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Superior anti-infective potential of eugenol—casein
nanoparticles combined with polyethylene glycol

against Colletotrichum musae infections
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The aim of this study was to improve the stability of eugenol—casein nanoparticles (EL-CS-NPs) through
polyethylene glycol (PEG) modification. The results show that modifying the EL-CS-NPs with PEG after
loading with eugenol (EL) gives PEG-EL-CS-NPs, with increased stability. The NPs modified with higher-
molecular-weight PEG showed better stability. A CS/PEG ratio of 200 : 1 (w/w) yielded the NPs with the
best stability. A PEG,o k—EL-CS-NP dispersion remained stable in cold storage for over one year, and

also exhibited stronger inhibitory effects against Colletotrichum musae inoculated on bananas than an
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EL-CS-NP dispersion, since it showed more prolonged sustained release of EL than the EL-CS-NP

dispersion. Lyophilized PEG,o k—EL-CS-NP powder showed better effectiveness against mold on bread
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1. Introduction

The transportation of hydrophobic compounds through
hydrophilic food matrices remains a challenge, particularly in
the case of bioactive molecules, such as antioxidants, vitamins,
fatty acids, and probiotics, which are susceptible to changes in
pH and ionic strength, and to oxidation. Nanostructured
carriers are considered promising vehicles for delivering
hydrophobic substances, allowing for the transportation of
hydrophobic compounds while remaining stable in the food
matrix to ensure safe, functional, and targeted delivery.'® The
encapsulation of sensitive ingredients into nanostructures
increases their stability and maintains their bioavailability,
protecting them against external degradation factors and
ensuring controlled release.*”

Protein-based food materials have been shown to be safe and
they are considered appropriate for delivering bioactive
compounds and maintaining their functionality in the body.
Caseins have been proven to be one of the most reliable nano-
vehicles in terms of cost, nutrition, and safety.®”® Curcumin has
been encapsulated in casein micelles to form nanoparticles
with an average size distribution of <200 nm, with the potential
to provide an oral dose of curcumin.' Docosahexaenoic acid
(DHA) entrapped in casein micelles has been found to be pro-
tected against oxidation, and the micelles have good colloidal
stability when stored at 4 °C."* The encapsulation of vitamin D;
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than lyophilized EL-CS-NPs powder. Using PEG to modify CS-NPs shows potential for improving the
stability of CS-NPs loaded with hydrophobic substances for delivery in the fields of food and agriculture.

in casein micelles has been found to stabilize vitamin D5 in
aqueous systems, improve the accuracy and uniformity of
distribution, protect it during thermal treatment (80 °C, 1 min)
and 28 days of cold storage,** shield it from harmful UV radia-
tion damage,*® prevent its degradation in the stomach,* and
improve its bioavailability.*>'® Casein nanoparticles formed
from re-assembled casein micelles have been used as nano-
vehicles for B-carotene, enabling water-insoluble B-carotene to
be applied during different processing technologies in the food
industry; this is because encapsulating B-carotene reduces its
exposure to peroxyl radical oxidation and improves its bio-
accessibility."”*®* Thymol encapsulated in sodium caseinate is
more effective than unencapsulated thymol in inhibiting food-
borne pathogens in milk owing to its enhanced distribution and
solubility.” Spray-dried zein/casein nanoparticles in which
thymol and eugenol are co-encapsulated can be easily rehy-
drated to produce a stable dispersion. The encapsulated
essential oils show controlled release over 24 h, exhibiting
enhanced bactericidal and bacteriostatic effects in milk whey
against E. coli O157:H7 and L. monocytogenes, respectively.*
However, based on existing studies, obtaining stable target
substance-loaded nanoparticles is critical for applying casein
nanoparticles as nanocarriers for functional substances.”* More
fundamental research is therefore required to fully understand
and control the assembly and disassembly mechanisms of
structures and the stability of nanoparticles during processing
and storage.>

Eugenol (4-allyl-2-methoxyphenol), a major constituent of
clove essential oil, has been found to inhibit various pathogens.
Eugenol (EL) has been considered as an ideal antibacterial
agent in the food industry since it is classified as “generally

© 2021 The Author(s). Published by the Royal Society of Chemistry
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regarded as safe”.**** However, the efficiency of EL is substan-
tially limited due to its high volatility, low water solubility, and
high susceptibility to environmental stress.”® Embedding and
encapsulation technologies have being used for improving the
physicochemical stabilities of volatile active agents.*® Recently,
several studies have also revealed that the encapsulation of EL
into nanoparticles can enhance its stability, permeability, and
antimicrobial activity.””>®

Polyethylene glycol is a chain molecule that can be synthe-
sized with different chain lengths depending on requirements.
The long chain of polyethylene glycol may bind to nanoparticles
with polar surfaces, increasing their stability. In the present
study, we exhibit the effects of polyethylene glycol on the
stability of eugenol-casein nanoparticles, which exhibit an
improvement in their effectiveness at inhibiting pathogenic
microorganisms in bananas and bread.

2. Materials and methods

2.1. Chemicals and reagents

Casein sodium (C8654-1KG) and polyethylene glycol (PEG,
HO(CH,CH,0),H) with average molecular weights of 2000 (2 K),
4000 (4 K), 8000 (8 K), 20 000 (20 K), and 35 000 (35 K) Da were
purchased from Sigma-Aldrich (Shanghai, China). Eugenol
(C10H120,), high-performance liquid chromatography (HPLC)-
grade acetonitrile and methanol, analytical-grade ethyl
acetate, formic acid, NaCl, and MgCl, were purchased from
Shanghai Yuanye Biotechnology Co., Ltd (Shanghai, China).

The banana pathogen Colletotrichum musae used in this
study has been reported in previous work,* and it was used as
the indicator microorganism for antifungal assays. Stock
cultures were then maintained on potato dextrose agar (PDA)
slants at 25 & 2 °C for further study. The fungi were transferred
to fresh PDA and incubated at room temperature before any
experiments were carried out.

2.2. Preparation of PEG-EL-CS-NP dispersions

PEG-EL-CS-NP dispersions were prepared using casein sodium
at a concentration of 20 mg mL™'. EL was pre-dissolved in
absolute ethanol at a concentration of 100 mg mL™". A known
amount of the resulting solution was then added dropwise to
the protein micellar dispersion under stirring at 25 °C.
Following the addition of the EL solution, the dispersion was
ultrasonicated for 3 min in an ice bath, then a given amount of
aqueous PEG solution at a concentration of 20 mg mL ™" was
added to the dispersion, and ultrasonication in the ice bath was
continued for a further 3 min. The dispersion was filtered
through a 0.46 pm film to yield the PEG-EL-CS-NP dispersion.

2.3. Effects of CS-NP PEG modification on the release of
loaded EL

The % entrapment efficiency (EE) of EL in PEG-EL-CS-NPs
exposed to heat (37 °C) was determined to evaluate the effec-
tiveness of PEG in controlling EL release from casein NPs, since
EL remained in the EL-CS-NPs at 37 °C for approximately 1 day.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.4. Nanoparticle physicochemical characterization

The mean particle size, size distribution, and zeta potential of
the nanoparticles were measured using a Zetasizer Nano ZSE
instrument (Malvern Instruments, Malvern, U.K.), employing
a nominal 5 mW He-Ne laser operated at a wavelength of
633 nm and a scattering angle of 173°, as described in
a previous report.*® For characterization, 1 mL of the NP
dispersion was diluted with 10 mL of water at room tempera-
ture. All data are expressed as mean values of three independent
batches of samples. Transmission electron microscopy (TEM)
was used for the morphological characterization of PEG-EL-CS-
NPs using a process described previously. Samples were
prepared via dilution, and they were then placed on a film-
coated 200-mesh copper specimen grid for 10 min, stained
with 3% phosphotungstic acid and dried prior to TEM obser-
vations using a Hitachi H-9500E electron microscope.

2.5. Entrapment efficiency (EE) of EL in NPs

The amount of EL remaining in the NPs was determined using
a previously reported procedure.** Briefly, a NP dispersion was
centrifuged at 10 000g to separate the free EL. Then, the clear
aqueous phase (50 pL) was added to 450 uL of methanol to
denature the protein. After removing the protein through
filtering, the methanol solution was then subjected to high-
performance liquid chromatography (HPLC) analysis for EL.
HPLC analysis was performed using a Shimadzu HPLC system
(Shimadzu, Kyoto, Japan) with two LC-10A pumps, an SIL-10Avp
autosampler, an SPD-M10Avp UV detector, and a Symmetry C18
(5 m, 4.6 mm x 250 mm) column. The column was eluted using
a mobile phase composed of water-methanol (30 : 70) at a flow
rate of 1 mL min~" at 30 °C. The chromatograms were recorded
via UV absorbance at 280 nm. The EE (%) of EL in the NPs was
calculated from the results of HPLC analysis using the equation:

EE (%) = (EL concentration of the clear aqueous phase/EL
concentration of the dispersion) x 100

2.6. Evaluation of the storage stability of the NP dispersion

To confirm the stability of PEG,, x~EL-CS-NP during storage,
NP dispersions were kept in sealed amber-colored glass vials in
a cold environment (4-10 °C). The particle size, polydispersity
index (PDI), zeta potential (ZP), and EE of the dispersions were
then measured at predetermined time intervals and compared
with the values obtained from fresh dispersions.

2.7. The lyophilization of NP dispersions and calculations of
the remaining EL

The PEG,, x-EL-CS-NP and EL-CS-NP dispersions were pre-
frozen to —80 °C and then lyophilized using a lyophilizer with
a cold trap at —80 °C (Beijing Biocool Experimental Instrument
Co., Ltd, China). Some of the powder was subjected to EL
extraction with methanol. The methanol solution was injected
into the HPLC system for EL determination. The amount of EL
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remaining in the lyophilized powder was calculated based on
the EL concentration of the methanol solution.

2.8. Determination of EL release from lyophilized NP
powder

EL release from NP powder samples at room temperature (20—
25 °C) was determined via the following procedure. Mini bags
(0.5 cm x 1 cm) containing lyophilized PEG,, x~EL-CS-NP or
EL-CS-NP powder (5 mg) were placed in empty bread packages
without being completely sealed. After a given number of days
of treatment, the remaining EL in the lyophilized powder was
extracted using methanol for HPLC analysis. The release of EL
was calculated based on the remaining EL in the lyophilized
powder.

2.9. Determination of the inhibitory effects of NP
dispersions on C. musae on banana

The mycelium strain Colletotrichum musae was pre-cultured on
Luria-Bertani (LB, g L™%; 10 g of tryptone, 5 g of yeast extract,
and 10 g of NaCl) agar media at 28 °C for 7 d as a seed culture. A
spore suspension was prepared via washing 20 day-old seed
culture with sterile water containing 0.01% (v/v) Tween-80 and
then diluting this to 1 x 10° spores per mL with the aid of
a hemocytometer. The minimum inhibitory concentration
(MIC) and minimum fungicidal concentration (MFC) values of
the prepared nanoparticles were investigated via turbidimetric
and micro-dilution methods. Seed cultures were inoculated
with 5% (v/v) inoculum in fresh LB media with final eugenol
amounts of 0.05-2.50 mg mL™ ' from eugenol, EL-CS-NPs, and
PEG,, x—EL-CS-NPs, respectively. Additionally, dilution sepa-
ration methods were used to examine the presence of bacteria
in the original MIC tubes via transferring 50 uL of solution from
the non-turbid tubes to the appropriate broth medium and
permitting growth after overnight incubation.*” The minimum
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concentration in a test tube with no C. musae cell growth gave
the MFC value.

The inhibitory activity of PEG-EL-CS-NP dispersions toward
C. musae on bananas was determined using a previously re-
ported procedure.” Briefly, 10 pL of C. musae spore suspension
was injected into a site under the peel of one half of a banana,
and pure water was injected into a site under the peel on the
other half as a control. The treated bananas were coated with
the NP dispersion at an EL concentration of 0.1 g L™ " via
brushing. After treatment, all bananas were stored at 25 °C in
a breathable plastic basket. The lesions were observed and
recorded after peeling at intervals of 2 days. Each treatment had
three replicates, and the entire experiment was repeated three
times.

2.10. Determination of the effectiveness of the lyophilized
powder against mold growth on bread

The preparation of bread samples (without preservative) was
carried out according to the procedure described by Gao et al.**
Briefly, bread dough was prepared via mixing ingredients in
a dough mixer for 1 min at 45 rpm and 5 min at 100 rpm. After
resting for 15 min, the bread dough was divided into 25 g
pieces, which were rounded and proofed at 40 °C and 85% RH
for 70 min. After proofing, the dough pieces were baked at
200 °C for 10 min, and then the bread was cooled down at
ambient temperature for 1 h. Mini bags (0.5 cm x 1 cm) con-
taining lyophilized PEG,, x~EL-CS-NPs, EL-CS-NPs, or CS-NPs
(control) powder (1 mg) were placed under the bread, which
was packaged in a hemispherical plastic package with an
incomplete seal. A free-EL sample was prepared via dissolving
EL in acetone, dropping this solution onto a piece of filter
paper, and then removing the acetone via spontaneous evapo-
ration. Bread was placed in packages without fungal inoculation
in order to determine the effects of the lyophilized powder
against naturally occurring mold in bread. The packed bread
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Fig. 1
(b) PEGss k—EL—CS-NPs and (c) EL-CS-NPs (CK: EL-CS-NPs).
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(a) The EEs (%) of EL in PEG—EL—-CS-NPs with PEG of different molecular weights at 37 °C during a period of 5 days (a), and TEM images of
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Table 1 Diameters of NPs loaded with different amounts of eugenol
(EL)*

Diameter (nm) at different EL : CS ratios

Composition of NPs 1:10 1.5:10 3:10
EL-CS-NPs 180.4 £ 2.7 1429 +£1.6°  117.4 + 1.8°
PEG;5 x-EL-EL-NPs 162.8 £2.1°  125.8 £ 1.4° 96.4 &+ 1.1°

“Values in a column followed by different letters are significantly
different (p < 0.05).

samples were stored at 25 + 2 °C and 75% RH until mold was
observed on the last group. The experiments were done in
triplicate.

2.11. Statistical analysis

All samples were prepared and analyzed in triplicate. The data
are presented as mean + standard-deviation values from three
determinations. Statistical differences between two groups were
evaluated using Student's t-test. Multiple comparisons of means
were done via LSD (least significant difference) testing. A
probability value of <0.05 was considered significant. All
computations were carried out using the SAS system for
Windows V8.

3. Results and discussion

3.1. Effects of PEG molecular weight on PEG-EL-CS-NPs
stability

The EL-CS-NPs are only stable for one day at 37 °C, which limits
the use of these NPs for EL delivery in food-related processes. To
address this limitation, we modified EL-CS-NPs with different
types of PEG. According to pre-experiments, an EL : casein-
sodium (20 mg mL ™) ratio of 1 : 10 yielded EL-CS-NPs with an
ideal EE (>90%). Thus, we used PEG samples with different
molecular weights (MWs) to modify the NPs to improve their
stability. The results showed that when PEG was used, the ob-
tained PEG-EL-CS-NPs was more stable at 37 °C than EL-CS-
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NPs (Fig. 1a). The clear increase in stability upon increasing
the PEG MW from 4 K to 20 K Da indicates that the molecular
chain length of PEG plays a key role in stabilizing the NPs,
which implies that PEG can fill spaces on the surfaces of the
NPs. The PEG;; x-EL-CS-NPs exhibit a slight increase in
stability over PEG,, x-EL-CS-NPs. Interestingly, when the
loading amount of EL was increased, the diameter of PEG;5 x—
EL-CS-NPs decreased (Table 1). Therefore, we suggest that EL
displaced water from inside the NPs to yield a more compact
structure, and PEG filled the spaces on the surfaces of the NPs
as a result of interactions between PEG and the polar residues
on the surfaces of the NPs (Fig. 1b and c). PEG encapsulation
effectively blocked the leakage of eugenol from NP holes,** thus
effectively improving the slow-release efficiency of eugenol
nanoparticles and enhancing their antibacterial efficiency.*

To improve the stabilities of casein-nanoparticle-loaded
substances and the entrapment efficiencies, dextran, pectin,
and chitosan have been used for co-assembly with caseins. A
casein-graft-dextran copolymer was used for B-carotene encap-
sulation, resulting in stable B-carotene nanoparticles, although
the encapsulation efficiency was relatively low." Casein was
conjugated with maltodextrin and co-assembled with hydro-
phobic nutraceuticals to create nanovehicles for the enrichment
of clear beverages." Moreover, nanocomplexes were prepared
with sodium caseinate/pectin via acidification, using glucono-9-
lactone and thermal treatment to yield stable compact spherical
nanocomplexes, in which pectin delayed the hydrolysis of
casein by pepsin under gastric conditions for the controlled
release of rutin.** Therefore, we think that PEG,,  is an excel-
lent material for enhancing the stability of casein-nanoparticles
since PEG,, x possesses the properties of being food-safe and
inexpensive.

3.2. Effects of the amount of PEG used and the EL-loading
level on the stability of PEG-EL-CS-NPs

To determine the most effective stabilization approach, we
prepared PEG,, x-EL-CS-NPs with different amounts of PEG,,
k- Stability tests showed that particles containing PEG,, x at
a level that was 0.5% of the amount of CS exhibited better NP
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Fig. 2 The effects of the % PEG composition (a) and EL loading amounts (b) on NPs stability.
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Fig. 4 EL release from the lyophilized NP powder samples compared
with free EL from filter paper.

stability than those containing PEG,, k at levels that were 0.25%
and 1.0% of the amount of CS (Fig. 2a), although particles
containing 1.0% PEG,, x were more stable than those con-
taining 0.25%. Under heating at 37 °C, PEG,, x—~EL-CS-NPs
yielded long-term sustained release.

We also determined the stabilities of NPs with different EL-
loading amounts. The results showed that high EL loading led
to a significant reduction in the stability of the NPs. As shown in
Fig. 2b, the stability of PEG,, x~EL-CS-NPs with a loading
amount of 26.2 mg g~ sharply decreased compared to samples
with loading amounts of 14.9 mg g ' and 19.7 mg g~ .

3.3. Stability of PEG-EL-CS-NPs dispersions during cold
storage (4-10 °C)

The long-term stability of PEG,, x—-EL-CS-NPs dispersions in
cold storage (4-10 °C), which is critical for their eventual

Table 2 Minimal inhibitory concentration (MIC) and minimum fungi-
cidal concentration (MFC) values for eugenol, EL-CS-NPs, and PEG;q
k—EL—CS-NPs against C. musae“

MIC (mg mL ™) MFC (mg mL ™)

Eugenol (EL) 1.35 £ 0.11° 1.85 £ 0.15%
EL-CS-NPs 1.05 + 0.09° 1.30 + 0.12°
PEG,, «~EL-CS-NPs 0.85 + 0.07¢ 0.95 + 0.09°

“Values in a column followed by different letters are significantly
different (p < 0.05).

4650 | RSC Adv, 2021, N, 4646-4653

Storage time (month)

(a) Changes in the particle size, (b) zeta potential, and (c) PDI values of the PEG,q k—EL—CS-NPs during cold storage (4-10 °C).

application, was determined. The results demonstrate that
PEG,, x~EL-CS-NPs was stable for more than 12 months based
on changes in the particle size, zeta potential, and PDI values of
the NPs (Fig. 3). Therefore, the PEG-EL-CS-NPs dispersion
could be used to deliver EL to prevent the fungal decay of fresh
fruits and vegetables.

3.4. Remaining EL in and EL-release from lyophilized NP
powder

The amounts of EL remaining in EL-CS-NPs lyophilized powder
and PEG,, xk~EL-CS-NPs lyophilized powder were 63.1 + 4.2%
and 86.7 & 6.3%, respectively, compared with the initial usage
of EL for the preparation of the NP dispersions. It is clear that
PEG,, x significantly prevented the volatilization of EL during
the preparation and lyophilization processes. The release levels
of EL from PEG,, x~EL-CS-NPs lyophilized powder and EL-CS-
NPs lyophilized powder were determined and compared with
the release of free EL from filter paper. The results showed that
more than 98% of the free EL volatilized after 4 days while the
EP lyophilized powder samples exhibited the sustained release
of EL (Fig. 4).

3.5. Enhanced inhibitory effects of a PEG,, xk~EL-CS-NP
dispersion against C. musae on bananas

The inhibitory activities of the EL-CS-NPs and PEG,, x—EL-CS-
NPs against C. musae were tested. Antibacterial analysis showed
that the MIC and MFC values of PEG,, xk~EL-CS-NPs against C.
musae were distinctly lower than those of eugenol casein
nanoparticles without PEG assistance (Table 2), indicating that
stronger antibacterial activity arose from the PEG coating of
nanoparticles. C. musae on bananas causes decay. Two days
after the bananas were inoculated with C. musae, the control
group showed decay at the site of inoculation. However, the
decay of the groups treated with the EL-CS-NP and PEG,, x-EL-
CS-NP dispersions was delayed until the sixth and eighth days,
respectively (Fig. 5). The results demonstrate that the PEG,, k-
EL-CS-NP dispersion yielded enhanced inhibitory activity
against C. musae compared with the EL-CS-NP formulation. In
the above experiments, we demonstrated that PEG,, x—-EL-CS-
NPs exhibited the better sustained release of EL than the EL-
CS-NPs since the PEG,, xk~EL-CS-NP are more stable than the
EL-CS-NPs. However, the release of EL from the dispersion was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The inhibition of fungal colony growth on bananas inoculated
with C. musae: (a) treated with water, (b) treated with an EL-CS-NPs
dispersion, and (c) treated with a PEG,q k—EL—CS-NPs dispersion. The
lower site of each banana was inoculated with C. musae, while the
upper site was treated with water as a control.

very slow (Fig. 2a), and this was not synchronous with the anti-
fungal effects on the banana. This result indicates that the
stability of the NPs decreased due to the evaporation of water
from the dispersions brushed onto the banana, which

0 9 15 19
Time (day)

Fig. 6 The inhibition of mold growth using lyophilized NP powder
compared with free EL (EL on filter paper): (a) free EL, (b) EL-CS-NP
lyophilized powder, and (c) PEG,o k—EL-CS-NP lyophilized powder.
The red arrows indicate the sites of mold growth.
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accelerated the release of EL. Nevertheless, the PEG,, x«—EL-CS-
NPs exhibited more effective release than the EL-CS-NPs.
Pathogenic microorganisms play a significant role in affecting
the quality of food products; in particular, they can lead to food
poisoning and the production of other mycotoxins, with asso-
ciated health risks. The eco-friendly encapsulation system
showed obvious controlled release behavior, thereby extending
the duration and extent of the microbial inhibition effect. Thus,
the PEG,, x-EL-CS-NPs may have promising potential for
applications relating to the control of anthracnose in food
storage.

3.6. The enhanced inhibitory effects of PEG,, xk—~EL-CS-NPs
lyophilized powder against mold on bread

The anti-mold effectiveness of the PEG,, x—~EL-CS-NP lyophi-
lized powder was evaluated and compared with free EL (control)
and EL-CS-NP lyophilized powder through being used for the
packaging of bread. Visually observed shelf-lives and mold-
counts on bread during storage are shown in Fig. 6. Mold
growth on bread packed with EL on filter paper, EL-CS-NP
lyophilized powder, and PEG,, x-EL-CS-NP lyophilized
powder was visually observed after 9, 15, and 19 days of storage,
respectively. The results indicated that the PEG,, x~EL-CS-NPs
effectively prolonged the shelf-life of bread, compared with free
EL and the EL-CS-NPs. Previous studies have demonstrated that
lyophilized AgCl nanoparticles remain as intact spheres with an
outer covering of poly(vinyl alcohol), which preserves their
spatial integrity.*® Therefore, that the lyophilized PEG,, x—EL-
CS-NP powder in this study maintained its antibacterial activity
can probably be attributed to the PEG coating on the
nanoparticles.

4. Conclusions

In conclusion, this study was aimed at improving the stability
and antimicrobial efficiency of eugenol-casein nanoparticles
via PEG modification. The formulated eugenol-entrapping
casein nanoparticles modified with PEG of various molecular
weights showed that the PEG molecular weight was positively
correlated with the stability of PEG-EL-CS-NPs. The PEG,, x—
EL-CS-NP dispersion obtained using PEG with a MW of
20 000 Da exhibited remarkable stability for over one year at low
temperature, and it possesses a satisfactory sustained-release
gradient, enhancing the inhibitory effects against C. musae on
bananas and mold on bread. This work shows potential for
improving the stability of casein NPs loaded with hydrophobic
substances for delivery in the food and agriculture fields;
however, further studies are needed, such as clarifying the
interaction mechanism between PEG and casein NPs, and
testing any improvements in the stabilities of casein NPs loaded
with other hydrophobic substances.
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