.1
Pork 7 0.43 ± 0.01 2.3 0.37 ± 0.03 8.1
Pork 8 ND - ND -
Pork 9 0.58 ± 0.01 1.7 0.50 ± 0.04 8.0

Pork 10 0.39 ± 0.03 7.7 0.36 ± 0.04 11.1
ND, not detected; -, unavailable.
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Figure 5. The correlation diagram of DEX detection results of the LC-MS/MS and TRFM-ICG:
(A,B) in 20 milk samples; and (C,D) in 10 pork samples.

3.4. Comparison of DEX Immunoassay

The European Union, Japan, China, and many other countries and organizations have
clearly stipulated the MRLs of DEX in animal-derived food [5,6,35,36]. Unfortunately,
the detection methods of DEX residue in animal-derived food are rare, and there are even
fewer rapid immunoassay methods. Until now, there are only six reports on immunoassay
methods for DEX in foods (Table 3), of which three are ELISA methods [37–39] and the other
three are ICG methods [25–27]. As is known, compared to ICG, the operation process and
sample pretreatment of the ELISA method are relatively cumbersome. The outstanding
advantage of ICG is that it is simple and fast, and the results can be achieved within
5–10 min. Therefore, the development of ICG can greatly improve the screening efficiency
of DEX, and it is a useful supplement to monitoring methods.

Table 3. Comparison of immunological methods for detecting DEX in animal-derived foods.

Method Sample
Cut-Off Value

(ng/mL or μg/kg)
LOQ

(ng/mL or μg/kg)
Reference

CL-ELISA Milk - 0.3 (sample) [36]
ELISA Chicken muscle, liver - 0.3, 0.5 (sample) [38]
ELISA Milk, liver - 0.2, 0.6 (sample) [37]

CG-ICG Milk 0.5 (sample) 0.017 (buffer) [25]
UCNP-ICG Animal tissue 0.3 (sample) 0.05 (buffer) [26]

LM-ICG Milk, pork 0.3, 0.7 (sample) 0.047, 0.087 (sample) [27]
TRFM-ICG Milk, pork 0.25, 0.7 (sample) 0.003, 0.062 (sample) This work

-, unavailable.

Among the three reported ICG methods, one used traditional colloidal gold as the
Ab tracer, the detection sample was milk, and the sensitivity could not meet the require-
ments for the detection of DEX residues [25]. The second used UCP as the Ab tracer,
only qualitative detection was carried out on animal tissue sample, and the stability of
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UCP is controversial [26]. The third was the work of our team. The advantage of that work
was that we could use LMs with different colors to distinguish different samples. However,
the sensitivity of that method was not as good as the one in our current work [27]. This may
be because there are thousands of fluorescent molecules in TRFM, which greatly improves
the labeling efficiency of fluorescence and analytical sensitivity.

4. Conclusions

In this study, a rapid, sensitive TRFM-ICG method based on a portable fluorescence
reader was firstly established and confirmed for screening detection of DEX in milk and
pork. TRFM was employed as the Ab tracer, and the cut-off values for DEX in milk
and pork were 0.25 ng/mL and 0.7 μg/kg, respectively. The LOQs were 0.003 ng/mL
and 0.062 μg/kg, respectively. The recovery rates ranged 80.0–106.7%, and 78.6–83.6%,
respectively, with the CVs ranging 6.3–12.5% and 7.5–10.3%, respectively. The results could
be obtained within 10 min. Parallel testing of blind milk and pork samples with LC-MS/MS
demonstrated that the developed quantitative TRFM-ICG method was accurate, reliable,
and user-friendly. The establishment of the TRFM-ICG method can provide a new, efficient,
and useful technical support for the rapid screening of DEX in food.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10061339/s1, Figure S1: The results of particle size of TRFM, Figure S2: The fluorescence
intensity, inhibition effect, and inhibition rate results of the activation pH value. (A) Ultraviolet lamp
results for milk detection; (B) Fluorescence quantitative results for milk detection; (C) Ultraviolet lamp
results for pork detection; (D) Fluorescence quantitative results for pork detection, Figure S3: The
fluorescence intensity, inhibition effect, and inhibition rate results of the Ab amount. (A) Ultraviolet
lamp results for milk detection; (B) Fluorescence quantitative results for milk detection; (C) Ultraviolet
lamp results for pork detection; (D) Fluorescence quantitative results for pork detection, Figure S4:
The fluorescence intensity, inhibition effect, and inhibition rate results of the surfactant concentration.
(A) Ultraviolet lamp results for milk detection; (B) Ultraviolet lamp results for pork detection; (C)
Fluorescence quantitative results for milk detection; (D) Fluorescence quantitative results for pork
detection, Table S1: Working parameters of the TRFM-ICG for milk and pork detection, Table S2: The
IC50 and CR values of anti-DEX Ab determined by icELISA, and TRFM-ICG.
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Abstract: The worsening environment and the demand for safer food have accelerated the devel-
opment of new food packaging materials. The objective of this research is to prepare antimicrobial
food packaging film with controlled release by loading cinnamaldehyde (CIN) on etched halloysite
nanotubes (T-HNTs) and adding it to sodium alginate (SA) matrix. The effects of T-HNTs-CIN on the
physical functional properties and antibacterial activity of the film were systematically evaluated,
and the release of CIN in the film was also quantified. Transmission electron microscopy and nitro-
gen adsorption experiments showed that the halloysite nanotubes had been etched and CIN was
successfully loaded into the T-HNTs. The addition of T-HNTs-CIN significantly improved the water
vapor barrier properties and tensile strength of the film. Similarly, the presence of T-HNTs-CIN in
the film greatly reduced the negative effects of ultraviolet rays. The release experiment showed that
the diffusion time of CIN in SA/T-HNTs-CIN film to fatty food simulation solution was delayed
144 h compared with that of SA/CIN film. Herein, the antibacterial experiment also confirmed the
controlled release effect of T-HNTs on CIN. In conclusion, SA/T-HNTs-CIN film might have broad
application prospects in fatty food packaging.

Keywords: cinnamaldehyde; halloysite nanotubes; sodium alginate; release

1. Introduction

In recent years, the need to coordinate the growing environmental pollution problems
with technological progress has become very urgent [1]. Hence, the use of biodegradable
polymer materials to develop functional food packaging materials has been widely con-
cerned and studied, in order to reduce environmental pollution and meet people’s needs for
active food packaging [2,3]. Among many biopolymers, alginate, as a carbohydrate, is often
used as a raw material for biodegradable food packaging, which has the characteristics
of low cost, good biocompatibility, and excellent film-forming properties [4,5]. Sodium
alginate (SA) is a naturally linear water-soluble polysaccharide extracted from brown algae,
which is composed of β-D-mannuronic acid and α-l-guluronic acid (1–4) linking units [6,7].
SA has been widely used in the field of food packaging and biomedical fields because
of its low price, easy access, and easy processing. As a food packaging material, SA has
advantages, such as good mechanical properties and high transparency [8,9].

Pathogenic microorganisms can cause food spoilage and food-borne diseases, as well
as consumers’ concerns about chemical residues in food, making the food industry more
and more concerned about the research of natural antibacterial agents in food packag-
ing [10,11]. In order to maximize the function of packaging, extend the use period of food
and protect consumers from the threat of food-borne disease outbreaks, antibacterial active
substances (such as essential oils) are usually added to increase its function [12]. Cinnamon
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essential oil is widely used in the field of food, which can be used to protect food without
causing harm to human health. There have been many studies that add cinnamon essential
oil to food packaging as an antimicrobial agent for food preservation [13,14]. Cinnamalde-
hyde (CIN) has been approved by the Food and Drug Administration (FDA) and can be
used in food products. It is the main ingredient extracted from cinnamon essential oil,
which is not only harmless, but also has a broad spectrum of antibacterial and antifungal
activities [15]. However, it must be taken into account that CIN is liquid and volatile at
room temperature, which is a severe challenge we are currently facing. In this regard, there
have been many solutions, such as using porous and other special structure carriers to load
active compounds or encapsulating the active substance in chitosan or cyclodextrin [16,17].
In this context, it is one of the most convenient strategies to load CIN with nanoparticles of
special structure, which can not only reduce CIN volatilization losses, but also impart the
characteristics of nanoparticles to the food packaging system.

Among many nanoparticle carriers, halloysite nanotubes (HNTs) have aroused great
interest of researchers due to their ability to trap, protect, and control the release of active
substances [18]. HNTs, whose chemical formula is Al2Si2O5(OH)4.nH2O, which is a sub-
group of kaolin. In addition, HNTs have been listed by the FDA as a safe food packaging
material [19]. HNTs can be used as a carrier for drug delivery in the medical field because
of their unique hollow tubular structure, low cost, and good biocompatibility [12,20]. In
particular, HNTs have been shown to have higher adsorption capacity than montmoril-
lonite [21]. Moreover, it has been shown that the addition of HNTs as fillers can improve
the barrier and mechanical properties of polymers [10].

The purpose of this study is to develop SA antibacterial composite film with controlled
release. The lumen of the original HNTs is limited in volume, and the enlargement of the
pores will allow more active chemicals to be loaded. Therefore, in this study, HNT were
etched with sulfuric acid to further increase its drug loading, and then CIN was loaded
on acidified nanoparticles (T-HNTs) to prepare composite film by method of solution
casting. The effects of T-HNTs loaded with CIN on the microstructure, barrier performance,
transparency, and antibacterial properties of the composite film were studied, and the
release behavior of CIN in the composite film was also investigated.

2. Material and Methods

2.1. Materials

Sodium alginate (SA) was obtained from Zhejiang Yinuo Biotechnology Company
(Lanxi, China). Halloysite nanotubes (HNTs) were purchased from Xi’an Mingda Biotech-
nology Co., Ltd. (Xi’an, China), with a purity of 99.96%. Sigma-Aldrich (St. Louis, MO,
USA) provided the use of glycerin (MW = 92.09). Cinnamaldehyde (CIN) (Purity 98%) was
purchased from Shanghai Macklin Biotech Co., Ltd. (Shanghai, China) The manufacturer of
the analytical pure sulfuric acid was the Xilong Chemical Factory in Shantou, Guangdong.
The other reagents used in this experiment were all of analytical grade.

2.2. Etching of HNTs

The etching of HNTs was mainly based on the method of Abdullayev et al., and some
changes were made in the process of implementation [22]. Five grams of HNTs were added
to 500 mL of sulfuric acid (1.0 M) and the dispersion was stirred and kept at 60 ◦C for
30 h. The treated HNTs (T-HNTs) were then washed with deionized water five times until
their pH range was between 6 and 7. Finally, the samples were dried at 50 ◦C for 24 h and
crushed into powder with a mortar.

2.3. Fabrication of T-HNTs-CIN Nanoparticles

The method of T-HNTs loading CIN was mainly modified and implemented by
referring to the method of Zou et al. [23]. T-HNTs and CIN were mixed in 30 mL anhydrous
ethanol solution, stirred overnight, and then treated with ultrasound for 15 min. The
suspension was vacuumed twice for 15 min to remove air to encapsulate CIN into the
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cavity of HNT. Finally, the suspension was centrifuged to obtain CIN-loaded nanoparticles
(T-HNTs-CIN) and dried at room temperature for 24 h.

2.4. Preparation of the SA Composite Film

The nanocomposite film was prepared by the solution casting method. First, 2 g
sodium alginate powder was dissolved in 100 mL of distilled water containing glycerol
(30 wt% relative to SA) and bathed in water at 50 ◦C for 30 min to prepare the sodium
alginate solution. SA/T-HNTs-CIN dispersion was obtained by dispersing the T-HNTs-
CIN nanoparticles in sodium alginate solution by loading a certain amount of CIN on
T-HNT (5% by weight relative to SA). Simultaneously, the same amount of T-HNTs (5%
by weight relative to SA) or CIN (The amount of CIN supported by 5 wt% T-HNTs) was
added to the sodium alginate as the control. The prepared dispersions were poured into the
polytetrafluoroethylene plate and dried at room temperature for 36 h to form the film. Then,
1% w/v CaCl2 solution was poured onto the film so that the film was completely covered
by the solution. After the reaction for one minute, the CaCl2 solution was poured out and
washed twice with distilled water. Finally, after drying for 48 h at room temperature, it was
stored in a desiccator at 25 ◦C and 50% relative humidity. The manufactured films were
identified as SA, SA/CIN, SA/T-HNTs, and SA/T-HNTs-CIN, respectively.

2.5. Characterization of Nanoparticles

Field emission transmission electron microscopy (TEM, Tecnai G2 F30 S-Twin) was
used to photograph the morphological differences between HNTs and etched HNTs. The
nanoparticles were first dispersed in an ethanol solution ultrasonically for 5 min, and then
dropped on the surface of the copper grid to be observed after drying.

The change in the porous structure of the nanoparticles was measured by the Mi-
cromeritics ASAP2020 system. Before the experiment, the sample was vacuum degassed
at 250 ◦C for 8 h. The specific surface area and pore size distribution of the sample were
determined according to the Brunauer Emmett Teller (BET) method and the Barret-Joyner-
Halenda (BJH) method, respectively.

2.6. Film Thickness

The thickness of the prepared film was measured by randomly selecting five positions
with a micrometer (Ningbo Deli Co., Ltd., Ningbo, China), and the accuracy was 0.001 mm.

2.7. Microscopic Images

The surface of the SA composite film sample was plated with a layer of gold, and
then placed in a vacuum environment to observe the surface morphology of the prepared
sample using a field emission scanning electron microscope (SEM, NOVA NANOSEM-450,
FEI Co., Ltd., Hillsboro, OR, USA)

2.8. Water Vapor Permeability (WVP)

The ability of SA film to block water vapor was measured referring to ASTM E96-95
standard method. Twelve grams of anhydrous silica were put into the weighing cup. The
prepared film was cut to a uniform size to seal the rim of the measuring cup. Finally, the
weighing cup was placed in a desiccator at 25 ◦C and 50% relative humidity. The samples
were placed in a desiccator to measure the weight of the weighing cup at an interval of 1 h
for a total of 12 h, and three samples were set in parallel for each type.

2.9. Mechanical Properties

The mechanical properties of the SA composite film are measured by using a micro-
computer electronic tensile testing machine (QLW-5E, Xiamen Qunlong Instrument Co.,
Ltd., Xiamen, China) to obtain its tensile strength and elongation at break. The stretching
speed parameter of the equipment was set at 50 mm/min. The determination of each type
of film was repeated five times, and each repetition was from a different sampling unit.
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2.10. Light Transmittance and Opacity of Film

The transmittance of SA composite film in ultraviolet (UV) and visible light region was
determined by double beam ultraviolet spectrophotometer. The detailed determination
method was based on Achachlouei et al. [24]. The film sample was cut into rectangular
pieces and installed in a quartz cuvette for spectrum measurement. The wavelength of
measurement was selected as 200–800 nm. The opacity of the film can be calculated by
Equation (1).

Opacity = (lg(1/T))/d (1)

where T is the light transmittance of the film at 600 nm, and d is the thickness of the sample.
The measurements were repeated three times for each type of film.

2.11. The Sustained-Release of CIN in Film in Food Simulants

The CIN release from the SA nanocomposite film was assessed following a method
adapted from Muller et al. [25]. Sodium alginate is a hydrophilic colloid. When the sodium
alginate composite film is in contact with water or aqueous solution, its matrix structure
will change. Therefore, isooctane was selected as the food simulant in this experiment. The
film, weighing about 2 g, was immersed in 1 L of isooctane solution at 20 ◦C. A total of
1 mL solution was taken out from the food simulation solution at certain intervals (1 mL
of isooctane solution was supplemented after taking it out), and the content of CIN in the
solution was measured by a dual-beam UV-Vis spectrophotometer with a wavelength of
279 nm. At the same time, SA/CIN and SA/T-HNTs-CIN corresponding film without CIN
were used as controls, and three parallel films were set for each sample. The cumulative
release rate of CIN in the film can be calculated by Equation (2).

C (%) = (C × V × k/C0 × m)× 100 (2)

where C is the cumulative release rate of CIN (%), C is the concentration of CIN in isooctane
at t (mg/mL), V is the volume of isooctane solution (mL), k is the dilution factor of the
solution, C0 is the initial concentration of CIN (mg/mL), and m is the amount of film (mg).

2.12. In Vitro Antibacterial Activity of the Film in the Release Experiment

In order to assess the antimicrobial properties of the manufactured film, a slight
modification of the previous method was used [26]. Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli) (both of which were provided by the Microbiology Laboratory of
the Faculty of Agriculture and Food Engineering, Kunming University of Science and
Technology, Yunnan, China) were stored at −80 ◦C. The specific operation process of the
antibacterial experiment was as follows. First, the long-term stored S. aureus and E. coli
were inoculated with tryptic soy broth (TSB) medium. This step was then repeated to
activate the activity of both strains. Then, 100 μL of the activated bacterial solution was
added to a 10 mL TSB medium containing 0.2 g of sample, so that the bacterial solution
concentration in the medium was about 105 CFU/mL. Subsequently, the bacterial solution
containing the sample was cultured on a shaker for 12 h, the temperature was set to
37 ◦C, and the speed was 180 rpm. After the time was up, the bacterial liquid was evenly
diluted and spread in tryptic soy agar medium and placed in an incubator at 37 ◦C. After
18–24 h of colony culture, the number of colonies was calculated. In particular, the sample
was regularly taken out of the food simulant and wiped dry for the antibacterial test during
the release experiment. Each sample was repeated for three times.

2.13. Statistical Analysis

The data were analyzed by one-way analysis of variance (ANOVA) using SPSS 21.0
(Chicago, IL, USA), followed by Duncan’s multiple comparison test at 95% confidence level.
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3. Results and Discussion

3.1. Characterization of Nanoparticles

TEM images of the pristine HNTs and the treated HNTs nanoparticles are shown
in Figure 1. Both HNTs and T-HNTs are cylindrical, with a central transparent region
extending lengthwise along the nanotubes, indicating that the HNTs are hollow and open.
No significant changes are observed in the tube length of HNTs and T-HNTs. Interestingly,
after HNTs were treated with sulfuric acid, the inner lumen was clearly etched, and their
inner diameters were significantly increased by about 10–20 nm. This indicated that sulfuric
acid treatment resulted in an increase in the inner diameter of HNTs.

 

Figure 1. TEM images of HNTs and T-HNTs.

The porous structure parameters of HNTs, T-HNTs, and T-HNTs-CIN are shown in
Table 1. After HNT was etched by sulfuric acid, its specific surface area increased from
25.50 to 76.61 m2/g, and its pore volume increased from 0.30 to 0.39 m3/g, which were
consistent with the TEM observation results. The same trend was found for average pore
size of HNTs. The selective dissolution of the AlO6 octahedral layer in the inner cavity of
HNTs and the decomposition of silica would cause the increase of the specific surface area
and pore volume of HNTs [27]. Garcia-Garcia et al. found the same trend when treating
halloysite nanotubes with acid [28]. CIN itself is volatile, and samples need to be degassed
before measurement, which will cause a certain error between the actual measurement
result and the theoretical value (the actual measurement result is less than the theoretical
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value). If the CIN was not successfully loaded onto the T-HNTs, the specific surface area of
the T-HNTs-CIN did not change significantly. The actual results showed that the specific
surface area and pore volume of the T-HNTs-CIN increased compared with the HNT, but
decreased compared with the T-HNTs, indicating that the CIN was successfully loaded
onto the T-HNTs.

Table 1. The surface area, pore volume, and average pore size of samples.

Samples SBET (m2/g) Pore Volume (cm3/g) Average Pore Size (nm)

HNTs 25.50 0.30 1.88
T-HNTs 76.61 0.39 2.41

T-HNTs-CIN 51.39 0.37 2.13

3.2. Surface Morphology of Composite Film

Figure 2 illustrates the surface morphology of four different formulations of SA film.
Figure 2a is the SA film, the surface of which is uniform and smooth. The presence of
CIN in the SA matrix did not significantly affect the surface of the matrix. However, when
T-HNTs were added to the SA matrix, many uniformly distributed white spots appeared
on the surface of SA/T-HNTs film. Similarly, SA/T-HNTs-CIN film showed the same
phenomenon. This implied that there was no significant difference between T-HNTs and
CIN-loaded T-HNTs on the surface morphology of the SA film.

Figure 2. SEM micrographs of the surface of the bio-nanocomposite film: (a) SA film, (b) SA/CIN film, (c) SA/T-HNTs film,
and (d) SA/T-HNTs-CIN film.

3.3. WVP

The key factor in evaluating the feasibility of composite materials in food preserva-
tion is to determine the WVP value of composites. During food preservation, edible or
biodegradable film can be used to reduce the transfer of moisture from the environment to
the inside of the package [29]. The WVP values of neat SA film, as well as the SA nanocom-
posite film, are shown in Table 2. The WVP value of SA film is 38.2 × 10−2 g mm/h KPa m2.
The barrier of SA composite film to water vapor was significantly enhanced after incorpora-
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tion of CIN or T-HNTs. When CIN was immobilized on T-HNTs and then incorporated into
SA matrix, the WVP value of SA/T-HNTs-CIN film was reduced by 14.7% compared with
that of SA film. There are many factors that affect the barrier properties of the film, such as
the hydrophobicity, the structure, and the compatibility of the material. CIN is inherently
hydrophobic, and its addition might increase the hydrophobic/hydrophilic ratio of the
film [30]. As a high aspect ratio aluminosilicate mineral, HNTs have barrier properties
to water vapor. HNTs dispersed in the matrix might make the path of water molecules
through the matrix become tortuous [10]. All of these might be the reasons for the decrease
of WVP value of the film. Yousefi et al. added halloysite nanotubes and Origanum vulgare
essential oil to the film matrix, which also improved the water resistance of the film [29].

Table 2. Water vapor permeability of SA-based composite film.

Films Thickness (mm) WVP (×10−2 g mm/24 h·KPa·m2)

SA 0.030 ± 0.001 a 1.59 ± 0.05 b

SA/CIN 0.033 ± 0.004 a 1.31 ± 0.15 a

SA/T-HNTs 0.035 ± 0.001 a 1.41 ± 0.02 a

SA/T-HNTs-CIN 0.033 ± 0.003 a 1.36 ± 0.11 a

Data are presented as mean ± standard deviation and different letters (a, b) within the columns shows the
significant differences (p < 0.05), where a is the lowest value.

3.4. Mechanical Properties

The effect of T-HNTs nanoparticles loaded with CIN on the mechanical properties
of SA composite film was studied. As presented in Table 3, it was evident that with the
addition of T-HNTs-CIN nanoparticle, the tensile strength (TS) of the SA/T-HNTs-CIN
nanocomposite film improved, and its TS value was increased by 20.8% compared to the
SA film. This was similar to the effect of halloysite nanotubes on the mechanical properties
of carrageenan/gelatin films previously published by Akrami-Hasan-Kohal et al. [31]. The
potential strain-induced arrangement of the clay particle layer in the polymer matrix and
the interaction between the polymer and the hydrogen bonds in the clay minerals might
contribute to the improvement of the tensile properties of the film [32,33]. The elongation
at break (ε) of the film was not changed significantly by the T-HNTs-CIN nanoparticle
addition. However, the addition of CIN significantly increased the flexibility of the film.
Ahmed et al. also reported that adding clove essential oil to the film matrix increased
the flexibility of the film [34]. The presence of the CIN in the SA matrix might hinder
the polymer–polymer intermolecular attraction [35]. However, CIN was added to the SA
matrix after being loaded by T-HNTs, and most of the CIN was present in the T-HNTs,
thereby reducing the plasticizing effect of CIN.

Table 3. Mechanical properties of SA nanocomposite film.

Film TS (MPa) ε (%)

SA 66.4 ± 4.28 a 2.76 ± 0.30 a

SA/CIN 70.4 ± 2.45 ab 3.35 ± 0.07 b

SA/T-HNTs 77.3 ± 7.50 bc 2.66 ± 0.09 a

SA/T-HNTs-CIN 80.2 ± 3.81 c 2.97 ± 0.30 ab

Data are presented as mean ± standard deviation and different letters (a–c) within the columns shows the
significant differences (p < 0.05), where a is the lowest value.

3.5. Light Transmittance and Opacity of Film

The UV-visible spectrum for SA nanocomposite film is displayed in Figure 3. It can
be seen that SA film exhibited high light transmittance in both UV and visible regions,
especially in the 300–800 nm region with a high light transmittance of more than 80%. The
light transmittance of SA/CIN film at 240–300 nm was significantly lower than that of SA
film. The anti-UV effect of CIN might be its own aromatic compound, and its chemical
bond could absorb UV light [26]. Ahmed et al. had previously found a similar phenomenon
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in the study of polylactide/cinnamon oil composite films [36]. Moreover, as can be seen
from curves c and d in Figure 2, the transmittance of the composite film at all wavelengths
was greatly reduced after the addition of T-HNTs in SA film.

Figure 3. Light transmittance of the nanocomposite film: (a) SA film, (b) SA/CIN film, (c) SA/T-HNTs
film, and (d) SA/T-HNTs-CIN film.

Table 4 shows the transmittance values of the composite films at 240 (UV-C), 300 (UV-
B), 360 (UV-A), and 600 nm (visible light) as well as the opacity of different formulation
film. The light transmittances of SA film at 240, 300, 360, and 600 nm are 69.5, 81.8, 85.0,
and 87.4%, respectively, and the transmittance value after the addition of T-HNTs-CIN
decreased to 22.8, 40.9, 50.1, and 66.1%, respectively. This might be due to the combined
action of T-HNTs and CIN. The presence of T-HNTs in the film matrix might block or
diffract the light, thus affecting the transmittance of light at all wavelengths [8]. Huang
et al. also found a similar phenomenon when halloysite was added during the preparation
of agar-based nanocomposite films [37]. The transparency of SA composite film decreased
with the addition of HNTs. At the same time, the color of the film was whitened by the
addition of the white powder HNTs. It is noteworthy that the addition of T-HNTs-CIN
resulted in a greater reduction in the transmittance of UV light than that of visible light. This
means that by preparing the composite film with T-HNTs-CIN, the UV barrier properties
can be improved without sacrificing the transparency of SA film. The nanocomposite film
with high ultraviolet shielding performance has high application potential as a transparent
ultraviolet blocking packaging material.
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Table 4. Transmittance (%) and opacity and values of nanocomposite film in the visible, UV-A, UV-B, and UV-C regions.

Film Sample
UV-C

(240 nm) T (%)
UV-B

(300 nm) T (%)
UV-A

(360 nm) T (%)
Visible

(600 nm) T (%)
Opacity

(AU. nm/mm)

SA 69.5 ± 2.29 d 81.8 ± 0.67 d 85.0 ± 0.32 c 87.4 ± 2.45 c 2.50 ± 0.21 a

SA/CIN 64.4 ± 1.13 c 76.1 ± 1.13 c 84.8 ± 0.57 c 89.9 ± 0.85 c 2.00 ± 0.10 a

SA/T-HNTs 35.6 ± 1.62 b 50.2 ± 1.07 b 57.5 ± 0.79 b 70.3 ± 0.50 b 4.54 ± 0.55 b

SA/T-HNTs-CIN 22.8 ± 2.40 a 40.9 ± 4.62 a 50.1 ± 3.27 a 66.1 ± 0.57 a 4.78 ± 1.15 b

Data are presented as mean ± standard deviation and different letters (a–d) within the columns shows the significant differences (p< 0.05),
where a is the lowest value.

3.6. Slow-Release Behavior of the CIN in Food Simulants

Isooctane was used as food simulant to simulate food with hydrophobic fats. The
cumulative release of CIN by the SA film without T-HNTs and the SA film with T-HNTs in
food simulant are shown in Figure 4.

Figure 4. The cumulative release of CIN in the nanocomposite film: SA/CIN film and SA/T-HNTs-
CIN film.

The whole process of the release experiment was carried out under stable environmen-
tal conditions (temperature of 20 ◦C, relative humidity 75%). The SA/CIN and SA/T-HNTs-
CIN film in food simulant released most of CIN in the first 24 h, and the cumulative release
of SA/CIN film was higher (58.95%), which was significantly higher than SA/T-HNTs-
CIN film (28.57%). Subsequently, the release rate of CIN in the two films slowed down
significantly. Finally, the release of CIN from SA/CIN film reached a peak of 59.97% at 72 h,
and the release amount of CIN was about 16.64 mg, while the release of SA/T-HNTs-CIN
film reached a stable level at 216 h, and the cumulative release of film stabilized at 60.31%
(The release of CIN was about 17.44 mg). The presence of T-HNTs in SA/T-HNTs-CIN film
slowed down the release rate of CIN, which in turn delayed the time when CIN reached
stability. Shen et al. prepared novel sodium alginate-based double network hydrogel
spheres after loading urea on HNTs, which reduced the release rate of urea [38]. The release
of CIN in the SA composite film matrix into the food simulant is affected by many factors.
First, the liquid molecules in the solvent diffuse from the outer surface of the film into the
matrix of the SA composite film. Then, the polymer matrix network relaxes due to the
presence of the solvent in the film matrix. Lastly, CIN is released from the relaxed polymer
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matrix into the food simulating liquid until the thermodynamic equilibrium between the
SA composite film and the food simulating liquid is reached. Of course, the last step
is influenced not only by mass transfer, but also by the interaction between the volatile
compounds and the matrix [25,39].

According to the steps described above for the release of the active compound from
the SA composite film matrix, and in combination with the release curves of the two film
systems in food simulation solution, it can be seen that the release rate of the SA composite
film supported by T-HNTs was significantly slower than that of the SA/CIN film. This
observed behavior could be explained by the retarded release of CIN by T-HNTs. The
loading of CIN by T-HNTs was mainly the adsorption of intracavity and external surface
of T-HNTs to CIN [40]. This increased the mass transfer steps of CIN in the release process,
thereby prolonging the release time of CIN. Compared with CIN directly added to SA
matrix, CIN was added to SA matrix in a HNTs loaded manner, and CIN was better
protected to maintain its activity through the action of HNTs carrier, and the release time
of CIN from the controlled release system was prolonged, thus maximizing the function of
CIN. Therefore, it can be concluded that the presence of HNTs in SA/T-HNTs-CIN film
controlled release system could effectively alleviate the initial burst release of CIN and
prolong the action time of CIN. The SA/T-HNTs-CIN film slow-release system might have
a good application prospect in the packaging of fatty foods.

3.7. In Vitro Antibacterial Activity of the Film in the Release Experiment

The effects of the manufactured film on the antibacterial activity of typical food-
borne pathogens (S. aureus and E. coli) were investigated, and the results are shown in
Figure 5. As expected, the presence of T-HNTs in the film matrix has no antibacterial
activity against S. aureus and E. coli. However, on day 0 of the experiment, SA/CIN
and SA/T-HNTs-CIN film decreased by 1.34 and 1.35 Log10CFU/mL, respectively, com-
pared to the control group. This might be attributed to the presence of CIN in the poly-
mer matrix. A large number of previous studies have shown that CIN had inhibitory
effects on the growth of a variety of bacteria, because CIN might damage the cell mem-
brane of bacteria, leading to changes in cytoplasmic leakage and membrane permeabil-
ity [41,42]. Similarly, for E. coli, the number of colonies in the film containing CIN was sig-
nificantly reduced by 0.65 and 0.57 Log10CFU/mL, respectively, compared with the control
group. Interestingly, we found that S. aureus was more susceptible to CIN inhibition than
E. coli. This phenomenon could be attributed to the fact that the cell wall of E. coli (Gram-
negative bacterium) has an extra layer of lipopolysaccharide outer membrane than that of
S. aureus (gram-positive bacterium). The lipopolysaccharide outer membrane has a good
barrier effect on hydrophobic substances (CIN). Although it cannot completely block hy-
drophobic compounds, it limits the penetration of CIN into microbial cells and reduces the
inhibitory effect [43].

In addition, with the increase of release time, the bacteriostatic effect of the film con-
taining CIN on the two kinds of bacteria became less and less. There was no significant
difference between SA/CIN film and SA in the colony count of S. aureus on the second
day. However, the SA/T-HNTs-CIN film showed no significant difference in the number
of colonies from the SA/T-HNTs film on 7 days. The same trend was observed for E. coli,
where CIN was fixed by T-HNTs and then added to SA matrix, and the bacteriostatic dura-
tion was extended by 4 days compared with SA/CIN films. These results confirmed that
the SA/T-HNTs-CIN film had a controlled release effect on CIN, successfully alleviating the
interaction between the active compound and the surrounding environment and making it
release slowly. This packaging system can be used as a new and promising alternative to
renewable food packaging. Of course, future research in this area should focus more on
increasing the loading of active substances or using multiple loading systems to improve
their applicability.
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Figure 5. Antimicrobial activity of the composite film: (a) Staphylococcus aureus and (b) Escherichia
coli. Values followed by different letters (a–f) were significantly different (p < 0.05), where a is the
lowest value.

4. Conclusions

In this work, the HNTs were etched and then loaded with CIN, and the food functional
packaging film with continuous release and antibacterial activity were prepared by solvent
volatilization. It was confirmed that the cavities of HNTs were etched and their specific
surface area increased significantly after sulfuric acid treatment. CIN was first loaded by
T-HNTs and then added to SA matrix, which greatly improved the mechanical properties
of the film and the barrier property of water vapor. In addition, the combined effect of
T-HNTs and CIN could increase the UV shielding effect while losing less transparency. In
the release experiment, the SA/T-HNTs-CIN film could be released continuously in the
fatty food simulation solution for 216 h, which was 144 h longer than that of SA/CIN film.
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The antibacterial activity of SA/T-HNTs-CIN film against S. aureus and E. coli was longer
by five days and four days than that of SA/CIN film without T-HNTs.
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Abstract: Thymol has been applied as a spice and antibacterial agent in commercial products.
However, the utilization of thymol in the food and pharmaceutical field has recently been limited by
its poor water solubility and stability. In this work, a caseinate-stabilized thymol nanosuspension
was fabricated by pH-driven methods to overcome those limitations. Firstly, the chemical stability
of thymol at different pH value conditions was investigated. The physiochemical properties of
thymol nanosuspensions were then characterized, such as average particle size, zeta potential,
encapsulation efficiency, and loading capacity. Meanwhile, the X-ray diffraction results showed that
thymol was present as an amorphous state in the nanosuspensions. The thermal stability of thymol
was slightly enhanced by encapsulation through this process, and the thymol nanosuspensions were
stable during the long-term storage, and the average particle size of nanosuspensions showed that
there was no aggregation of nanosuspensions during storage and high temperature. Finally, the
antimicrobial activity of thymol nanosuspensions was evaluated by investigating the minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) against Salmomella
enterca, Staphlococcus aureus, Escherichia coli, and Listeria monocytogenes. These results could provide
useful information and implications for promoting the application of thymol in food, cosmetic, and
pharmaceutical commercial products.

Keywords: thymol; nanosuspensions; caseinate; pH-driven method; water solubility

1. Introduction

Thymol (2-isopropyl-5-methylphenol), a monoterpene phenol, is the principal active
component of essential oil obtained from thyme, which has been applied as traditional herbs
in the cure of disorders affecting the digestive, cardiovascular, and nervous systems [1]. Due
to the numerous functions of thymol, such as antioxidant, anti-inflammatory, antimicrobial,
and anticarcinogenesis functions, the research on its potential to be utilized as a food
preservative and nutraceutical is increasing dramatically [2]. For example, Pan et al. stated
that thymol could be utilized in food matrices and depolarize the microbial cytoplasmic
membrane to extend the shelf life of productions [3]. Moreover, thymol is already widely
applied as a natural feed additive for livestock, which could improve the metabolism
and absorption of the nutrients in the animal gut via enhancing digestive enzymes and
modulating intestinal microbiota activity to increase the growth indices (including body
weight, feed efficiency, and daily growth rate) of them [4–6]. Thymol has been included in
the list of ‘Generally Recognized As Safe’ for application as food additives by the FDA, and
it was registered by the European Commission for utilization in the food field due to the
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lack of intake risk [7,8]. Meanwhile, a comprehensive review has concluded and shown the
safety and anticancer activity of thymol [9]. However, its commercial application is limited
due to its hydrophobic nature and low water solubility [8,10]. Several types of delivery
and encapsulation systems have been investigated and evaluated to enhance the water
solubility of thymol; for example, Nasrabadi et al. [11] improved the water solubility and
bioaccessibility of thymol via encapsulating it into Pickering emulsions; Cakir et al. [12]
fabricated thymol loaded chitosan nanoparticles via ionic gelation method to overcome the
limitation of thymol; and nanoliposome was applied by Heckler et al. [13] to encapsulate
free thymol as antimicrobials in food products. Normally, thymol as a lipophilic element
has been encapsulated in delivery systems via dissolving thymol into organic liquid firstly,
which is criticized as leading to high costs and potential damage to the consumer’s health.
Thus, it is significant to find effective and environmentally friendly methods for handling
the key application limitation and challenge of thymol encapsulation.

Recently, an easily scalable and environmentally friendly approach, termed the pH-
driven method, was developed [14,15]. It has been utilized to incorporate lipophilic
phenols (mainly curcumin) into a variety of delivery systems such as liposomes [16],
nanoparticles [17,18], emulsions [19], and oil body [20]. The mechanism of this method
is controlling the water solubility of lipophilic phenols via adjusting the pH values. At
lower pH values, the lipophilic phenols showed poor water solubility. When the pH
value was higher than the pKa of the hydroxyl group of phenols, the deprotonation of the
hydroxyl group leads to an increase in the charge and water solubility of phenols. Then,
the deprotonated/water-soluble phenols become protonated/water insoluble once the
pH value is lower than the pKa. These protonated lipophilic phenols molecules show
different behaviors in different systems: (1) In pure water systems, these molecules recrys-
tallize into crystal nucleus, which grows into phenol crystal and precipitates [21]; (2) in the
presence of biosurfactant or biopolymers, these amphiphilic molecules are absorbed onto
the surface of the crystal nucleus and prevent its growth, and biosurfactant/biopolymer
coated phenol nanoparticles are formed [15,17,22]; (3) in the presence of delivery systems
with hydrophobic domains (such as liposomes, emulsions, and zein nanoparticles), the
protonated lipophilic phenol molecules penetrate into hydrophobic domains of delivery
systems [23]. Among these phenol loaded delivery systems fabricated by the pH-driven
method, biosurfactant/biopolymer-stabilized phenol nanosuspensions showed great poten-
tial due to their easier procedure and higher loading capacity. While the nanosuspensions
showed great advantages, they were mainly applied to encapsulate curcumin. Whether
they could be applied to encapsulate other lipophilic phenols is still unknown. The influ-
ence of phenol properties on the formation and structure of phenol nanosuspensions needs
to be explored.

Caseinate as the main source protein obtained from milk has been widely applied in
food industries due to its desirable amphiphilic properties and abundant essential amino
acids [24]. In previous research, caseinate has been employed concerning hydrophobic
nutrients, such as curcumin, beta-carotene [25], and quercetin, which could improve
their stability and water solubility. Compared with some other synthetic compounds, for
instance, inorganic materials and small molecule surfactants, caseinate as a kind of natural
material is more easily accepted by consumers and food factories. Our previous research
indicated that caseinate is a wonderful encapsulation material for lipophilic nutrients via
the pH-driven method with the highest encapsulation efficiency and loading capacity
compared with serval kinds of proteins and polysaccharides [17]. All of this information
proved the potential of caseinate as shell and encapsulation compounds to construct
nanoparticles with thymol. However, the relevant results and information of nanoparticle
fabrication with thymol and caseinate via the pH-driven method still need to be reported.

Therefore, the main objective of this study was to fabricate thymol nanosuspensions
stabilized by caseinate via the pH-driven method and to check if the pH-driven method is
suitable for thymol nanosuspensions. First, the chemical stability of thymol in different
pH value conditions was evaluated. Then, the caseinate-stabilized nanosuspensions were
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prepared through the pH-driven method, and the stability, encapsulation efficiency, and
particle properties were determined. Finally, the antibacterial properties of encapsulated
thymol were also investigated. These results will provide important information for the
encapsulation of thymol via the pH-driven method, which is useful for application in the
fabrication and design of food cosmetics and pharmaceutical products.

2. Materials and Methods

2.1. Materials

Thymol and caseinate powder were purchased from Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Bacterial strains (CICC 22956, CICC 21600, CICC 10003,
CICC 21635) were obtained from China General Microbiological Culture Collection Center
(Beijing, China). All other chemicals were of analytical grade.

2.2. Preparation of Nanosuspensions

Thymol nanosuspensions were prepared by a pH-driven method according to our
previous study with some modification [15,22]. Thymol powder was weighed and dis-
solved in 0.1 M NaOH to obtain a thymol alkaline solution (10 mg/mL). Caseinate stock
solutions (50 mg/mL) were prepared by dissolving caseinate in PBS (5 mM, pH 6.5) for
4 h and the solution was centrifuged at 8000 rpm for 30 min to remove the undissolved
impurities. The solution was then diluted with PBS to different concentrations and stored
at 4 ◦C overnight before use. Thymol alkaline solutions were then added into the caseinate
solution (1:1, v/v) with constant stirring using a magnetic stir plate. Nanosuspensions with
a thymol concentration of 5 mg/mL and different caseinate concentrations (2.5, 5, 10, 15, 20,
and 25 mg/mL) were prepared by adjusting the pH value to 6.5 using 6 M HCl solutions.

2.3. The Physical Properties of Nanosuspensions

The average particle size and surface potential of nanosuspensions were determined by
Zetasizer Nano ZSP (Malvern Instruments Ltd., Worcestershire, UK) at room temperature.
Samples were diluted tenfold with PBS, and each sample was tested three times in parallel.

The microstructure of nanosuspensions was observed using Atomic Force Microscopy
(AFM, C300, Nanosurf, Liestal, Switzerland). The nanosuspension solutions were diluted
1000-fold with distilled water and one drop of samples was placed on a freshly cleaved
mica substrate. The images of the sample were obtained using the AFM operated with a
silicon cantilever force constant of 0.58 N m−1 in tapping mode.

The morphology of the nanosuspensions was further confirmed using transmission
electron microscopy (TEM). Briefly, nanosuspensions were placed onto a copper mesh grid
for 4 min. The sample was then stained with 1% uranyl acetate solution for 1 min and then
washed with double distilled water. The sample-loaded grid was then air dried at room
temperature and imaged using a TEM (JEM-2000FX, JEOL, Ltd., Tokyo, Japan) operating at
a voltage of 200 kV.

The crystalline properties of nanosuspensions were investigated using X-ray diffrac-
tion. The blank casein nanoparticles (without thymol) fabricated using the pH-driven
method and thymol powder were used as control groups. The emission slit was 1◦, the
accepted slit was 0.1 mm, and the scanning speed was 2◦/min.

The loading capacity (LC) and encapsulation efficiency (EE) were calculated according
to the previous method [2]. Samples were extracted with n-hexane (volume ratio 1:9)
and the absorbance was then measured at 263 nm using a UV–visible spectrophotometer.
The thymol concentration was then calculated using a standard curve prepared. Then,
the insoluble part of the thymol was removed by centrifugation (6000 rpm, 10 min), and
the thymol in the supernatant fluid was extracted by n-hexane to measure the amount
of dissolving thymol in the samples. The free thymol was separated and measured via
an ultrafiltration method (3 kDa). The EE and LC of samples were calculated with the
following formulas:

EE (%) = (Ws − Wf)/Wt * 100 (1)
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LC (%) = (Ws − Wf)/M * 100 (2)

where Wt represents the total thymol content, Ws represents the dissolved thymol content,
and Wf represents the free thymol content. M is the total mass of the loaded nanosuspen-
sions: Thymol and caseinate.

2.4. The Stability of Thymol Nanosuspensions

Thermal stability: Nanosuspensions were treated at 80 ◦C for 1 h and sampled every
10 min to measure the properties (retention rate, average diameter, and visual pictures)
according to previous methods of nanosuspension after heating.

Storage stability: Samples were stored at room temperature (25 ◦C) for one month,
and their properties (retention rate and average diameter) were investigated every 7 days.

2.5. The Antibacterial Properties of Nanosuspensions

LB liquid medium: 10 g tryptone, 5 g yeast extract, and 5 g sodium chloride were
weighed and dissolved in 1000 mL distilled water. The medium was autoclaved at 121 ◦C
for 20 min. The medium was placed at 4 ◦C for use after cooling.

LB solid medium: 10 g tryptone, 5 g yeast extract, 5 g sodium chloride, and 2 g agar
were weighed in 1000 mL distilled water, autoclaved at 121 ◦C for 20 min, and then poured
into 90 mm Petri dishes with about 12–15 mL in each dish. After cooling and solidification,
they were placed upside down at 4 ◦C.

Bacterial resuscitation and rejuvenation: First, 50 μL of glycerin bacteria were vac-
cinated in 5 mL of LB liquid medium and cultured in a biochemical incubator at 37 ◦C
overnight to turbidity, and then the strains were inoculated from the LB liquid medium to
the LB solid medium using inoculation loops to an incubator at 37 ◦C constant temperature
for 10–12 h. Then, the appropriate single colony was inoculated to a liquid medium and
cultured to a later growth stage. The bacterial strains were transferred to a solid medium
again, sealed by film, and stored at 4 ◦C with the appropriate single colony observed.

Bacterial culture: The plate was taken out of a refrigerator at 4 ◦C; a single colony was
inoculated in a 5 mL LB liquid medium and cultured in a constant temperature vibration
incubator at 37 ◦C and 220 rpm. For the minimum inhibitory concentration and maximum
bactericidal concentration, the bacterial solution was diluted to 106 CFU/mL.

MIC measurement: The 96-well microplates method was adopted according to the
previous method [13]. The test bactericidal strains were CICC 22956, CICC 21600, CICC
10003, and CICC 21635. First, 100 μL of liquid LB medium was added to each well. Next,
100 μL samples were placed into the first row of the wells and mixed, 100 μL of the mixture
was placed into the next well, and so forth. Then, 100 μL bacterial solutions were mixed
into each well and incubated (37 ◦C, 24 h) and put into an incubator at 37 ◦C for culture for
24 h. The minimum sample concentration with clear culture and no substrate precipitation
was the minimum inhibitory concentration (MIC).

MBC measurement: 100 μL was obtained from the MIC well and inoculated in culture,
then the cultures were placed in an incubator at 37 ◦C for 12 h. The sample concentra-
tion corresponding to the plate without bacterial colony was the maximum bactericidal
concentration (MBC).

2.6. Statistical Analysis

All of the experiments were repeated at least three times, and the results were ex-
pressed as mean ± standard deviation. SPSS 18.0 software and the Student–Newman–Keuls
(SNK) equation were applied to analyze the significance (p < 0.05).

3. Results and Discussion

3.1. Fabrication of Nanosuspensions

During the fabrication of thymol nanosuspensions through the pH-driven method,
thymol must be dissolved in the alkaline solutions for at least 5 min. When thymol was
dissolved in alkaline solutions, the phenolic hydroxyl group that was thymol ionized and
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the potential charge of the thymol molecule became negative, which caused an enhance-
ment in its hydrophilic properties and water solubility. It is well known that phenols are
unstable under alkaline conditions [26,27]. Therefore, the chemical stability of thymol was
firstly investigated via measuring the retention concentration at different pH conditions.
As displayed in Figure 1, the retention rate of thymol at a pH range of 7.0 to 10.0 slightly
decreased to 93.0% after 24 h, while thymol at pH 11.0 and 12.0 was ultra-stable without
any degradation. During the pH-driven process, the thymol was dissolved in alkaline
solutions (around pH 12.5), which meant the loss of thymol during the pH-driven process
was negligible.

Figure 1. The influence of pH values on the stability of thymol.

Thymol showed relatively high chemical stability compared with other phenols. Our
previous study showed that the chemical stability of phenols negatively corresponded to
the number of hydroxyl groups [28]. Thymol molecules have only one hydroxyl group,
which could explain why they showed extremely high stability. On the other hand, thymol
showed higher stability at pH 11.0 and 12.0 compared to lower pH values (7.0 to 10.0),
which was similar to curcumin [29]. The chemical stability of quercetin and resveratrol,
however, negatively corresponded to the pH values (i.e., the higher the pH, the poorer
the chemical stability). The difference could be assigned to the presence of the −O−CH3
group or the −CH−(CH3)2 group in curcumin and thymol molecules, respectively. There
are no other groups in the quercetin and resveratrol except the hydroxyl group.

Initially, the influence of caseinate concentration on the encapsulation efficiency and
loading capacity was investigated (Figure 2A). The EE increased with the increase of
caseinate concentration from 2.5 to 5 mg/mL and then became steady. The initial low
EE of samples could be mainly due to the insufficient caseinate that could not form
enough particles for the encapsulation of free thymol, and the free part of thymol was
removed by centrifugation. At high and sufficient caseinate concentration, most of the
thymol nanosuspensions could be completely coated by caseinate during the change
of pH values, and the EE and amount of encapsulated thymol increased. Since part of
thymol could be dissolved in water, even the extra protein and nanosuspensions were
present with caseinate increasing; no significant increase of EE could be observed. To
further investigate the encapsulation level of thymol into nanosuspensions, the influence
of caseinate concentration on the LC was also evaluated (Figure 2A). The LC of thymol
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nanosuspensions decreased with the increase of caseinate concentration, which could again
be due to the hypothesis that most of the thymol had been encapsulated. The largest LC of
thymol nanosuspensions coated by caseinate was nearly 60%; this phenomenon and result
proved that the nanosuspensions coated by caseinate are extremely suitable encapsulation
systems for thymol via the pH-driven method.

Figure 2. The influence of casein concentration on encapsulation efficiency and loading capacity (A),
and average diameter and zeta potential (B) of thymol nanosuspensions.

The influence of caseinate on the average particle size and zeta potential of nanosus-
pensions are shown in Figure 2B. It is obvious that the size of nanosuspensions dramatically
decreased with the caseinate concentration increasing from 2.5 to 10 mg/mL. The decrease
of nanosuspension size could be mainly attributed to the behavior and function of caseinate
molecules, which are adsorbed at the surface of thymol particles via their hydrophobic re-
gions to prevent the aggregation of nanosuspensions. When the concentration of caseinate
increased from 10 to 25 mg/mL, the size of nanosuspensions increased gently, which could
be due to an accumulation of caseinate at the nanosuspension surface. Conversely, there
was no significate difference between the zeta potential of nanosuspensions fabricated
with different concentration caseinate; all of the nanosuspensions presented a moderately
negative charge. The charge of nanosuspensions could be mainly due to the properties of
caseinate by which the pH values of water were higher than its isoelectric point, and the
surface charge of nanosuspensions was dominated by caseinate, which covered and was
present at the surface of nanosuspensions.

The ideal function and behavior of caseinate during the pH-driven method could
be related to the emulsifying and binding ability of this kind of protein. It has been re-
ported that amphiphilic biopolymers (such as whey protein isolate) can adsorb to the
surface of the lipophilic nanoparticle, prevent contact, and aggregate between them [17].
These data and phenomena showed that the water solubility and dispersibility of thy-
mol could be enhanced by encapsulation via the pH-driven method with caseinate, and
this information could promote the development and application of thymol in food and
cosmetic productions.

3.2. Characterization of Nanosuspensions

A caseinate concentration of 10 mg/mL was used in the following studies since it led
to relatively high EE and LC values with a small nanosuspension size distribution. As
discussed above, the nanosuspensions with final formal were relatively small (79.4 nm)
and negatively charged (−19.4 mV). At the same time, they had high EE (85.2%) and LC
(30.0%), and the free thymol was dissolved in water instead of sediment. These results were
relatively similar to caseinate-coated curcumin nanoparticles [17]. Previous researchers
had also applied some delivery systems to encapsulate thymol and investigated the LC.
For example, Shi et al. prepared thymol-loaded solid lipid nanoparticles with a maximum
LC of 16% [30], and the LC of thymol/soy protein nano-complexation was 10.36% [2]. All
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of the data and experiments indicated that the thymol was suitable for the construction of
nanosuspensions coated with caseinate via the pH-driven method.

To further prove the fabrication of nanosuspensions, their morphology was observed
and detected by AFM and TEM (Figure 3). The AFM results demonstrated that the thymol
nanosuspensions are spherical and uniformly distributed in the systems. As expected, the
height and size of nanosuspensions were consistent with results provided by dynamic light
scattering. In the TEM image, most of the particles were uniformly distributed. The sizes
of nanosuspensions were in the range of 50–150 nm, which agrees with the data obtained
by dynamic light scattering.

Figure 3. Atom force microscopy (A) and transmission electron microscopy (B) image of thy-
mol nanosuspension.

The physical states of the thymol in caseinate-coated nanosuspensions were investi-
gated via X-ray diffraction. The diffraction peak of thymol was obtained at 2θ values from
5◦ to 35◦ (Figure 4), which indicates the high crystal state of thymol. The relatively smooth
curve of caseinate indicated that it was not present in a crystalline structure. As expected,
the diffraction peak of the nanosuspensions could not be observed, indicating that all
of the thymol are present in an amorphous state in the core of nanosuspensions. These
phenomena and data suggest that the incorporation of thymol into the caseinate-coated
nanosuspensions could prevent its crystallization, which is consistent with previous results
and may be beneficial for the application in commercial products, such as food colloids.
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Figure 4. XRD spectra of thymol, casein, and powdered thymol nanosuspension.

3.3. Stability of Nanosuspensions

In food products, most nanosuspensions and food colloids are applied by incorporat-
ing them into different products and are exposed to different environmental conditions.
Therefore, the thermal and storage stability of nanosuspensions were investigated in
this section (Figure 5), which could provide information for the application of thymol in
commercial products.

It has been reported that the volatile properties of thymol limit its application in the
food industry, and the decrease of thymol mass begins from 50 ◦C [31]. Thus, the impact of
high temperature on the stability of thymol nanosuspensions was investigated at 80 ◦C.
The retention rate of both pure thymol and nanosuspensions decreased with time, and the
retention rate of nanosuspensions was slightly higher than pure thymol. These results and
phenomena indicated that the coating of caseinate at the surface of nanosuspensions could
enhance its thermal stability. Similar results were also reported in nano-complexation
of thymol-soy protein isolate, and Chen et al. attributed the enhancement of thermal
stability to the shift of thymol evaporation temperature point from 50 to 90 ◦C and the
inclusion complex fabrication [2,32]. Meanwhile, the influence of heat on the average size
of nanosuspensions was also investigated, and it is obvious that there are no significate
changes. The results of particle size indicate that there are no aggregation and dissociation
of caseinate at the surface of the nanosuspensions at elevated temperature, which further
proved that caseinate is suitable for the encapsulation of thymol nanosuspensions via the
pH-driven method under high temperature. Meanwhile, in the visual figures (Figure 5c),
all of the samples remained clear, which indicated there was no significant recrystalliza-
tion and dissolution of thymol at high temperature. However, in previous research, the
curcumin nanoparticles coated by caseinate via a pH-driven shift exhibited a large leakage
of curcumin and a slight increase in turbidity [17]. These differences of nanoparticles are
mainly due to the difference between thymol and curcumin in their molecular weight
or hydrophobicity.
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Figure 5. The influence of heating on the thymol retention rate (A), average diameter (B), and visual
appearance (C) of nanosuspensions.

To further investigate the stability of thymol nanosuspensions, their storage
stability at room temperature was examined via investigating the retention rate
and average diameter during 28 days of storage. While the results showed that the
retention of thymol nanosuspensions decreased slowly, the value was higher than
90% during the storage period (Figure 6). Meanwhile, there were no significant
changes in the average diameter of thymol nanosuspensions, which indicated that
the caseinate-coated nanosuspensions via the pH-driven method were stable at long-
term storage. However, it has been reported that the retention rate of curcumin
nanoparticles coated by caseinate by the pH-driven method decreased dramatically
during storage at room temperature [17]. This difference is the same as the thermal
stability, which could be mainly due to the difference between the encapsulated
lipophilic nutrients.
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Figure 6. Changes of thymol retention rate and nanosuspension diameter during storage for
four weeks.

3.4. MIC and MBC of Thymol

As a natural antibacterial agent, thymol has been applied in many products to extend
shelf life, and its antibacterial activity is better than many other plant oil components,
such as carvacrol, diacetyl, and eugenol [2,13]. Moreover, it has been reported that the
antibacterial activity of thymol could be mainly attributed to the thymol’s capacity to
change the structure and properties of the outer and cytoplasmic membrane of bacteria [33].
Therefore, to investigate the antibacterial activity of thymol nanosuspensions, the MICs and
MBCs of nanosuspensions against four common pathogenic bacteria (Salmomella enterca,
Staphlococcus aureus, Escherichia coli, and Listeria monocytogenes) were investigated and
calculated (Table 1).

Table 1. Minimum inhibitory concentrations (MIC) and minimum bactericidal concentrations (MBC)
of nanosuspensions and free thymol for inhibition and inactivation of L. monocytogenes, S. aureusd, S.
typhimurium, and E. coli.

Thymol Solutions Nanosuspensions

L. monocytogenes MIC (μg/mL) 142 312
MBC (μg/mL) 142 312

S. aureusd
MIC (μg/mL) 142 156
MBC (μg/mL) 142 156

S. typhimurium MIC (μg/mL) 142 156
MBC (μg/mL) 142 156

E. coli
MIC (μg/mL) 142 312
MBC (μg/mL) 142 312

The MICs of free thymol against four kinds of bacteria were the same as 142 mg/mL,
and the values of all MBCs were the same as MICs. These results and phenomena indicated
that thymol could be used as antibacterial and bacteriostatic agents for all of the four kinds
of bacteria and there was no significant influence of bacteria kinds on antibacterial activity.
However, all of the MICs and MBCs of thymol nanosuspensions were higher than the free
thymol, which showed that there was no enhancement in antimicrobial activity of thymol
by encapsulating with caseinate via pH-driven methods. These results could be due to the
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bonds between thymol and caseinate, which prevent the release of thymol from coated
nanosuspensions. Thus, the amount of thymol in contact with bacteria decreased at the
same concentration, the same antibacterial effect required a higher concentration of thymol.
Similar results have also been reported by Wattanasatcha et al., that there was no difference
between free thymol and thymol encapsulated in the ethylcellulose/methylcellulose sphere
on its antimicrobial activity [34]. Moreover, the MIC/MBC values of thymol encapsulated
into liposomes were also lower than free thymol, which has been mainly attributed to
the strong binding between thymol/liposomes and the lower release of encapsulated
thymol [13]. Therefore, in this work, the decrease in the amount of encapsulated thymol
release could be due to the hydrophobic interaction force between thymol and caseinate,
which influenced the antibacterial properties of thymol.

4. Conclusions

In this study, caseinate-stabilized thymol nanosuspensions were successfully fabri-
cated via the pH-driven method. Thymol were extremely stable at pH 7.0–12.0 even after
incubation for 24 h, which means the loss of thymol during the pH-driven process is
negligible. The physchemical properties of thymol nanosuspensions are highly dependent
on the caseinate concentration. Caseinate could stabilize thymol nanosuspensions even at
a relatively low caseinate concentration, and the loading capacity can be as high as 45.9%.
AFM and TEM results showed that the nanosuspensions were uniformly distributed. The
thymol nanosuspensions remained stable under high temperature and long-time storage at
room temperature. The antimicrobial activity of thymol nanosuspensions was lower than
free thymol, which could be due to the bonding between caseinate with thymol and thus
retard its release and antimicrobial effects. This work and these results may provide useful
information for the design of functional food, cosmetics, and pharmaceutical productions
using the pH-driven method.
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Abstract: Naringenin and naringin are a class of hydrophobic polyphenol compounds and both
have several biological activities containing antioxidant, anti-inflammatory and anti-tumor proper-
ties. Nevertheless, they have low water solubility and bioavailability, which limits their biological
activity. In this study, an easy pH-driven method was applied to load naringenin or naringin into
nanoliposomes based on the gradual reduction in their water solubility after the pH changed to
acidity. Thus, the naringenin or naringin can be embedded into the hydrophobic region within
nanoliposomes from the aqueous phase. A series of naringenin/naringin-loaded nanoliposomes
with different pH values, lecithin contents and feeding naringenin/naringin concentrations were
prepared by microfluidization and a pH-driven method. The naringin-loaded nanoliposome con-
tained some free naringin due to its higher water solubility at lower pH values and had a relatively
low encapsulation efficiency. However, the naringenin-loaded nanoliposomes were predominantly
nanometric (44.95–104.4 nm), negatively charged (−14.1 to −19.3 mV) and exhibited relatively high
encapsulation efficiency (EE = 95.34% for 0.75 mg/mL naringenin within 1% w/v lecithin). Addition-
ally, the naringenin-loaded nanoliposomes still maintained good stability during 31 days of storage
at 4 ◦C. This study may help to develop novel food-grade colloidal delivery systems and apply them
to introducing naringenin or other lipophilic polyphenols into foods, supplements or drugs.

Keywords: naringenin; naringin; nanoliposomes; pH-driven; stability

1. Introduction

Naringenin (5,7,4′-trihydroxyflavanone) and naringin (5,7,4′-trihydroxyflavone 7-
rhamno-glucoside) are flavones abundantly existent in fruits, including grapefruit, tomato
skin and oranges [1]. Naringin can be formed by naringenin at the position of the 7th
carbon atom with neohesperidose (Figure 1), which promotes its solubility in water. Their
health-promoting features have been explored in vivo and in vitro models, such as antioxi-
dant activity [2,3], anti-inflammatory activity [4,5], anticancer activity [6,7], anti-diabetic
activity [8] and protective effects on the central nervous system [9] and the cardiovas-
cular system [10]. However, naringenin and naringin are hydrophobic and low-soluble
polyphenols with low water solubility of 38 and 500 μg/mL at room temperature, re-
spectively [11,12], and taste bitter, which greatly limits their application in clinical and
functional foods. To overcome these limits, the solubility and bioavailability of naringenin
and naringin have been improved by encapsulation in various kinds of carefully designed
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colloidal delivery systems, including cyclodextrins complexation [12], nanovehicles [13,14],
liposomal [15] and ternary complex particles [16].

 

Figure 1. Three dimensions conformer of naringenin and naringin and their hydroxyl groups are non-ionized in acidic
condition and negatively charged in alkaline condition.

The pH-driven method is a new method for constructing a delivery system, which
has received extensive attention due to its easy-to-handle, cost-saving, energy-saving and
organic solvent-free properties during operation. The process of this method includes
dissolving the bioactivator under strongly alkaline conditions and then adjusting the pH
to neutral or acidic after blending with the carrier system. Hydrophobic polyphenols
like curcumin have poor solubility in neutral acidity, while they can be dissolved due
to deprotonation at alkaline pH. According to this property of some polyphenols, Pan
et al. firstly loaded curcumin into casein nanoparticles by the pH-driven method [17].
Subsequently, a series of studies on the colloidal delivery systems based on the pH-driven
method began to emerge, especially for curcumin encapsulation. The successful preparation
of a series of colloidal carrier systems loaded with curcumin enhanced its water solubility
and bioavailability, which proved the feasibility of preparing the delivery system with the
pH-driven method [18–25]. However, the pH-driven method has rarely been applied for the
encapsulation of other hydrophobic polyphenols. A potential disadvantage of this method
is that the encapsulation of polyphenols needs to be carried out under a highly alkaline
conditions, which could facilitate the chemical degradation of polyphenols [26]. Peng and
co-workers have demonstrated that the pH-driven method can be used to load certain
kinds of lipophilic polyphenols such as curcumin and resveratrol but cannot encapsulate
quercetin because the degradation rate of quercetin was extremely fast at alkaline pH
values [26].

Liposomes are microcosmic phospholipid vesicles with a bilayered membrane struc-
ture. The hydrophilic segments of the phospholipids are located on the inside and outside
surface of liposomes, while the hydrophobic tail forming lipid bilayers are separated from
aqueous phase [27]. Nanoliposome is a nanometric versions of liposome, which can load
bioactive substances with different lipophilicities into the various parts of liposomes, such
as phospholipid bilayers, hydrophilic core or bilayer interface [28]. Therefore, nanolipo-
somes are an extremely promising encapsulation technology in the field of nutraceutical
products. The superiority of nanoliposome technology is embodied in the protection of sen-
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sitive bioactivators, storage stability, excellent loading capacity, improved bioavailability
and sustained-release ability [29]. The utilization of high-pressure homogenizer to prepare
liposomes can overcome the traditional liposome preparation method that uses detergents
or organic solvents that are either undesirable or not allowed ingredients in foods [25].

Naringenin and naringin, with hydrogen donor count as 3 and 8, respectively, whose
hydroxyl groups are non-ionized under acidic conditions (Figure 1). When the pH changes
to alkaline, they are easy to be negatively charged due to the deprotonation of the hydroxyl
group, which extremely enhances their hydrophilic ability. We hypothesized that narin-
genin and naringin lose their charges due to the protonation of the same group under
neutral and acidic conditions, which would reduce their water solubility. Therefore, when
the naringenin/naringin alkaline solution and nanoliposome solutions are mixed, the pH
is adjusted to an acidic condition, which causes the naringenin or naringin to be embedded
into the hydrophobic region within nanoliposomes. In this study, we first determined the
stability of naringenin and naringin under alkaline conditions and the change in solubil-
ity of naringenin and naringin in the transition from pH 12.0 to neutral or acidic were
also measured, which ensured that they can be encapsulated into liposomes by the pH-
driven method. Subsequently, nanoliposomes with different concentrations of naringenin
or naringin and different contents of lecithin were prepared by microfluidazition and
pH-driven methods, and their encapsulation efficiency and maximum loading capacity
were determined. The structures of bioactivator-loaded nanoliposomes, particle size and
ζ-potentials of nanoliposomes were determined to understand the bioactivator-loaded
procedure using the pH-driven method. Finally, the stability of the naringenin-loaded
nanoliposomes was studied. This study may lead to develop novel food-grade colloidal de-
livery systems and apply to introducing naringenin and naringin into foods, supplements,
or drugs.

2. Materials and Methods

2.1. Chemicals

Naringenin (97%) and naringin (95%) powder were purchased from Macklin (Shang-
hai, China); lecithin from soybean (>70%) and dimethyl sulfoxide (DMSO) were obtained
from Aladdin (Shanghai, China). Hydrochloric acid, sodium hydroxide, sodium dihydro-
gen phosphate, ethanol and other chemicals were all of analytical purity.

2.2. Stability of Naringenin and Naringin in Alkaline Condition

Sodium hydroxide solution (6.0 M) was added to 50 mM sodium dihydrogen phos-
phate solution to prepare a range of buffers with a pH value ranging from 7.0 to 12.0. Then
0.25 mL of naringenin or naringin ethanol solution (2.0 mg/mL) was mixed with buffer
solutions (9.75 mL) of different pH values, respectively. These samples with different pH
values were stirred using a magnetic stirrer at ambient temperature. At predetermined ev-
ery 10 min (ended of 60 min), 0.3 mL of mixture was taken out and diluted with phosphate
buffer solution (50 mM, pH 7.0) for the determination of naringenin and naringin content
with a UV-vis spectrometer (U-T6A, Yipu Instrument Manufacturing Co., Ltd., Shanghai,
China) at 288 and 282 nm, respectively.

2.3. Effect of pH Shift on the Solubility of Naringenin and Naringin

Naringenin was dissolved in NaH2PO4 buffer (50 mM, pH 12.0) at 5.0 mg/mL, then
the pH values of the solutions were adjusted to 7.0–2.0 with 6.0 M hydrochloric acid. After
storage for 24 h at ambient temperature, the suspension was centrifuged, and the super-
natant was diluted with DMSO to an appropriate concentration for UV-vis measurement.
The determination process for naringin was similar to that described above.

2.4. Narigenin-Loaded and Naringin-Loaded Nanoliposome Preparation

Nanoliposomes were produced by the high-pressure homogenization using a mi-
crofluidizer. Soybean lecithin (1.2% and 2.5%, w/v) was suspended in sodium dihydrogen
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phosphate solution (5 mM, pH 6.0) and stirred for 4 h to ensure complete hydration. Then
the soybean lecithin suspension was passed through the microfluidizer 3 times under a
working pressure of 121.0 MPa to fabricate nanoliposomes. The nanoliposome solutions
were placed in 4 ◦C before using.

Naringenin was encapsulated into the nanoliposomes by the pH-driven method.
Briefly, a range of alkaline naringenin solutions with various naringenin concentration
were fabricated by dissolving naringenin in 0.08 M NaOH solution. The alkaline naringenin
solutions and nanoliposome solutions were blended in various proportions, and then the
mixed systems were rapidly adjusted to pH 7.0, 6.0 and 5.0 by 1.0 M HCl. The final lecithin
content within nanoliposome solutions has two levels of 1.0% and 2.0% (w/v). Meanwhile,
the final naringenin concentrations were 0.75, 1.00, 1.25, or 1.50 mg/mL with 1.0% (w/v)
lecithin and the naringenin concentrations were 2.00 or 3.00 mg/mL with 2.0% (w/v)
lecithin, respectively. All the naringenin-loaded nanoliposome samples were equilibrated
at room temperature for 24 h.

A series of naringin-loaded nanoliposome (the final naringin concentrations were 1.00,
1.50, or 2.00 mg/mL with 1.0% (w/v) lecithin and 3.00 mg/mL with 2.0% (w/v) lecithin,
respectively) were prepared only at the final pH of 6.0 according to the above method.

2.5. Encapsulation Efficiency and Loading Capacity of Naringenin and Naringin

The encapsulation efficiency (EE) and loading capacity (LC) were measured by a
centrifugation method. Briefly, the bioactivator-loaded nanoliposome suspension was
centrifuged at 11,000× g for 15 min at 4 ◦C to remove any unencapsulated bioactivator
precipitate. Then, the bioactivator-loaded nanoliposome suspensions were centrifuged
with ultrafiltration centrifuge tubes (MWCO: 10 kDa) at 11,000× g for 30 min and the
subnatant was used to determine the concentration of free bioactivator. The concentration
of bioactivator in the supernatant for first centrifugation and the subnatant for second
centrifugation were measured using a UV-vis spectrophotometer. The EE and LC of the
bioactivator-loaded nanoliposomes without free bioactivator were calculated according to
the following expressions:

EE (%) =
mN − mF

mI
× 100 (1)

LC (%) =
mN − mF

mM
× 100 (2)

where mN is the mass of bioactivator in the nanoliposome solution, mF is the mass of
free bioactivator in the nanoliposome solution, mI is the initial mass of bioactivator in the
system, and mM is the total mass of the bioactivator-loaded nanoliposomes (bioactivator
+ lecithin).

2.6. Naringenin-Loaded and Naringin-Loaded Nanoliposomes Characterization

A combined dynamic light scattering (DLS)-electrophoresis instrument (ZETASIZER
PRO, Malvern Instruments, Worcestershire, U.K.) was used to determine the mean particle
size, polydispersity index (PDI) and ζ-potentials of naringenin-loaded and naringin-loaded
nanoliposomes at 25 ◦C. The refractive indexes of the nanoliposomes and the disper-
sion phase water were set to 1.45 and 1.33, respectively. The nanoliposome suspension
was diluted 20 times with buffer solution before measuring to avoid multiple scattering
interferences.

2.7. Storage Stability

The effect of storage conditions (e.g., temperature and time) on the stability of nanoli-
posome suspensions were determined to assess their long-term physicochemical stability.
The samples (1.0% w/v lecithin) with naringenin concentrations of 1.00 and 1.25 mg/mL
were placed in 4 ◦C, 25 ◦C and 37 ◦C within 31 days. During storage, their encapsula-
tion efficiency, mean particle size and ζ-potentials were recorded according to the same
procedure described above at different time intervals.
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2.8. Atomic Force Microscopy

Atomic force microscopy (AFM) was used for obtaining the microstructure of the
blank nanoliposomes and naringenin-loaded nanoliposomes with a concentration of 1.0
and 1.25 mg/mL naringenin before and after 31 days of storage at 4 ◦C. A droplet of
nanoliposome suspension was placed on to a newly cleaved silicon substrate and air-
dried for 30 min, and then picture of the naringenin-loaded nanoliposomes were recorded
through AFM (C300, Nanosurf, Liestal, Switzerland). AFM images were recorded in
tapping mode with a scan time of 3 s and scan points of 512 to obtain sufficient data for
statistical analysis.

2.9. Statistical Analysis

At least three freshly prepared samples were measured, and the results were expressed
as mean ± standard deviation. Analysis of variance (ANOVA) was used to determine
significance at the p < 0.05 level using Tukey’s HSD test.

3. Results and Discussion

3.1. Stability of Naringenin and Naringin in Alkaline Conditions

Naringenin molecule contains three hydroxyl groups that can be used as hydrogen
donors and their pKa values are 7.86, 9.20 and 9.79 (obtained from chemicalize.com),
respectively. The hydroxyl groups could be gradually ionized around and above their pKa
value, leading to an increase in the negative charge of the naringenin and its hydrophilicity.
Since naringenin was dissolved under alkaline conditions, it is necessary to investigate
its stability under alkaline conditions. The chemical stability of naringenin at various
pH conditions (from 12.0 to 7.0) was evaluated through measuring the change in the
concentration remaining versus time (Figure 2a). The degradation rate of naringenin was
about 5% when stored for 10 min at pH 12.0 and the degradation did not increase as the
time was extended to 60 min. Ionized hydroxyl groups (phenate ion) of the polyphenols
at high pH values are particularly susceptible to oxidation causing the degradation of
polyphenols [26]. With the decrease of pH from 11.0 to 7.0, naringenin was relatively stable
at this pH range and rarely degraded within 60 min.

Figure 2. The change of naringenin (a) and naringin (b) remaining in different alkaline solutions over time.

Compared with naringenin, naringin molecule contains eight hydroxyl groups that
can be used as hydrogen donors, and its solubility in alkaline solutions is higher than
naringenin. The change of naringin remaining in alkaline solutions over time is shown
in Figure 2b. The degradation rate of naringin was about 8% when stored for 60 min at
pH 12.0 and 11.0, suggesting that naringin was relatively stable in alkaline solutions within
a short time.
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3.2. Solubility of Naringenin and Naringin with pH-Shift

In order that naringenin can be moved from the aqueous phase into the hydrophobic
domain of the nanoliposome instead of simply blending in the nanoliposome solution,
we determined the solubility of naringenin after the pH-shift. Naringenin with a concentra-
tion of 5.00 mg/mL could quickly dissolved in a pH 12.0 phosphate buffer solution with a
color of orange-yellow (Figure 3a). After adjusting the pH to neutral and acidic, naringenin
could quickly restore electrical neutrality, resulting in reduced solubility and precipitated
from solution. The solubility of naringenin decreased as the solution of pH-shift range
increased. Similar to other hydrophobic polyphenols, such as curcumin, quercetin and
resveratrol, the hydroxyl groups on their molecules became electronegative in a strongly
alkaline solution which increased their water solubility, but then their water solubility de-
creased due to the molecules regaining neutrality when the pH was adjusted to neutral [26].
When the naringenin solution changed the pH from 12.0 to 7.0, the solubility of naringenin
decreased from 5.00 mg/mL to 94.59 μg/mL, indicating that about 98% of naringenin had
been precipitated.

Figure 3. The image and solubility of naringenin (a) and naringin (b) dissolved at pH 12.0 solution
(5.00 mg/mL) and then these samples were adjusted from pH 12.0 to 7.0, 6.0, 5.0, 4.0, 3.0 and 2.0
(left to right), which caused the bioactivators to restore electrical neutrality and reduce solubility.

Unlike naringenin, when naringin was dissolved in a NaH2PO4 buffer of pH 12.0
and then the pH was adjusted to acidity, naringin did not immediately precipitate out but
some naringin slowly precipitated over time. However, even after standing for 24 h, the
solubility of naringin in the pH 6.0 buffer still reached 592.32 μg/mL, which was about
ten times that of naringenin (Figure 3b). Additionally, the solubility of naringin did not
decrease as the transition pH decreases (Figure 3b). This result means that when using the
pH-driven method to prepare naringin-loaded nanoliposomes, some free naringin may be
blended in the nanoliposomes solution.

3.3. Encapsulation Efficiency (EE) and Loading Capacity (LC) of Naringenin and Naringin
in Nanoliposomes

The EE and LC of nanoliposomes fabricated with different naringenin and lecithin
concentrations at pH 7.0, 6.0 and 5.0 were determined, respectively (Figure 4). When the
concentration of naringenin was 0.75 mg/mL within 1.0% w/v lecithin, the EE of narin-
genin in the nanoliposomes increased as the shift of pH went down during preparation,
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being 70.12%, 90.30% and 95.34% for pH 7.0, 6.0 and 5.0, respectively. The same trend
appeared at naringenin concentration of 1.00 and 1.25 mg/mL, and the EE of 1.00 mg/mL
nanoliposome were 63.89%, 86.49% and 91.47%, while 1.25 mg/mL nanoliposome were
63.47%, 81.39% and 85.20% for pH 7.0, 6.0 and 5.0, respectively. This is may be because
more naringenin emerged into the hydrophobic cavity of the liposome as the decreased
solubility of naringenin from alkaline solution (pH 12.0) to weakly acidic solution, so the
EE of naringenin-loaded nanoliposomes increased [26]. However, when the naringenin
concentration reached 1.50 mg/mL, the EE decreased as the pH decreased. When the
feeding level of naringenin raised, the EE of nanoliposome gradually decreased, and the
nanoliposome solution gradually changed from transparent to cloudy (Figure 4c). The
maximum load of naringenin in the nanoliposome solutions (1.0% w/v lecithin + 1.25 mg/L
naringenin) was 1.02 mg/mL at pH 6.0. When the concentration of naringenin attained
1.50 mg/mL, the maximum LC and EE began to decrease significantly, which means that
nanoliposome may began to aggregate and easily formed naringenin crystals to initiate
precipitation. Therefore, we tried to increase the amount of lecithin to load more naringenin.
When the lecithin content reached 2.0% (w/v) and the concentration of naringenin was
2.00 mg/mL, the amount of naringenin loaded in nanoliposomes was 1.77 mg at pH 6.0,
which was about twice than 1.00 mg/mL with 1.0% (w/v) lecithin, and their EE were close
as 88.56% and 86.49%, respectively. Wang and co-workers prepared naringenin-loaded
liposomes by thin-film hydration method, and the EE of the naringenin-loaded liposomes
(4.0 mg/mL, 6% w/v lecithin) was 72.2% [13]. Compared with the thin-film hydration, the
pH-driven is a simple and effective method without the use of high temperature or organic
solvents, and also has a higher EE [24–26].

Figure 4. Encapsulation efficiency (a) and loading capacity (b) of naringenin-loaded nanoliposomes with pH shift to 7.0,
6.0 and 5.0; The image (c) of naringenin-loaded nanoliposome solutions with naringenin concentrations of 0.75, 1.00, 1.25
and 1.50 mg/mL with 1% (w/v) lecithin, while naringenin concentrations of 2.00 and 3.00 mg/mL with 2% (w/v) lecithin
from left to right at pH 6.0. Samples denoted with different letters (A–C) and (a–d) were significantly different (p < 0.05)
when compared between different pH regions (same naringenin level) and different naringenin levels (same pH region),
respectively.

LC was also used to evaluate the efficiency of loading naringenin with lecithin. The
maximum loading capacity appeared as a naringenin concentration of 1.25 mg/mL were
9.23% and 9.63% for pH 6.0 and 5.0, while it was 8.63% at 1.50 mg/mL naringenin con-
centration for pH 7.0. The maximum loading capacity of nanoliposomes at pH 6.0 and 5.0
was close (without significant difference) when enough feeding naringenin was provided,
which suggesting that the LC of the nanoliposome itself would not be affected in these pHs.
When the nanoliposomes were prepared at pH 6.0, the loading capacity increased from
6.34% to 9.23% with the increase of naringenin concentration from 0.75 to 1.25 mg/mL and
then dropped to 8.11% for 1.50 mg/mL naringenin.

The EE and LC of nanoliposomes fabricated with different naringin and lecithin con-
centrations at pH 6.0 were determined, respectively (Figure 5). After removing the free
naringin by centrifugation and ultrafiltration, the encapsulation efficiency of naringin-
loaded nanoliposomes was between 45.67%–64.54%. Moreover, the free naringin in the
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naringin-loaded nanoliposome solutions was between 17.78%–39.60%, which was con-
tribute to the low encapsulation efficiency. The loading capacity of naringin-loaded nanoli-
posomes were 6.06%, 8.01%, 8.37% and 8.24% at naringin concentration of 1.0, 1.5, 2.0 and
3.0 mg/mL, respectively. Compared with naringenin-loaded nanoliposomes, the naringin-
loaded nanoliposome solution did not become cloudy as the concentration of naringin
increased (Figure 5b). Additionally, the maximum encapsulation efficiency and loading
capacity of the naringin-loaded nanoliposomes were lower, which may attribute to its
higher molecular weight and solubility in pH 6.0.

Figure 5. Encapsulation efficiency and loading capacity (a) of naringin-loaded nanoliposomes with pH shift to 6.0; The image
(b) of naringin-loaded nanoliposome solutions with naringin concentrations of 1.0, 1.5, and 2.0 mg/mL with 1% (w/v)
lecithin, while naringin concentrations of 3.0 mg/mL with 2% (w/v) lecithin from left to right at pH 6.0. Schematic
mechanism of the formation of naringenin-loaded (c) and naringin-loaded (d) nanoliposomes based on pH-driven method.
Samples denoted with different letters (A–D) and (a–d) were significantly different (p < 0.05) in EE and LC when compared
between different naringin levels, respectively.

Above all, these results suggested that naringenin can be encapsulated into nanoli-
posomes by an easy pH-driven method according to the reduction in its water-solubility
after the pH changed to acidity, which causes the naringenin can be moved from the
aqueous solution into the lipid bilayers within nanoliposomes (Figure 5c). However,
the naringin-loaded nanoliposomes contained some free naringin in solutions due to its
higher water-solubility at acidic conditions (Figure 5d).

3.4. Characterization of Naringenin-Loaded and Naringin-Loaded Nanoliposomes

The mean particle size, PDI and ζ-potential changes of blank nanoliposomes and
naringenin-loaded nanoliposomes were determined using DLS, as showed in Figure 6. The
particle size of the blank nanoliposomes after passing through the microfluidizer consists
of 1.0% or 2.0% w/v lecithin were about 33 and 35 nm, respectively. The results showed
that the influence of different pH values and lecithin concentration on mean particle size
changes of blank nanoliposome seems to be negligible (Figure 6a). When the naringenin
was loaded into nanoliposomes, the particle size of nanoliposomes increased significantly.
For the shift of pH, all the mean particle size of the naringenin-loaded nanoliposomes
increased as the pH decreased. When the lecithin content in the system was 1.0% (w/v), the
average diameters of nanoliposomes increased as the concentration of naringenin increased,
which was related to the increased encapsulation efficiency and suggested that the larger
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particle diameter while the more naringenin loaded into nanoliposomes. The average
diameters of the nanoliposomes with naringenin concentration of 1.00 mg/mL were 53.47,
58.85 and 62.63 nm for pH 7.0, 6.0 and 5.0, respectively. While the naringenin concentration
was 1.25 mg/mL, the average diameters of the nanoliposomes were 61.56, 75.71 and
83.48 nm for pH 7.0, 6.0 and 5.0, respectively. For the 2.0% (w/v) lecithin concentration,
the average diameters of nanoliposomes increased similarly as the shift of pH decreased
and the concentration of naringenin increased. Particularly, the average diameters of
nanoliposomes with a naringenin concentration of 2.00 mg/mL were 52.20, 57.68 and
63.32 nm for pH 7.0, 6.0 and 5.0, and with a naringenin concentration of 3.00 mg/mL
were 75.44, 99.40 and 104.40 nm for pH 7.0, 6.0 and 5.0, respectively. The PDI of all
the nanoliposome samples was relatively small (PDI < 0.3) apart from the 0.75 mg/mL
naringenin-loaded nanoliposomes, suggesting that their particle size distributions were
relatively narrow (Figure 6b,c). Compared with the blank nanoliposome, the PDI of
the naringenin-loaded nanoliposomes with a naringenin concentration of 0.75 mg/mL
increased, indicating that part of the unloaded and loaded nanoliposomes form a fairly
wide particle size distribution (Figure 6c). When the feeding concentration of naringenin
increased, the PDI of nanoliposomes decreased slightly. In particular, for the concentrations
of 1.50 and 3.00 mg/mL naringenin, the PDI of nanoliposomes dropped significantly, from
0.262 (blank nanoliposome) to 0.164 and 0.149, respectively. The reason may be that the
hydrophobicity of nanoliposomes increased after loading naringenin, which inhibited the
aggregation of blank nanoliposomes, and the number of blank liposomes should be very
small under this condition [22,30]. The ζ-potentials of those samples were negative and
ranged from –14.01 to −19.30 mV (Figure 6d), and the pH and concentration of naringenin
didn’t seem to cause significant changes in the ζ-potentials of nanoliposomes.

Figure 6. Particle size (a), particle size distribution (b) at pH 6.0, polydispersity index (c, PDI) and ζ-potentials (d) of
naringenin-loaded nanoliposomes with pH shift to 7.0, 6.0 and 5.0. Samples denoted with different letters (A–C) and (a–f)
were significantly different (p < 0.05) when compared between different pH regions (same naringenin level) and different
naringenin levels (same pH region), respectively.
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Different from the nanoliposomes loaded with naringenin, the particle size, PDI and ζ-
potentials of the naringin-loaded nanoliposomes did not change significantly after loading
with naringin (Table 1). Unlike naringenin, naringin may has weak hydrophobicity and
electrostatic interaction with nanoliposomes without forming a larger particle size [30].

Table 1. The mean particle size, PDI and ζ-potentials of naringin-loaded nanoliposomes.

Naringin Concentration
(mg/mL)

Mean Particle Size
(nm)

PDI ζ-Potentials (mV)

Blank nanoliposomes 34.93 ± 0.98 a 0.262 ± 0.012 b −16.74 ± 1.87 a

1.0 (1% w/v lecithin) 34.03 ± 0.69 a 0.230 ± 0.010 a −12.94 ± 1.31 a

1.5 (1% w/v lecithin) 34.25 ± 0.72 a 0.237 ± 0.010 a,b −16.16 ± 1.60 a

2.0 (1% w/v lecithin) 35.09 ± 0.86 a 0.240 ± 0.012 a,b −13.90 ± 1.07 a

3.0 (2% w/v lecithin) 35.71 ± 0.49 a 0.260 ± 0.011 b −16.97 ± 1.48 a

Samples denoted with letters (a,b) were significantly different (p < 0.05) when compared between different
naringin levels.

3.5. Stability of Naringenin-Loaded Nanoliposomes

Liposomes need to have good storage stability in order to become a commercial prod-
uct, which means that they must remain integrity during the entire life cycle of the product.
We first investigated the change of the encapsulation efficiency of 1.00 and 1.25 mg/mL
naringenin loaded nanoliposomes at 4 ◦C, 25 ◦C and 37 ◦C (Figure 7b–d). At 4 ◦C, the
encapsulation efficiency of 1.00 mg/mL naringenin-loaded nanoliposomes solution re-
mained constant at about 86% after one month of storage, while the nanoliposome solution
with a concentration of 1.25 mg/mL dropped from 83.58% to 70.48%. At 25 ◦C, the en-
capsulation efficiency of all the nanoliposome solutions decreased, to 74.67% and 50.24%,
respectively. At 37 ◦C, the encapsulation efficiency of 1.00 mg/mL naringenin loaded
nanoliposomes solution decreased from 86.23% to 69.69%, and the 1.25 mg/mL narin-
genin loaded nanoliposomes solution decreased from 83.58% to 54.26%. With the increase
of storage temperature, the nanoliposome solution finally changed from milky white to
yellow at higher temperature (Figure 7a), indicating that the reduction of encapsulation
efficiency is related to the precipitation of naringenin. These results suggest that at high
temperatures, nanoliposomes loaded with more naringenin are more hydrophobicity and
likely to accelerate aggregation, oxidation, leakage and other chemical reactions during
storage, which cause the precipitation of naringenin crystals and the reduction in encapsu-
lation efficiency [22]. Similar to previous research results, conventional liposomes without
modification are thermodynamically unstable systems that tend to aggregate, fuse, degrade,
or hydrolyze, causing leakage of loaded compounds [31–33]. However, the combination
of synthetic polymers or biopolymer with liposomes can easily improve the stability and
site-specific targeting of liposomes through surface modification [33–35].
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Figure 7. The image (a) of naringenin loaded nanoliposome solutions with naringenin concentrations
of 1.00 and 1.25 mg/mL with 1% (w/v) lecithin after 31 days storage at different temperatures;
Changes of encapsulation efficiency at 4 ◦C (b), 25 ◦C (c) and 37 ◦C (d).

The storage stability of the nanoliposomes were also determined by recording changes
in their mean particle size, PDI and ζ-potentials (Figure 8). There was little change in
the mean particle size, PDI and ζ-potentials of the 1.00 and 1.25 mg/mL naringenin
loaded nanoliposomes solutions when they were placed in 4 ◦C within 31 days. At 25 ◦C,
the mean particle size of 1.00 mg/mL naringenin loaded nanoliposomes increased from
65.88 nm to 87.14 nm at 17-day, then slightly decreased to 83.83 nm at day 31. Similarly,
the 1.25 mg/mL naringenin loaded nanoliposomes increased from 91.15 nm to 95.80 nm
at 10-day, then slightly decreased to 93.55 nm at day 28. The change of the particle size of
nanoliposomes with different naringenin concentration at 37 ◦C also followed the trend
of first increasing and then decreasing. These results indicate that storing naringenin-
loaded nanoliposomes at high temperature is prone to aggregation in the early stage, and
then the particle size decreased in the later stage due to oxidation and leakage of the
nanoliposomes [19]. In the early stage of storage, the aggregation of nanoliposomes may
cause little increase the PDI, while the PDI of the later supersaturated nanoliposomes may
decrease due to the precipitation of part of naringenin. Similar to Homayoonfal et al.’s
study of the stability of anthocyanin compound loaded nanoliposomes at 37 ◦C, there
were no significant difference in the parameters of PDI and ζ-potential after one month of
storage, but the particle diameter and encapsulation efficiency significantly increased and
decreased, respectively [36]. Although the instability mechanism is not yet clear, it may
be because of the aggregation and leakage of nanoliposomes and chemical degradation of
naringenin in nanoliposomes solutions, which results in color changes or precipitation at
high store temperature [20,37,38].
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Figure 8. Changes of the naringenin-loaded nanoliposomes in mean particle size, PDI and ζ-potential during storage at 4,
25, and 37 ◦C for 31 days.

3.6. Micosturcture of Naringenin-Loaded Nanoliposomes

The microstructure of the blank nanoliposomes and naringenin loaded nanoliposomes
were obtained using AFM. Figure 9 illustrates representative 3D pictures of the blank and
nanoliposomes with different naringenin concentration obtained before and after storage at
4 ◦C for 31 days. Even the nanoliposomes after storage for 31 days, all the nanoliposomes
displayed as smooth sphericities that were uniformly distributed throughout the whole
pictures, and the particle sizes were similar with those measured by laser granulometry
method.

Figure 9. Atomic forces microscopy 3D images of blank nanoliposomes and naringenin-loaded
nanoliposomes with a concentration of 1.00 and 1.25 mg/mL after 0 and 31 days of storage at 4 ◦C.
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4. Conclusions

In conclusion, we have proved that naringenin could be encapsulated into nanoli-
posomes by an easy pH-driven method according to the reduction in its water-solubility
after the pH changed to acidity, which causes the naringenin can be moved from the
aqueous solution into the lipid bilayers within nanoliposomes, while the naringin-loaded
nanoliposomes contained some free naringin due to its higher water-solubility at lower
pH values. Experiments showed that the naringenin-loaded nanoliposomes were pre-
dominantly nanometric, negatively charged and exhibited relatively high encapsulation
efficiency. Moreover, the naringenin-loaded nanoliposomes still maintain good stability
during storage at 4 ◦C for 31 days, while they were unstable at high store temperatures.
In general, an easy method for manufacturing naringenin-loaded nanoliposomes has been
constructed that may help to develop novel food-grade colloidal delivery systems and
apply to introducing naringenin or other lipophilic polyphenols into foods, supplements,
or drugs.
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Abstract: A novel nano/micro-structured pesticide detection card was developed by combining
electrospinning and hydrophilic modification, and its feasibility for detecting different pesticides
was investigated. Here, the plain and hydrophilic-modified poly(ε-caprolactone) (PCL) fiber mats
were used for the absorption of indolyl acetate and acetylcholinesterase (AChE), respectively. By
pre-treating the fiber mat with ethanol, its surface wettability was improved, thus, promoting the
hydrolysis of the PCL fiber mat. Furthermore, the absorption efficiency of AChE was improved by
almost two times due to the increased hydrophilicity of the modified fiber mat. Noteworthily, this
self-made detection card showed a 5-fold, 2-fold, and 1.5-fold reduction of the minimum detectable
concentration for carbofuran, malathion, and trichlorfon, respectively, compared to the national stan-
dard values. Additionally, it also exhibited good stability when stored at 4 ◦C and room temperature.
The food detection test showed that this nano/micro-based detection card had better detectability
than the commercial detection card. Therefore, this study offers new insights into the design of
pesticide detection cards, which also broadens the application of electrospinning technique.

Keywords: nano/micro-structure; pesticide detection card; electrospinning; hydrophilic modifica-
tion; sensitivity

1. Introduction

Pesticides are effective ingredients that have been extensively used to control agri-
cultural diseases. However, their excessive use poses a challenge to the sustainable de-
velopment of agriculture, and the administration of pesticide residues on the surface of
food is harmful to human health. For this reason, considerable progress has been made
recently in the determination of pesticides. Current approaches are mainly carried out
by laboratory-scale analytical methods, such as HPLC, MC, GC, etc. [1,2]. Nevertheless,
their inherent disadvantages, such as complicated pre-treatment, high costs, and time-
consuming procedures, generally limit their applications [3]. Therefore, research into
other effective, convenient, and reliable detection strategies has gained increasing attention
in recent years [4–6]. Specifically, rapid detection based on enzyme acetylcholinesterase
(AChE) inhibition has become widely accepted for pesticide residue analysis, ascribing
to its simple principle and visual evaluation [7]. In this regard, the rapid detection card,
generally made of glass fiber, qualitative filter paper, or absorbent paper, has been identified
as the preferred and direct method for determining pesticides. Nevertheless, the challenge
associated with these cards is the discrepancy between the sensitivity of the analysis and
the increased awareness of food safety, making it imperative to seek new types of carriers
for the production of detection cards.

Recently, extensive evidence has demonstrated the great potential of nano/micromaterials
in the field of catalysis, owing to their unique structure and surface properties [8,9]. Herein,
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we try to further improve the conventional detection card’s performance by supplying
the nano/micromaterials as the immobilization carrier for the enzyme and substrate.
Electrospinning—a mild, convenient, versatile, and cost-effective technique for developing
micro-/nano-structured vehicles—is associated with a broad range of applications in
pharmacy, tissue engineering, food packaging, etc. [10]. Specifically, the superiority of
electrospun fibers as the carrier for chemical biosensors and immobilization has been
highlighted in recent years due to their desirable properties, such as a high surface area to
volume ratio, porous structure, and tunable porosity [11,12]. However, electrospun fibers
used as the detection card matrix for the pesticide detection card have been less explored,
except for in our previous research study [13]. It is known that the electrospun fiber mat
could not only be used as the encapsulation vehicle but also the absorption carrier [14]. Our
published work has already designed a novel detection card by encapsulating the enzyme
(AChE) and substrate (indolyl acetate, IA) into the electrospun nanofibers and we also
demonstrated their proper role for determining pesticides more sensitively. Unfortunately,
the deformation problem of this card, stemming from its hydrophilic feature, calls for
the exploration of hydrophobic materials. Additionally, it is also interesting to determine
the pesticide detection performance of the card by using the electrospun fiber mat as the
absorption matrix for the enzyme and substrate.

Herein, a biocompatible and biodegradable polymer, Poly(ε-caprolactone) (PCL), was
applied to prepare the detection card. To improve enzyme absorption on the fiber mat,
hydrophilic modification of the hydrophobic PCL fiber mat was performed, and the related
properties were investigated systematically. Subsequently, the plain and modified PCL
fiber mat were employed to absorb IA and AChE, respectively. Furthermore, the key
factors including the concentration of the enzyme and substrate, inhibition time, and color
development time were optimized to improve the performance of the detection card. The
detection ability of this card for different pesticides was examined and compared with the
corresponding values specified by the Standardization Administration of China (SAC).
Lastly, the feasibility of this card for detecting pesticide residues in real foods was studied
by comparison with the commercial card. This study offers new access for the sensitive
and convenient detection of pesticide residues, which is expected to inspire the further
application of electrospinning in the field of food and agriculture.

2. Materials and Methods

2.1. Materials

Poly(ε-caprolactone) (PCL) was purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Beijing, China). AChE (200 U/g, from head of fly) and IA were purchased from
ShanghaiYuanye Bio-Technology Co., Ltd. (Shanghai, China). Trichlorfon and carbaryl
were purchased from Aladdin (Shanghai, China). Malathion and carbofuran were pur-
chased from the National Information Center for Certified Reference Materials (Beijing,
China). The commercial rapid detection card was obtained from Dayuan Oasis Food Safety
Technology Co., Ltd. (Guangzhou, China). Analytical pesticide standards (100 μg/mL)
were stored at 4 ◦C and spiked to the desired concentrations. Samples of cabbage and
apples were purchased from a local market (Guangzhou, China).

2.2. Preparation of the Detection Card Matrix

PCL solutions in the concentration range of 100–150 g/L were prepared by dissolving
certain amounts of PCL into a mixed solvent of methanol and chloroform at different
volume ratios (0, 1:9, 3:7, 5:5). Then, the sealed solution was placed on a magnetic stirrer
and stirred at room temperature in the dark for more than one hour to obtain the stable
solution. The conductivity and viscosity of different spinning solutions were measured by
Brookfield digital viscometer (Model DV-II t Pro, Brookfield Engineering, Inc., Middleboro,
MA, USA) and conductivity meter (DDS-11A, Shanghai Leici Chuangyi Instrument Co.,
Ltd., Jiading, Shanghai, China), respectively. Then, electrospinning was conducted by
putting the solution into a plastic syringe (5 mL) with a 20-gauge steel needle which was
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connected to a high voltage power supply. The voltage and the distance between the needle
tip and collector were set in the range of 11–17 kV and 11–15 cm, respectively. The injection
rate was controlled by a syringe pump (NE-300, New Era Pump Systems Inc., Farmingdale,
NY, USA) in the range of 1.5 to 3.5 mL/h. The fiber mat was fabricated at 24 ± 2 ◦C and
under 55 ± 5% relative humidity for a period of time.

2.3. Hydrophilic Modification of the Matrix

Here, the PCL fiber mat was modified by one step or two steps of treatment. For
the one-step modification, the PCL fiber mat was immersed in the NaOH solution with
different concentrations (1 M, 2 M, 4 M, and 6 M) for a certain period of time, while the
two-step modification was performed by initially infiltrating in the 70% ethanol for 15 min
before the same NaOH immersion process. Then, the fiber mat was washed with deionized
water and dried in a vacuum drying oven.

2.4. Characterization of the Matrix

The morphologies of the original and modified PCL fiber were observed by scanning
electron microscopy (SEM, S-3700N, Hitachi High-Tech Ltd., Chiyoda-ku, Japan). Before
the observation, the electrospun fiber mat was sputter-coated under vacuum conditions
and observed at 15 kV. Then, the obtained SEM image was processed by the Nano Measure
1.2 software, and the distribution of the fibers was further calculated by analyzing around
50 fibers. The thickness of the fiber mat was measured by a digital thickness gauge (Syntek,
Deqing Shengtai Electronic Technology Co., Ltd., Deqing, China).

The changes that occurred in the polymer molecules were examined by employing
attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) (VERTEX
70, Bruker Co., Ettlingen, Germany). All the spectra were recorded in the frequency region
of 500–4000 cm−1 at a spectral resolution of 4 cm−1.

To characterize the surface wettability of the fiber mat, the surface contact angle tester
(OCA40, DataPhysics Instruments GmbH, Filderstadt, Germany) was used to determine the
contact angles of different samples. Briefly, the measurement was conducted by dropping
2 μL of deionized water onto the surface of the fiber mat with a drop rate of 2 μL/s. After
10 s, the contact angle of the fiber mat was measured by taking a screenshot. Each sample
was tested 3 times, and the average value was calculated.

2.5. Optimization of the Immobilization and Determination Conditions

In this study, two fiber mats, namely the enzyme (AChE) fiber mat (AFM) and substrate
(IA) fiber mat (IFM), were used for the preparation of the nano/micro-structured detection
card. For optimizing the suitable AChE concentration for the preparation of AFM, the IFM
was prepared by immersing the fiber mat in 5 mg/mL IA solution, and the cards were
then dried in a vacuum oven. Similarly, the fiber mat was treated with 8 mg/mL of AChE
solution when the optimal IA solution was investigated. Here, PBS (pH 7.4) and 1 mg/L of
malathion were selected as control and positive sample, respectively. On the other hand,
the absorption efficiencies of the fiber mat and other commonly used absorption materials
(qualitative and quantitative filter paper) were examined by determining the amount of
released enzyme from the carrier materials according to the Bradford method. Before doing
this, the carrier materials were immersed into 5 mg/mL of AChE solution for 24 h and
dried in a vacuum drying oven.

The principle of this detection method is that AChE can catalyze the hydrolysis of
colorless IA to produce indoxyl, as depicted in Figure 1, which then becomes blue due
to the rapid oxidation by air. The blue color of indigo can be well distinguished with
the naked eye. Hence, the existence of pesticides can be analyzed according to the color
change as a consequence of the inhibition of the pesticide on AChE activity. On the
basis of understanding the principle of this determination method, inhibition and color
development time were two critical factors that significantly influenced the result. Herein,
the inhibition time was optimized in the range of 5–15 min, where the color development
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time was set at 15 min. Similarly, the inhibition time was set at 10 min for exploring the
appropriate color development time (5–25 min). PBS (pH 7.4) and 0.5 mg/L malathion
were applied as control and positive samples, respectively.

Figure 1. The reaction of indoxyl acetate hydrolysis, catalyzed by AChE.

2.6. Performance of the Detection Card and Its Real-Life Application

To evaluate the efficacy of this detection card, a series of concentrations of these two
classical pesticides, including organophosphorus (OP) (omethoate and malathion) and
carbamate (CM) (carbaryl and carbofuran), were determined and compared with their
corresponding low limit of detection values reported in SAC. In brief, the pesticides were
diluted to a series of concentrations by PBS. An aliquot (50 μL) of sample solution was
dropped on the AFM for analysis, and PBS served as the control group. All the detection
procedures were performed according to the conditions optimized in the above section.

The storage stabilities of the detection card under 4 ◦C and room temperature (RT)
were evaluated for 60 days. Malathion and PBS were served as the positive and control
group to examine its detection efficacy periodically.

To further verify the determination performance of this card, organic cabbage and car-
rots were tested as samples with different concentrations of malathion (0, 5, 10, 20 μg/mL).
Different volumes of malathion were sprayed on sample surfaces based on the sample
weight (1 mL/g) and stored at room temperature for 24 h. Subsequently, 5 g of the samples
were immersed in 10 mL PBS and then shaken by hand. After the stabilization for 2 min,
the supernatant was analyzed using self-made and commercial rapid detection cards.

2.7. Statistical Analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA). A
value of p ≤ 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Preparation of the Nano/Micro-Structured Immobilization Matrix

Recently, the improved attention on food safety and pursuit of the sustainable develop-
ment of the agricultural industry has promoted the exploration of efficient and convenient
pesticide detection approaches. Specifically, our group has creatively investigated the po-
tent application of electrospinning in designing rapid detection cards to determine different
pesticides. The detection card was composed of two electrospun PVA fiber mats, in which
the enzyme and substrate were encapsulated. Furthermore, it was found to be able to effi-
ciently and sensitively detect different pesticides. However, the high hydrophilicity of PVA
made the fiber mat easier to deform, which would impede its application to some extent.
Given this situation, it is meaningful to investigate the performance of the detection card,
taking a hydrophobic material as the card matrix. Additionally, electrospinning was also
supposed as a proper absorption matrix in the field of analysis [15]. However, knowledge
of its capability for use as a detection card is lacking. Therefore, as shown in Figure 2,
this study offered another novel route for the preparation of pesticide detection card by
electrospinning, where the electrospun fiber mats were employed as the immobilization
matrix for the absorption of the enzyme (AChE) and substrate (AI) and the corresponding
detection principle was depicted in Figure 2.
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Figure 2. Preparation process and pesticide determination principle of the nano/micro-structured
detection card.

Here, an environmentally friendly material, PCL, was utilized to fabricate the detec-
tion card matrix, owing to its proper biodegradable and hydrophobic properties [16]. To
successfully obtain the electrospun fiber mat, the appropriate solvent for PCL electrospin-
ning should be initially investigated. It is known that solvents with low boiling points
are more suitable for electrospinning [17]. Hence, a commonly used solvent, chloroform
(CHCl3), was selected for hydrophobic PCL electrospinning, and methanol (CH3OH) was
further blended with it to decrease the fast evaporation of the solvent during the electro-
spinning process because of the lower boiling point of the CHCl3 [18]. Furthermore, as
shown in Table S1, the conductivity and viscosity of the solution were increased with the
increase in the ratio of the CH3OH, which was similar to a previous study [19]. The fiber
with a good morphology was obtained at the volume ratio of 3:7 (CH3OH: CHCl3) (Figure
S1). Then, the suitable concentration of PCL for electrospinning was examined, and it was
found that smooth fibers were obtained when the concentration was 125 g/L (Figure S2).
The balance between the conductivity and viscosity, which was one key factor that would
significantly influence the electrospinnability, was disrupted when the PCL concentration
was 100 or 150 g/L, resulting in the beaded fiber morphology [20]. Thereby, 125 g/L of
PCL concentration prepared in a blended solvent (CH3OH: CHCl3 = 3:7, v/v) was adopted
for the preparation of the card matrix.

Additionally, the influence of different electrospinning parameters, including spinning
voltage, distance, and injection rate, on the fiber morphology was studied. The SEM
images of the fibers prepared under different parameters and their relevant fiber diameter
distributions are shown in Figures S3–S5. It can be seen that smooth and uniform fibers
were produced when the voltage was 13 kV. Lower voltages result in the accumulation of
the electrospinning solution at the tip of the needle due to the weak electrical force [21].
While a high applied voltage increases the rate at which a polymer filament is drawn out of
the Taylor cone, resulting in greater fiber elongation and a reduced fiber diameter [22,23].
In addition, fiber morphology was improved with the increase in the flow rate, but further
increases in the flow rate could obtain thicker fibers. The reason behind this phenomenon
was that the flow rate generally determined the amount of electrospinning solution at
the tip of the needle and a higher flow rate would produce larger droplets and result in
a lower charge density required for electrostatic repulsive forces to overcome the surface
tension of the solution and the extra solution cannot be stretched during the electrospinning
process [24]. Similarly, good fiber morphology was achieved when the distance was 13 cm.
Higher or lower than this value would change the electric field distribution, disturbing
the balance between the electrical force and surface tension [25]. Overall, the appropriate
parameters for preparing of the PCL fiber mat were a spinning voltage of 13 kV, distance of
13 cm, and injection rate of 2.5 mL/h. The average diameter of the fibers fabricated under
this condition was 1.07 μm.
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3.2. Hydrophilic Modification of the Matrix and Its Characterization

In this study, the detection card consisted of an enzyme (AChE) loaded fiber mat
(AFM) and a substrate (IA) loaded fiber mat (IFM). The AFM was fabricated through the
absorption of the AChE onto the fiber mat. Unfortunately, the absorption efficacy was low
because of the hydrophobic property of the electrospun PCL fiber mat. A previous study
indicated that the absorption efficiency of the enzyme could be remarkably enhanced with
an increase in hydrophilicity [26,27]. Therefore, hydrophilic modification of the PCL fiber
mat might be a proper way to improve the detection performance of the designed detection
card. To our knowledge, there were different approaches for the hydrophilic modification
of PCL materials [28–30]. Nevertheless, alkaline hydrolysis was considered here on account
of its simple and efficient features and two corresponding hydrophilic modification models,
shown in Figure 3, were systemically investigated in this part. It was found that the contact
angle changed from 133.1◦ to 129.0◦, demonstrating that the hydrophilicity of the fiber
mat was improved by direct treatment with the NaOH solution. This result could be
attributed to the breaking of the easter linkages along the polymer backbone when the PCL
fiber mat was immersed in the NaOH solution, leading to hydroxyl and carboxylic acid
groups being exposed at the polymer surface [31,32]. Similar hydrophilicity modifications
through the hydrolysis by alkaline have been conducted for other hydrophobic polymer
membranes [33–35]. Noteworthily, as depicted in Model 2, the contact angle of the PCL fiber
mat changed dramatically from 131.1◦ to 0◦ when it was presoaked with ethanol, which
indicated that the surface of the fiber mat suffered a transformation from hydrophobicity to
hydrophilicity. This phenomenon can be ascribed to the fact that the ethanol pretreatment
can improve the surface wettability of the fiber mat, as described in a previous study [36].
If the NaOH solution was directly applied for the modification, the interaction between
the NaOH solution and the PCL fiber would be limited because of its hydrophobic surface.
However, the fiber mat can be pre-infiltrated when it was treated with ethanol, which was
more conducive to the interaction between the PCL molecule and NaOH. Additionally,
it is noteworthy that the size of the fiber also decreased from the microfiber to nanofiber
scale after modification, while maintaining overall fiber structure. This structure change is
favorable in the immobilization of the enzyme. Hence, Model 2 was utilized to modify the
hydrophobic fiber mat. The influence of the NaOH concentration and the related hydrolysis
time on the properties of the fiber mat were subsequently investigated.

To further illustrate the hydrolysis behaviors of the PCL fiber mat through two dif-
ferent modification models, ATR-FTIR was employed to characterize the interactions that
occurred in the PCL molecule by observing the changes of the specific peaks. The spectra of
different fiber mats are displayed in Figure 4. The intense peaks at 1723 cm−1 that appeared
in different samples represented the presence of the ester carbonyl group (-CO stretching)
in PCL polymer. Additionally, peaks at 2865 and 2942 cm−1 were related to the asymmetric
and symmetric CH2 stretching. Apart from these characteristic peaks, there were two
extra bands in the spectrum of modified fiber mat (model 2), one was at the wavenumber
range of 1500–1700 cm−1 (C=O group) and the other was at the wavenumber range of
3250–3750 cm−1 (OH stretching vibrations). This can be explained that the presence of -OH
(hydroxyl) functional group and -COOH (carboxyl) group in the PCL membrane after the
hydrolysis of the ester carbonyl group [37]. Furthermore, it was concluded that Model 2
was more beneficial for the modification of the PCL fiber mat.

176



Foods 2021, 10, 889

Figure 3. Two models used for the hydrophilic modification of PCL fiber mat and the properties of
plain and modified fiber mat (n = 50).

Figure 4. ATR–FTIR spectra of different samples.
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From the hydrolysis results displayed in Figure 5, it is clear that the thickness of
the fiber mat decreased after treatment with NaOH, and the surface of the fiber mat
could successfully be changed from hydrophobic to hydrophilic when the concentration
of the NaOH solution was above 2 M. During the modification process, the fiber surface
suffered different degrees of hydrolysis. The higher the NaOH concentration, the higher
the degree of fiber hydrolysis. During the hydrolysis procession, the contact angle was
decreased, probably due to the increase in surface free energy [38]. When the specific
surface free energy of the fiber mat was increased to a critical value, the droplets dripping
onto the surface of the fiber mat could easily penetrate into the fiber mat. However, further
improving the concentration of the NaOH solution, the thickness of the fiber mat was
seriously decreased and became fragile. Herein, 2 M and 4 M were determined as the
suitable modification concentration to obtain the hydrophilic matrix.

Figure 5. Effect of NaOH concentration on the thickness and contact angle of fiber mat before and
after modification (nd, not determined, n = 3).

Apart from the concentration, the effect of the treatment time on the properties of
the modification fiber mat was examined. As displayed in Figure 6, 39.4◦ and 73.2◦ of
reduction in the contact angle of the fiber mats occurred when the fiber mat was treated
with 2 M and 4 M NaOH solution for 0.5 h, respectively, and the obtained fiber mats were
still hydrophobic. Meanwhile, a considerable change in the wettability occurred when
the hydrolysis time was longer than 0.5 h and the contact angles of these two modified
fiber mats were both 0◦, which led to an understanding that the improvement of the
hydrophilicity of the modified fiber mat could be achieved by postponing the hydrolysis
time. As the degree of fiber hydrolysis increased, the polar group hydroxyl and carboxyl
content on the surface gradually increased. Additionally, many dips appeared on the
fiber surface, which was in accordance with another similar study [39]. The increase in
surface roughness may contribute to the hydrophilic property of the fiber mat [40]. Hence,
appropriate modification was performed with the 2 M NaOH solution for 1 h.
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Figure 6. Effect of NaOH concentration and hydrolysis time on the thickness and contact angle of fiber mat before and after
modification ((A), 2 M NaOH; (B), 4 M NaOH; n = 3).

3.3. Fabrication and Measurement Conditions of the Detection Card

The rationale for this detection card is based on the hydrolysis of the substrate (IA)
by the acetylcholinesterase (AChE) to produce indole phenol, which then becomes blue
indigo due to the oxidization. In contrast, the card will be colorless if the AFM is treated
with a positive sample (pesticide) as the enzyme activity can be inhibited by the pesticide.
Here, to obtain a reliable detection approach, it is essential to investigate the influence
of the two vital factors (absorption time and enzyme/substrate concentration) on the
detection performance of this card and eventually to figure out the appropriate synthesis
conditions. Here, the detection result could be obtained by simply distinguishing the
color of the detection card with the naked eye. As shown in Figure 7, it appeared that the
suitable immobilization time and concentration for the AChE were 24 h and 5 mg/mL,
respectively. Less immobilization time or a lower concentration of AChE would result
in a false-positive result. Likewise, 12 h and 5 mg/mL were found to be the proper time
and concentration for the immobilization of IA to obtain a reliable detection result. On the
other hand, considering the absorption efficiency of the AFM, the absorption amount of
AChE for the commercial filter papers, plain and modified PCL fiber mats were determined
and compared. As shown in Figure 8, the modified fiber mats showed a significantly
higher absorption efficiency than the other two commercial applied filter papers (n = 3,
p < 0.05), which may be attributable to the fact that the special nano-structure was more
beneficial for the immobilization of the enzymes. More importantly, the fiber mat exhibited
an improved absorption efficiency after the hydrophilicity modification, and a nearly
2-fold enhancement of the absorption amount was achieved. The probable reason was
that the hydrophobicity property could hamper the interaction between the enzyme and
the matrix. Moreover, the fiber morphology changing from microfiber to nanofiber after
the modification might be another vital contributor to the improved loading efficiency of
the enzyme. Furthermore, the pits on the surface of the modified fiber would naturally
increase the specific area, thus, promoting the immobilization of the enzyme.

179



Foods 2021, 10, 889

Figure 7. Color development of the detection card prepared under different conditions (A), AChE
concentration 5 mg/mL, IA concentration 8 mg/mL, IA immobilization time 24 h; (B), AChE immobi-
lization time 24 h, IA concentration 8 mg/mL, IA immobilization time 24 h; (C), AChE concentration
5 mg/mL, AChE immobilization time 24 h, IA concentration 8 mg/mL; AChE immobilization time
24 h; (D), AChE concentration 5 mg/mL, AChE immobilization time 24 h, IA immobilization time
12 h).

Figure 8. Absorption amounts of AChE for different matrixes and the surface morphology of
modified fibers (n = 3, **, p < 0.01).

In addition to the card matrix preparation, the measurement parameters, mainly
including enzyme inhibition time and color development time, are particularly important
for the precise determination of the pesticides. It was known that the substrate IA could be
decomposed into indole phenol by the catalysis of AChE, and then blue indigo would be
formed after oxidization. In contrast, the inhibition of AChE activity by the pesticide would
result in the colorless appearance of the detection card. The inhibition time, referred to as
the reaction time between the sample and AFM and the color development time, indicated
the time that AFM with IFM. Generally, the inhibition time has a considerable influence on
color development. If the inhibition time was too short, the enzyme could not react with the
sample sufficiently, leading to a negative result. Nevertheless, if the inhibition time was too
long, it would be time-consuming and decrease productivity. On the other hand, time was
required for AFM to react with IFM in order to develop the distinct blue color. Similarly,
a shorter or longer color development time would limit the real-life application of the
detection card. For this reason, the exploration work of these two factors was conducted,
and the related results were displayed in Figure 9. The suiFireaction condition was found
to be an inhibition time 10 min and a color development time 10 min, which was superior
to the commercial detection card.
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Figure 9. Color development of the detection card prepared under different conditions (A), color
development time 20 min; (B), AChE inhibition time 10 min).

3.4. Detection Performance of the Detection Card and Its Real-Life Application

Nowadays, consumers would like to select foods with fewer pesticides. Pesticide
detection with high sensitivity seems to be the preferred strategy and would have great
application potential in the food and agricultural industry. To check the detectability of
this card, four pesticides representing two main types of pesticide, organophosphorus and
carbamate, were selected to be tested. Additionally, the minimum detectable concentration
of this card for each pesticide was compared with its corresponding limit of detection (LOD)
value specified by SAC [41]. Results depicted in Table 1 elucidated that this nano/micro-
structured detection card exhibited a comparative value with the corresponding LOD
values. It is noteworthy that 5-fold, 2-fold, and 1.5-fold reductions in the detectable
concentrations of the rapid detection card for carbofuran, malathion, and trichlorfon were
obtained compared to the national standard value, suggesting that this developed card
could be able to detect these types of pesticides.

Table 1. The minimum detectable concentrations (MDC) of the card for different pesticides and the
corresponding limit of detection (LOD) values specified by Standardization Administration of China
(SAC).

Pesticide
LOD
(mg/L)

MDC
(mg/L)

Color Development

Organophosphorus

Trichlorfon 0.3 0.2

0 0.1 0.2 0.3

Malathion 2.0 1.0

0 0.5 1.0 2.0

Carbamate

Carbaryl 2.5 2.5

0 1.0 2.0 2.5

Carbofura 0.5 0.1

0 0.05 0.1 0.5
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The shelf life of the as-prepared detection card is another important factor that in-
fluences its real-life applications. In this study, the storage stability of this detection card
under 4 ◦C and RT were investigated. As shown in Figure 10, all the detection cards in
PBS groups had a blue color, while other detection cards were colorless, demonstrating
that this detection card had good stability. It could effectively detect the pesticide even
though they were stored for 60 days. Hence, this desirable property of the self-made card
also contributes to its real-life application.

Figure 10. Storage stability of the detection card under 4 ◦C and room temperature (RT).

To verify the real-life performance and practicability of this self-made detection card,
pesticide residues on cabbage and carrot were measured according to the above-mentioned
conditions, and comparisons were also performed with the commercial detection card. As
shown in Table 2, the commercial card cannot detect the malathion even at its concentration
of 20 μg/mL, since the control group still showed a blue color. However, the obtained
detection card could accurately detect 5 μg/mL malathion, indicating the existence of
pesticide on the cabbage. Similarly, the detection results for the carrot also revealed that
this self-made detection card had a better detectability than the commercial card. The card
with a nano/micro-structure could determine pesticides on the real vegetables accurately
and efficiently. Therefore, this study opens up a new way to develop the pesticide rapid
detection vehicle, promoting the sustainable development of the agricultural and food
industry.

Table 2. Color development results for real-life food detection.

Sample Detection Card
Spraying Concentration of Malathion (μg/mL)

0 5 10 20

Cabbage

Commercial

NMF

Carrot

Commercial

NMF

Note: NMF, nano/micro-structured detection card.

4. Conclusions

To satisfy the improved requirement of safety food, a novel nano/micro-structured
pesticide detection card was creatively fabricated by taking the electrospun fiber mat as the
card matrix. This detection card has good storage stability and a low minimum detectable
concentration, the application of which involves a short reaction time, simple operation,
and minimum use of human and material resources as compared to the traditional detection
approaches. In addition, experiments with real samples also demonstrated its feasibility
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and superiority on pesticide detection over the commercial card. More importantly, this
detection method can even be performed by nonprofessional individuals, making it more
in line with the market requirement. Therefore, the present study offers a new route for
designing a rapid detection card for pesticides, which could promote the application of the
electrospinning technique and nano/micro material in the agricultural and food industry.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10040889/s1, Figure S1: SEM images of electrospun fibers at different ratios of CH3OH
to CHCl3 (the electrospinning conditions were: voltage of 13 kV, flow rate of 2.5 mL/h and distance
of 13 cm); Figure S2: SEM images of electrospun fibers at different concentrations of PCL (the
electrospinning conditions were: voltage of 13 kV, flow rate of 2.5 mL/h and distance of 13 cm);
Figure S3: SEM images and fiber diameter distributions of PCL fibers under different electrospinning
voltages (the electrospinning conditions were: flow rate of 2.5 mL/h and distance of 13cm); Figure
S4: SEM images and fiber diameter distributions of electrospun PCL fibers under different flow rates
(the electrospinning conditions were voltage 13 kV and distance 13 cm); Figure S5: SEM images and
fiber diameter distributions of electrospun PCL fibers under different distances (the electrospinning
conditions were: voltage of 13 kV and flow rate of 2.5 mL/h); Table S1: Effect of PCL concentration
and volume ratio of CHCl3 to CH3OH on the properties of electrospinning solution.
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Abstract: Soy-based emulsifiers are currently extensively studied and applied in the food industry.
They are employed for food emulsion stabilization due to their ability to absorb at the oil–water
interface. In this review, the emulsifying properties and the destabilization mechanisms of food
emulsions were briefly introduced. Herein, the effect of the modification process on the emulsifying
characteristics of soy protein and the formation of soy protein–polysaccharides for improved stability
of emulsions were discussed. Furthermore, the relationship between the structural and emulsifying
properties of soy polysaccharides and soy lecithin and their combined effect on the protein stabilized
emulsion were reviewed. Due to the unique emulsifying properties, soy-based emulsifiers have
found several applications in bioactive and nutrient delivery, fat replacer, and plant-based creamer in
the food industry. Finally, the future trends of the research on soy-based emulsifiers were proposed.

Keywords: emulsions; soy protein; soy polysaccharide; soy lecithin; delivery

1. Introduction

The colloidal mixture of two immiscible liquids gives rise to an emulsion where one
liquid is dispersed in another liquid. The solvent or substance that tends to form droplets
in the emulsion is defined as the dispersed, while the liquid that surrounds the droplet
is defined as the external or continuous phase. An emulsifying agent is a surface-active
molecule with the ability to be adsorbed at the oil–water interface of the newly formed
emulsion during the emulsification and protects the droplets from immediate coalescence.
A surface-active molecule can be considered as a proper emulsifier if it possesses the ability
towards frequent adsorption at the oil–water or air–water interface and causes a decrease in
interfacial tension. There are low-molecular weight emulsifiers (e.g., soy lecithin) and high-
molecular weight emulsifiers (e.g., soy protein and polysaccharides) in soy components.
Low molecular weight emulsifiers decrease the surface or interfacial tension to a greater
extent than the proteins or polysaccharides due to the partitioning of the entire molecule
between the two phases. However, the proteins and polysaccharides would undergo a
conformational change at the interface and there might be no clear definition of hydrophilic
or hydrophobic groups, resulting in relatively high surface tension compared to that of the
low molecular emulsifiers. Although low molecular weight emulsifiers are more effective
in emulsion formation, the high molecular weight emulsifiers are more effective in the
formation of the viscoelastic film around the oil droplets, which favors the stabilization of
the food emulsions. In 2019, the world soybean production was 336.5 million metric tons,
which accounted for approximately 58.9% of the world’s oilseed production. Soybeans
contain about 40% protein and 20% oil and are considered to be a major source of proteins
and oils, accompanied by the production of natural surfactants: soy protein, soy lecithin,
and soy polysaccharides. Soy protein is the most popular plant protein source to serve as
an ingredient in food formulation. It should be noticed that the functional properties of
soy-based emulsifiers might be different among the ingredients from different suppliers.
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However, the functional properties (e.g., solubility) of commercial soy-based emulsifiers
depend on the extraction and processing method utilized for its preparation.

2. Emulsifying Properties

Two aspects of emulsifiers are commonly studied in literature during the consideration
of their emulsifying potential. These aspects include emulsifying activity and stability. Basic
information regarding their emulsifying potential can be acquired by the determination of
their efficacy to reduce the interfacial tension of emulsion [1]. Typically, interfacial tension is
measured as a function of the increasing level of emulsifier and then calculated the surface
tension versus concentration profile of emulsifier. However, the electrical properties of
emulsifiers may have an impact on the stability and performance of an emulsion. Although
various methods are available to measure the electrical properties of emulsifiers, micro-
electrophoresis is considered the simplest and most widely used method. The important
aspect of emulsifying properties includes their emulsifying activity, which can be assessed
by two comparatively indexes: emulsifying capacities and emulsifying activity index. The
emulsifying capacity of an emulsifier is described as the maximum oil content that can be
emulsified in an aqueous medium containing a specific amount of the emulsifier without
reverting or breaking down the emulsion, while the emulsifying activity index is described
as the amount of oil that can be emulsified per unit emulsifier.

Various analytical techniques and protocols are present for the investigation of emul-
sion stability in different aspects [2]. Among all, the emulsion stability index (ESI) es-
tablished by Pearce and Kinsella [3], is a widely used and simplest method based on the
analysis of the turbidity of the diluted emulsion at a specific wavelength. The phenomena
affecting the emulsion stability mainly include coalescence, flocculation, creaming, sedi-
mentation, Ostwald ripening, and phase inversion (Figure 1). Density-driven gravitation
separation is the most easily observed emulsion instability phenomena in food emulsion
storage, including the upward movement induced creaming and the downward movement
induced sedimentation. Coalescence is the merging process of small emulsion droplets into
larger emulsion droplets, resulting in the formation of a distinct layer of oil on the surface
(oiling-off). Flocculation phenomena are also derived from the aggregation of emulsion
droplets, while the droplets would not merge but remain as individual droplets. Phase
inversion is a process that the dispersed phase becomes the continuous phase and vice
versa, which has also been applied as an emulsification method to make fine emulsions.
Ostwald ripening is the growth of one emulsion droplet at the expense of the smaller one
due to the difference in chemical potential of the emulsion droplets. The destabilization
of the soy-based stabilized emulsions is usually affected by the nature of the molecules
(three-dimensional structure, hydrophobicity, charge, solubility, molecular flexibility) and
conditions of the environment (e.g., pH and ionic strength) [4].

Figure 1. Mechanism for the destabilization of emulsion system [5].
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3. Soy Proteins

Soy proteins are mainly composed of 40% 7S (β-conglycinin) and 30% 11S (glycinin)
fractions. The 7S globulin has been shown to have better emulsifying properties than the
11S globulin, which is due to the 11S globulin’s more stable oligomeric form. Rivas and
Sherman [6] found that 7S formed a stronger viscoelastic film at the oil–water interface
than 11S at all the tested pH and NaCl concentrations. They concluded that the 7S globulin
molecules have a higher degree of intra- and intermolecular cohesion, resulting in more
organized films at the interface. Glycinin cannot adsorb quickly to the air–water interface
due to its low surface hydrophobicity, large molecular size, and low molecular flexibility.
Liu et al. [7] observed that the acidic subunits of glycinin adsorb more quickly to the
air–water interface than raw glycinin. Soy protein acts as a macromolecular surfactant
to stabilize oil-in-water emulsion systems in food products such as sausages, ice cream,
yogurt, and coffee whitener [8]. It has been proposed that the surface hydrophobicity
and solubility are the major factors determining emulsifying activity, while the molecular
flexibility of the proteins is important for emulsion stability [9]. However, the solubility
of soy proteins was limited in the food matrix due to the isoelectric point being around
5.0. Moreover, the globular structure of the soy proteins prevents the exposure of the
hydrophobic residues and retards the conformational change of protein when adsorbing
at the interface, preventing them from becoming more efficient at reducing interfacial
tension [10]. In recent years, soy proteins are considered effective starting materials
to produce functional emulsifiers with modified physico-chemical properties by using
different enzymatic, physical, chemical, and biological methods [11].

3.1. Enzyme Treatment

Enzyme treatment has been an effective method to modify the functional properties of
proteins due to the advantages of high specificity and tunable properties of the hydrolyzed
peptides. Enzymatic hydrolysis could reduce the molecular weight and expose the groups
(hydrophobic or hydrophilic) buried in the globular structure of the soy protein, which
might elevate the emulsifying properties. The tunable functional properties make the
hydrolyzed soy proteins important ingredients in the food industry [10]. In a recent report,
three different enzymes were reported namely flavorzyme, alcalase, and protamex to
hydrolyze SPI to obtain hydrolysate with degrees of hydrolysis of 3%, 7%, and 11% [12].
Flavorzyme was found to induce soy protein nanoparticles (SPNPs) at all DH, whereas
protamex showed a limited effect on the formation of SPNPs. The SPNPs attached more
rapidly at the oil–water interface as compared to native SPI, indicating the good emulsifying
potential of the emulsifier. The peptides with decreased molecules show the advantage of
higher mobility when absorbing at the interface, which might also be a disadvantage in
maintaining the emulsion stability. Therefore, even though most of the previous studies
indicated that that enzymatic hydrolysis improved some of the functional properties of soy
proteins, the degree of hydrolysis is the critical parameter for enzyme modification [13].
Enzyme treatment could not only hydrolyze the protein, but also crosslink protein to
modify the emulsifying properties. Zang et al. [14] hydrolyzed soy protein by papain
with a hydrolysis degree of 6% and then reacted with transglutaminase (TGase) to partial
crosslink soy protein hydrolysate. Compared with the raw SPI, transglutaminase treated
SPI and SPI hydrolysate, emulsion stabilized by transglutaminase treated SPI hydrolysate
exhibited the lowest particle size, creaming index, flocculation degree, coalescence degree,
and highest freeze–thaw stability.

3.2. Thermal Treatment

The conformation and aggregation behavior of proteins are greatly influenced by
heat treatment, resulting in modified functional properties [15]. The protein molecules
tend to unfold the globular structure and expose the hydrophobic groups. It has been
reported that the emulsions stabilized by 75 ◦C; heated soy protein showed lower emulsion
droplet size compare to the unheated soy protein. The heated soy protein showed a
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higher extent of adsorption at the interface, with a higher ratio of β-conglycinin among
the absorbed protein. The acidic and basic subunits of glycinin remained in the serum
phase in similar amounts in these emulsions as in the unheated samples. Heat-induced
dissociation of β-conglycinin has previously been shown to result in the formation of
soluble complexes [16,17]. However, high-temperature treatment (95 ◦C for 15 min) might
cause dissociation and denaturation of both β-conglycinin and glycinin, resulting in the
formation of soluble aggregates between the basic subunit of glycinin and the β-subunits of
β-conglycinin. The majority of the aggregates formed during heating adsorb at the interface
during homogenization, which could explain the decreased emulsion stability [15].

3.3. Non-Thermal Processing

Non-heat processing (such as ultrasonication and high pressures) has long been re-
searched to modify the functional property of soy proteins. Ultrasound is well-known
energy and time-saving technique. The use of ultrasound in various industries is becom-
ing more common. Ultrasound destroys noncovalent interactions and disulfide bonds
through thermal, mechanical, and chemical effects [18], thus causing protein subunits to
dissociate and aggregate, resulting in the modification of solubility, emulsifying, foam-
ing, and gelation properties [19]. Jambrak et al. [20] found that ultrasound treatment
(20 kHz) increased the emulsifying and foaming ability of soy proteins, which might
be ascribed to the higher adsorption at the emulsion droplet interface of the denatured
soy protein [10]. It has been revealed that ultrasound treatment increased the surface
hydrophobicity and zeta potential value of soy-protein isolate–citrus-pectin electrostatic
complexes, and significantly decreased emulsion droplet size was observed. The results
showed that ultrasonic cavitation effects changed the structure of both biomacromolecules
and increased the electrostatic interactions between soy-protein isolate and citrus pectin,
both of which led to the complex’s improved emulsifying properties [21]. Albano et al. [22]
have also observed reduced particle size in the soy protein and pectin complex stabilized
emulsion after ultrasonication. Ren et al. [23] compared the effects of ultrasonic cavitation
treatment and hydrodynamic cavitation on the functional properties of soy protein isolate.
The particle size and viscosity of SPI were reduced and the surface hydrophobicity was
increased after ultrasonic cavitation or hydrodynamic cavitation treatment, resulting in
improved solubility, emulsifying activity index, emulsion stability index, and foaming
capacity. However, significantly decreased foam stability was observed after ultrasonic
cavitation and hydrodynamic cavitation treatment, which might be ascribed to the weaker
protein-protein interaction as reflected by the decreased viscosity.

When proteins are subjected to high pressures (HP), it is known that protein molecules
would undergo conformational changes, which may lead to modification of the emulsifying
properties. Several studies have been conducted to see whether high-pressure treatment can
be applied to change the emulsifying properties of soy proteins. Molina, Papadopoulou [9]
reported that the emulsifying activity was increased by high-pressure treatment at neutral,
while no improvement was observed for the emulsifying stabilities and solubilities. They
observed the highest emulsifying activity indexes were 400 MPa and 200 MPa for β-
conglycinin and glycinin, respectively. Puppo et al. [24] compared the effect of high
pressure on emulsifying properties of soy protein isolate at acidic (pH 3.0) and alkaline (pH
8.0) conditions. High-pressure treatment (200 MPa) of SPI at alkaline condition induced a
reduction of droplet size and an increase of depletion flocculation. High-pressure treatment
induced a significant increase of adsorbed proteins at the oil–water interface at both pH
conditions. Torrezan et al. [25] found in both the low pH range (2.66–4.34) and the near-
neutral range (5.16–6.84), increasing the soy protein concentration (0.32–3.68%) caused a
reduction in emulsifying activity index. In acidic conditions, the emulsifying activity index
was higher at low-pressure treatments whereas, in the near-neutral pH range, the best
emulsifying activity was at the middle range of pressure treatment. The critical effect of the
initial protein concentration was confirmed by Wang et al. [26], who observed higher EAI
value when lower soy protein concentration (1%) was applied for high-pressure treatment.
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Apart from some common non-heating processes that have been applied for modification
of the emulsifying properties of soy protein, pulsed electric fields (PEF) [27], extrusion
process [28], and radiation [29] have also been studied.

3.4. Glycation Modification

Traditional chemical modifications of proteins, such as acylation, phosphorylation,
and alkylation, are less researched in food applications due to safety and environmental
concerns [30]. Protein non-enzyme glycation, commonly regarded as the initial stage of the
Maillard reaction, has been widely researched in the food industry to modify the functional
properties of protein due to the relatively mild and safe reaction conditions, and no extrane-
ous chemicals were needed [31]. Thus, this makes glycation a promising method for protein
modification in the food industry [32]. There have been emerging studies that focused on
improving the stability of glycated soy protein hydrolysates stabilized emulsions. Recent
studies that focused on the glycation of polysaccharides with soy proteins for improved
emulsifying properties are listed in Table 1. Covalent attachment between proteins and
polysaccharides may enhance the protein functionality to act as both emulsifier and sta-
bilizer. Most of the investigations (Table 1) conducted on Maillard conjugates followed a
similar trend that glycated conjugates increased the emulsification ability and emulsion
stability. The main advantages of the soy protein-polysaccharide conjugates synthesized
by the Maillard reaction include the increased functional characteristic and solubility over
a wide range of environments, such as very low pH, and very high ionic strength [33]. In
the case of larger molecular weight polysaccharides, the conjugate-stabilized emulsion
may have a thicker stabilizing layer than the protein-stabilized ones (Figure 2). It has
been reported that the well-prepared soy protein hydrolysate–polysaccharide conjugates
substantially improve emulsifying and stabilizing properties as compared with soy protein
hydrolysates and its native proteins [34]. Apart from polysaccharides, some low molecular
weight carbohydrates such as glucose and maltose have also been reported to be conjugated
with soy protein hydrolysates. Yang et al. [35] studied the effect of the chain length of
the carbohydrate on the interfacial and structural characteristics of the conjugates of soy
protein hydrolysates (Mw > 30 kDa) produced by the Maillard reaction. The results of the
study revealed that increasing carbohydrate chain length increases the emulsion stability
of the conjugates. Zhang et al. [36] reported that the soy protein hydrolysate–dextran
conjugate-based emulsions exhibited better freeze–thaw stability compared with the SPI-
dextran conjugates, especially in the case of 3% DH. For the lowest creaming index and
best freeze–thaw stability, the optimum wet Maillard reaction conditions included a soy
protein hydrolysate/dextran ratio of 2:3 in which the dispersion of 40 g/L of soy protein
hydrolysate was prepared in phosphate buffer (pH 8), which was then incubated for 1 h at
85 ◦C. The surface activity measurements indicated the closely packed soy peptide–dextran
conjugates which formed a thick adsorbed layer at the oil–water interface. Even though the
Maillard reaction has long been regarded as an effective method to improve the emulsifying
properties of soy protein [31], there are still concerns about the conformational change,
surface polarity, specific interactions among the components. Due to the complexity of
the Maillard reaction, the productivity, stability, and repeatability of the conjugates are
concerns for commercial use.
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Table 1. Lists of recently reported studies focusing on polysaccharide glycation with soy proteins for improved emulsifying
properties.

Emulsifier Glycation Conditions Main Conclusions References

Soy protein
isolate–glucose

Wet heating, 50, 60, 70,
80, and 90 ◦C, 5 h

The EAI and ESI of the soy protein–glucose isolate were
markedly improved under different reaction temperature
conditions in comparison to that of untreated SPI.

[37]

Soy protein–maltose Wet heating, 100 ◦C, 2 h

The 1-butyl-3-methylimidazolium chloride was proved to
be a proper medium for protein glycation to increase
glycation extent and to improve the emulsifying activity
and emulsion stability.

[38]

Soy protein isolate–gum
acacia

Dry heating, 60 ◦C, RH
79%, 6 days

The soy protein isolates–gum acacia (SPI-GA) conjugates
films containing essential oils showed the highest radical
scavenging activity and antibacterial activity.

[39]

Soy protein
hydrolysate-dextran Wet heating, 85 ◦C, 1 h

The soy protein hydrolysate-dextran conjugates produced
through the wet method under optimal conditions
showed the lowest creaming index and the best
freeze–thaw stability.

[36]

Soy protein isolate–Okara
dietary fibre (ODF)

Dry heating, 60 ◦C, RH
78%, 6–72 h

The resulting ODF-SPI conjugates were thermally stable
and exhibited excellent Pickering emulsion stabilization
potentials.

[40]

Soy glycinin–soy
polysaccharide

Dry heating, 60 ◦C, RH
78%, 24 h and 72 h

The glycation with soy soluble polysaccharide (SSPS)
greatly improved the emulsification performance of soy
glycinin, the gel network formation and stability (against
heating or freeze–thawing) of the resultant high internal
phase emulsions.

[41]

Soy protein–pectin Wet heating, pH 4.5,
95 ◦C, 30 min

With the addition of glycyrrhizic acid nanofibrils,
self-standing soy protein-pectin nanoparticles (SPNPs)
stabilized emulsion gels with small droplet size,
homogeneous appearance, and microstructure were
obtained.

[42]

Soy protein isolate–pectin Dry heating, 60 ◦C, RH
79%, 1–7 days

The solubility and emulsifying properties were improved
after the Maillard reaction and the strong steric-hindrance
effect of pectin facilitated the stability of the emulsion.

[43]

3.5. Fermentation Modification

As an ancient processing approach, lactic fermentation has long been applied on
soy milk or soy protein modification for improved sensory properties [44]. However,
few studies focused on the effect of fermentation on the emulsifying properties of soy
protein. The fermentation process would not only undergo enzymatic hydrolysis on soy
proteins, but also affect the conformation of protein molecules through acidification, result-
ing in a comprehensive impact on the functional properties of the protein. Meinlschmidt
et al. [45] studied the effect of liquid state lactobacillus helveticus fermentation on the solu-
bility, emulsifying capacity, and foaming activity of soy protein isolate. The fermentation
significantly decreased the SPI solubility at pH 7.0, while increased the solubility at pH
4.0. Non-fermented SPI exhibited the highest emulsifying capacity of 660 mL/g, while
fermentation resulted in a significantly decreased emulsifying capacity (475–483 mL/g),
which was ascribed to the decreased solubility at pH 7.0. The foaming activity of SPI was
nearly doubled after fermentation, while the foam density decreased after fermentation.
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Figure 2. The schematic illustration of the formation of the soy protein–polysaccharide complex for
emulsion stabilization.

It should be noted that the modification method is not limited to those discussed above.
Indeed, each modification method has some advantages and disadvantages that affect the
utilization in the food industry. For example, the physical modification has the advantage
of high productivity, while usually showed low effectiveness on the emulsifying properties
improvement. Enzymatic hydrolysis was widely recognized as a cost-effective way to
modify the functionalities of proteins due to its controllability and minimal formation of
by-products. However, the deeply hydrolyzed protein is generally accompanied by the
production of bitter peptides, which has an adverse effect on the product flavor. Traditional
chemical modification usually has safety and environmental concerns, especially when
applied in the food matrix. The non-enzyme glycation is environmentally friendly, safe, and
easily acceptable by consumers. The most recent studies on the modification of soy proteins
for improved emulsifying properties focused on the combination of novel technologies with
traditional modification methods. Wen et al. [46] applied a novel slit divergent ultrasound
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to facilitate the formation of soy protein isolate–lentinan conjugates via Maillard reaction.
The results showed that ultrasonic treatment (40 min) markedly increased the degree
of grafting (26. 48%) compared with the traditional heating method (2 h, 13.89%). The
hydrophobicity, emulsifying activity, and emulsion stability were doubled after ultrasonic
treatment for 40 min and the SPI-lentinan conjugates stabilized emulsions were stable
against the various environmental stress (pH, temperature, and ionic strength).

4. Soy Polysaccharides

Soybean soluble polysaccharide (SSPS), a by-product of isolating soybean proteins,
has been reported to be used as an emulsifier for the emulsification of beverages owing
to the acidic nature of polysaccharide. Rhamnogalacturonan backbone is present in the
SSPS structure, which is branched by β-1,4-galactan and homogalacturonan, α-1,3-, or
α-1,5-arabinan chains [47] (Figure 3). It has been reported as a source of dietary fibers in
fortified foods as well as a functional ingredient for food and pharmaceutical applications.
The conformation of SSPS is not easily affected by pH and ionic strength which results in
environmental stability of the SSPS stabilized emulsions. The structure of glycoprotein
present in SSPS is almost similar to that of the Wattle Blossom Model suggested for gum
arabic. The attachment of carbohydrate functionality of the polysaccharide on the oil–water
interface is mainly due to the protein fraction of SSPS. Therefore, the hydrophilic portion of
SSPS forms a 30 nm thick hydrated layer that retard the chance of coalescence and stabilizes
the oil droplets by steric repulsion [48] (Figure 3).

Figure 3. The chemical structure of soybean soluble polysaccharide (SPSS) (left) and a schematic diagram of SSPS-stabilized
emulsion droplets (right).

Generally, the emulsifying ability of SSPS is affected by the protein fraction, molecular
weight, and extraction conditions. Nakamura, Takahashi [47] studied the emulsifying
potential of three different types of SSPS and observed that all the soy polysaccharide
stabilized emulsions showed stability against creaming for 30 days at pH 3.5–5.0 when the
polysaccharide concentration was above 4%. The soy polysaccharide that was extracted
at pH 3.0 and 120 ◦C for 2 h showed the best emulsifying ability, in which the protein
fraction had an inevitable effect. Nakamura et al. [49] separated the SSPS into two fractions,
i.e., high molecular and low molecular, and found that the 2.2% protein facilitated the
emulsifying properties of the high molecular fraction but did not exhibit a similar effect on
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the low molecular fraction of SSPS. The emulsions stabilized by the high molecular fraction
showed no change when heated at 90 ◦C and pH 3.0–7.0 or in the presence of <10 mM CaCl2,
while the low molecular fraction stabilized emulsions undergo aggregation when heated
at pH 7.0 [50]. The SPSS was further enzyme-digested by pectinases (polygalacturonase
(PGase), hemicellulases (galactosidase (GPase), and rhamnogalacturonase (RGase)), and
arabinosidase (Afase). The Rgase digested SSPS showed improved emulsifying properties
while the others compromised the emulsifying potential [51]. The additions of SSPS to
the protein-stabilized emulsions have also been reported to progress the stability against
thermal treatment, low pH, and under simulated gastric conditions. Yin et al. [52] fabricated
the stable nano-sized emulsions with the help of soy protein and SPSS complexes, which
formed the interfacial films under the influence of the temperature by the process of
electrostatic complexation of the denatured protein and soy polysaccharide. The interfacial
fixed polysaccharide chains are also able to stabilize the oil droplets in an aqueous medium
even in the unfavorable condition of soy protein in which they undergo aggregation.

Recently SPSS has shown potential applications in food emulsion products, such as
beverages and mayonnaise. Nakamura et al. [53] used SSPS as a stabilizer in the dispersions
of acid milk and suggested the comparable stabilizing potential of SSPS with pectin. It
was also found that SSPS did not show interaction with casein at pH > 4.6, but exhibited
better stabilizing ability at pH < 4.2 than high methoxyl pectin [54]. Chivero et al. [55]
examined the ability of SSPS to produce O/W mayonnaise-like emulsions and observed
that SSPS could stabilize emulsions with a maximum oil content of about 60 wt%, and the
emulsions remained stable after 30 days. The improved stability was observed when SSPS
was combined with a thickening agent (xanthan gum) to induce a stronger network. Xu
et al. [56] fabricated casein and SSPS compact complex aggregates of 133 nm (Figure 4a),
leading to the stabilized emulsions having the stability of more than 500 days with a
curcumin loading efficiency of 99.9% and droplet diameter of about 324 nm (Figure 4b).
It was also found that the absorption of curcumin was more effective compare with the
absorption of the curcumin/Tween 20 suspension group, resulting in 11-fold higher oral
bioavailability of curcumin in the emulsion group (Figure 4c). Zhan et al. [57] studied the
SSPS effect on the functional characteristics of pea protein isolate (PPI), and found that SSPS
adhered to PPI by means of hydrophobic interaction and hydrogen bonding which resulted
in decreased hydrophobicity of the surface of reconstituted PPI particles and enhanced the
stability of emulsions. It was also suggested that the incorporation of SSPS rearranged and
interconnected the modified particles, resulting in the improved interfacial and rheological
properties of the emulsions.

Figure 4. Diagrammatic representation of formation of SSPS-casein complex (a), the stabilized emulsion with a long-term
stability (b), and the significantly improved loading and bioavailability of SSPS-casein stabilized curcumin emulsion
compared to that stabilized by Tween 20 (c) [56].
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Apart from SSPS, the insoluble soy polysaccharide (ISP) containing cellulose, hemi-
cellulose, lignin, and a protein fraction, has attracted attention due to its potential as a
Pickering emulsion stabilizer. Porfiri et al. [58] performed the acidic extraction at pH 3.5,
120 ◦C and extracted insoluble soybean polysaccharide (ISPS) from insoluble okara. The
pretreatments (high-pressure homogenization or sonication) are assumed to expose the
internal site of the structure of protein and polysaccharide to enhance the superficial hy-
drophobicity. This in turn facilitates the formation of the outer layer and/or absorption of
the macromolecules at the oil–water interface, hence providing increased rigidity of the in-
terfacial film. Particularly, the molecules that resulted from high-pressure homogenization
exhibited promising emulsifying potential and showed stability against the pH variation of
the emulsions. Mwangi et al. [59] found that ISP dispersions under a high power ultrasoni-
cation treatment result in the breakdown of polysaccharide fibers and allow the preparation
of the nanoparticles with a size range of 127–221 nm. The fabricated nanoparticles exhibited
remarkable potential towards emulsification and allow the formation of Pickering emul-
sions. It was further reported Yang et al. [60] also fabricated ultrasound-induced insoluble
soy polysaccharide nanoparticles with a size of about 160 nm, which can be served as an
outstanding Pickering stabilizer for the emulsions having a high internal phase due to the
formed gel network (Figure 5). The high internal phase Pickering emulsions showed high
stability against environmental stress. The gel structure can be maintained over the pH
range 2.0–12.0 and ionic strength range 0–500 mM. All the high internal phase Pickering
emulsion gels exhibited excellent stability against prolonged storage and heating, as well
as unique reversibility of freeze–thawing-destabilization/re-emulsification.

Figure 5. Synthesis of ultrasound-induced insoluble soy polysaccharide (ISP) based nanoparticles for developing and edible
O/W high internal phase Pickering emulsion gels [60].

5. Soy Lecithin

Soy lecithin has been an important emulsifier for the production of food emulsion
products. Commercial soy lecithin contains 34% triglycerides, 65–75% phospholipids, and
small amounts of pigments, carbohydrates, sterol glycosides, and sterols. The commonly
found phospholipids include phosphatidylcholine (29–46%), phosphatidylethanolamine
(21–34%), and phosphatidylinositol (13–21%). Due to their amphiphilic nature, they can
easily be adsorbed onto the surface or interface with the hydrophobic tail of fatty acid
facing oil phase while the polar head group facing aqueous phase that results in decreased
surface or interfacial tension. The phosphatidylinositol stabilizes the emulsion by serving
as a barrier at the surface of oil or water droplets. The phosphatidylcholine and phos-
phatidylethanolamine contain the positively charged choline and ethanolamine groups,
and the negatively charged phosphate and carbonyl groups. The soy phospholipids may
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form liposomes, micelles, lamellar structures, or bilayer sheets in an aqueous medium
depending on the hydration, temperature, and concentration [10] (Figure 6). The described
self-assembly systems are considered as potential delivery vehicles for bioactive and nu-
trients. Since commercial soy lecithin is a mixture of various phospholipids and other
numerous constituents, its surface activity is a combined effect of all the surface-active
substances. Though lecithin is not usually considered a suitable material to stabilize either
oil-in-water or water-in-water emulsions, it can only be utilized for the preparation of
emulsions at appropriate salt concentration, pH, temperature, and oil/water ratio.

 

Figure 6. Diagrammatic presentation of various structures resulting from the self-assembly of phospholipids derived from
soy lecithin.

Soy lecithin has been an effective emulsifier to fabricate delivery systems for en-
zymes, nutraceuticals, vitamins, flavors, pesticides, and antimicrobials. Flores-Andrade
et al. [61] compared the emulsifying properties of soy lecithin and gum arabic for the fabri-
cation of paprika oleoresin nanoemulsions and observed the remarkable efficacy of soy
lecithin to form nano range droplets (d < 150 nm) rather than gum arabic (d < 539.6 nm).
Yang et al. [62] prepared the lecithin stabilized emulsions with a droplet size range of
62.5–105 nm for co-delivery of essential oils and curcumin. It was found that the solubility
of curcumin was significantly increased by 1700-fold, and its in vitro bioaccessibility was
4.79–10.6 fold higher than that of free curcumin. Koo et al. [63] prepared the emulsions
stabilized by 1.5% soy lecithin, 0.5% sodium caseinate, and a combination of both (0.5%
sodium caseinate and 0.5% lecithin). The sodium caseinate stabilized emulsions containing
and the emulsion stabilized by the mixture of both (sodium caseinate and soy lecithin)
undergo destabilization at pH 5 or below because of the aggregation of sodium caseinate
near its isoelectric point. While the soy lecithin stabilized emulsion showed stability over a
pH range of 3.5 to 7 because of increased repulsion among the droplets.

Soy lecithin has also been added to the protein stabilized emulsions to improve the
emulsion stability through surfactant-protein interactions. García-Moreno et al. [64] in-
vestigated the influence of a combination of casein and phospholipid (0.3% and 0.5%,
respectively) on the oxidative and physical characteristics of 10% fish oil-based emulsions
at pH 7. Three different phospholipids were used to conduct the analysis which include
lecithin, phosphatidylethanolamine, and phosphatidylcholine. The lecithin stabilized emul-
sion exhibited the best physical stability as they possess larger negative zeta potential with
smaller droplet size. Additionally, they possess a smaller degree of oxidation which may be
attributed to the combined effect of casein and lecithin, which results in favorable thickness
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and structure of the interfacial layer capable to prevent the oxidation of emulsion lipid.
Wang et al. [65] added soy lecithin (0.5–1.0%) in the whey protein stabilized emulsions,
and found improved emulsion stability because of the surfactant–protein interactions at
the interface, resulting in a higher encapsulation efficiency of the spray-dried microcap-
sules with good re-dispersibility in water. Shen et al. [66] investigated the interactions of
soybean lecithin with egg yolk granules, and they observed that incorporation of lecithin
destroyed the aggregated structure of egg yolk granules, leading to better stability of
emulsion because of lower particle size and higher surface charge.

Recently, a few studies have focused on constructing some novel soy lecithin-based
emulsions with interesting functionalities. Sandoval-Cuellar et al. [67] fabricated the high
oleic palm oil nanoemulsions, which were stabilized by the whey protein and soy lecithin
and observed the less release of free fatty acid in in vitro gastrointestinal digestion as
compared to non-encapsulated control. This is because of the lipase inhibition potential of
soy lecithin. Zhuang et al. [68] inoculated Bifidobacterium lactis and Lactobacillus acidophilus
into the lecithin-based oleogel emulsions prepared by using 20 wt% oleogelators (stearic
acid: soy lecithin = 5:5), 70% canola oil, and 10% water. The semi-solid oleogel emulsions
based on soy lecithin improved the viability of the encapsulated probiotics and prevented
the progress of lipid oxidation. Jiang et al. [69] designed edible Pickering emulsions of
high internal phase bearing a double-emulsion morphology (Figure 7). They dissolved
the lecithin in squalane oil, and the dispersion of zein nanoparticles was prepared in
water (w1). When the system allowed to emulsify for the first time, a w1/o emulsion was
formed. The resulting primary w1/o emulsion was added with the second dispersion of
zein nanoparticles (w2), which on emulsification leads to a w1/o/w2 double emulsion, the
total ratio of oil and water was maintained at 3:1. It was found that soy lecithin enhances
the surface elasticity of the interfacial films and resulted in highly stable emulsions.

Figure 7. (A) Illustration of a two-step process for the preparation of lecithin based w/o/w high
internal phase Pickering emulsions; (B–G) CLSM images of the emulsions stabilized with zein
nanoparticles and lecithin, and the lecithin concentrations are 0%, 0.1%, 0.25%, 0.5%, 1%, and 2%,
respectively; (H) CLSM image of the emulsion with 1% lecithin (F) at high magnification [69].
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6. Food Applications

6.1. Bioactive Encapsulation and Delivery

Recently the interest in the fabrication of novel bioactive delivery systems increased
continuously [70]. In food applications, various emulsion-based delivery systems are used
but they still required long-time physical stability in various environmental conditions
because the breakdown of emulsion significantly alter the texture, color, flavor, and shelf
life of the products. Xu, Wang [56] found that the curcumin oral bioavailability of the casein–
soy soluble polysaccharide complex stabilized emulsions was 11-fold higher compared
with curcumin/Tween 20 suspension. Wang et al. [71] found that the addition of soy
polysaccharides (soy hull polysaccharide and soy soluble polysaccharide) is capable to
decrease the influence of simulated gastric fluid (i.e., pepsin, ionic strength, and pH) on the
stability of emulsions.

In recent years, a few novel emulsions such as Pickering emulsions [60], emulsion
gels [72], oleogel emulsions [68], high internal phase emulsions, multiple emulsions [69,73],
nanoemulsions, and microemulsions [74] have been fabricated for encapsulation and
delivery of bioactive compounds (Figure 8). Physically stabilized Pickering emulsions with
solid particles that were moderately wetted by oil and water showed improved stability
against steric mechanism-based flocculation and coalescence [59]. Soy-based emulsifiers
are considered promising Pickering stabilizers due to easy availability, the ability to form
nano-aggregates, and health effects. Liu and Tang [75] reported the heat-treated soy
glycinin stabilized gel-like Pickering emulsions capable of sustained release β-carotene
which was confirmed by the in vitro experiment for intestinal digestion which indicated
that the formation of a gel-like network significantly slowed down the release of β-carotene.
Muñoz-González et al. [76] produced four emulsion gels containing soy protein, olive oil,
and alginate-based cold gelling agent to encapsulate polyphenol. The emulsion gels with
added polyphenols exhibited the presence of gallic acid, flavanol monomers, and their
derivatives, which play a vital role to make it a suitable system for the delivery of various
bioactive compounds. Zhuang, Gaudino [68] fabricated novel soy-lecithin based W/O
oleogel emulsions for improved lipid stability and probiotic viability. The oleogel emulsion
was composed of 20 wt% oleogelators (soy lecithin: stearic acid, 1:1), 70% canola oil, and
10% water. Flores-Andrade, Allende-Baltazar [61] compared the O/W paprika oleoresin
nanoemulsions which were stabilized by whey protein concentrates, soy lecithin, and gum
arabic under high-pressure homogenization, and found that soy lecithin was the most
effective emulsifier for nanoemulsion preparation.

 

Figure 8. Structures of Pickering emulsions (a), emulsion gels (b), oleogel emulsions (c), high internal
phase emulsions (d), multiple emulsions (e), and nanoemulsions (f).
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6.2. Fat Replacer

To mimic the properties of animal fat, soy-based emulsified systems have been re-
searched as a promising alternative to replace animal fat [77,78]. Emulsion gel structures
based on soy protein have the potentials to replace fat in sausages [79,80]. Pintado et al. [81]
fabricated the soy protein stabilized emulsion gels that contained two different solid ex-
tracts of polyphenols obtained from grape seed and olive to be used as an animal fat
replacer in the development of frankfurters.

The addition of SPI in ice creams may decrease the influence of heat on the recrystal-
lization and melting rate of ice. Chen et al. [82] reported that larger-sized SPI nanoparticles
with higher surface hydrophobicity and enhance the potential of packing at the oil–water
interface are more suitable to form Pickering emulsions with enhanced freeze–thaw stabil-
ity. The addition of soy protein in ice cream reduces the heat shock effect on the melting
rate and recrystallization of ice. Functional optimization of the structure of soy protein is
currently attracted great interest to achieve a high degree of fat globule partial coalescence
in the preparation of ice cream. Soy protein under selective hydrolysis provides sufficient
fat partial coalescence and good melt-down rates. Chen et al. [83] compared the effect
of commercial soy protein isolate (CSPI), native soy protein isolate (NSPI), soy protein
hydrolyzed by pepsin (SPHPe), and skim milk powder (SMP), and soy protein hydrolyzed
by papain (SPHPa) on ice cream mix stability and melt-down properties. Among all these,
the highest melt-down rates were observed in the ice cream made with SPHPe, which
ranged from 1.23% min−1 to 2.05% min−1. While the CSPI, SMP, and SPHPa based ice
creams exhibited the lowest melt rate with no significant difference from each other. The
highest fraction of protein at the fat globules during aging and freezing was SPHPa mix
(22.6%) which was almost similar to SMP (21.8%).

Currently, the soybean has been considered as popular among all the plant-based
sources used for yogurt production, because of its quantity, quality, and functional charac-
teristics of the protein. Such plant-based systems upon acidification cause destabilization
of soy proteins, which may result in the formation of a non-continuous, weak gel [84].
SPNPs stabilized emulsions have been studied as functional non-dairy yogurts. Sengupta
et al. [85] found that the addition of SPNPs distinctly improved the quality of soy yo-
gurts with enhanced radical scavenging activity and ferric reducing property. The SPNPs
(72.42–586.72 nm) incorporated soy yogurts exhibited significantly enhanced oxidative
stability against peroxidation of lipids, indicating the applicability in the development of
functional yogurts.

Consumers are purchasing plant-based “milks” and “creams” frequently because
of their environmental and perceived health benefits. Hence, the food companies have
been developing a wide range of plant-based milk and creamer products including soy
products. Chung et al. [86] applied soy lecithin (1–5%) to stabilize 10% O/W emulsions,
which remained physically stable upon addition of an acidic hot solution of coffee and
retard the phase separation or increment in particle size. The soy lecithin stabilized oil
droplets exhibited the enhanced surface negativity, hence they exert the strong electrostatic
repulsion among the droplet and retard their aggregation. Koo, Chung [63] found the
ability of soy lecithin to replace the caseinate in coffee creamers. The model O/W emulsions
stabilized with a mixture of emulsifiers based on sodium caseinate (0.5%) and soy lecithin
(0.5%) showed physical stability over a pH range of 5.5 to 7.

7. Challenges and Future Trends

It should be noted that the commercial soy-based products are changing along with
the development of pro-cessing technologies. The functional properties of soy-based emul-
sifiers are sensitive to the processing history, such as enzymatic, thermal, and jet cooking
processes [87–89], which makes the soy ingredients used in literatures varied. Hence,
understanding the physiochemical states of various soy-based emulsifiers is necessary for
better application of that in food products. Lee, Ryu [88] compared the solubility of com-
mercial soy protein from different manufacturers and they found the soy protein isolates
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can be classified into three groups. One group had high solubility near the pl. Another
group had low solubility near the pl, but high solubility at pH 11. The third group had
low solubility even at pH 11. Recently, Zheng, Wang [89] selected 20 soy protein isolate
samples from three manufacturers and they found that the best sample was Chiba tofu
due to high hardness and springiness, and excellent quality. Hence, the researchers should
identify their soy ingredients and select the most appropriate starting materials for their
future academic or product development work.

Recently, various studies focused on the effect of novel technologies on the conforma-
tion, molecular interaction, and functional properties of soy proteins, soy polysaccharides,
and soy lecithin, which provide fundamental understanding of the mechanism of their
functional properties in various food processing conditions. However, there are still some
challenges on the modification process on the soy-based materials. In future studies, the
combination of the physical, chemical, enzyme, or biological methods to improve the
emulsifying properties and other functional properties will be a trend for the development
of novel food emulsifiers. However, the main challenge for the development of such novel
emulsifiers is to select a stable fraction with high functionality under certain environmental
conditions for the desirable formulated products. Therefore, more studies are needed to
understand the relationship between the functional properties and molecular structure
of these components before use in practice. The combination of soy based low molecular
weight emulsifiers and high molecular emulsifiers (proteins and polysaccharides) will be a
challenge in extending their applications to new fields.
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