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Preface to ”Green Synthesis of Nanomaterials and

Their Biological Applications”

Developing effective products to fight pests and parasites is a key challenge for entomology

and parasitology. Despite the relevant amount of research on the “green”insecticides, acaricides,

and antiparasitics, mainly covering products of microbial and botanical origin, their practical use in

real-world conditions remains limited. This is often due to lack of prolonged efficacy and challenging

regulations. Thus, nanotechnologies are currently considered a major option to improve the efficacy

and stability of both classic and green insecticides, repellents and antiparasitic drugs, relying to

various nanocarriers, including nanoencapsulation and nanoemulsions.

In this scenario, the present book offers novel research insights recently published as a part of

the Nanomaterials Special Issue Green Synthesis of Nanomaterials and Their Biological Applications,

with the aim to provide an updated overview on the green synthesis of nanomaterials as well as on

their possible practical uses in the fields of entomology, parasitology, biomedicine, and environmental

research.

Giovanni Benelli

Editor

ix





nanomaterials

Editorial

Green Synthesis of Nanomaterials and Their
Biological Applications

Giovanni Benelli

����������
�������

Citation: Benelli, G. Green Synthesis

of Nanomaterials and Their Biological

Applications. Nanomaterials 2021, 11,

2842. https://doi.org/10.3390/

nano11112842

Received: 19 October 2021

Accepted: 21 October 2021

Published: 25 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Agriculture, Food and Environment, University of Pisa, Via del Borghetto 80, 56124 Pisa, Italy;
giovanni.benelli@unipi.it; Tel.: +39-050-221-6141

Introduction

Nanomaterials possess valuable physical and chemical properties, which may make
them excellent candidates for the development of new insecticides, acaricides, fungicides,
drugs, catalysts, and sensors, to cite just some key categories. To avoid the utilization
of toxic or high-energy inputs, which are routinely used in nano-synthesis, the “green
synthesis” concept has been proposed, outlining the use of microbial-, animal-, and plant-
borne compounds as reducing and stabilizing agents. Even though a large number of
studies have been published on the topic, many potential applications of nanomaterials
have scarcely been explored, and their real-world applications are poorly implemented.
This is often due to a lack of prolonged efficacy of the bioactive compounds and challenging
regulations. Nanotechnologies are currently considered a strategic option to improve the
efficacy and stability of classic and green insecticides, acaricides, repellents and antiparasitic
drugs, relying on various nanocarriers, including nanoencapsulation and nanoemulsions.

In this framework, the journal Nanomaterials has already dedicated a successful Special
Issue to the topic “Green Synthesis of Nanomaterials” in 2019 [1].

The Special Issue “Green Synthesis of Nanomaterials and Their Biological Applications”
represents a continuation of the former, with another collection of top-quality articles in this
research area. Particular attention has been devoted to entomological research, because the
widespread overuse of synthetic insecticides leads to the rapid development of resistance in
target species, and non-target effects on human health and the environment. A comparable
scenario is well recognized in parasitology concerning the use of drugs to manage parasites
of public health importance.

Herein, both original research and reviews have been considered for publication. The
present Special Issue includes contributions on the following research topics:

(i) Green-based processes improving the stability of nanomaterials [2];
(ii) The development of green synthesis protocols for the preparation of nanomaterials

with antibacterial and anticancer activity, as well as acting as catalytic reductors of
nitrophenols [3];

(iii) The development of novel insecticides against key insect pests, including highly stable
insecticidal nanoemulsions toxic to moth larvae [4], as well as silica-nanoparticle-
coated insecticidal nets effective against aphids and stored-product beetles [5];

(iv) The development of new terahertz metamaterials for biosensing applications [6,7].

The Special Issue ends with a review on cystic echinococcosis [8], a dangerous and
hard-to-manage parasitic disease [9,10], summarizing current knowledge on the scolicidal
activity of organic and inorganic nanoparticles evaluated through in vitro, in vivo, and
ex vivo studies, also considering possible synergistic effects with anti-parasitic drugs
currently used.

Overall, I am grateful to all the authors for their fine contributions to the present
Special Issue, and hope that the published studies will pave the way for novel real-world
applications of green nanomaterials.
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Abstract: In this work, zinc oxide particles (ZnO NPs) green synthesis with the application of black
tea extract (BT) is presented. A thorough investigation of the properties of the extract and the
obtained materials was conducted by using Fourier transform infrared spectroscopy (FTIR), liquid
chromatography-mass spectrometry (LC-MS), X-ray diffraction (XRD), scanning electron microscopy
(SEM), thermogravimetric analysis (TGA), and quadrupole mass spectroscopy (QMS). The obtained
results indicated that the amount of used BT strongly influenced the morphology, chemical, and
crystalline structure of the obtained particles. The investigation demonstrated that the substance
present in black tea (BT) extract, which was adsorbed on the ZnO surface, was in fact gallic acid.
It was found that gallic acid controls the crystallization process of ZnO by temporarily blocking
the zinc cations. Additionally, these organic molecules interact with the hydroxide group of the
precipitant. This blocks the dehydration process stabilizing the zinc hydroxide forms and hinders its
transformation into zinc oxide. Performed measurements indicated that obtained ZnO particles have
great antioxidant and antimicrobial properties, which are significantly correlated with ZnO–gallic
acid interactions.

Keywords: zinc oxide; nanoparticles; black tea extract; gallic acid; green synthesis; antioxidants;
antimicrobial activity

1. Introduction

Biosynthesis, or green synthesis of nanoparticles, has been under the radar of many
researchers. The various methods following the principles of green chemistry have re-
ceived a lot of attention due to the low-toxicity of used substrates, their affordability, and
inexpensiveness [1]. Metal or metal oxide nanostructures have been synthesized with an
application of various extracts prepared from the part of a plant. The extracts are used
as either stabilizing or reducing agents. Some of the methods involve using the leaves of
plants such as jackfruit (Artocarpus heterophyllus) [2] or Carissa carandas [3], flowers like
Anchusa italica [4], the fruits of plants, including Acacia nilotica [5], the peels of the fruits
(e.g., a banana (Musa paradisiaca) peel [6]), or the root of the plant like Berberis vulgaris [7].

Among many nanomaterials, zinc oxide nanostructures are exceptionally attractive
thanks to their unique functional properties and the diversity of their applications. They
have been used in many fields as gas sensors [8], piezoelectric devices [9], solar cells [10],
fillers in polymeric nanocomposites [11,12], coatings [13,14], antimicrobial agents [15], and
in textiles [16].

Tea infusion is one of the most popular beverages worldwide. The brew is prepared
from the leaves of the Camellia sinensis plant, which originally comes from China [17].
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Depending on the processing of the leaves, the types of tea may be divided into three major
groups—green, oolong, and black tea, all of them varying in the fermentation level of the
leaves [18]. Green tea is the unfermented one, black tea is completely fermented, while
oolong tea stands in the middle, being only partially fermented [19].

The leading components found in tea are polyphenols, which account for 20–35% of
dry weight [20]. The fermentation process causes changes in the amount of polyphenols in
the leaves due to their oxidative polymerization, leading to the formation of thearubigins
and theaflavins, which are responsible for the dark red color of the black tea [21,22]. The
polyphenol group is divided into two main categories of components. The first one being
the catechins like (−)-epigallocatechin gallate (EGCG), which can constitute for 50–80%
of all the catechins in tea. The second group includes the phenolic acids like gallic acid,
whose amount is notably increased in black tea due to the processes occurring during
fermentation [23,24].

It was reported that except for polyphenols, tea infusions contain many compounds
such as polysaccharides, whose amount depends on the maturity of the tea leaf [25];
alkaloids, with caffeine being the easiest one to find in all kinds of tea [26]; amino acids,
with theanine taking up to 50% of all free amino acids found in teas [27]; and saponins
that have displayed antifungal activity against Rhizopus stolonifer [28]. The amount of
the various phytochemicals in the leaves is strongly dependent on the processing during
the production, the age of the plant, and its origin. In addition, it is difficult to assess
the number and nature of the compounds in the tea infusion as it fluctuates with the
preparation method (e.g., brewing time) [29].

The leaves of black tea have been used before in order to obtain various metal or metal
oxides nanoparticles. The aqueous extract was employed for synthesizing nanoparticles
of palladium [30], iron oxide [31], copper oxide [32], and iron, copper, and silver [33].
In most cases, the black tea extract serves as a reducing agent for the precursor of the
nanoparticles. In addition, an ethanol black tea extract was applied for the synthesis of
gold nanoparticles [34]. Zinc oxide nanoparticles were also synthesized with black tea
extract. Therein, the black tea extract served as the reducing agent for hydrothermal
syntheses (e.g., to reduce zinc nitrate [35–37] or zinc sulfate [38]).

In the presented work, zinc oxide structures were successfully obtained by a green
synthesis method in which the black tea water extract was used as a stabilizing agent.
This natural compound has not been previously used in this role. Due to the complicated
composition of the extract and the ability to stabilize the nanoparticles by its individual
ingredients, understanding the mechanism of ZnO formation under these conditions is a
very difficult scientific issue. Its explanation was the main subject of this article. Moreover, a
very important aspect of this work was the analysis of the relationship between the material
properties of the obtained nanoparticles and their possible functionality. Therefore, at first,
the chemical composition of the black tea extract was characterized. Then, the chemical
and crystalline structure, and morphology of the final materials were thoroughly described
and compared with the antioxidant and antimicrobial properties of the synthesized ZnO.

2. Materials and Methods

2.1. Black Tea Extract (BT) Preparation

A total of 3.00 g of black tea leaves (purchased at the local grocery store) were weighed
in a beaker and mixed with 100 mL of distilled water. The mixture was boiled for approxi-
mately 5 min at 100 ◦C (until the color of the extract turned to a very dark burgundy). The
mixture was then cooled down and filtered three times. The black tea extract was stored in
a refrigerator at 4 ◦C until further use.

2.2. Zinc Oxide Particles Synthesis

Various volumes of the black tea extract were added to the 1 M zinc acetate water solu-
tion. The goal was to obtain mixtures with the different ratios (v:v) of the black tea extract
versus Zn2+ ions as follows: 1:12 (BT1), 1:6 (BT2), and 1:1 (BT3). The solutions were mixed
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with a magnetic stirrer at room temperature for 10 min. Next, the 1.0 M water solution of
sodium hydroxide was added dropwise until the pH increased to 12. The obtained sus-
pensions were left to mix for another 2 h at room temperature. Afterward, the precipitants
were washed twice with distilled water and centrifuged (20 min, 6000 rpm/4427 rcf). The
washing and centrifuging process was repeated twice. The products were dried at 60 ◦C
for about 24 h until constant mass and ground using a mortar. All reagents were purchased
from Sigma-Aldrich (Sigma-Aldrich Co., St. Louis, MO, USA).

2.3. Characterization of Black Tea Extract

The chemical composition of the obtained black tea extract was examined by two meth-
ods: Fourier transform infrared spectroscopy and liquid chromatography-mass spectrometry.

The FTIR analysis of the functional groups was performed on the dried extract—after
water evaporation in 60 ◦C until constant mass. The sample was ground, mixed with
dried spectroscopic grade KBr, and formed into a pellet. The spectrum was recorded
in the range of 350–4000 cm−1 at 4 cm−1 resolution (Tensor 27 EQ spectrometer, Bruker,
Bremen, Germany).

LC-MS analysis was executed as follows: right before the measurement, 200 µL of the
extract was diluted to 1 mL with ultrapure water and used for LC injection. Hypergrade
(LC-MS grade) solvents were used. The calibration mixture was 10 mM NaOH in 1:1 (v:v)
water:isopropanol with the addition of 0.2% formic acid. The measurement was performed
on high-resolution Q-ToF spectrometer maXis impact (Bruker Daltonics, Bremen, Germany)
equipped with an electrospray ionization (ESI) source and connected to a Dionex Ulti-
Mate 3000 RSLC (Thermo Scientific, Waltham, MA, USA) ultrahigh-performance liquid
chromatograph. The chromatographic separations were carried out on Syncronis C18
100.00 × 2.10 mm × 1.70 µm column (Thermo Scientific, Waltham, MA, USA). All reagents
were purchased from Sigma-Aldrich (Sigma-Aldrich Co., St. Louis, MO, USA). The data
were analyzed with Data Analysis 4.1 software (Thermo Scientific, Waltham, MA, USA).
The extracted ion chromatograms (EICs) for every ion that gave good quality fragment
spectrum were generated semi-automatically with a manual check of every chromato-
graphic peak generated that way. For each EIC peak, the molecular formula of the parent
ion was generated using the SmartFormula algorithm with maximum admissible error
of 5 ppm (10 ppm in case of no valid formulas in 5 ppm range). Then, MS/MS spectra
for every EIC peak were compared against METLIN and NIST 11 spectral databases. For
every compound identified that way, a specific record was created. In the case of most
of the chromatographic peaks, we were not able to get a clear hit on the database, so we
used literature data on tea extract analysis for manual identification of certain compounds
based on retention order, fragment spectra comparison, etc. [39,40]. For the remaining
peaks that were not identified by the database and literature search, we performed man-
ual fragment spectra annotation and came up with the most probable identification or
partial identification.

2.4. Characterization of ZnO Particles

The X-ray diffraction analysis (Empyrean, Malvern PANalytical, Malvern, UK) was
performed to determinate the phase composition, crystallite size, and strain. The following
parameters were set: Cu-Kα radiation (λ = 1.54 Å), operating voltage—40 kV, current
30 mA, 2Θ range 10–100◦, step 0.007◦, scan speed 150 s/step (Pixcel detector). The X’Pert
HighScore Plus program with ICDD PDF-4+ 2019 database was used to identify the phase
composition of the samples. The zinc oxide crystallite size and lattice strain were calculated
by using a line profile analysis (LPA in HighScore Plus, Malvern PANalytical, Malvern,
UK) according to the Williamson–Hall method (1) [41].

βhkl cos(θ) =
kλ
D

+ 4ε sin (1)
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where β is the peak width at half maximum (FWHM) [rad]; k is the Scherrer constant (0.9);
λ is the wavelength of Cu-Kα radiation; D is the crystallite size; and ε is the lattice strain.

The morphology of the ZnO powders was determined by scanning electron mi-
croscopy analysis (SEM) using a dual beam microscope (Helios 450HP, Nanolab Tech-
nologies Inc, Milpitas, CA, USA ). The samples were placed directly on a carbon tape
without coatings and imaged at a low-voltage mode (≤5 keV). The approximation of the
obtained particle dimensions was based on dimensioning from a series of SEM images and
their averaging.

The FTIR spectroscopy was used to analyze the functional groups in the materials.
The measurement parameters were the same as for the analysis of the black tea extract.

Thermogravimetric analysis was performed to determine the powders’ thermal sta-
bility (TGA2 thermogravimetric analyzer, Mettler Toledo, Columbus, OH, USA). The
measurements were conducted using alumina crucibles (~5.00 mg) in an air atmosphere
(30 mL/min) in the range of 25–600 ◦C with a 10 ◦C/min heating rate. Additionally, the
Vyazovkin free kinetics model (2) [42] was used to determine the activation energy (Ea)
of the degradation process. For this purpose, the TG measurements were repeated in the
same conditions but with different heating rates (5, 15, 20 ◦C/min).

dα
dt

= Aexp
(

−E
RT

)

f(α) (2)

where R is the gas constant; a is the slope of linear plot; t is the time; a is the constant; T is
the temperature.

The analysis of the gases evolved during the decomposition of the ZnO particles was
done by using the STA 449 F1 Jupiter Netzsch thermal analyzer coupled with a quadrupole
mass spectrometer QMS Aëlos 403D (Netzsch, Selb, Germany) and Tensor 27 EQ spec-
trophotometer (Bruker, Bremen, Germany). The sample that was synthesized with the
largest amount of black tea extract was heated up to 600 ◦C with the rate of 10 ◦C/min in
the nitrogen atmosphere (50 mL/min).

The antioxidant capacity of the black tea extract and ZnO particles was determined
using the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) assay. This spec-
trophotometric assay is based on the ability of the antioxidant substance to quench the
colored free ABTS radical cation [43]. The blue-green colored ABTS radical cation, formed
by the direct reaction of ABTS with potassium persulfate, has absorption maxima at 415,
645, 734, and 815 nm. The quenching of the free ABTS radical cation results in a decrease
in absorbance at the selected wavelength, which was visualized by discoloration of the
ABTS radical cation. The degree of discoloration of the ABTS radical cation measured over
time depends on the concentration of the antioxidant substance and the duration of the
reaction, so that for a fixed reaction time, the antioxidant activity can be expressed as a
dependence of the degree of discoloration on the concentration of the reference substance
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox). Trolox is a water-soluble
analogue of vitamin E with high antioxidant activity, commonly used as the reference
substance. All reagents were purchased from Sigma-Aldrich (Sigma-Aldrich Co., St. Louis,
MO, USA).

ABTS working solution was obtained by mixing equal volumes (1.0 mL) of the 14.0 mM
ABTS stock solution with the 5.0 mM potassium persulfate stock solution in a 200 mL flask.
The mixture was stored in the dark at room temperature for 16 h and then diluted with
distilled water to a volume of 200 mL. Trolox standard solutions with final concentrations
in the range of 0–10.0 µM were prepared by a series of dilutions of the 8.1 mM Trolox stock
solution. Sample solutions were obtained by placing 0.10 g of the sample in a 10.0 mL
flask and its dilution with distilled water to a volume of 10.0 mL. Solutions containing
ZnO particles were centrifuged at 6000 rpm/4427 rcf for 2 min. A total of 50.0 µL of Trolox
standard or the sample solution were added to 4.0 mL of the ABTS working solution in a
1 cm light-path polystyrene cuvette. Absorbance values were read at 734 nm before adding
and 10 min after adding and mixing the content of the cuvette. For this purpose, a Thermo
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Scientific Evolution 300 UV–Vis spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) was used. Appropriate solvent blanks were run for the Trolox standards and the
sample solutions. All determinations were carried out at least two times. The antioxidant
activity results are given as TEAC values (mM Trolox).

The antimicrobial activity of the synthesized samples was tested against Gram-positive
bacteria (Staphylococcus aureus—ATCC 6538), Gram-negative bacteria (Pseudomonas aerugi-
nosa—ATCC 9027), and yeast (Candida albicans—ATCC 10231). An overnight broth culture
of each strain was used to prepare inoculum. The suspensions of bacteria and yeast were
adjusted to a density of 0.5 and 0.6 McFarland standard, which is 1.5 × 108 CFU/mL.
Then, the cultures were diluted 100-fold into 10.0 mL of Mueller–Hinton Broth (Biomax-
ima) medium. The synthesized powders (BT1, BT2, BT3) were added to the respective
cultures to a final concentration of 10 mg/mL. Cultures were incubated at 37 ◦C with
shaking at 170 rpm and samples were collected at 2, 6, and 24 h. Samples were immediately
diluted in normal saline (0.9%). The number of colony-forming units was determined
using the Miles and Misra technique [44–46]. Briefly, TSA (trypticase soy agar) plates were
divided into eight equal sectors, labeled with the dilution from 100 to 10−7. In each sector,
3.0 × 10.0 µL of the appropriate dilution was dropped onto the agar surface. The plates
were incubated at 37 ◦C for 24 h. The images of plates after a certain time of incubation
were presented on the example of the BT1 sample and S. aureus bacteria (Figure S1). The
CFU/mL and the percentage of the viability reduction was counted. The assay was done
three times independently.

3. Results and Discussion

3.1. Black Tea Extract Spectral Analysis

As mentioned before, the chemical composition of a tea extract is very complex. It
was reported that it consists of about four thousand bioactive compounds like polyphenols,
phenols, phenolic acids, alkaloids, amino acids, carbohydrates, proteins, chlorophyll, and
volatile organic compounds. The composition is not constant and depends on various
factors, with the most important being the origin and age of the plant, and the method of
preparation [47–49]. For these reasons, the exact composition always has to be confirmed.

The FTIR results indicated many peaks on the spectrum of black tea. These were
associated with different functional groups: –OH (~3400 cm−1), –CH (~2920 cm−1), COOH
(1697 cm−1), COO− (1697, 1403 cm−1), –CH2 and CH3 (1448, 1372 cm−1), C–O–C (1231,
1030 cm−1), –C–O (1145 cm−1), aromatic ring (823, 758, 708 cm−1), and –OH in phenols
(612 cm−1) (Figure S2). These attributions were made thanks to the literature data [47–49],
however, due to the occurrence of similar functional groups in the mentioned compounds,
it is very difficult to distinguish and name them only on the basis of these results.

To perform a detailed investigation of the chemical composition of the obtained
black tea extract, LC-MS analyses were conducted. In total, 48 compounds were detected
in both ion modes (Table S1). It was shown that the largest group of ingredients in
black tea infusion were flavonoids, both aglycones and glycosides, from the flavan-3-ols
(e.g., quercetin, kaempferol) and catechin (e.g., epicatechin, catechin, theaflavin) groups,
constituting over two thirds of the identified compounds. Ten of the identified compounds
were acids, mainly quinic acid, gallic acid, and p-coumaroylquinic acids. Moreover, the
analysis also showed the presence of amino acids and an alkaloid (e.g., theanine and
caffeine, respectively) [39,40].

3.2. Characterization of ZnO Particles

3.2.1. Chemical Structure

The FTIR measurements of the obtained samples confirmed a successful synthesis
of ZnO particles, which was evident by the presence of Zn–O oscillation (~480 cm−1).
Additionally in the BT3 sample, the peaks characteristic for zinc hydroxide were ob-
served (triplet ~2100, doublet ~1050, and 850 cm−1), which were absent in the spectra
of another measured materials. In addition, some oscillations connected with organic
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compounds of black tea extract were observed. They could be assigned to appropriate func-
tional groups: –OH (~3400 cm−1), C–H (~2900 cm−1), COO− (~1576, 1406 cm−1), C–OH
(~1028 cm−1), and aromatic ring (~880 cm−1). The more black tea extract was used during
ZnO synthesis, the more intensive these peaks were. This suggests that a larger amount
of organic components was adsorbed on the zinc oxide surface (Figure 1a). This was also
observed by a gradual color change within the samples from cream to brown (Figure 1b).
Taking into account the spectroscopy analysis (FTIR, LC-MS) of the black tea extract and
literature data [50–52], it could be concluded that the component adsorbed on the surface
of ZnO was gallic acid. COO− groups were observed, so it could be supposed that zinc ions
present on the ZnO surface can chemically interact with gallic acid. Taking into account
the FTIR results and the literature data, this occurred most probably by complexing the
metal ions with the hydroxyl groups of the acid [53,54] or carboxylic group. Additionally,
in BT3, a new peak was observed at about 1480 cm−1, which could be connected to C–O–C
oscillations in esters (Figure 1a). It is supposed that gallic acid particles could interact not
only with metal ions, but also between each other because of the autoxidation reaction.
Other authors have suggested that as a result of this process, C–O (Figure 1c) or C–C
(Figure 1d) bonded, ellagic acid (Figure 1e), or gallate-based polymers (Figure 1f) can
occur [55–57]. The obtained FTIR results showed C–O–C bonding in the BT3 sample, which
suggests that the C–O dimer, ellagic acid, or gellate-based polymer could be obtained.
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Figure 1. (a) FTIR spectra of the samples; (b) images of the samples; gallic acid autoxidation products: (c) C–O dimer,
(d) C–C dimer, (e) ellagic acid, (f) gelate-based polymer.

3.2.2. Crystalline Structure

The diffractograms of the samples were different for each material. In the case of BT1
and BT2, only the wurtzite-type zinc oxide (ICDD 01-070-8070) was observed. In BT3, a
hexagonal form of ZnO was also present, but the dominant one was wülfingite, which
is a crystalline form of zinc hydroxide with orthorhombic unit cell (ε-Zn(OH)2) (ICDD
04-012-2300). Additionally, a very small amount of zinc acetate (ZnAc) (ICDD 00-021-1467)
fraction was indicated (Figure 2).

The authors obtained similar results when pectin was used as a stabilizing agent in
the course of the synthesis of ZnO particles [6]. To understand the possible influence of
black tea extract on zinc oxide crystallization, its mechanism has to be described. In the
first step, the zinc ions were formed because of zinc acetate dissociation. After adding
sodium hydroxide into the reaction mixture, the OH− anions were created, which could
interact with zinc cations. As a result, amorphous zinc hydroxide will be obtained, which
could further transform into crystalline ε-Zn(OH)2 and then into ZnO.
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Figure 2. Diffractograms of the samples.

From the literature data, it is known that gallic acid has a great tendency to metal
ion chelation [53,58,59]. For this reason, it could slow down the hydroxide precipitation
process by temporarily blocking the cations. With the addition of hydroxide, the pH of
the system gradually changes and the equilibrium state of the system shifts toward the
formation of an amorphous and crystalline hydroxide phase. Thanks to that phenomenon,
the crystallization process is controlled at this stage. Additionally, it is known that re-
crystallization of ε-Zn(OH)2 to ZnO occurs not by dissolution and liquid phase reactions,
but by solid phase processes. The dehydration of the hydroxide begins inside the crystal
and gradually progresses toward the outside. Therefore, the hydroxide residues are very
often found on the surface of the final zinc oxide [60]. The obtained XRD results suggest
that gallic acid can stabilize the hydroxide form and hinders its transformation into zinc
oxide. This is evident by the fact that in samples (BT1, BT2) with the smaller amount of
this organic component, only the wurzite-type ZnO was observed on their surface. In the
case of BT3, a very small amount of ZnO in the BT3 sample and very well crystallized
ε-Zn(OH)2 were present. These conclusions were also supported by FTIR results. Addi-
tionally, crystallite size (D) and microstrains (ε) of zinc oxide crystals were calculated using
the Williamson–Hall equation [41]. The obtained results showed that in the case of the BT1
and BT3 samples, the D values decreased (23, 19 nm) and the ε values increased (0.04, 0.23)
as a function of black tea concentration. In the BT3 sample, ZnO diffraction peaks were not
intense enough to count these values as ε-Zn(OH)2 was the dominant crystalline fraction.
These observations could suggest that organic molecules adsorb on the particles’ surface,
which causes the disturbance in the decreasing size of the crystal structure of ZnO. Taking
into account the literature data, most probably gallic acid interacts with the hydroxide
group, which is blocking the dehydration process and stabilizes the ε-Zn(OH)2 form [56].
The lack of a linear relationship between the amount of organic stabilizing agent and the
amount of ε-Zn(OH)2 suggests that there is a minimal concentration of gallic acid that is
needed to block the transformation of crystalline hydroxide to oxide.

3.2.3. Morphology

Scanning electron microscopy indicated that the morphology of obtained ZnO particles
depends on the amount of used black tea extract. In the case of the BT1 sample, the particles

9



Nanomaterials 2021, 11, 1816

were in the form of nanoflakes, whose lengths and widths were around 100–550 and 21 nm,
respectively (Figure 3a,b). BT2 particles had a nanocone-like shape (50–300 nm length
and 30–175 nm width), which were agglomerates of smaller units (diameter ~14 nm)
(Figure 3c,d). In the image of the BT3 sample, two kinds of structures were visible. One
were small, quasi-spherical with a diameter of ~150 nm. The other structure had octahedral
morphology and were much bigger with the side length around 3.5 µm (Figure 3e,f). It was
supposed that they were separate fractions that may have a different material composition.
The amount of octahedral structures were greater than the spherical ones. Based on the
XRD and FTIR results, it could be concluded that small particles are made of hexagonal
type ZnO crystals and octahedral are built from orthorhombic ε-Zn(OH)2 [60–62].

ε

1

  
  

  
  

  

Figure 3. SEM images of the samples: (a,b) BT1, (c,d) BT2, (e,f) BT3.

Generally, it could be assumed that by increasing the amount of black tea extract, the
particles change their shape and size starting from flat and big particles to more spherical
and smaller. Additionally, in the BT3 sample, a fraction of a new material was obtained.
Based on previous work by the authors [6], it was supposed that chemical components of
the tea extract interact with ZnO crystallites. First, they adsorbed on the wurtzite polar
surfaces (0001 and 0001) and suppressed the growth along the c-axis [63]. By increasing
the amount of organic compounds, they could start to adsorb on each side of the ZnO
hexagonal unit cell, which inhibits its growth in every direction. Because the wülfingite
fraction was observed in the BT3 sample, it could be concluded that the black tea extract
may influence the process on each of its steps. This was reflected in an altered crystal
growth and formation of various phases in the final product.
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3.2.4. Thermal Analysis

Thermal stability of the samples obtained with the smallest and the biggest amount of
the black tea extract was examined by thermogravimetric analysis. The results indicated
that in the case of BT1, four mass losses were observed with the maximum degradation
rates found at around 40, 160, 270, and 450 ◦C (Figure 4a). The observations for the BT3
sample were definitely different. Four degradation stages were also observed, however,
the maxima were found at other temperatures: 80, 150, 195, and 330 ◦C (Figure 4b).
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Figure 4. TG and DTG curves of: (a) BT1; (b) BT3 samples.

Based on FTIR, XRD, SEM analysis, and the authors’ previous data [6], it could
be supposed that moisture evaporation can be observed during the first step. Then, at
around 150–160 ◦C, degradation of amorphous zinc hydroxide was observed. Further
temperature increase caused ε-Zn(OH)2 decomposition (~195 ◦C). Finally, the degradation
of organic components occurs in different ways depending on the sample. In the case
of BT1, the process was multi-stage and occurred at temperatures typical for gallic acid
decomposition [53], which proves that the compound was adsorbed on the ZnO surface.
In BT3, one stage was observed that took place at higher temperatures than BT1. This
could confirm the conclusion postulated in FTIR studies about the interactions of gallic
acid–gallic acid, which increase the thermal stability of the organic phase present on the
ZnO surface.

Comparison of the values of individual weight losses were found to be significantly
greater for the BT3 sample than for the BT1 at each degradation stage. The weight loss
associated with moisture has increased from 0.46 to 3.23% and the loss connected with
amorphous zinc hydroxide from 0.91 to 2.38%. ε-Zn(OH)2 was present only in BT3 (3.48%).
The gallic acid content was about 3.52% in BT1 and 13.45% in BT3 (Figure 4).

In summary, the TG results suggest that the more black tea extract was used, the more
gallic acid molecules were adsorbed on the surface of the particles. This led to an increase
in their tendency to adsorb moisture and block the transformation of both amorphous
and crystalline zinc hydroxide to zinc oxide. Additionally, a large amount of gallic acid
particles provokes their chemical interactions with each other, which was supported by the
FTIR results.

In order to specify the interactions between gallic acid particles, the values of activation
energy were determined as a function of materials conversion. In the case of BT1, the Ea
value of amorphous Zn(OH)2 was higher than in BT3. Supposedly, this fraction exhibits
a stronger bond with the ZnO surface. In the BT3 sample, the degradation energy of
ε-Zn(OH)2 was also detected. In both cases, the decomposition of gallic acid is a two-step
process, but the Ea values were higher in the BT3 sample. This was not noticeable on the
thermogravimetric curves due to an overlap of processes at similar temperatures in the BT3
sample. These observations could indicate gallic acid–gallic acid interactions (Figure 5).
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Figure 5. Ea changes as a function of conversion degree in the sample: (a) BT1, (b) BT3.

The spectral analyses of gas products evolving during decomposition were conducted
to confirm the composition and the proposed degradation mechanism. Because of the
largest amount of the additional fraction, the BT3 sample was tested. Both FTIR and QMS
spectra showed that during the first three degradation steps, only water was detected. In
the last step, only carbon dioxide was produced (Figure 6). This confirms the previous
results obtained from other measurements and points to the proposed sample composition
and its degradation mechanism.

                   
 

 

   
                                 

                   
                     

                               
                         

                             
                       

         
   

   
                     

     
                         

                             
                               
                               

                             
                           

                             
                     

                           
                                 
                               
                             
                               

                 

Figure 6. Spectra of evolving gaseous products: (a) FTIR; (b) QMS.

3.2.5. Antioxidative Properties

Black tea extract owes its antioxidant properties mainly to the presence of polyphe-
nols [64]. Its concentration depends on many factors related to the processing of the leaves
but also to the process of their infusion including the pH of the water used, the temperature,
and the infusion time [65]. In this study, the antioxidant activity of black tea extract was
calculated as 453.70 mM Trolox based on the ABTS assay. The obtained result was within
the range of values found in the literature [66]. The obtained particles also showed antioxi-
dant properties with values of 17.77, 43.60, and 63.32 mM Trolox for BT1, BT2, and BT3
samples, respectively. These results could be connected with the increasing concentration
of the gallic acid on the ZnO surface in subsequent attempts, as demonstrated by the FTIR
and TG measurements, which is most likely a result of the adsorption of gallic acid on the
surface of particles. Based on the thermal analysis data, the gallic acid content was about
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3.52% in BT1 and 13.45% in BT3. The difference of these concentrations between the BT3
and BT1 samples was about four times, which showed the same tendency as an increase in
antioxidant activity and confirms the presented hypothesis.

As mentioned, many polyphenols exhibit antioxidant properties. This is connected
with five main mechanisms: hydrogen atom transfer (HAT), single electron transfer (SET),
sequential proton loss electron transfer (SPLET), sequential double proton loss electron
transfer (SdPLET), or radical adduct formation (RAF). In all of them, the polyphenols play
the role of a donor. The preferred process depends on the dissociation enthalpy of the
hydroxyl group and the ionization potential of a measured polyphenol molecule [54]. The
reaction environment also plays a crucial role. In aqua solutions, SPLET or SdPLET are
dominant for free radical scavenging while in an anhydrous environment, HAT and RAF
take place [67]. Gallic acid in its basic form is not the most active natural polyphenol.
However, in the case of ionization of the carboxyl group, the enthalpy of hydroxyl groups
is significantly reduced, which gives gallic acid the strongest antioxidant activity [54]. FTIR
results showed that this form of the organic molecule was present in the measured particles.
Additionally, it is known that in free radical scavenging, the most effective position of –OH
group is the para position. The hydroxyl groups in meta positions stabilize formed radicals,
which increase antioxidant capacity [68]. These two phenomena are most likely responsible
for the high antioxidant activity of the obtained samples.

The differences between the activities of the particles could be connected not only
with increasing gallic acid concentration between the samples, but also the opposite effect
of ZnO. Similar conclusions were also demonstrated by other authors [69]. This oxide
is inherently very non-stoichiometric, so its crystal structure may contain numerous de-
fects such as interstitial oxygen or oxygen vacancies. Thanks to the presence of oxygen
vacancies, depending on the environment, atmospheric oxygen or water molecules could
be very easily adsorbed on the ZnO surface in the form of ions or radicals [8]. Due to
this phenomenon, this material has oxidizing properties [15,70], which could lower the
antioxidant capacity of the samples.

3.2.6. Antimicrobial Assay

The antimicrobial activity of the tested compounds was examined against two bacterial
and one fungus strain. The reference strains of Staphylococcus aureus ATCC 6538–grape-like
Gram-positive cluster, rod shaped Gram-negative Pseudomonas aeruginosa ATCC 9027, and
fungus Candida albicans ATCC 10231 were used for the experiment. The antimicrobial activ-
ity was assessed by time-kill assays (Figure 7). The tested compounds showed diversified
antimicrobial activity.

The Gram-positive strain was the most susceptible to all samples. The results showed
that the reduction of S. aureus viability was increasing as a function of time. After 2 h,
a very similar activity was observed in the case of BT2 and BT3, but the best effect was
displayed by the BT1 sample. After 24 h of exposition, all materials exhibited a bactericidal
effect (reduction of viability above 99%) (Figure 7a).

The obtained results for P. aeruginosa varied the most during the time of the experi-
ment. At the beginning, the best activity was demonstrated by BT1 and BT2. The strongest
antibacterial effect against P. aeruginosa was observed after 6 h post-inoculation and signifi-
cantly decreased afterward. After 24 h, it was visible that the more gallic acid on the ZnO
surface, the better the antibacterial activity was (Figure 7b).

The observed high antifungal activity decreased during the time of the experiment.
The smallest decrease in the antifungal activity was observed for BT3. It was clearly
visible that the reduction of viability decreased as a function of gallic acid concentra-
tion (Figure 7c).

Many aspects can cause the antimicrobial activity differences among the ZnO NPs.
The most important seems to be the chemical composition, size, and morphology of the
used active material and also the microbial structure [1,71].
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Figure 7. Antimicrobial activity of ZnO NPs against: (a) S. aureus, (b) P. aeruginosa; (c) C. albicans.

Zinc oxide is a very popular antibacterial and antifungal agent. Many authors have
investigated the mechanism of its activity. It was postulated that the phenomenon is
correlated with zinc ion release or free radical generation. The previous studies from the
authors indicated that zinc hydroxide is responsible for ion formation and zinc oxide for
ROS generation. The comparison of this observation with antimicrobial results clearly
demonstrated that not ions, but ROS generation, is more responsible for ZnO biological
activity [15]. Considering those, it could be supposed that the decrease in antimicrobial
ability as a function of gallic acid concentration is connected with increasing zinc hydroxide
content in the samples.

Additionally, the properties of gallic acid have to be considered. Because the black
tea extract was used to obtain ZnO particles, its biological activity was determined. It
was found that it did not reduce the growth of the tested microorganisms. However, in
the literature data, it was demonstrated that pure gallic acid, due to its high tendency to
ion and free radical binding, can interact with the microbial cell surface, which leads to a
change in its hydrophobicity and charge. In the case of fungus, this organic molecule can
interfere with 1,3-β-glucan and ergosterol synthase. All these processes cause a spill out of
the cytoplasmic content [72].

To understand the antimicrobial activity of the measured samples, the ZnO–gallic acid
interactions have to be taken into account. As mentioned before, the action of zinc oxide is
mainly based on the generation of free radicals. Since gallic acid has strong antioxidant
properties, the effect may be reduced. On the other hand, these components could show a
synergistic effect thanks to the different action mechanisms.
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In these studies, three microorganisms with significant differences in the cell wall
structure were chosen.

Gram-positive bacteria have a thinner cell wall and are more sensitive to oxidative
stress. The tested compounds showed a bactericidal effect against reference S. aureus, but
the certain mechanisms of action are still unknown, although numerous studies pointing
out the antibacterial effect of ZnO based compounds in the production of increased levels
of ROS [73]. Since the activity of the tested samples is inversely proportional to the amount
of gallic acid, it was suspected that it stabilizes the free radicals present on the ZnO
surface by reducing their activity. Therefore, it takes longer to observe ROS interaction
with the bacterial cell wall. In the presented studies, S. aureus exhibited the highest
sensitivity to the obtained samples. These results are comparable with other research
groups, which demonstrated that ZnO is more effective against Gram-positive strains [74].
Additionally, the bactericidal effect of the samples presented in this article was observed
using a lower concentration of active material than that of the other authors [75] and its
value is uncommon for particles of comparable sizes [71].

In contrast, P. aeruginosa is a Gram-negative strain that is known for its high resis-
tance to antiseptic and other antimicrobial agents. This is probably due to its low outer
membrane permeability. Pseudomonas has express specific channel proteins to nutrient
incorporation and does not have general diffusion porins [76]. Despite the almost bacte-
riostatic activity after the first 6 h of the experiment, the persisted cells started to multiply
and the antimicrobial activity decreased significantly. The observed decline in reduction
of the viability was probably caused by P. aeruginosa cell wall structure and its properties.
However, it has been shown that P. aeruginosa possesses antioxidant defenses including
catalase production, which can increase its resistance to ROS produced during the activity
of tested compounds [77,78]. After a long time of interaction between this Gram-negative
strain and measured samples, their activity increased with gallic acid concentration. This
could suggest that despite the start of building resistance against the action of free radicals,
the used polyphenol may additionally connect with the cell wall and disrupt its proper
functioning. Due to the highest resistance of Gram-negative strains toward antimicrobials,
the obtained samples showed only an inhibitory effect on P. aeruginosa growth. The pre-
sented results were comparable with another author’s study where the inhibitory effect
was also observed using a similar concentration of ZnO [79].

Additionally, a fungistatic effect of the synthesized ZnO particles against C. albicans
was observed. Based on the recent review, there were only a few studies on the antifungal
activity of ZnO [71]. A similar analysis conducted by another author showed a comparable
inhibitory effect after using a slightly smaller amount of the active ingredient [74]. This
proved a high antimicrobial potential on the zinc oxide particles presented in this article.
The different concentration used by other researchers needed to obtain a similar effect
was likely due to the smaller particle size used in that test. Furthermore, C. albicans, as a
representative of fungus, has a more complicated cell structure than bacteria. They are
eukaryotic cells that have a uniquely composed two-layered cell wall structure. The main
components are β-glucans, chitin, and mannoproteins [80], although ergosterol is one of
the basal components of the C. albicans cell membranes responsible for its integrity [81].
One of the antifungal strategies described in the literature is to develop drugs that are
binding to sterols that are present in the fungal cell membranes, leading to cell lysis [82].
A recent report indicated that gallic acid antifungal activity is associated with disturbing
the ergosterol synthesis pathway, however, this needs further investigation for C. albicans
species [54]. In this case, both the free radical production by zinc oxide and the interaction
of gallic acid with the cell wall could generate the apoptosis process [83,84]. The obtained
long-term results showed that fungi are much more susceptible to the generation of free
radicals than the action of organic acid. Therefore, the capture of ROS by gallic acid
weakens the biological activity of the tested samples.
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4. Conclusions

The conducted studies demonstrated that a water black tea extract could be success-
fully used as the stabilizing agent during ZnO synthesis. The used natural extract consists
of 48 organic ingredients. However, it was indicated that it was gallic acid that played a
major role in the particle formation at many stages of the process.

First, it controls the crystallization process of ZnO by zinc ion chelation, which disturbs
the hydroxide precipitation process by temporarily blocking the cations. Furthermore, the
addition of NaOH to the reaction environment shifts the equilibrium state of the system
toward the formation of an amorphous and crystalline hydroxide phase. Second, gallic acid
molecules can be adsorbed on the particle’s surface by interacting with their hydroxide
group. Thanks to that, gallic acid controls the crystallite size, stabilizes the hydroxide form,
and hinders its transformation into zinc oxide.

Analysis of the antioxidant properties indicated that they are proportional to the
amount of the gallic acid molecules that were on the surface of ZnO particles, but are also
correlated with oxidizing properties of ZnO.

In addition, in the case of the antimicrobial activity of obtained samples, the ZnO–
gallic acid interactions seem to be crucial. On one hand, their presence may weaken each
other’s action, and on the other hand, act synergistically. This depends mainly on the type
of the tested microorganisms and the duration of the action of the active agent.
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Abstract: The green synthesis of silver nanoparticles (AgNPs) has currently been gaining wide
applications in the medical field of nanomedicine. Green synthesis is one of the most effective
procedures for the production of AgNPs. The Diospyros malabarica tree grown throughout India has
been reported to have antioxidant and various therapeutic applications. In the context of this, we
have investigated the fruit of Diospyros malabarica for the potential of forming AgNPs and analyzed
its antibacterial and anticancer activity. We have developed a rapid, single-step, cost-effective and
eco-friendly method for the synthesis of AgNPs using Diospyros malabarica aqueous fruit extract at
room temperature. The AgNPs began to form just after the reaction was initiated. The formation
and characterization of AgNPs were confirmed by UV-Vis spectrophotometry, XRD, FTIR, DLS, Zeta
potential, FESEM, EDX, TEM and photoluminescence (PL) methods. The average size of AgNPs,
in accordance with TEM results, was found to be 17.4 nm. The antibacterial activity of the silver
nanoparticles against pathogenic microorganism strains of Staphylococcus aureus and Escherichia coli

was confirmed by the well diffusion method and was found to inhibit the growth of the bacteria
with an average zone of inhibition size of (8.4 ± 0.3 mm and 12.1 ± 0.5 mm) and (6.1 ± 0.7 mm and
13.1 ± 0.5 mm) at 500 and 1000 µg/mL concentrations of AgNPs, respectively. The anticancer effect
of the AgNPs was confirmed by MTT assay using the U87-MG (human primary glioblastoma) cell
line. The IC50 value was found to be 58.63 ± 5.74 µg/mL. The results showed that green synthesized
AgNPs exhibited significant antimicrobial and anticancer potency. In addition, nitrophenols, which
are regarded as priority pollutants by the United States Environmental Protection Agency (USEPA),
can also be catalytically reduced to less toxic aminophenols by utilizing synthesized AgNPs. As a
model reaction, AgNPs are employed as a catalyst in the reduction of 4-nitrophenol to 4-aminophenol,
which is an intermediate for numerous analgesics and antipyretic drugs. Thus, the study is expected
to help immensely in the pharmaceutical industries in developing antimicrobial drugs and/or as an
anticancer drug, as well as in the cosmetic and food industries.
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1. Introduction

Nowadays, nanotechnology is a rapidly developing field and has a wide range of
applications in biomedicine, drug delivery, bioimaging, bio-sensing devices, optoelec-
tronics, catalysis and also in environmental protection due to the exemplary properties,
such as biocompatibility, high productivity, rapid production and cost-effectiveness [1–5].
Among nanomaterials, metal nanoparticles, such as silver, copper, zinc, gold, titanium
and magnesium, have been gaining immense magnitude for their applications and play
a major role in this field [6–9]. In recent years, silver nanoparticles (AgNPs) have cre-
ated attention among researchers because of their important applications in biomedicine,
agriculture, food industry, catalytic, biosensors, optoelectronics and optics [10]. Several
physical and chemical methods have been widely employed for the synthesis of AgNPs,
such as sonochemical, microwave, γ-rays, hydrothermal, wet chemical, laser ablation and
sol-gel, but these methods have some disadvantages, such as their use of high beam energy,
hazardous toxic wastes, require high capital costs and production of large amounts of toxic
byproducts that cause environmental contamination [11–13]. Hence, there is a need to de-
velop eco-friendly techniques without using toxic chemicals to overcome these limitations.
Green synthesis of AgNPs is rapidly increasing due to its enhanced stability, nontoxicity,
inexpensive, eco-friendly, simple and rapid method of preparation approaches, which
are substitutes to hazardous physical and chemical methods. Green synthesized AgNPs
from plants are being successfully employed in various pharmaceutical and biomedical
fields, such as antimicrobial, antibiofilm, antifungal, anticancer, anti-angiogenic therapy,
anti-inflammatory, antioxidant, antiviral, drug delivery systems, gene therapy, bioimaging
and wound healing [14–23].

Among different organic pollutants in water, 4-nitrophenol (4-NP) is a toxic and harm-
ful agent more often found in industrial and agricultural raw materials that pose negative
impacts on the environment and human health [24,25]. It is important to remove such
pollutants from water before any use, including domestic and industrial use. In the current
study, it is observed that the researcher is devoted to converting the organic pollutants to
less hazardous products in the aqueous medium. The 4-aminophenol (4-AP), a reduced
product of 4-NP, has extensive use in the production of analgesic and antipyretic drugs. The
4-AP is also used as an anti-corrosion agent, hair dyeing agent or photographic developer.
In general, the reduction of 4-NP to 4-AP is catalyzed by an iron/acid catalyst that poses
major environmental impacts [26]. The use of corrosive acids in large-scale production can
be achieved by using metal nanoparticles as a catalyst along with sodium borohydride
(NaBH4). This method is found to be environmentally friendly. Despite thermal and electri-
cal conduction, silver nanoparticles bear efficient catalytic properties. Silver nanoparticles
can be synthesized using chemical, radiation, photochemical, Langmuir–Blodgettmethods,
etc. [23]. However, green synthesis of silver nanostructures has received wide acceptance,
as it possesses little hazard to the environment and human health [27]. Silver nanoparticles
proved to have a unique increased ability to inhibit bacterial growth with no or negligible
side effects when compared to antibiotics [28]. Cyclophanes synthesized AgNPs have
shown wide applications in creating electrochemical and colorimetric sensors for the de-
termination of heavy metal cations (Cu2+, Fe3+, Hg2+, Cd2+, Pb2+) anions (H2PO4

−, I−),
amino acids, polycyclic aromatic hydrocarbons and pesticides [29].

For the green synthesis of metal nanoparticles, natural products, such as extracts
from various plants or parts of plants (leaves, fruits, flower, bark, peel, seed, root, latex)
have received the most attention due to their growing success [30–33]. The plant extracts
contain various phytocompounds that act as capping, as well as reducing agents for the
synthesis of nanoparticles [34]. The antioxidant polyphenols and flavonoids are the major
phytocompounds, mainly responsible for the formation of AgNPs by the reduction of
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silver ions into silver metal (Ag+ to Ag) and also act as a capping agent that stabilizes the
size of the formed nanoparticles and shaped during the synthesis of nanoparticles. These
phytocompounds also have a tendency to absorb on the surface of nanoparticles [35,36].
In the green synthesis of nanoparticles using plant extracts, nature, the concentration of
the plant extract, metal salt, pH, temperature and incubation time during reaction affect
the rate, production amount and properties of the formed nanoparticles [37]. Different
plant extracts including Azadirachta indica, Anthemis atropatana, Benincasa hispida, Bauhinia
variegata, Catharanthus roseus, Caesalpinia pulcherrima, Coriandrum sativum, Melissa officinalis,
Pedalium murex, Prosopis juliflora, Parkia speciosa, Stigmaphyllo novatum, Cotyledon orbicu-
lata, Diospyros lotus and Andean blackberry leaf have been successfully reported for the
biosynthesis of AgNPs [15,16,32,38–48].

Diospyros malabarica, a species of flowering tree belonging to the family Ebenaceae,
grows throughout India and other tropical regions of the world. The fruit of the Diospyros
malabarica tree are round and yellow when ripe during the month of July and August.
Additionally, D. malabarica has been reported to have various therapeutic applications [49].
This tree was also reported to be used in traditional medicinal practices in various diseases.
Various bioactive compounds, such as gallic acid, flavonoid, anthocyanin, saponin, alka-
loid, vitamin C, tannins, triterpenes, sitosterol and betulinic acid, are being reported to be
present, which are mainly responsible for their antioxidant, antiprotozoal, antihelminthic,
antiviral and anticancer activity [49,50]. We hypothesized that these phytoconstituents
could be applied in the green synthesis of AgNPs. Considering the importance of the green
synthesis of silver nanoparticles using different plants and the various medicinal properties
of the Diospyros malabarica plant, it has been indicative for delving into the present study.
This study focused on the green synthesis of AgNPs using Diospyros malabarica aqueous
fruit extract as a reducing and stabilizing agent. The formed AgNPs were characterized by
using UV-Visible spectroscopy, TEM, FESEM, EDX, XRD, FT-IR, DLS, PDI, zeta potential
and photoluminescence (PL) properties. Furthermore, the antimicrobial activities of syn-
thesized AgNPs were evaluated against human pathogenic microorganisms Escherichia coli
and Staphylococcus aureus, as well as anticancer activity investigated on U87-MG (human
primary glioblastoma) cell lines. The catalytic activity for the reduction of 4-nitrophenol
was also tested for produced AgNPs.

2. Materials and Methods

2.1. Materials

Analytical grade silver nitrate (AgNO3) was procured from Sigma-Aldrich. Muller
Hilton agar (MHA) for microbiology experiments was procured from HIMEDIA Laborato-
ries (Mumbai, India). The bacterial pathogens Escherichia coli and Staphylococcus aureus used
for the antimicrobial susceptibility evaluation were purchased from the Microbial Type Cul-
ture Collection (MTCC, Chandigarh, India). Diospyros malabarica fruit was freshly collected
from the Morigaon district of Assam, India. Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS) and MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide dye) was purchased from Sigma-Aldrich. The U87-MG (human primary
glioblastoma) cell lines were obtained from the National Centre for Cell Science (NCCS),
Pune, India.

2.2. Diospyros Malabarica (Aqueous) Fruit Extracts Preparation

The fruit of Diospyros malabarica was washed with tap water followed by distilled
water until all the impurities were removed. Then, 20 g of fruit was weighed and immersed
in 100 mL of double-distilled water (ddH2O) in an Erlenmeyer flask, were kept on a heated
plate (60 ◦C) and allowed to boil for 15 min. The fruit extract was filtered by using Whatman
filter paper no. 1. Pellets were removed, and the supernatant was collected in another tube.
The filtrate (supernatant) was further kept refrigerated at 4 ◦C for the synthesis of AgNPs.
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2.3. Biosynthesis of AgNPs

For the green synthesis of AgNPs, silver nitrate AgNO3 (99.98%) reagent grade was
used as a precursor. A total of 1 mM AgNO3 solution was prepared in ddH2O from a stock
solution of 1 M AgNO3. Filtered aqueous fruit extract of Diospyros malabarica was mixed
with this 1 mM AgNO3 solution in a 1:9 mL ratio in a conical flask and kept in the dark at
24 ◦C for incubation for 1 h. After the passage of time, the synthesis progress (reduction of
Ag+ ions) was monitored by visual observation of change in color from light brown to dark
brown. The color change indicates nanoparticle synthesis. Then, the green synthesized
AgNPs were collected by centrifugation of 10,000 rpm for 15 min, and the precipitate
was collected, washed with deionized water, dried and stored at room temperature. A
schematic representation of AgNPs synthesis and its applications used in this study is
depicted in Figure 1.

 

Figure 1. Schematic representation of the green synthesis of silver nanoparticles (AgNPs) and their applications.

2.4. Characterization of AgNPs

2.4.1. UV-Visible Spectroscopic Profile of Synthesized AgNPs

UV-Vis spectroscopy is the most important, simplest and most basic technique to
confirm the formation of synthesized nanoparticles. UV-Vis spectra were recorded in the
range between 300 and 700 nm using Cary 60 UV-Vis (Agilent Technologies, Santa Clara,
CA, USA). In order to check the formation and stability of AgNPs, their SPR bands were
recorded at different time intervals (0.5, 1, 1.5, 2, 2.5 and 4 h, respectively) during the
green synthesis process. Double distilled water (ddH2O) was used as a blank to adjust
the baseline.
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2.4.2. Stability of the Synthesized AgNPs

The stability of the green synthesized AgNPs from aqueous fruit extract of Diospyros
malabarica in aqueous dispersions was determined by UV-Vis spectroscopy. The synthesized
AgNPs were deliberately stored in a dark environment at ~30 ◦C. Afterward, the changes
in the samples were monitored by UV-Vis spectra at 1 day and 60 days [51,52].

2.4.3. Transmission Electron Microscopy (TEM)

TEM was applied to depict the morphology, size and particle size distribution of the
green synthesized AgNPs. The images were taken by JEOL 2100 Electron Microscope
(JEOL, Peabody, MA, USA). For TEM analysis, a single drop (10 µL) of AgNPs suspension
was placed on the carbon-coated copper grid, dried for 2 h at room temperature (24 ◦C) and
loaded into the specimen holder before performing analysis at 120 kV accelerating voltage.

2.4.4. Field Emission Scanning Electron Microscope (FESEM) and Energy-Dispersive X-ray
Spectroscopy (EDX)

To study the cell surface topography and characterize the elemental composition of
synthesized AgNPs, FESEM combined with EDX were analyzed by using Sigma 300 (Carl
Zeiss, Germany), operated at a 20 KV. A small amount of AgNPs (10 µL) was drop-cast
on a clean coverslip and dried. The samples were then sputtered with gold and observed
under a FESEM and EDX [53].

2.4.5. PolydispersityIndex (PDI), Particle Size (DLS) and Zeta Potential (ζ)

The quantification of size (DLS), polydispersity index (PDI) and ζ-potential of the
synthesized AgNPs was carried out using a Zetasizer Nano ZS90 (Malvern, UK). The
PDI determines the spread of the particle size distribution. DLS analysis determines
the hydrodynamic radius by approximating the particle size of the synthesized AgNPs.
ζ-potential measures the surface charge of the synthesized AgNPs nanoparticles.

2.4.6. X-ray Diffraction (XRD)

XRD measurement was carried out by Phillips X’Pert Pro powder X-ray diffractometer
(XRD) (PANalytical, Almelo, The Netherlands) with a copper target (CuKα1, λ = 1.54056 Å).
It was operated with a nickel filter at a voltage of 40 kV and a current of 45 mA [54].

2.4.7. Fourier Transform Infrared (FTIR)

To study the functional group present on the synthesized AgNPs surface, FTIR analysis
was performed by using an FTIR spectrophotometer (Perkin Elmer spectrum 100 FTIR,
710 Bridgeport, CT, USA). The FT-IR spectra were scanned with wave numbers ranging
between 4000 and 400 cm−1 at a resolution of 4 cm−1 in the transmittance mode [3].

2.4.8. Photoluminescence (PL)

The PL spectra of biosynthesized silver nanoparticles were recorded by using the
spectrofluorometer (Jasco, Oklahoma City, OK, USA, FP-8300).

2.4.9. Antibacterial Activity of AgNPs

The antibacterial activities of the silver nanoparticles (AgNPs) were assessed against
strains of clinical pathogenic microorganisms, Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus), by using the agar well diffusion method [55]. Sterile and solidified
Muller Hinton agar (20 mL) plates were swabbed with the microbes. Four wells were
bored on each plate using a sterile well cutter, and all the experimental samples were
given in triplicate in each plate. The wells were loaded with Diospyros malabarica aqueous
fruit extracts (1000 µg/mL, 50 µL), synthesized AgNPs (500 and 1000 µg/mL, 50 µL)
and double-distilled water (ddH2O) as the negative control (50 µL), respectively. Three
antibiotics (Streptomycin 10 µg, Tetracycline 30 µg and Chloramphenicol 30 µg) were
loaded and tested against E. coli and S. aureus in each plate as the positive control. After
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24 h of incubation at 37 ◦C, the zone of inhibition was measured in mm for bacterial strains.
The experiments were repeated thrice, and the diameter of the zone of inhibition was
expressed as mean ± standard deviation (SD).

2.4.10. Assessment of Cytotoxicity in U87-MG Cells

The human cancer cell lines U87-MG (human primary glioblastoma) were grown as a
monolayer in DMEM, supplemented with heat-inactivated 10% FBS and 1% antibiotic. The
cell lines were maintained and grown at 37 ◦C with a humidified atmosphere containing 5%
CO2 and 95% air. Both the cancerous cell lines (1 × 104 cells/well) were seeded in a 96-well
microtiter plate and incubated at 37 ◦C for 24 h. After incubation, various concentrations
(µg/mL) of synthesized AgNPs were treated in triplicates and incubated at 37 ◦C for 48 h.
Then, the cytotoxicity was checked by MTT cytotoxicity assay. The media of 96-well plates
were discarded, followed by the addition of 100 µL of MTT dye (5 mg/mL in phosphate
buffer saline (PBS; pH 7.4)) in each well and incubated at 37 ◦C for 4 h. After incubation,
MTT was removed, and dimethyl sulfoxide (DMSO; 100 µL) was added to dissolve the
formazan crystals formed due to reduced MTT, and the absorbance was recorded. A
microplate reader SYNERGY-H1 (Biotek) was used to estimate the amount of reduced MTT
by measuring the optical density (OD) at 570 nm with a reference filter of 655 nm [39]. The
IC50 value was calculated by using the following equation:

Cell viability (%) =
Absorbance of sample
Absorbace of control

× 100

Cell Morphology of AgNPs Treated U87-MG Cells

The morphology of the U87-MG cells after the treatment of synthesized AgNPs was
studied under an inverted microscope. A total of 1 × 104 cells were seeded in 96-well plates
in DMEM along with 10% FBS and incubated for 24 h at 37 ◦C in a CO2 incubator. After
incubation, U87-MG cells were again incubated for 24 h with the treatment of 1 mg/mL of
synthesized AgNPs as treated and without AgNPs as untreated. The comparative effect on
the morphology of the U87-MG cells of both treated and untreated was evaluated.

2.4.11. Live/Dead Assay

A live/dead assay was performed for the qualitative assessment of cell viability after
treatment of synthesized AgNPs. The U87-MG cell lines at a density of 2 × 104 cells
were seeded in 96-well plates for 24 h. After incubation, cells are treated with AgNPs
concentrations of 1 mg/mL. A blank (without treatment) was kept for control. After
incubation, the cells were washed with PBS (pH 7.4) and stained with propidium iodide
(PI) and thiazole orange (TO). The plates were then incubated for 45 min and observed
using a confocal laser scanning microscope (CLSM) (TCS SP8, Leica, Germany).

2.4.12. Catalytic Activity Test for Reduction of 4-Nitrophenol (4-NP)

To evaluate the catalytic efficiency of 4-NP by the AgNPs prepared through the
mentioned green synthetic method, we have prepared a 50 mM solution of 4-NP. As a
hydrogen source, we prepared a 0.1 M solution of NaBH4. When 15 mL of NaBH4 solution
is added to 15 mL of 4-NP solution, the color of the 4-NP solution turns to light yellow
from light green indicating the formation of 4-nitrophenolate ions. As a blank experiment,
we added only NaBH4 to 4-NP and recorded UV-visible spectra at a regular time interval.
To see the effect of catalyst AgNPs once we added both catalyst and NaBH4 together and
recorded its UV-visible spectra. In the first experiment of catalytic activity, we have added
1 mL of AgNPs extract, while in the other, we have added 2 mL of catalyst solution to
observe the effect of catalyst amount variation in the reduction of 4-NP.
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3. Results and Discussion

3.1. Biosynthesis and Characterization of AgNPs

3.1.1. Color Change and UV-Visible Spectroscopic Profile of Synthesized AgNPs

An apparent change in the color of the reaction mixture from light brown to dark
brown after 30 min of incubation at room temperature in dark conditions was noticed
in Figure 1. Indeed, no transformation in color was observed in AgNO3 solution in the
absence of plant extract under similar circumstances. The change in color was considered
as an indication of AgNPs formation by the reduction of Ag+ ions [35,56]. The formation of
AgNPs was further confirmed by UV-Vis spectral study, which was measured at different
reaction times (0.5, 1, 1.5, 2, 2.5 and 4 h, respectively) displayed in Figure 2a. The kinetics
of the reaction revealed that the reaction was slow at the beginning, up to 30 min from
the start of the reaction. After 30 min the nucleation of the reaction was initiated very
quickly, and the formation of AgNPs occurred. This was reflected in the appearance of
the characteristic band of AgNPs at ~430 nm after 30 min of reaction time (Figure 2a).
The reaction was allowed to continue further, and no significant change of the peak was
observed in the intensity of Ag peak, which exhibits towards the completion of the reaction
at ~2.5 h. The broad absorption peak at λ = 430 nm represents the characteristics of surface
plasmon resonance (SPR) of spherical and aggregate AgNPs formation [11]. The stability
of the green synthesized AgNPs with respect to time was checked by UV-Vis spectroscopy
after 1 day and 60 days. The characteristic λ = 430 nm peak was found in the synthesized
AgNPs, indicating the stability of the synthesized AgNPs (Figure 2b). Thus, from this
result, we can conclude that the synthesized AgNPs showed high aqueous stability since
a minor reduction in absorbance was observed at 430 nm. A similar type of analysis
with almost the same range of results was obtained previously in recent studies of green
synthesis of AgNPs using extracts of different plants, such as pomegranate leaves, Benincasa
hispida, Prosopis juliflora, Allium cepa, Parkia speciosa and Salvia hispanica [15,36,39,57–59].This
suggests that the phytochemicals present in Diospyros malabarica fruit extracted successfully
act as reducing and capping agents.

3.1.2. TEM

The size and morphology of green synthesized AgNPs were evaluated by TEM anal-
ysis. Figure 3a displays the SAED pattern of synthesized AgNPs, whereas Figure 3b
demonstrates the spherical shape of the synthesized AgNPs and Figure 3c showed the
particle size distribution of the AgNPs. The synthesized nanoparticles are polydisperse and
range in size from 8 to 28 nm with an average size of 17.4 nm. The selected area electron
diffraction (SAED) pattern displayed in Figure 3a of the AgNPs with bright spots indicated
the polycrystalline nature of synthesized AgNPs, and each of their diffraction rings has
been indexed to 111 and 220, the corresponding face-centered cubic (fcc)crystalline struc-
ture of metallic silver, which matches with the database of Joint Committee on Powder
Diffraction Standards (JCPDS, No. 04-0783). The results of SAED were in congruence with
the XRD pattern. Our analysis of SAED was almost similar to previously obtained results
in some green synthesized AgNPs [11,60]. Our findings followed previous reports, where
plant extract as a reducing agent was utilized in the synthesis of AgNPs, and almost similar
results have been reported for AgNPs with the size of a nanoparticle ranging from 2 to
75 nm [61–63]. Due to this ultra-small size, shape and high stability, these synthesized
AgNPs can be used in conjugating drugs and for targeting cancerous cells [56,64].
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Figure 2. (a) UV-visible absorbance spectra kinetic reaction of the green synthesized AgNPs during the preparations at
different time intervals. (b) UV-Vis spectra showing the stability of green synthesized AgNPs after 1 day and 60 days
of preparation.

 

Figure 3. TEM micrograph of the synthesized AgNPs. (a) SAED pattern of synthesized AgNPs. (b) Analysis of the
morphology of AgNPs. (c) Histogram showing the size distribution of AgNPs.

28



Nanomaterials 2021, 11, 1999

3.1.3. FESEM and EDX Analysis

Morphological characteristics of green synthesized AgNPs were determined by FE-
SEM techniques. FESEM images of synthesized AgNPs were predominantly found to show
spherical morphology with an average size of 48.72 nm (Figure 4a). The results evidently
display that synthesized AgNPs material contains small grain-like particles, which were
agglomerated to form crystals with an almost uniform spherical shape with a smooth
surface (Figure 4a). A similar type of findings was previously reported [65–67]. Figure 4b
displayed the EDAX spectrum of synthesized AgNPs, which describes the elemental analy-
sis of the material. Silver peaks are seen in the spectrum, which represents the presence
of silver ions as an ingredient element in the synthesized AgNPs. The Ag peak showed a
weight percentage of 17.25 and an atomic percentage of 4.21. Other peaks, such as O, Na,
Al, Cl, K, were observed. These elements were originated from the biomolecules present in
the Diospyros malabarica fruit extract that was bound to the surface of the AgNPs. Strong Si
peaks were observed due to the use of a glass coverslip where the samples were loaded,
whereas Au peaks are due to gold sputtering during FESEM analysis. Our finding results
were almost in agreement with previous findings [45,68,69].

 

ζ
ζ

−

Figure 4. (a) FESEM recorded at the scale of 100 nm and (b) EDX image of synthesized AgNPs.

3.1.4. Particle Size and Zeta Potential (ζ) Analysis

The synthesized AgNPs were subjected to DLS and Zeta potential (ζ) measurement
techniques for the analysis of size, PDI and surface charge of the nanoparticles. Particle size
analysis showed two peaks, one of 22.26 nm and another of 1.032 nm, respectively, with PDI
0.954 (Figure 5a). This showed the polydispersity nature of our synthesized AgNPs. The
stability and surface charge of the AgNPs was determined by zeta potential. It showed that
the synthesized AgNPs were negatively charged with a zeta potential (mV) of −22.3 mV
(Figure 5b). The results exhibit that the surface of the synthesized AgNPs was negatively
charged, thereby having good colloidal nature, as well as well dispersed in the medium
due to strong repulsion among the particles to evade the agglomeration [38]. The size of
the green synthesized AgNPs was found nearly similar between the TEM and DLS analysis.
The higher negativity value of the zeta potential specified stability and well-dispersed
behavior of nanoparticles [70]. Thus, our results prove the efficacy of components present
in the Diospyros malabarica fruit extract as reducing and capping agents for the synthesis of
AgNPs.
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Figure 5. (a) Dynamic light scattering (DLS) and (b) zeta potential analysis of synthesized AgNPs.

3.1.5. XRD Analysis

The exact nature of the silver nanoparticles can be attained from XRD analysis. The
XRD patterns of green synthesized AgNPs from fruit extract in Figure 6 showed Bragg’s
model diffraction peaks at 2θ on 32.1◦ and 64.4◦, respectively. The peaks corresponding
to the 2θ = 32.1◦ and 64.4◦ depicted (111) and (220) lattice planes for silver confirmed the
face-centered cubic (FCC) crystalline nature of the AgNPs. This result corroborated with
the XRD analysis reported earlier [61,71–73]. The diffraction patterns showed good agree-
ment with JCPDS (no. 04-0783). Thus, XRD patterns clearly showed the crystalline AgNPs
formed by the complete reduction of Ag+ ions by the aqueous fruit extract of Diospyros mal-
abarica. The other unassigned peak ensued the crystallization of silver nanoparticles along
with the organic moieties or impurities that bound to the surface of nanoparticles [74–76].
The d spacing values were calculated from the theta values diffraction patterns using the
following formula:

d = λ /2 sin θ

where λ is the wavelength (0.154 nm) of X-rays, and θ is Bragg’s angle of diffraction. The d
spacing values were found to be d = 0.28 and 0.14 nm, respectively, which also corroborated
with the (111) and (220) planes for silver nanoparticles.
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Figure 6. X-ray diffraction (XRD) pattern of green synthesized AgNPs.

3.1.6. FTIR Spectroscopy Analysis

FTIR spectroscopy analysis was conducted in order to determine the functional group
of Diospyros malabarica fruit extract that was involved in the green synthesis of AgNPs as
reducing and capping agents. Figure 7 displayed the FTIR spectral bands of the Diospyros
malabarica fruit extract and synthesized AgNPs from the fruit extract. Sharp transmittance
peaks were noticed at 3435, 2078, 1642, 1382 and 671 cm−1 in the synthesized AgNPs. As
displayed in Figure 7, the FT-IR spectrum of Diospyros malabarica aqueous fruit extracts
was closely similar to the FT-IR spectrum of the synthesized AgNPs, with a marginal
shift in peaks. This similarity plainly indicates that some of the residual moieties of the
phytochemicals present in the Diospyros malabarica fruit extract reside on the surface of
the synthesized AgNPs. The FT-IR spectrum of Diospyros malabarica aqueous fruit extracts
exhibits several absorption peaks at 3411, 2088, 1645, 1382 and 656 cm−1, which are
associated with several functional groups. Sharp transmittance peaks were also noticed
at 3435, 2078, 1642, 1382 and 671 cm−1 in the synthesized AgNPs. The FT-IR spectrum
peaks evidently indicate the role of Diospyros malabarica aqueous fruit extracts as reducing
and stabilizing agents. The strong occurrence of intense peaks at 3411 and 3435 cm−1 was
an indication of O–H stretching vibration type of hydroxyl and amine (N–H) functional
groups. The absorbance peaks located between 3000 and 3600 cm−1 were assigned to the
stretching vibrations of hydroxyl groups (O–H) and amine (N–H) [2]. O–H stretching
vibration was characteristic of polyphenols and N–H stretching was attributed to the
presence of amino acids, peptides and proteins [22,77]. The phenolic group of compounds
present in the fruit extract has been shown as powerful capping and reducing agents for
the formation of AgNPs by reduction of silver nitrate. More intense peaks were observed
at 2088 and 2078 cm−1, represented the presence of alkynes C≡C stretched vibration
because of numerous secondary metabolites dissolved in the sample. The peaks at 1645
and 1642 cm−1 are attributed to the amide I band and –C=C– stretching vibration band.
The 1382 cm−1 peak was attributed to the –C–N– stretching band as well as the amide
I band of proteins in the fruit extract [45].The amide band I was associated with the
stretch mode of the carbonyl group (C=O) united to the amide linkage. The peaks at 656
and 671 cm−1 were assigned to CH out of plane bending vibrations [56]. This amide I
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band might also be due to the presence of proteins from the fruit extract [39,65]. The
proteins might be capped or coated around the synthesized AgNPs for their stability and to
prevent agglomeration [56]. Thus from the FTIR investigation, it was evident that bioactive
compounds, such as polyphenols, along with proteins present in the Diospyros malabarica
fruit extracts play an important role in the synthesis of AgNPs.

Figure 7. FTIR spectral analysis of Diospyros malabarica aqueous fruit extract and synthesized AgNPs.

3.1.7. Photoluminescence (PL) Studies

The photoluminescence (PL) of the synthesized AgNPs by Diospyros malabarica aque-
ous fruit extract was analyzed by fluorescence emission spectroscopy to analyze its optical
property. The PL study showed the luminescence spectrum of the synthesized AgNPs
at room temperature. The visible luminescence of AgNPs is due to the recombination of
electron-hole pairs between d-band and sp-conduction above the Fermi level [78]. The
synthesized AgNPs were dispersed in water, and the PL emission spectra were recorded
at the different excitation wavelengths. The normalized fluorescence spectra of synthe-
sized AgNPs were shown in Figure 8a. This illustrated that the AgNPs solution was
irradiated at varieties of excitation wavelengths ranging from 320 to 430 nm, which
showed different emission intensities centered at 470 nm. The fluorescence emission
spectra were recorded at a fixed slit width of 5 nm. Thus, emission possesses an excitation
wavelength-independent emission property. The literature reveals that the excitation in-
dependent properties are achieved by nanoparticles (NPs) due to doping or the presence
of heteroatoms present on the surface of nanoparticles [79]. The normalized absorption
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and emission spectra of green synthesized AgNPs are shown in Figure 8b. It was ob-
served that there was little overlap of absorption and emission spectra having large Stokes
shift (∆λ = 249.05 nm, or ∆ν = 8884.15 cm−1) in comparison to some of the commercial
fluorescent dyes, such as fluorescein (∆λ = 24 nm, or ∆ν = 938 cm−1) and Rhodamine
6G (∆λ = 24 nm, or ∆ν = 823 cm−1) [80]. Such a large stokes shift helps to reduce self-
quenching that occurs from molecular self-absorption. This instead makes the material
useful in practical applications. The PL-quantum yield (QY) of AgNPs was measured
following a standard procedure [81]. A comparison was made for integrated photolumi-
nescence intensities (excited at 360 nm) and absorbance values (at 330 nm) using quinine
sulfate (in 0.1 M H2SO4) as a standard (Φ = 0.54). The synthesized AgNPs and quinine
sulfate were diluted to different concentrations so that it gives an absorbance below 0.1 at
330 nm. Then the PL-QY was calculated using the following equation.

Φx = ΦST × (Gx × GST) × (ηx
2/ηST

2)

Here G is the gradient of the plot, η is the refractive index of the solvent, Φ is the
quantum yield while X refers to AgNPs, and ST refers to quinine sulfate with a refractive
index of 1.33. Thus, a moderate quantum yield (0.06%) was found for the synthesized
AgNPs. The plot of integrated fluorescence intensity versus absorbance was depicted in
Figure 8c. The AgNPs in aqueous solution emits blue light, which is confirmed by CIE 1931
chromaticity parameters (x, y) calculated using CIE 1931 app [82], as shown in Figure 8d.
We found CIE parameters for synthesized AgNPs solution as x = 0.21 and y = 0.54 when
photo-excited at 430 nm that receives color temperature 8087.76 K. The triangle in the
chromaticity plot represents the emission of blue light by AgNPs on excitation, which
is in agreement with the normalized fluorescence spectra shown in Figure 8a. Thus, the
synthesized AgNPs with optical properties can be utilized for bioimaging processes [83].

3.2. Antibacterial Activity of AgNPs

In the present investigation, the antibacterial effect of green synthesized AgNPs
was subjected to evaluation on human pathogenic microorganisms Escherichia coli (Gram-
negative) and Staphylococcus aureus (Gram-positive) by the agar well diffusion method
(Figure 9). The antibacterial activities of Diospyros malabarica aqueous fruit extracts were
also studied. Double distilled water (ddH2O) was kept as a negative control and antibiotics
(Streptomycin 10 µg, Tetracycline 30 µg and Chloramphenicol 30 µg) as a positive control.
The zone of inhibition around the samples of individual bacterial cultures is shown in
Figure 9a–h. Significant inhibition zone was observed in both the microbes on treatment
with AgNPs. The zone of inhibition was measured to be 8.4 ± 0.3 and 12.1 ± 0.5 mm
at 500 µg/mL and 1000 µg/mL concentrations of AgNPs, respectively, against Staphylo-
coccus aureus. While in the case of Escherichia coli, it was measured to be 6.1 ± 0.7 and
13.1 ± 0.5 mm at a concentration of 500 and 1000 µg/mL AgNPs, respectively. Lesser an-
tibacterial activity was observed in the case of Diospyros malabarica fruit extracts (Escherichia
coli; 5 ± 0.5 mm) (Staphylococcus aureus; 7 ± 0.8 mm) in comparison to AgNPs in both the
microorganisms. These results were almost similar to the previous report studied on the
antibacterial activity of synthesized AgNPs using leaf extract of Diospyrosmalabarica [84].
On the other hand, the negative control did not exhibit any antibacterial activity. All the
three standard antibiotics used as positive control were found to be moderate to highly sen-
sitive against E. coli and S. aureus. The zone of inhibition against these two bacterial strains
was recorded as Streptomycin 10 µg: 14 and 12 mm, Tetracycline 30 µg: 32 and 34 mm and
Chloramphenicol 30 µg: 31 and 33 mm, respectively. It was clearly observed that the green
synthesized AgNPs displayed concentration-dependent antibacterial activity. The zone of
inhibition of synthesized AgNPs was almost comparable to streptomycin but smaller when
compared to the other two antibiotics used. However, the as-synthesized AgNPs displayed
a considerable antibacterial activity against both of the strains. This antibacterial activity of
green synthesized AgNPs might be due to their penetration through the bacterial cell wall
that caused the structural damage by interacting with sulfur and phosphorous-containing
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biomolecules. This has also generated free radicals, which in turn damage the bacterial
membrane on contact with them [82]. The inhibitory zone on both of the microbes was
accredited on treatment with aqueous fruit extracts of Diospyros malabarica due to the
presence of phytochemicals, such as flavonoids, alkaloids and polyphenols. Whereas the
antimicrobial effect of AgNO3 was due to inhibition of proteins by binding with the thiol
groups and also by binding with DNA, thereby arresting replication in bacteria as reported
in earlier findings [84]. Previously, several studies reported the strong antimicrobial activity
of silver nanoparticles synthesized from plant extracts. These AgNPs effectively killed a
wide range of pathogenic microorganisms, e.g., E. coli, S. aureus and P. aeruginosa [85,86].
Our synthesized AgNPs possessed comparatively higher antimicrobial activity, as reported
earlier by other workers [36,37]. Based on this experiment, synthesized AgNPs were found
to have significant antibacterial efficacy against Escherichia coli and Staphylococcus aureus.
The antimicrobial properties of these synthesized AgNPs may thus be utilized for medical,
cosmetic and food industries.
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Δλ Δν −

η η
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Figure 8. (a) Excitation-independent fluorescence emission spectra of green synthesized AgNPs (inset: AgNPs under (a)
visible light, (b) UV light). (b) Absorption and emission spectra of green synthesized AgNPs. (c) Plot for calculation of
quantum yield of AgNPs using quinine sulfate as standard. (d) Placement of the AgNPs fluorescence emission spectra on
the CIE 1931 chromaticity chart.
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Figure 9. Antibacterial activities of (a,e) antibiotics (streptomycin(10 µg), Chloramphenicol (30 µg) and Tetracycline (30 µg))
as positive control, (b,f) synthesized AgNPs (500 µg/mL),(c,g) synthesized AgNPs (1000 µg/mL), (d,h) Diospyros malabarica

aqueous fruit extracts (1000 µg/mL) and double distilled water (ddH2O) as negative control, on (a) Escherichia coli and (b)
Staphylococcus aureus (all the experiments were performed in triplicates).

3.3. Cytotoxic Effect of AgNPs on U87-MG Cells

To check the antiproliferative activity of the Diospyros malabarica fruit extract mediated
green synthesized AgNPs, different concentrations (0, 10, 20, 40, 60, 80 and 100 µg/mL)
of nanoparticles were added to U87-MG cancer cell lines and incubated for 48 h. The
results were analyzed by MTT assay, which showed a decrease in viable cells with an
increasing concentration of AgNPs (Figure 10). The IC50 value of AgNPs was calculated to
be 58.63 ± 5.74 µg/mL. Similar results were obtained from silver nanoparticles for U87MG
cells reported earlier [87,88]. Green synthesized AgNPs using Artemisia turcomanica leaf
extract also showed an IC50 value close to 4.88 and 14.56 µg/mL for AGS and L-929
cells [89]. Biosynthesized AgNPs using Cucumis prophetarum aqueous leaf extract also
showed antiproliferative activity against A549, MDA-MB-231, HepG2 and MCF-7 cell
lines with IC50 values of AgNPs 105.8, 81.1, 94.2 and 65.6 µg/mL, respectively [71]. The
green synthesized AgNPs were found to be toxic in only cancerous cell lines and have
negligible toxicity in normal cell lines [90,91]. The AgNPs also reported being capable of
reducing various cell lines, such as HeLa, HepG2, PC3 and Vero cells [92,93]. The AgNPs
with enhanced cytotoxicity tend to have high cellular uptake and retention via endocytosis
and escaping efflux mechanism [88]. Further, at the IC50 concentration of AgNPs, the
morphology of the cells was observed under an inverted microscope (Figure 11). The
untreated cells showed regular elongated cell structure while most of the cells appeared to
be shrunken and formed round vesicular structures in the cells treated with AgNPs. The
distorted cell morphology of cells treated with AgNPs may be attributed to the occurrence
of apoptosis.
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Figure 10. Effect of different concentrations of Diospyros malabarica extract mediated green synthesized
AgNPs on the viability of U87-MG cell lines. Data represented as n = 3 ± S.D.

Figure 11. Cellular Morphology of U87-MG cells. (a) Untreated control, (b) Diospyros malabarica extract mediated green
synthesized AgNPs treated at the IC50 concentration.

3.4. Live/Dead Assay Analysis

To study the cell viability qualitative assessment of Diospyros malabarica fruit aqueous-
extract-mediated green synthesized AgNPs, live/dead assays were performed on U87-MG
cell lines (Figure 12). Thiazole orange (TO) and propidium iodide (PI) stains were selected
as nucleic acid-binding dyes to observe live and dead cells under a confocal laser scanning
microscope (CLSM). TO stains all live and dead cells as it is permeant to membrane, and PI
stains only dead cells due to impermeability to live cells with intact cellular membranes.
The images showed that the live cells had green color fluorescence (including dead cells),
and dead cells had red color fluorescence. The untreated control cells revealed large
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numbers of live cells. On the other hand, the treated U87-MG cells with biosynthesized
AgNPs depicted more apoptotic cells. The superimposed images divulged apprehension
of the dead cells with a yellowish-orange and disfigured structure [3,94,95]. This result
was in agreement with in vitro cytotoxicity assay (MTT analysis). The reduction of cell
survival rate of U87-MG cells treated with AgNPs in MTT assay corroborated with the
images obtained by LIVE/DEAD imaging that further aided in visualizing the live and
dead cells treated by synthesized AgNPs.

 

λ λ
λ

λ

Figure 12. Confocal images of U87-MG cells at the IC50 concentration of Diospyros malabarica extract mediated green
synthesized AgNPs incubated for 4 h. (a) TO, (b) PI, (c) superimposed image of untreated; (d) TO, (e) PI, (f) superimposed
image treated with AgNPs.

3.5. Catalytic Reduction of 4-Nitrophenol (4-NP)

To see the catalytic efficiency of AgNPs, we used the reduction of 4-NP in the presence
of NaBH4 as a model reaction. The overall schematic representation for the reduction of 4-
nitrophenol(4-NP) to 4-aminophenol (4-AP) was displayed in Figure 13. On the addition of
NaBH4 to 4-NP, it produced a4-nitrophenolate ion. The 4-NP has a characteristic absorption
at λmax = 317 nm, while the 4-nitrophenolate ion absorbs at λmax = 400 nm. On reduction
of 4-NP to 4-AP, there would be a reduction of the peak at λmax = 400 nm and the gradual
appearance of a new peak at λmax = 300 nm [26]. When we added 15 mL of 4-NP (50 mM)
and 15 mL of NaBH4 (0.1 M) and stirred continuously for one hour as a blank (control)
experiment, we noticed the effect of only sodium borohydride (NaBH4) in the reduction
of 4-NP to 4-AP. There was a negligible change observed in the peak of 4-nitrophenolate
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at λmax = 400 nm, as depicted in Figure 14a. However, on the addition of 1 mL of catalyst
(AgNPs solution), we observed a continuous decrease in the λmax of 4-nitrophenolate with
the gradual appearance of a peak at 298–300 nm [24,26], as shown in Figure 14b. It was
observed that within 15 min the 4-NP solution converted almost completely into 4-AP. In
another similar experiment, we added an increased amount of catalyst. On the addition of
2 mL of AgNPs solution, 4-NP completely reduced within 5 min, as shown in Figure 14c. A
plot C/C0 versus time (in minutes) was plotted (Figure 14d) to compare the efficiency of
NaBH4 alone and various amounts of the catalyst with NaBH4.
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Figure 13. Schematic representation for reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP).

To study the kinetics of the reaction, a plot of −ln (C/C0) was plotted as a function
of time and was displayed in Figure 14e. The C/C0 values were measured from the
reduction of λmax = 400 nm. The linear fit of the plot offered R-square values (coefficient
of determination) 0.994 and 0.995, close to unity for a catalyst amount of 1 and 2 mL
respectively. This supports the pseudo-first-order mechanism for the reduction of 4-NP.
The apparent rate constants for the degradation of 4-NP by a catalyst amount of 1 and
2 mL were 0.20023 and 0.61127 min−1, respectively, were calculated from the slopes. The
appearance of the peak at 300 nm was an indication of the production of 4-AP. This
investigation was further supported by the isosbestic points that emerged near 250, 270
and 325 nm that confirmed the 4-AP as the only product in the reaction [26].
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Figure 14. (a) Catalytic reduction of 4-NP by (a) NaBH4, (b) 1 mL AgNPs, (c) 2 mL AgNPs, (d) C/C0 and (e) −ln C/C0

vs. time.

4. Conclusions

In the present investigation, we have successfully green synthesized AgNPs using
an aqueous extract of Diospyros malabarica fruit. The method of preparation was simple,
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rapid, cost-effective and eco-friendly. The synthesized AgNPs were stable and smaller in
size. The biomolecules present in the fruit, as well as proteins, contribute as a capping and
reducing agent, which attributes to the synthesis of AgNPs. The biosynthesized AgNPs
showed a significant antimicrobial effect against human pathogenic bacteria Escherichia coli
and Staphylococcus aureus. The synthesized AgNPs exhibited significant dose-dependent
anticancer activity on U87-MG (human primary glioblastoma) cells. Further, the synthe-
sized AgNPs also act as a catalyst in the formation of 4-aminophenol by the reduction of
4-nitrophenol. 4-aminophenol has numerous applications in pharmaceutical industries,
such as the production of antipyretic and analgesic drugs. Thus, the synthesized AgNPs
showed their potential for implementations in cosmetics, therapeutics and food industries.
However, in vivo experimental verification is required for its safe utilization.
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Abstract: Insect proof nets are widely used in agriculture as mechanical and physical barriers to
regulate pest populations in a greenhouse. However, their integration in the greenhouse ventilation
openings is highly associated with the decrease of air flow and the adequate ventilation. Thus, there is
need for alternative pest management tools that do not impair adequate ventilation. In the present
study, we tested four net formulations of relatively large mesh size coated with SiO2 nanoparticles,
namely, ED3, ED3-P, ED5, and ED5-P to evaluate their insecticidal properties against adults of
Aphis fabae and Sitophilus oryzae and larvae of Tribolium confusum. ED3 and ED5 nets were coated
with SiO2 nanoparticles of different diameter, while in the case of ED3-P and ED5-P, paraffin was
added to increase the mass of the deposited particles on the net’s surface. In the first series of
bioassays, the knockdown and mortality rates of these species were evaluated after exposure to the
aforementioned net formulations for 5, 10, 15, 20, 25, 30, 60, 90, and 180 min. In the second series
of bioassays, knockdown and mortality of these species were recorded after 1, 7, and 10 days of
post-exposure to the nets for different time intervals (15, 30, and 60 min). Based on our results, all nets
significantly affected A. fabae, since all insects were dead at the 1-day post-exposure period to the
silica-treated nets. Conversely, at the same interval, no effect on either S. oryzae adults or T. confusum

larvae was observed. However, in the case of S. oryzae, the efficacy of all nets reached 100% 7 days
after the exposure, even for adults that had been initially exposed for 15 min to the treated nets.
Among the species tested, T. confusum larvae exhibited the lowest mortality rate, which did not exceed
34% at the 10 days of post-exposure interval. Our work underlines the efficacy of treated nets in pest
management programs, under different application scenarios, at the pre- and post-harvest stages of
agricultural commodities.

Keywords: net formulations; stored product insects; knockdown; mortality; long-term effect

1. Introduction

Despite the association of many insecticidal compounds with mammalian toxicity and increased
environmental footprint, conventional pesticides are widely used as a means of pest management.
Over the years, many insects species have developed resistance mechanisms to the vast majority of
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active ingredients that are used as synthetic insecticides [1–3]. According to the European Commission,
a sustainable and environmentally friendly insecticidal strategy should be followed in the case
of adequate crop protection, to minimize the negative effects of the intensive chemical pesticide
applications on both natural enemies (predators, parasitoids) and human health [4,5]. Thus, the notion
of integrated pest management (IPM) has now become entrenched in agriculture.

Nets are widely used in agriculture as mechanical or physical barriers in order to protect crops from
either biotic or abiotic stresses. In the Mediterranean region, protection against insects is considered
significantly important even compared to the management of excessive heat during the summer [6].
Insect proof nets have been integrated in greenhouse ventilation openings as an alternative to pesticides
for many years and their use is related to the management of the population density of external agents.
At the same time, exclusion nets are used to cover entire greenhouse structures or screenhouses [7].
Nets have a dual effect as they block the penetration of pests, while prevent the escape of insects used
for crop pollination [8]. The design of nettings is determined by the size and geometry of the hole,
the size of the insect thorax, as well as the method of knitting [9].

According to Kittas et al. [6], the environment of a greenhouse is qualified by significant
heterogeneity in which various factors contribute, such as the crop itself, the cover materials and the
insect screens. Microclimate conditions of a greenhouse are strongly affected by nets’ physical and
optical properties [10]. Very fine mesh size nets severely affect the ventilation and air capacity of the
enclosed area by decreasing permeability [11,12]. Indeed, the ventilation rate can be decreased by
40–50% when anti-aphid or anti-thrip nettings are applied [11,13]. These results are in accordance with
those of Katsoulas et al. [14], who indicated a 33% decrease of ventilation flow due to the installation
of an anti-aphid insect screen with 50% porosity on the vents of a polyethylene-covered greenhouse.
In addition, Baeza et al. [15] showed that the use of an anti-insect screen with porosity of 25%, which is
commonly used to exclude white flies Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodoidae) and the
western flower thrips Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae), could lead to a
ventilation reduction of approximately 88%. As a result, higher temperature regimes are recorded in the
interior of the protected greenhouse plants leading to non-uniform production, increased yield losses,
as well as quality deterioration [6,14]. Small mesh size nets (i.e., low porosity nets) may contribute to
undesired results, since they exclude not only harmful pests but also beneficial insects [16]. Moreover,
Bell and Baker [11], showed that the migration of insects in a greenhouse is not always correlated to
the mesh size, since insects with very small thoracic width, such as whiteflies, can intrude the finest
pore size net.

The establishment of insect proof nets for the stored product pest management is directly linked to
environmental protection, as their use does not lead to residues or to contamination in storage facilities
and stored commodities [17]. Many studies are focused on the design of long-lasting insecticide-
treated nets (LLINs) by incorporating insecticides into the net coating in order to minimize the chemical
sprays directly on the crop [18,19]. Dáder et al. [18] showed that LLINs caused a significant reduction
in Myzus persicae (Sulzer) (Hemipetra: Aphidedae) and Aphis gossypii (Glover) (Hemipetra: Aphididae)
immigration without affecting the parasitoid Aphidius colemani Viereck (Hymenoptrea: Aphididae).
However, during field trials, LLINs effectiveness was degraded after sun exposure whereas, the efficacy
of either bifenthrin or deltamethrin was suggested as insufficient to control B. tabaci culture due to its
small size. Notwithstanding, according to Arthurs et al. [19], nettings of large mesh size treated with
deltamethrin proved insufficient to protect a greenhouse crop from F. occidentalis invasion. Hence, both
the effect of LLINs on beneficial enemies and their effectiveness in small sized insects should be further
evaluated [18].

Recently, Rumbos et al. [17] successfully demonstrated the efficacy of Carifend®, a polyester net
coated with alpha-cypermethrin, against two stored tobacco insect pests, the cigarette beetle, Lasioderma

serricorne (F.) (Coleoptera: Anobiidae) and the tobacco moth, Ephestia elutella (Hübner) (Lepidoptera:
Pyralidae). Moreover, Paloukas et al. [20] suggested that Carifend® could be effectively used to
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control different major stored-product insects such as the rice weevil, Sitophilus oryzae (L.) (Coleoptera:
Curculionidae), since 98% mortality was recorded two weeks after the exposure to the treated net.

The use of nanoparticles as a novel biological insect control agent has been well established in the
recent years. Silicon is known as the most frequent metalloid and the most copious element on earth
after oxygen [21–23]. The mode of action of silicon dioxide (SiO2) begins with the adherence of the
nanoparticles on the cuticle of the insect, inactivating epicuticular lipids, which leads to death through
desiccation [24,25]. Furthermore, Rastogi et al. [22], suggested that the mortality of pests could be
related to congestion of spiracles and tracheas caused by the nanosilica particles.

Diatomaceous earth (DE) that consists mainly of amorphous hydrated silica has been extensively
used in stored product insect management. Vayias and Athanassiou [26] stated that the effectiveness of
DE is associated with the developmental stage of the insects. Indeed, the management of the confused
flour beetle adults, Tribolium confusum Jacquelin DuVal (Coleoptera: Tenebrionidae) is considerably
difficult compared to soft-bodied greenhouse pests such as aphids. On the other hand, aphids are
among the most common pests in horticultural crops and are related to the transmission of many
economically hazardous viruses even after injecting their sucking mouthparts on the leaves for a
very short time interval [18,27]. Unlike hard-bodied beetles, aphids are considered to be much
more vulnerable to desiccation from sorptive materials and micro-wounds. For instance, Singh and
Singh [28] found that DEs could cause rapid mortality of the aphid Rhopalosiphum padi (L.) (Homoptera:
Aphididae), when applied on wheat plants. However, in that study, the authors stood eventually
against these DE applications, because of negative photosynthetic rates [28].

Recently, Shoaib et al. [29], indicated that the exposure of larvae of Plutella xylostella (L.)
(Lepidoptera: Plutellidae) to 1 mg × cm−2 of a siliceous dust formulation resulted in 85% mortality
after 72 h. The authors suggested that the mortality rate is improved as dose and exposure interval are
increased. Moreover, silica nanoparticles, concerning their physical and chemical properties, differ
significantly from their bulk formation [19]. According to Debnath et al. [30], nanoparticles proved to
be much more effective when compared with bulk silica against S. oryzae. At the post-harvest stages of
agricultural commodities, stored product protection could be enhanced by the use of silicon-based
nanoparticles as non-conventional pesticide agents [2,31].

To date, little attention has been given to the incorporation of physical inert dusts to the yarns
of insect proof nets. The application of non-toxic and environmental-friendly nets could replace the
insecticidal treated nets leading to insecticide-free products. Thus, the objective of our study was
to assess the effectiveness of silicon dioxide-treated nets under laboratory conditions for the control
of the black bean aphid, Aphis fabae Scopoli (Hemipetra: Aphididae), and the stored product pests
T. confusum and S. oryzae. The aforementioned species were exposed to insect proof nets coated with
two different silicon dioxide dust formulations, Syloid®ED3 and Syloid®ED5 with and without the
addition of paraffin in order to achieve better particle adherence to the net, respectively.

2. Materials and Methods

2.1. Insects Tested

The rearing of the A. fabae individuals took place at the Laboratory of Agricultural Entomology,
Benaki Phytopathological Institute, Attica, Greece. Aphids were reared on Vicia faba L. plants at
20 ± 1 ◦C, relative humidity (r.h.) of 65 ± 2% and a photoperiod of 16 h in light: 8 h in dark [32].
Aphid colonies were transferred to the Laboratory of Entomology and Agricultural Zoology (LEAZ),
Department of Agriculture, Crop Production and Rural Environment, University of Thessaly to carry
out the bioassays.

Established laboratory colonies of S. oryzae and T. confusum were maintained in LEAZ under
controlled conditions in a growth chamber as suggested by Faliagka et al. [33].
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2.2. Nettings and Dust Formulations

Experiments were carried out with four samples of the same insect proof net, the textiles of which
were performed by the Institut für Textiltechnik (ITA) of RWTH Aachen University. The weaving and
the evaluation of the nets was provided from Thrace Nonwovens & Geosynthetics S.A. (Thrace, Greece).
All textiles were coated either with Syloid® ED3 or Syloid® ED5 which are amorphous silica dust
formulations (P&S Powder and Surface GmbH, Salzkotten, Germany). The former silica dust consists
of 99–100% SiO2 with particle size of 5.8 µm, while the latter consists of 95–100% SiO2 with particle
size of 9.0 µm. Paraffin was added as an organic primer in two of the four netting samples (ED3-P and
ED5-P) consisting of different silica formulation in order to enhance the adhesion properties of each
dust to the net. ED3 and ED5 samples were used without the addition of paraffin. The purpose of the
primer is the integration of up to 40% more SiO2 particles on the net. The mass of the deposited silica
particles on the net’s surface was fluctuated from 0.4 to 0.9 g ×m−2 depending on the dust formulation
as well as the addition of paraffin. However, paraffin may reduce the mesh size and therefore, the air
permeability properties of the tested nets. In the present study, the insecticidal properties of SiO2

nanoparticles were evaluated. In the case where adequate results are provided, it is suggested to
incorporate silica on nets of larger pores in order to alleviate insufficient ventilation. Table 1 shows the
properties of the nets used in the experimental trials.

Table 1. Properties of the silicon coated nets ED3 (without paraffin), ED3-P (paraffin), ED5 (without
paraffin), and ED5-P (paraffin).

Sample Mesh Size
Silica Particles
Diameter (µm)

Coating
Repetition

Mass of Deposited Silica
Particles on the Surface

of the Net (g ×m−2)

ED3 50 mesh 5.8 2 0.4
ED3-P 50 mesh 5.8 2 0.7
ED5 50 mesh 9.0 2 0.7

ED5-P 50 mesh 9.0 2 0.9

All samples were produced by the same 50 mesh net that was constructed by using high density
polyethylene (HDPE) monofilament yarns. SiO2 free-nettings with the same mesh size as well as clear
Petri dishes without the addition of nets were used as a control treatment. The silica coating procedure
was repeated two times for each tested net.

2.3. Bioassay Series

Nets were fine cut and adjusted at the bottom of plastic Petri dishes (59.4 cm2 in surface), using
a thin layer of silicon. The lids of plastic dishes are usually loose-fitting making it easy for insects
to escape, so, the “neck” of each Petri dish was covered with polytetrafluoroethylene dispersion,
(Northern Product, Cumberland, RI, USA). A single fine brush was used to insert the species into the
Petri dishes to avoid wounding.

2.3.1. Short-Term Effect

In the short-term effect bioassay series, adults of A. fabae and S. oryzae, and larvae of T. confusum

were used. Ten insects of each species were transferred to the Petri dishes. All species were exposed to
silica-treated nets, clear Petri dishes (without nets), and untreated nets for the intervals of 5, 10, 15, 20,
25, 30, 60, 90, and 180 min. For each exposure interval, mortality and knockdown effect of all species in
each Petri dish were recorded. For each of the four nets, the bioassay was replicated eight times per
exposure interval. Thus, in this series of bioassays 144 Petri dishes were used in total.
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2.3.2. Long-Term Effect

The purpose of this series of bioassays was to evaluate the effect of the nets on the knockdown
and mortality rates of the exposed individuals at certain post-exposure intervals. Thus, as above, ten
individuals of each species were transferred to Petri dishes, with different plates per species, and
exposed to the nets for 15, 30, and 60 min. Knockdown and mortality were recorded immediately
after the completion of the exposure periods and then all insects were carefully transferred to new
dishes consisting of untreated nets or clear Petri dishes (without nets). When transferring the insects,
a clean single fine brush was used to avoid possible contamination of the dust in the treated nets.
Within each exposure interval of 15, 30, and 60 min no food was added in the Petri dishes. However,
during post-exposure period for S. oryzae and T. confusum, cracked wheat (0.5 ± 0.1 gr) and wheat flour
(1.0 ± 0.1 gr) were added in all petri dishes, respectively. In the case of A. fabae no food was supplied,
since the bioassay lasted one day, unlike that of the stored product insects which was completed after
10 days. All bioassays were carried out at 25 ◦C and 65% r.h. Mortality and knockdown effect of
S. oryzae and T. confusum were assessed after 1, 7, and 10 days, whereas in the case of A. fabae after
1 day. For each of the four nets, the bioassays were replicated eight times. A total of 624 Petri dishes
were used to perform this series of bioassays.

2.4. Statistical Analysis

The results of the first series of bioassay (short-term effect) were analyzed using Probit Analysis
to estimate the knockdown time, i.e., KDt50, KDt95, and KDt99 for each species and net formulation.
The intervals tested yielded a variety of knockdown results only for A. fabae, which allowed the
calculation of KDt50, KDt95, and KDt99 values. For the second series of bioassays, separately of each
species, the data (knockdown and mortality) were converted to percentages and then were submitted
to a two-way ANOVA, to determine the differences among the exposure intervals (15, 30, and 60 min)
and among the net formulations (including controls as well), while means of knockdown and mortality
were separated using the Tukey-Kramer HSD test at the 5% level. Moreover, the same approach was
conducted for the long-term effect for each species tested. The data were analyzed using SPSS 25.0
(SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Short-Term Effect

The mortality rate of all tested species was relatively low. In the first series of tests, KDt values
were not found to fit the data well, since P values were <0.01 (Table 2). In most of the cases, confidence
interval could not be estimated for A. fabae and S. oryzae, except for ED5-P of A. fabae. For T. confusum,
Probit could not be estimated, since the percentage of knocked down individuals was negligible
(data not presented).

Overall, KDt99 values for A. fabae at ED3-P resulted in the highest values among treatments,
corresponding to 1590.9 min (approximately 26 h) (Table 2). Contrariwise, the lowest KDt99 value was
recorded at ED5-P, corresponding to 363.3 min (approximately 6 h) (Table 2). Moreover, for S. oryzae

the resulting values were similar with those of A. fabae at ED3, which were 1235.7 min (approximately
20 h) and 1281.4 min (approximately 21 h), respectively. For KDt50 the lowest value (51.3 min) for
A. fabae was recorded at ED5, whereas the highest value (279.7 min) was noted at ED3-P (Table 2).
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Table 2. Probit analysis for KDt50, KDt95, and KDT99 (confidence intervals) of Aphis fabae and Sitophilus

oryzae adults exposed to four different nets (ED3, ED3-P, ED5, ED5-P) for 180 min, values are expressed
as minutes to knockdown.

# Nets KDt50 KDt95 KDt99 Slope ± SE X2 P

A. fabae

ED3 253.3 a 980.2 a 1281.4 a 2.7 ± 0.1 389.8 <0.01
ED3-P 279.7 a 1206.8 a 1590.9 a 2.1 ± 0.1 290.9 <0.01
ED5 51.3 a 669.6 a 925.8 a 3.3 ± 0.1 561.7 <0.01

ED5-P 74.9
(49.8—109.1)

278.8
(206.6—465.8)

363.3
(265.6—619.5) 9.6 ± 0.1 372.8 <0.01

# Nets KDt50 KDt95 KDt99 Slope ± SE X2 P

S. oryzae

ED3 - - - - - -
ED3-P 767.3 a 1098.5 a 1235.7 a 0.6 ± 0.1 449.7 <0.01
ED5 - - - - - -

ED5-P - - - - - -
a Could not estimate confidence intervals; - Could not estimate knockdown time.

3.2. Long-Term Effect

The mortality rate ranged significantly between the tested cases (Tables 3–5). Knockdown
of A. fabae was low and did not exceed 28.7% (Table 3), whereas mortality was negligible (data
not presented). For knocked down individuals, significant differences were noted in all tested net
formulations among the time intervals (15, 30, and 60 min). Finally, at the 1-day post-exposure period,
mortality was 100% in all tested net formulations (Table 3).

Regarding S. oryzae individuals, knockdown and mortality were negligible, in all tested net
formulations for the 15, 30, and 60 min intervals (data not presented), while at the 1-day post-exposure
period, no significant differences were noted among the exposure intervals (Table 4). At this interval,
mortality was generally low, reaching 6.2%. However, in most of the cases, at the 7-day post-exposure
period mortality was approximately 87%, even when the initial exposure was 15 min, while after
10 days mortality reached 100% (Table 4).

Regarding T. confusum larvae, knockdown and mortality were generally low (<5%, data not
presented). Larval knockdown of T. confusum was also negligible (data not presented). After 7 d of
exposure in all formulations, mortality did not exceed 30%, whereas after 10 d the highest mortality
level was 34% at ED5-P (Table 5). Significant differences were recorded among the exposure intervals
in most of the cases (Table 5).
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Table 3. Short- and long-term knockdown (KD) and mortality (% ± SE) of Aphis fabae adults exposed for 15, 30, and 60 min to dishes with four different treated nets
(ED3, ED3-P, ED5, ED5-P), dishes with untreated net and dishes without net. The first day after exposure for each exposure interval is considered as the long-term effect.

ED3 ED3-P ED5 ED5-P Untreated net Without net

Short term Long term Short term Long term Short term Long term Short term Long term Short term Long term Short term Long term

Exposure
time

KD KD Mortality KD KD Mortality KD KD Mortality KD KD Mortality KD KD Mortality KD KD Mortality

15 min 0.0 ± 0.0 a 0.0± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 2.5 ± 2.5 A 100.0 ± 0.0 A 0.0 ± 0.0 20.0 ± 3.2 B 36.2 ± 8.6 B
30 min 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 22.5 ± 13.1 B 12.5 ± 3.1 B
60 min 27.5 ± 4.5 bA 0.0 ± 0.0 A 100.0 ± 0.0 A 22.5 ± 3.1 bA 0.0 ± 0.0 A 100.0 ± 0.0 A 28.7 ± 3.9 bA 0.0 ± 0.0 A 100.0 ± 0.0 A 15.0 ± 4.6 bA 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 B 0.0 ± 0.0 A 93.7 ± 4.1 A 0.0 ± 0.0 B 16.2 ± 4.6 B 23.7 ± 6.7 B

F 36.8 - - 51.5 - - 52.1 - - 10.5 - - - 1.0 2.2 - 0.1 3.2
P <0.01 - - <0.01 - - <0.01 - - <0.01 - - - 0.38 0.13 - 0.86 0.06

Within each exposure interval, post-exposure interval, and net formulation, means followed by the same lowercase letters (a, b) do not differ significantly according to Tukey-Kramer HSD
test at P < 0.05. Within each exposure interval, post-exposure interval, and net formulation, mortality, and knockdown means followed by the same uppercase letters (A, B) do not differ
significantly across treatments according to Tukey-Kramer HSD test at P < 0.05. Where no letter exist, no significant differences were noted. ANOVA parameters for long-term effect and
knocked down adults were: at 15 min F = 22.8, P < 0.01, 30 min, F = 2.9, P = 0.02, 60 min, F = 12.4, P < 0.01, whereas for short-term effect and knocked down adults at 60 min, F = 22.9, P <
0.01. For delayed mortality at 15 min, F = 54.3, P < 0.01, 30 min, F = 779.5, P < 0.01, 60 min, F = 88.7, P < 0.01, in all cases df = 2, 23. In the case where “-“is indicated, F and P values were
not provided in the Table since no variances among the samples were recorded.

Table 4. Delayed mortality (% ± SE) of Sitophilus oryzae adults exposed for 15, 30, and 60 min to dishes with four different nets (ED3, ED3-P, ED5, ED5-P), dishes with
untreated net and dishes without net. The 1st, 7th and 10th day after exposure for each exposure interval is considered as the long-term effect.

ED3 ED3-P ED5 ED5-P Untreated Net Without Net

Exposure
time (d)

1st 7th 10th 1st 7th 10th 1st 7th 10th 1st 7th 10th 1st 7th 10th 1st 7th 10th

15 min 2.5 ± 1.6 100.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 97.5 ± 2.5 A 98.7 ± 1.2 A 0.0 ± 0.0 100.0 ± 0.0 aA 100.0 ± 0.0 aA 5.0 ± 1.8 100.0 ± 0.0 bA 100.0 ± 0.0 aA 6.2 ± 4.1 40.0 ± 8.4 B 56.2 ± 9.0 B 0.0 ± 0.0 0.0 ± 0.0 C 11.2 ± 2.2 C
30 min 3.7 ± 1.8 97.5 ± 2.5 A 100.0 ± 0.0 A 5.0 ± 1.8 97.5 ± 1.6 A 100.0 ± 0.0 A 0.0 ± 0.0 96.2 ± 1.8 bA 96.2 ± 1.8 bA 3.7 ± 2.6 97.5 ± 2.5 abA 100.0 ± 0.0 aA 2.5 ± 1.6 22.5 ± 10.6 B 30.0 ± 11.0 B 0.0 ± 0.0 0.0 ± 0.0 C 11.2 ± 2.9 C
60 min 2.5 ± 1.6 98.7 ± 1.2 A 100.0 ± 0.0 A 3.7 ± 1.8 100.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 100.0 ± 0.0 aA 100.0 ± 0.0 aA 0.0 ± 0.0 87.5 ± 5.2 aA 88.7 ± 5.4 bA 2.5 ± 2.5 43.7 ± 9.9 B 56.2 ± 9.8 B 0.0 ± 0.0 0.0 ± 0.0 C 12.5 ± 3.1 C

F 0.8 0.6 - 2.9 0.7 1.0 - 4.2 4.2 1.9 3.9 4.2 0.5 1.3 2.3 - - 0.1
P 0.83 0.55 - 0.07 0.50 0.38 - 0.02 0.02 0.16 0.03 0.02 0.59 0.27 0.12 - - 0.93

Within each exposure interval, post-exposure interval, and net formulation, means followed by the same lowercase letters (a, b) do not differ significantly according to the Tukey-Kramer
HSD test at P < 0.05. Within each exposure interval, post-exposure interval, and net formulation, mortality means followed by the same uppercase letters (A, B) do not differ significantly
across treatments according to the Tukey-Kramer HSD test at P < 0.05. Where no letters exist, no significant differences were noted. ANOVA parameters for 1st day were: at 15 min, F = 1.9,
P = 0.10, 30 min, F = 1.6, P = 0.18, 60 min, F = 1.3, P = 0.26, for 7th day were: at 15 min, F = 142.2, P < 0.01, 30 min, F = 91.9, P < 0.01, 60 min, F = 79.1, P < 0.01, whereas for 10th day were: at
15 min, F = 92.2, P < 0.01, 30 min, F = 75.4, P < 0.01, 60 min, F = 55.6, P < 0.01, in all cases df = 5, 47. In the case where “-“is indicated, F and P values were not provided in the Table since no
variances among the samples were recorded.
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Table 5. Delayed mortality (% ± SE) of Tribolium confusum larvae exposed for 15, 30, and 60 min to dishes with four different nets (ED3, ED3-P, ED5, ED5-P), dishes
with untreated net and dishes without net. The 1st, 7th, and 10th day after exposure for each exposure interval is considered as the long-term effect.

ED3 ED3-P ED5 ED5-P Untreated net Without Net

Exposure
time (d)

1st 7th 10th 1st 7th 10th 1st 7th 10th 1st 7th 10th 1st 7th 10th 1st 7th 10th

15 min 3.7 ± 2.6 12.5 ± 3.1 ab 13.7 ± 3.2 1.2 ± 1.2 a 8.7 ± 4.4 a 18.7 ± 3.5 2.5 ± 1.6 ab 13.7 ± 4.1 28.7 ± 2.9 a 2.5 ± 1.6 11.2 ± 4.7 ab 18.7 ± 5.4 ab 6.2 ± 2.6 5.0 ± 1.8 16.2 ± 3.7 0.0 ± 0.0 3.7 ± 2.6 28.7 ± 5.1
30 min 0.0 ± 0.0 7.5 ± 2.5 aA 12.5 ± 3.6 2.5 ± 1.6 ab 18.7 ± 3.5 abB 20.0 ± 3.7 0.0 ± 0.0 a 6.2 ± 2.6 A 8.7 ± 2.2 b 0.0 ± 0.0 8.7 ± 2.2 aAB 11.2 ± 1.2 a 2.5 ± 2.5 7.5 ± 2.5 A 18.7 ± 6.3 0.0 ± 0.0 1.2 ± 1.2 A 21.2 ± 3.5
60 min 6.2 ± 1.8 B 20.0 ± 4.2 bAB 22.5 ± 3.6 7.5 ± 1.6 bB 30.0 ± 5.3 bB 32.5 ± 5.2 7.5 ± 2.5 bB 16.2 ± 3.7 AB 25.0 ± 3.7 a 3.7 ± 1.8 AB 26.5 ± 6.5 bB 33.7 ± 7.0 b 3.7 ± 1.8 AB 6.2 ± 3.2 A 15.0 ± 4.2 0.0± 0.0A 2.5 ± 1.6 A 22.5 ± 3.1

F 2.9 3.5 2.4 4.7 5.6 3.2 4.9 2.1 12.0 1.8 3.8 4.8 0.7 0.2 0.1 - 0.4 1.0
P 0.07 0.04 0.11 0.02 0.01 0.06 0.01 0.14 0.01 0.18 0.03 0.01 0.52 0.79 0.86 - 0.66 0.38

Within each exposure interval, post-exposure interval, and net formulation mortality, means followed by the same lowercase letter do not differ significantly according to the Tukey-Kramer
HSD test at P < 0.05. Within each exposure interval, post-exposure interval, and net formulation, mortality means followed by the same uppercase letter do not differ significantly across
treatments according to the Tukey-Kramer HSD test at P < 0.05. Where no letters exist, no significant differences were noted. ANOVA parameters for 1st day were: at 15 min, F = 1.3,
P = 0.6, 30 min, F = 1.1, P = 0.36, 60 min, F = 2.6, P = 0.03, for 7th day were: at 15 min, F = 1.2, P = 0.30, 30 min, F = 5.1, P < 0.01, 60 min, F = 6.1, P < 0.01, whereas for 10th day were: at
15 min, F = 2.4, P = 0.05, 30 min, F = 1.9, P = 0.12, 60min, F = 2.2, P = 0.07, in all cases df = 5, 47. In the case where “-” is indicated, F and P values were not provided in the Table since no
variances among the samples were recorded.
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4. Discussion

The results of our study indicated that even in the case of the longest exposure interval (180 min) no
immediate mortality was achieved for either of the stored product species tested. However, for A. fabae,
knockdown effect was vigorous and rapid, especially at longer intervals, as KDt50 was high after
approximately one hour. In general, from the most to the least susceptible, the species/life stages tested
here can be classified as A. fabae adults > S. oryzae adults > T. confusum larvae.

Particle size is highly associated with the insecticidal efficacy of inert dusts. Many authors have
emphasized on the importance of the particle size, a significant physical property of dust formulations,
underlining that formulations of smaller particles may enhance the insecticidal efficacy on a variety of
stored-product beetles [34–39]. Korunić [40] found that the efficacy of DEs is promoted when particle
size ranges between 1 and 30 µm. Similarly, Vayias et al. [38] indicated that DEs particles, sized up
to 45 µm, resulted in higher mortality of stored product beetles, as compared with larger particles.
However, Korunić [40] underlined the significance of the DEs origin, and concluded that even a high
range between the size of particles (i.e., 0–192 µm) could lead to similar insecticidal results, indicating
the significance of the particle shape. In this context, Rumbos et al. [39] found that the insecticidal
effect of zeolites on the control of stored-product pests was not highly associated with particle size.

Peng et al. [41] stated that the dispersity and stability of SiO2 nanoparticles are enhanced when
added to liquid paraffin. In the present study, it was concluded that the susceptibility of A. fabae and S.

oryzae was high, regardless of the addition of the primer or the size of silica nanoparticles, since no
significant differences were recorded concerning the long-term effect. Notwithstanding, our results
suggested that the use of paraffin on the net’s surface contributes to the reduction of fabrics’ shrinkage
whereas it increases the rate of the particle deposition. Thus, the knockdown effect of A. fabae was
increased when insects were exposed to ED5-P nets since in this case, the deposition of silica particles
was the highest among all tested samples due to the addition of paraffin. In particular, it was shown
that 99% of the adults were knocked down after six hours when exposed to the net coated with the
ED5-P dust formulation, which consisted of the largest silica particles at the highest deposition rate.

Silica particles should not be considered as the only lethal factor in our study, as mortality can be
also attributed to the presence of the net itself. As shown in the results corresponding to the control
treatments, insects exposed to the SiO2-free nets were also affected by the presence of the net as opposed
to the insects exposed to the dishes without net. Concerning the above, silica-treated nets could be
applied on the vent openings of a greenhouse limiting the number of infestations due to greenhouse
pests’ invasions, which occurs mechanically, i.e., without the use of the dust. A similar approach has
been investigated in the case of stored product insects, with similar results regarding the detrimental
effect of the net to the insect bodies [17,20].

Although no immediate mortality was recorded for all the insect species tested, delayed mortality
was high, reaching 100% even in the shortest exposure time (15 min). Similarly, Kavallieratos et al. [42]
observed a significant delayed mortality on 14 d for S. oryzae and the lesser grain borer, Rhyzopertha

dominica (F.) (Coleoptrea: Bostrychidae) when exposed to a mixture of DE and abamectin. Our data
show that, despite low initial effect, delayed mortality for the two beetle species was high, which clearly
suggests that the exposed individuals were heavily affected by the presence of the dusts in their cuticles.
As inert materials are slow-acting, it has been observed that mortality may take several days or even
weeks to occur, even if the insects are in continuous contact with the dust particles [43,44]. Nevertheless,
the current results suggest that even the shortest exposure to the dust particles tested here is irreversibly
lethal, and recovery is less likely to appear. This is particularly important, as insects will eventually die
after their removal from the treated substrate, a characteristic that is even more important in the case
of aphids, if it is combined with the knockdown that appears rapidly after exposure.

To conclude, this study indicates that all of the nets tested here were effective for the control of
aphids and less for beetles (including larval stage), despite variations in efficacy among treatments.
Practically, the nets that are coated with inert materials can serve as a good alternatives to traditional
pesticides in greenhouses but also in food and processing facilities, significantly moderating insect
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immigration. This technology can be adopted in a wide range of facilities, and also in food packaging,
where the larval stage can penetrate with ease. At the same time, in a “real world” greenhouse scenario,
immigration of aphids from the outside toward the plantation will force the insects to pass through the
treated net, which is expected to be lethal, even if some aphids eventually pass successfully.

Author Contributions: Conceptualization, N.K., M.O., P.A. and C.G.A.; methodology, P.A., S.F. and E.L.; formal
analysis, E.L., P.A. and S.F.; investigation, P.A., S.F., E.L., N.K. and C.G.A.; resources, N.K., C.G.A.; writing—original
draft preparation, P.A., S.F., E.L., C.G.A. and N.K.; writing—review and editing, P.A., S.F., E.L., C.G.A. and N.K.;
visualization, N.K., M.P. and M.O.; supervision, C.G.A. and N.K.; project administration, N.K., M.O. and M.P.;
funding acquisition, N.K. and C.G.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research has been co-financed by the European Union and Greek national funds through the National
Action “Bilateral and Multilateral E&T Cooperation Greece-Germany” (project code: T2DGE-0120). Furthermore,
this research has been co-financed by the European Union and Greek national funds through the Operational
Program Competitiveness, Entrepreneurship and Innovation, under the call RESEARCH—CREATE—INNOVATE
(project code:T1EDK-01491).

Acknowledgments: This research has been co-financed by the European Union and Greek national funds
through the National Action “Bilateral and Multilateral E&T Cooperation Greece-Germany” (project code:
T2DGE-0120). Furthermore, this research has been co-financed by the European Union and Greek national
funds through the Operational Program Competitiveness, Entrepreneurship and Innovation, under the call
RESEARCH—CREATE—INNOVATE (project code:T1EDK-01491).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Boyer, S.; Zhang, H.; Lempérière, G. A review of control methods and resistance mechanisms in stored-product
insects. Bull. Entomol. Res. 2012, 102, 213–229. [CrossRef] [PubMed]

2. Athanassiou, C.-G.; Kavallieratos, N.-G.; Benelli, G.; Losic, D.; Usha Rani, P.; Desneux, N. Nanoparticles for
pest control: Current status and future perspectives. J. Pest Sci. 2017, 91, 1–15. [CrossRef]

3. Awolola, T.-S.; Adeogun, A.; Olakiigbe, A.-K.; Oyeniyi, T.; Olukosi, Y.-A.; Okoh, H.; Arowolo, T.; Akila, J.;
Oduola, A.; Amajoh, C.-N. Pyrethroids resistance intensity and resistance mechanisms in Anopheles gambiae

from malaria vector surveillance sites in Nigeria. PLoS ONE 2018, 13, e0205230. [CrossRef]
4. Aktar, W.; Sengupta, D.; Chowdhury, A. Impact of pesticides use in agriculture: Their benefits and hazards.

Interdiscip. Toxicol. 2009, 2, 1–12. [CrossRef] [PubMed]
5. Mukherjee, A.; Knoch, S.; Chouinard, G.; Tavares, J.-R.; Dumont, M.-J. Use of bio-based polymers in

agricultural exclusion nets: A perspective. Biosyst. Eng. 2019, 180, 121–145. [CrossRef]
6. Kittas, C.; Katsoulas, N.; Bartzanas, T.; Mermier, M.; Boulard, T. The impact of insect screens and ventilation

openings on the greenhouse microclimate. Trans. ASABE 2008, 51, 2151–2165. [CrossRef]
7. Kitta, E.; Baille, A.-D.; Katsoulas, N.; Rigakis, N.; González-Real, M.-M. Effects of cover optical properties

on screenhouse radiative environment and sweet pepper productivity. Biosyst. Eng. 2014, 122, 115–126.
[CrossRef]

8. Teitel, M. The effect of screened openings on greenhouse microclimate. Agric. For. Meteorol. 2007, 143,
159–175. [CrossRef]

9. Dáder, B.; Legarrea, S.; Moreno, A.; Ambros, C.-M.; Fereres, A.; Skovmand, O.; Bosselmann, R.; Viñuela, E.
Insecticide-treated nets as a new approach to control vegetable pests in protected crops. Acta Hortic. 2014,
1015, 103–112. [CrossRef]

10. Rigakis, N.; Katsoulas, N.; Teitel, M.; Bartzanas, T.; Kittas, C. A simple model for ventilation rate determination
in screenhouses. Energy Build. 2015, 87, 293–301. [CrossRef]

11. Bell, M.-L.; Baker, J.-R. Comparison of greenhouse screening materials for excluding whitefly (Homoptera:
Aleyrodidae) and thrips (Thysanoptera: Thripidae). J. Econ. Entomol. 2000, 93, 800–804. [CrossRef] [PubMed]

12. Parra, J.-P.; Baeza, E.; Montero, J.-I.; Bailey, B.-J. Natural ventilation of parral greenhouses. Biosyst. Eng. 2004,
87, 355–366. [CrossRef]

13. Fatnassi, H.; Boulard, T.; Demrati, H.; Bouirden, L.; Sappe, G. Ventilation performance of a large Canarian-type
greenhouse equipped with insect-proof nets. Biosyst. Eng. 2002, 82, 97–105. [CrossRef]

14. Katsoulas, N.; Bartzanas, T.; Boulard, T.; Mermier, M.; Kittas, C. Effect of vent openings and insect screens on
greenhouse ventilation. Biosyst. Eng. 2006, 93, 427–436. [CrossRef]

54



Nanomaterials 2020, 10, 1658

15. Baeza, E.-J.; Pérez-Parra, J.-J.; Montero, J.-I.; Bailey, B.-J.; López, J.-C.; Gázquez, J.-C. Analysis of the role of
sidewall vents on buoyancy-driven natural ventilation in parral-type greenhouses with and without insect
screens using computational fluid dynamics. Biosyst. Eng. 2009, 104, 86–96. [CrossRef]

16. Chouinard, G.; Veilleux, J.; Pelletier, F.; Larose, M.; Philion, V.; Cormier, D. Impact of exclusion netting row
covers on arthropod presence and crop damage to ‘Honeycrisp’ apple trees in North America: A five-year
study. Crop Prot. 2017, 98, 248–254. [CrossRef]

17. Rumbos, C.-I.; Sakka, M.; Schaffert, S.; Sterz, T.; Austin, J.-W.; Bozoglou, C.; Klitsinaris, P.; Athanassiou, C.-G.
Evaluation of Carifend®, an alpha-cypermethrin-coated polyester net, for the control of Lasioderma serricorne

and Ephestia elutella in stored tobacco. J. Pest Sci. 2018, 91, 751–759. [CrossRef]
18. Dáder, B.; Legarrea, S.; Moreno, A.; Plaza, M.; Carmo-Sousa, M.; Amor, F.; Viñuela, E.; Fereres, A. Control of

insect vectors and plant viruses in protected crops by novel pyrethroid-treated nets. Pest Manag. Sci. 2014,
71, 1397–1406. [CrossRef] [PubMed]

19. Arthurs, S.-P.; Krauter, P.-C.; Gilder, K.; Heinz, K.-M. Evaluation of deltamethrin-impregnated nets as a
protective barrier against Western flower thrips, Frankliniella occidentalis (Thysanoptera: Thripidae) under
laboratory and greenhouse conditions. Crop Prot. 2018, 112, 227–231. [CrossRef]

20. Paloukas, Y.-Z.; Agrafioti, P.; Rumbos, C.-I.; Schaffert, S.; Sterz, T.; Bozoglou, C.; Klitsinaris, P.; Austin, J.-W.;
Athanassiou, C.-G. Evaluation of Carifend® for the control of stored-product beetles. J. Stored Prod. Res.

2020, 85. [CrossRef]
21. Epstein, E. The anomaly of silicon in plant biology. Proc. Natl. Acad. Sci. USA 1994, 91, 11–17. [CrossRef]

[PubMed]
22. Rastogi, A.; Tripathi, D.-K.; Yadav, S.; Chauhan, D.-K.; Živčák, M.; Ghorbanpour, M.; El-Sheery, N.-I.;
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Abstract: The growing interest in the development of green pest management strategies is leading to
the exploitation of essential oils (EOs) as promising botanical pesticides. In this respect, nanotechnology
could efficiently support the use of EOs through their encapsulation into stable nanoformulations,
such as nanoemulsions (NEs), to improve their stability and efficacy. This technology assures the
improvement of the chemical stability, hydrophilicity, and environmental persistence of EOs, giving an
added value for the fabrication of natural insecticides effective against a wide spectrum of insect
vectors and pests of public and agronomical importance. Carlina acaulis (Asteraceae) root EO has
been recently proposed as a promising ingredient of a new generation of botanical insecticides. In the
present study, a highly stable C. acaulis-based NE was developed. Interestingly, such a nanosystem
was able to encapsulate 6% (w/w) of C. acaulis EO, showing a mean diameter of around 140 nm and
a SOR (surfactant-to-oil ratio) of 0.6. Its stability was evaluated in a storage period of six months
and corroborated by an accelerated stability study. Therefore, the C. acaulis EO and C. acaulis-based
NE were evaluated for their toxicity against 1st instar larvae of the European grapevine moth
(EGVM), Lobesia botrana (Denis & Schiffermüller, 1775) (Lepidoptera: Tortricidae), a major vineyard
pest. The chemical composition of C. acaulis EO was investigated by gas chromatography–mass
spectrometry (GC–MS) revealing carlina oxide, a polyacetylene, as the main constituent. In toxicity
assays, both the C. acaulis EO and the C. acaulis-based NE were highly toxic to L. botrana larvae,
with LC50 values of 7.299 and 9.044 µL/mL for C. acaulis EO and NE, respectively. The C. acaulis-based
NE represents a promising option to develop highly stable botanical insecticides for pest management.
To date, this study represents the first evidence about the insecticidal toxicity of EOs and EO-based
NEs against this major grapevine pest.

Keywords: European grapevine moth; green pesticide; insect pest; Integrated Pest Management;
Larvicide; nano-insecticide; Tortricidae
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1. Introduction

The European grapevine moth (EGVM), Lobesia botrana (Denis & Schiffermüller, 1775) (Lepidoptera:
Tortricidae), is a widespread and economically important pest of the grapevine worldwide.
EGVM larvae feed on grape bunches (Vitis vinifera L.), reducing yield and increasing susceptibility to
fungal and bacterial infections (i.e., botrytis and sour rot) [1].

Eco-friendly tools, including mating disruption and biopesticides (BPs) (mainly Bacillus thuringiensis),
have been available against L. botrana for decades [2–5]. However, its control often requires the use of
chemicals [6–9]. Finding valid and sustainable alternatives to insecticides is a key challenge for modern
agriculture; side effects of insecticide use include environmental pollution, toxicity to non-target insects,
and residues on food [10–13]. In this scenario, researchers are looking for new sustainable tools and
products. Recently, they have focused on essential oils (EOs) as a new class of BPs to be employed in
eco-friendly practices [14].

EOs are mixtures of plant metabolites, mainly monoterpenoids, sesquiterpenoids,
and phenylpropanoids [14]; their insecticidal, acaricidal and nematocidal properties make them
excellent alternatives to synthetic insecticides [14–16]. EOs are often characterized by two or
three main compounds at high concentrations (20–85%) and other molecules at trace levels.
A mechanism of action of EOs involves the inhibition of P450 cytochromes (i.e., these cytochromes
are responsible for phase I metabolism of xenobiotics); other modes of actions include the neurotoxic
activity-modulating octopaminergic system, gamma-aminobutyric acid (GABA) receptors and
inhibiting acetylcholinesterase (AChE) [14].

EOs repellence [17,18], larvicidal [19–21], and insecticidal activities are proven on different
arthropod pests of economic importance [22–25]. Among them, the EOs’ efficacy has also been
investigated on some Lepidoptera. Good examples are represented by Cydia pomonella (Linneaus)
(Lepidoptera: Tortricidae) [26], Thaumetopoea pityocampa (Denis & Schiffermüller) (Lepidoptera:
Notodontidae) [27], Cadra cautella (Walker) (Lepidoptera: Pyralidae) [28] as well as Spodoptera

littoralis (Boisd.) [29–31] and Spodoptera litura (Fabr.) (Lepidoptera: Noctuidae) [32–34]. However,
current knowledge about EOs toxicity on L. botrana larvae is strictly limited [35].

Even though EOs represent promising BP ingredients, their use in Integrated Pest Management
(IPM ) programs is still scarce because their physico-chemical properties (i.e., poor water solubility,
scarce stability, high volatility, thermal decomposition, and oxidative degradation) make them difficult
to handle in field conditions. A solution to these difficulties is to coat or entrap EOs into a matrix.
The encapsulation process enhances physico-chemical stability, prevents degradation of active agents,
and improves the bioavailability of EOs [36,37]. Nanotechnology represents a suitable strategy to carry
the EOs’ active principles, overcoming their physiochemical limitations; the small size of nano-systems
increases active ingredients spreading, deposition, permeation, and provides controlled release on the
target site. Among nano-delivery systems, nanoemulsions (NEs) represent an efficient, low-priced,
and safe way to carry EOs [38].

As defined by Nikam et al. [39], NEs are kinetically stable “biphasic dispersions of two immiscible
liquids: either water-in-oil (W/O) or oil-in-water (O/W) droplets stabilized by an amphiphilic surfactant”;
in this way, protection from the surrounding environment, suitable spreading, and penetration of
the bioactive molecules are guaranteed by the matrix and low surface and interfacial tension [40].
Toxicity of EO-based NEs was tested on several insects of agricultural and medical interest such as
aphids [41–43], mosquitoes [44–46], stored-product beetles [47,48], and some Lepidoptera [49–51].
Furthermore, it was also highlighted that the bioactivity of EO-based NEs was often higher compared
to the EOs themselves [52–54].

The insecticidal activity of EO-based NEs has been never evaluated against L. botrana. Herein,
we decided to deepen our knowledge about EO and EO-based NE effectiveness against this harmful
insect pest. For this purpose, we selected the EO obtained from the root of Carlina acaulis L. (Asteraceae),
which has revealed to be promising as an active ingredient of botanical insecticides, highly effective
against vectors and stored product insects [55,56].
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Carlina acaulis, also called “piccolo cardo”, is a perennial herb growing on the mountainous soils of
central Europe, up to 2000 m of altitude [57]. Being described in several official pharmacopoeias [58–61],
this plant has been largely used in the European tradition as a remedy against several diseases [62–64].
Nowadays, its traditional use is still recognised in many European countries as a tonic, diuretic,
anti-oedematous, anticancer, and antibiotic agent, and for the treatment of gastritis and cold [65–68].
Along with its various curative applications, C. acaulis is also described in the Italian list of botanicals
to be used in food supplements [69] and in the BELFRIT (Belgium France Italy) list [70]. The EO
obtained from the roots of this plant revealed as a major constituent (>90%) the polyacetylene
2–(3–phenylprop–1–yn–1–yl)–furan, also known as carlina oxide. The biological activities shown
by this EO are noteworthy, but its innovative insecticidal potential is attracting the interest of the
agrochemical industry.

In this scenario, reminding the importance of botanical EOs for the development of new sustainable
pesticides, considering the promising insecticidal activities showed by the C. acaulis EO [56,71], and the
limitations linked with its lipophilicity and volatility as well, herein a highly stable C. acaulis-based
NE was developed. Furthermore, the C. acaulis EO and C. acaulis-based NE were evaluated for their
toxicity against 1st instar larvae of L. botrana, a major grape pest worldwide.

2. Materials and Methods

2.1. Carlina acaulis Oil Extraction and Chemical Characterization

One kg of dry roots of C. acaulis obtained from A. Minardi and Figli S.r.l. (48012 Bagnacavallo
RA, Italy), was firstly crushed using a shredder (Albrigi, mod. E0585, Stallavena, Verona, Italy),
for then being put into a 10 L round flask with 6 L of distilled water. The roots were then subjected
to hydrodistillation using a Clevenger-type apparatus for 8 h and using a heating system consisting
of a Falc MA mantle (Falc Instruments, Treviglio, Italy). The EO, which showed a pale orangish
colour, was obtained in a 0.4% yield (w/w). After the hydrodistillation process, the EO was decanted
and separated from the aqueous layer, then dehydrated with an hydrous Na2SO4. Finally, it was
collected in a vial closed with a polytetrafluoroethylene (PTFE)/silicone cap and kept at −20 ◦C
until chemical analysis and subsequent biological assays. For the chemical characterization of the C.

acaulis EO, the analysis was conducted using an Agilent 6890N gas chromatograph furnished of a
single quadrupole 5973N mass spectrometer and an auto-sampler 7863 (Agilent, Wilmingotn, DE).
The column used for the separation was an HP-5 MS capillary column (30 m length, 0.25 mm i.d., 0.1 µm
film thickness; 5% phenylmethylpolysiloxane), supplied by Agilent (Folsom, CA, USA). The column
was allowed to reach initially a temperature of 60 ◦C for 5 min, then it was raised up to 200 ◦C at
4 ◦C/min and finally to 280 ◦C at 11 ◦C/min for 15 min. The temperature of the injector and detector
was set at 280 ◦C. The mobile phase used was constituted of 99.9% of He, with a flow of 1 mL/min.
Before injection, the EO was diluted 1:100 in n-hexane, and then 1 µL was injected in split mode (1:50).
The peak acquisition was achieved with electron impact (EI, 70 eV) mode in the range 29–400 m/z.
The chromatograms obtained were analysed using the MSD ChemStation software (Agilent, Version
G1701DA D.01.00) and the NIST Mass Spectral Search Program for the NIST/EPA/NIH EI and NIST
Tandem Mass Spectral Library v. 2.3. The retention index (RI) was calculated using a mix of n–alkanes
(C7–C30, Sigma-Aldrich, Milan, Italy), using the Vanden Dool and Kratz formula [72].

2.2. Preparation and Characterization of Carlina acaulis Essential Oil (EO) Nanoemulsion

Carlina acaulis EO-based NE was obtained through a high-energy method by using a high-pressure
homogenizer. It was prepared according to the procedure reported by Rosi Cappellani et al. [73].
Briefly, 6% (w/w) of C. acaulis EO was added dropwise to a 4% (w/w) of surfactant (Polysorbate 80,
Sigma-Aldrich) aqueous solution under high-speed stirring (Ultraturrax T25 basic, IKA® Werke GmbH
and Co.KG, Staufen, Germany) for 5 min at 9500 rpm. The obtained emulsion was then subjected to
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homogenization by means of a French Pressure Cell Press (American Instrument Company, AMINCO,
Silver Spring, MD, USA) for four cycles at the pressure of 130 MPa.

Visual characterization of NE was performed by a polarizing optical microscope (MT9000,
Meiji Techno Co. Ltd., Saitama, Japan) equipped with a 3-megapixel complementary metal oxide
semiconductor (CMOS) sensor camera (Invenio 3S, DeltaPix, Smorum, Denmark).

Particle size measurements were carried out through dynamic light scattering (DLS) analyses
by using a Zetasizer nanoS (Malvern Instrument, Malvern, UK) equipped with a backscattered light
detector working at 173◦. One mL of the sample was inserted into a disposable cuvette and analysed
at 25 ◦C, following a temperature equilibration time (180 s).

2.3. Nanoemulsion Stability Studies

2.3.1. Long-Term Stability

The sample was stored at room temperature and 12:12 (L:D) h for up to six months.
The physico-chemical stability of the samples was evaluated by repeating DLS analysis at different
time points: 0 day (t0), 1 month (t1), 3 months (t3), and 6 months (t6).

2.3.2. Accelerated Stability Test

The thermodynamic stability of C. acaulis EO NE was evaluated through a three phases
(centrifugation, heating/cooling cycles, and freeze/thaw cycles) test, according to the protocol reported
by Alkilani et al. [74] with some modifications.

1. Centrifugation: the sample was centrifuged at 9000 G for 30 min. If it did not show any phase
separation, the heating-cooling cycle was performed.

2. Heating-cooling cycle: the sample underwent three cycles from refrigerator temperature (4 ◦C)
to 40 ◦C, with a storage period at each temperature of 48 h. If stable at these temperatures,
the freeze-thaw cycle was performed.

3. Freeze-thaw cycle: three freeze-thaw cycles between −21 ◦C and +25 ◦C were performed, with a
storage time at each temperature of 48 h.

At the end of each phase, the sample was evaluated through visual inspection and DLS analysis.

2.4. Lobesia botrana Mass-Rearing

Lobesia botrana young instars tested in our bioassays were from a laboratory mass-rearing kept
at the Entomology lab, University of Pisa. Adults were reared inside a plastic bottle and fed with a
liquid diet. Eggs were collected every 2 days and placed into a plastic tray, previously drilled to allow
airflow; each tray contained a piece of artificial food medium. Semi-synthetic larval diet is based on
Gabel et al. [75] recipe (for 1 kg: deionized water 750 mL, agar-agar 15 g, sucrose 30 g, alfalfa flour 25 g,
brewer’s yeast 18 g, salts of Wessen 12.5 g, cholesterol 1.25 g, wheat germ 90 g, casein 40 g, sorbic acid
2 g, ascorbic acid 10 g, vitamins wanderzahnt 7.5 g, tetracycline 1.25 g, propionic acid 2.5 g, linoleic acid
1 mL, sunflower oil 2 mL); emerged adults were transferred into a new polyvinyl chloride (PVC) bottle.
The rearing was maintained at a temperature of 25 ± 1 ◦C, R.H. 70 ± 10% and 16:8 (L:D) photoperiod.

2.5. Insecticidal Activity on Lobesia botrana

The insecticidal activity of EO and NE of C. acaulis on L. botrana was tested adapting the method by
Bosch et al. [76] originally developed for insecticide toxicity assessment on C. pomonella. A 32 µL-drop
of NE or EO formulation was deposited on the surface of a piece of semi-synthetic diet (4 × 4 × 1 cm)
using a micropipette. The solution was evenly distributed using a humidified brush and allowed
to dry for 2 h. Sixteen 1st instar larvae (L1) of L. botrana were deposited on each piece of diet and
individualized within a gelatine capsule (00, Fagron, Quarto Inferiore, Bologna, Italy). Each piece of
the diet with the larvae was placed in a closed plastic box to avoid desiccation.
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Larval mortality was observed 96 h later, gelatine capsules were removed, and the diet was
observed under a binocular microscope for larvae inside the diet. A larva was considered dead if it
did not respond to a gentle touch with a small brush. Missing larvae were considered escaped and
subtracted from the number of treated larvae. Seven concentrations of C. acaulis EO (1, 2.5, 6, 7.5, 8, 10,
30 µL/mL) and six concentrations of C. acaulis NE (5, 7.5, 8, 10, 30, 60 µL/mL) were tested, water was
used as solvent to prepare the dilutions.

To validate the method described above, we also tested positive and negative controls. The positive
control was a commercial insecticide, Spinosad (Laser®, Dow) tested at the tab dose (15 mL/hL);
the negative control was 0.17% Polysorbate 80 + 99.83% of H2O for NE and H2O + dimethyl sulfoxide
(DMSO) at the same concentration of the EO. At least three replicas for each concentration of EO, NE,
positive and negative control were performed. For each tested product concentration, four duplicate
trials were carried out; replicates were conducted over different days to account for any daily variability.
Each concentration was always replicated with a new concentration series prepared for each replicate.
All experiments were performed at laboratory conditions of 22 ± 1 ◦C, R.H. 45 ± 5%, and photoperiod
16:8 (L:D).

2.6. Statistical Analysis

Lobesia botrana mortality (%) was arcsine
√

transformed before performing an analysis of variance
(ANOVA, two factors as fixed effects) followed by Tukey’s honestly significant difference (HSD) test
(p < 0.05). The experimental mortality was corrected with Abbott’s formula, if control mortality ranged
from 1 to 20%; if control mortality was > 20% experiments were discarded and repeated [77]. LC10,
LC30, LC50, and LC90 with associated 95% confidence interval (CI) and chi-squares, were estimated
using probit analysis [78]. JMP9 (SAS) software was used for all analyses, and p = 0.05 was selected as
a threshold to assess significant differences.

3. Results and Discussion

3.1. Essential Oil Chemical Composition

Through gas chromatography–mass spectrometry (GC–MS) analysis, the EO extracted from the
roots of C. acaulis was characterised and the data obtained were in accordance with the work of
Benelli et al. [56]. Seven compounds were identified, among which carlina oxide was the predominant
EO component, comprising 94.6% of the relative content. Other compounds were identified, such as the
aromatic benzaldehyde (3.1%) and the sesquiterpene ar-curcumene (0.4%) (Figure 1). Acetophenone,
benzyl methyl ketone, camphor, and carvone were detected at trace levels.

3.2. Preparation and Characterization of the Essential Oil Nanoemulsion

NEs are colloidal systems offering a great advantage to encapsulate a higher amount of oil
phase respective to similar nanosystems, i.e., microemulsions [79]. In fact, such a system has allowed
to vehiculate 6% (w/w) of EO, respective to at least 1.5% (w/w) encapsulated into microemulsions,
as reported in previous studies [80,81]. Moreover, NEs require a meager amount of surfactant (4% w/w),
with a surfactant-to-oil ratio (SOR) of around 0.6, respective to that of microemulsions, that is generally
higher than 2 (SOR > 2) [82].

However, NEs are energetically disadvantaged nanosystems because they have a higher free
energy level respective to that of the two separated phases (water + oil). Thus, to produce a colloidal
system, an external energetic input is required to overcome the activation energy barrier separating
the two phases. In this respect, one of the most commonly used methods is the homogenization
process. It is a high-energy method that consists of a 2-step procedure [83]. The first step gives rise to
an emulsion, characterized by oil droplets mainly in the micrometric range, through the high-speed
stirring process of the oil and water phases [82]. The second step, the high-pressure homogenization,
provides the breakage of oil droplets into small ones by forcing the material to flow through small
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nozzles or valves by exerting very high pressures with a piston pump. During the flow, the emulsion
is exposed to shear stress able to give rise to nanometric oily droplets [84].

 

√

 

Figure 1. Gas chromatography–mass spectrometry (GC–MS) chromatogram of the essential oil
obtained from the roots of Carlina acaulis. The separation of peaks was achieved using a HP-5MS
(5% phenylmethylpolysiloxane, 30 m length × 0.25 mm internal diameter, 0.1 µm film thickness).

For the achievement of C. acaulis EO-based NE, the sample was subjected to a pressure of 130 MPa
four times. The sample showed a monomodal size distribution with a size in the nanometric range.
In particular, the droplets’ population had a mean diameter centred around 140 nm (Figure 2, black line).
DLS analysis recorded Z-average and PDI (polydispersity index) values of 98.85 and 0.33, respectively.
The Z-average value or Z-average mean used in DLS is a parameter, also known as the cumulants
mean, that can be defined as the “harmonic intensity averaged particle diameter”. Assuming that the
particle population is a simple Gaussian distribution, the Z-average is the mean, and the PDI is related
to the width of this simple distribution. Thus, the smaller the PDI (≤ 0.3), the more monodispersed the
system will be [85].

The C. acaulis EO NE showed optimal stability at room temperature, evaluated for a storage
period of six months. As reported in Figure 2, the size of the oil droplets remained almost unchanged,
with a slight shift of mean hydrodynamic diameter from 143.9 nm at t0 to 170.2 nm after 6 months.
These results proved the thermodynamic stability of the system. It was also confirmed by the
accelerated stability test, generally used to predict the thermodynamic stability of the system for
long-term periods. The accelerated stability was evaluated via centrifugation, heating–cooling cycles,
and finally, freeze-thaw cycles stress tests. The NE showed a good physical stability at the centrifugal
forces (Figure 3B) and remained almost unaltered to the heat–cool cycles. No signs of creaming,
phase separation or cracking were detected (Figure 3C). These images were also corroborated by DLS
analysis results (Table 1), that revealed the conservation of the internal phase structure, being the
Z-average and PDI values almost unchanged with respect to those of the NE at t0. A slight creaming
effect was observed when the NE was frozen at the temperature of −21 ◦C. However, its homogeneity
was recovered upon the thawing phase (Figure 3D). A similar result was reported by Ammar et al. [86],
who attributed this transient instability to the low temperature leading to the coagulation of the internal
phase. This perturbation of the systems was revealed by the increased value of the Z-average after the
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freeze-thaw cycles, as reported in Table 1. However, the size of the oil phase was kept below 200 nm,
which is the upper limit generally established by authors for NEs [87].

 

≤

 

Figure 2. Dynamic light scattering (DLS) traces of Carlina acaulis essential oil-based nanoemulsion,
at different time points: 0 day (t0), 1 month (t1), 3 months (t3), 6 months (t6).

 

−

 
Figure 3. Carlina acaulis essential oil nanoemulsion (EO NE) at t0 (A), after the centrifugation (B),
after the heating–cooling cycles (C) and after the freeze-thaw cycles (D).

Table 1. Thermodynamic stability evaluation, in terms of Z-average, polydispersity index (PDI),
creaming, and phase separation, of the Carlina acaulis essential oil (EO) nanoemulsion through the
accelerated stability test.

Z-Average * SD PDI * SD Creaming
Phase

Separation

t0 98.85 1.41 0.33 0.04 - -
Post CENTRIFUGATION 95.54 1.32 0.31 0.031 NO NO

Post HEATING-COOLING 90.68 1.32 0.33 0.02 NO NO
Post FREEZE-THAW 153.93 1.58 0.28 0.005 NO ** NO

* The value is the mean of three measurements. ** The creaming phenomenon was observed only after the freezing
of the sample. However, at the end of the cycles, after the thawing process, the sample did not more show creaming.
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Therefore, given the results achieved by the stability study, this C. acaulis EO-based NE can be
considered a physico-chemically stable nanosystem.

3.3. Insecticidal Activity on Lobesia botrana

Larval mortality in exposed L. botrana individuals was directly proportional to C. acaulis EO and
C. acaulis-based NE concentrations (F6,23 = 40.47, p < 0.0001; F5,23 = 27.22, p < 0.0001, respectively);
significant larvicidal activity was observed starting from 2.5 µL/mL of EO and 8.0 µL/mL of NE.
Comparable concentrations of C. acaulis EO showed higher larvicidal activity over the C. acaulis EO
NE. As reported in Table 2, 50% of larval mortality was achieved testing a concentration equal to
7.29 ± 0.25 µL/mL of C. acaulis EO and 9.04 ± 0.39 µL/mL of C. acaulis NE. Besides, the LC90 of C. acaulis

EO was lower than that of C. acaulis-based NE (10.92± 1.40 µL/mL and 17.70± 4.48 µL/mL, respectively);
100% larval mortality was achieved with the positive control represented by a semi-synthetic diet
treated with the positive control spinosad (Laser®) at the label dose (i.e., 150 ppm).

Table 2. Larvicidal activity of Carlina acaulis essential oil (EO) and its 6% nanoemulsion (NE) against
1st instar larvae of Lobesia botrana.

Tested Product
LC10

1 ± SE 2

(CI95) 3

(µL/mL)

LC30 ± SE
(CI95)

(µL/mL)

LC50 ± SE
(CI95)

(µL/mL)

LC90 ± SE
(CI95)

(µL/mL)
χ

2 p-Value

C. acaulis EO 4.87 ± 0.49
(3.9–5.4)

6.19 ± 0.31
(5.6–6.5)

7.29 ± 0.25
(6.9–7.6)

10.92 ± 1.40
(9.7–13.6) 1.158 0.563 n.s.4

C. acaulis EO
in NE

6.24 ± 0.58
(5.1–6.8)

7.77 ± 0.33
(7.2–8.1)

9.04 ± 0.39
(8.6–9.7)

17.70 ± 4.48
(15.4–27.5) 1.257 0.262 n.s.

1 LC = lethal concentration killing 10%(LC10), 30% (LC30), 50%(LC50) or 90% (LC90) of the exposed population;
2 SE = standard error; 3 CI95 = 95% confidence interval; 4 n.s. = not significant (p > 0.05). Positive control spinosad
(Laser®) tested at tab dose (150 ppm) achieved 100% mortality.

It is difficult to compare our results with the findings by other authors as, to the best of our
knowledge, research on the insecticidal efficacy of plant EOs against L. botrana is extremely limited.
Only one study was retrieved, where Avgin et al. [35] tested 5 essential oils from seeds or aerial
parts of aromatic plants such as Thymus vulgaris L., Mentha x piperita L., Foeniculum vulgare Mill.,
Rosmarinus officinalis L. and Carum carvi L. on field-collected grapes. The authors found that the EO
from C. carvi was the most effective, since at a concentration of 25 µL on 20 g of grapes it achieved
>96% mortality on L. botrana larvae. Most research about the EO efficacy on L. botrana was undertaken
to explore any changes in adults’ behaviour in response to EO aroma [88], aimed at using EOs to
improve pest control strategies [89]. As far as we know, our study is the first that assesses EO efficacy
on the mortality of freshly hatched L. botrana larvae as the usual target of insecticide application.
Also, the study of EO-based NE efficacy on the larvae of phytophagous lepidopteran species is only
beginning, and few papers on NE efficacy on moth pests exist so far [49–51], although EOs have been
known to provide very good insecticidal effects on pests including phytophagous moth larvae [26,27].
Moreover, as indicated by previous studies, EO-based NEs actually show very promising effects,
often significantly higher if compared to EOs [49,52,53].

Carlina acaulis EO was obtained from roots of carline thistle, and its main component is carlina
oxide (~94%), one of the oldest known polyacetylenes. A recent study conducted by Benelli et al. [56]
proved carlina oxide as a mild acetylcholinesterase (AChE) inhibitor. It has also been documented that
polyacetylenes cause phototoxicity in insects [90], and are able to modulate GABAA receptors [91].
Recently, the effectiveness of C. acaulis EO has been demonstrated on other insect species, showing
acute and sub-lethal toxicity on highly important pests and vectors, such as the southern house
mosquito, Culex quinquefasciatus (Say) (Diptera: Culicidae) (LC50 = 1.31 µg mL−1) [56] and the common
housefly, Musca domestica (L.) (Diptera: Muscidae) (LC50 = 2.74 (♂) and 5.96 (♀) µg fly−1) [71]. Moreover,
simulating a small-scale maize conservation environment, the C. acaulis EO led to relevant insecticidal
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activity against Prostephanus truncatus (Horn) (Coleoptera: Bostrychidae), with 500 ppm killing >97%
of adult beetles within three days [55]. Either the effectiveness, as well as the availability and low costs
of the C. acaulis EO, encourage further experimentation on EGVM for green pesticide development.

The comparison of the LC values obtained by testing C. acaulis EO and the corresponding
NE, showed a comparable larvicidal activity. From the values reported in Table 2, it is possible
to observe a higher insecticidal activity of the pure EO (LC90 = 10.922 ± 1.40 µL/mL) over the NE
(LC90 = 17.706 ± 4.48 µL/mL). On the other hand, the NE contains 6% of EO, a value 16 times lower
respect to pure EO used as reference. This shows that the EO encapsulated in the NE is more active than
the pure C. acaulis EO, if considered at the same concentration. The increase in the larvicidal activity
of pure EO encapsulated into the NE could be attributed to a better interaction between the active
substance and the target site. First, the NE, providing a greater dispersion of the lipophilic substance
(EO) in the aqueous phase, allows the diffusion of the EO in the L. botrana growth environment.
Furthermore, the NE is able to increase the concentration of the EO at the interface, leading to a better
and direct interaction with the biological components of the target. Moreover, the small size and
large surface area of the NE-encapsulated EO droplets allow an increased absorption and cellular
penetration into the target site. Therefore, the encapsulated EO can exert its larvicidal activity even at
lower concentrations than pure EO. Finally, the NE appears promising in controlling the growth of
L. botrana, not only for the larvicidal potential but also for the improvement of the physico-chemical
properties and stability of the EO [38].

The efficacy of EOs including EO-based NEs may not be necessarily related only to acute or
chronic toxicity, but, as already shown, even sub-lethal EO doses or concentrations may reduce the
vitality, fertility, and longevity of insects [92,93] including harmful moths [26–28]. This phenomenon
was also confirmed for the EO from C. acaulis, although for other insect species [56,71] and, therefore,
any potential effect of sub-lethal concentrations should be studied for L. botrana as well. Similarly,
the possibility of enhancing the insecticidal activity of the EO from C. acaulis using a suitable synergistic
mixture with other EOs or their major constituents should be considered in further studies.

This study opens a new perspective on L. botrana management using botanical pesticides.
It highlights the potential of Asteraceae EOs as valid alternatives to chemical insecticides, because of
their low human toxicity, rapid degradation, low environmental impact, and reduced likelihood to
trigger insecticide resistance [14,94,95]. The lack of physico-chemical stability makes EOs difficult to
handle in open field conditions. However, the adoption of nano-delivery systems (e.g., NEs) increases
EOs stability and solubility, improving their delivery, and establishing a sustained release of the active
ingredients [38]. The adoption of nanotechnology in IPM showed it to be useful to overcome EOs’
drawbacks and to amend their efficacy as biopesticides.

Further studies should be conducted on the larvicidal and adulticidal activity of EOs and
EO-based NEs on L. botrana to find a valid substance to test in the open field. Moreover, as highlighted
by Pavoni et al. [79], it is crucial to consider that a lot of EO-based NEs contain several,
non eco-friendly ingredients (i.e., polysorbates). Thus, further research is needed to evaluate the
effects of nano-encapsulation on EO toxicological profiles.

As mentioned above, the use of EOs to eliminate insects is an alternative pest control method
that minimises any harmful effects on the environment. Since EOs are chemicals commonly found
in nature, being contained in almost all vascular plants, and have been shown to be very friendly
to non-target organisms, botanical insecticides based on EOs can be considered relatively safe for
the environment [14,38,94]. Moreover, as EOs are highly volatile, only minimal problems with their
residues are expected when used in soil and aquatic ecosystems [94]. We are aware that further studies
on the effects of C. acaulis EO on non-target organisms will be needed to confirm environmental safety
for this EO. Although solvents are usually added to EO-based formulations [79], NEs used in this
study contain no solvents and are based on a surfactant with no effects in terms of eco-toxicity given
its high level of biodegradability.
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4. Conclusions

The present study highlighted the promising potential of the C. acaulis root EO as an effective
ingredient for botanical insecticide development. This EO showed high insecticidal efficacy against
1st instar larvae of L. botrana, a major pest affecting grape cultivation, causing yearly significant
economic damages. Moreover, this research supported the real-world applications of the C. acaulis EO
through its encapsulation into a nanoformulation. The EO-based NE guarantees the conservation of
the insecticidal activity while ensuring dispersibility in the environment as well as its stability along
time. Although the results encourage the use of C. acaulis EO in the agricultural field, especially in
organic farming, further investigations are needed to evaluate its eco-toxicological profile. Similarly,
further studies are needed to reveal the effects of lethal and sub-lethal concentrations on fertility,
longevity, and behaviour of L. botrana.
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27. Yigit, Ş.; Saruhan, İ.; Akça, İ. The effect of some commercial plant oils on the pine processionary moth
Thaumetopoea pityocampa (Lepidoptera: Notodontidae). J. For. Sci. 2019, 65, 309–312. [CrossRef]

28. Gotyal, B.S.; Srivastava, C.; Walia, S. Fumigant Toxicity of Essential Oil from Lantana camara Against Almond
Moth, Cadra cautella (Walker). J. Essent. Oil Bear. Plants 2016, 19, 1521–1526. [CrossRef]

29. Pavela, R.; Maggi, F.; Lupidi, G.; Cianfaglione, K.; Dauvergne, X.; Bruno, M.; Benelli, G. Efficacy of sea fennel
(Crithmum maritimum L., Apiaceae) essential oils against Culex quinquefasciatus Say and Spodoptera littoralis

(Boisd.). Ind. Crops Prod. 2017, 109, 603–610. [CrossRef]

67



Nanomaterials 2020, 10, 1867

30. Benelli, G.; Pavela, R.; Petrelli, R.; Cappellacci, L.; Santini, G.; Fiorini, D.; Sut, S.; Dall’Acqua, S.; Canale, A.;
Maggi, F. The essential oil from industrial hemp (Cannabis sativa L.) by-products as an effective tool for insect
pest management in organic crops. Ind. Crops Prod. 2018, 122, 308–315. [CrossRef]

31. Benelli, G.; Pavela, R.; Zorzetto, C.; Sánchez-Mateo, C.C.; Santini, G.; Canale, A.; Maggi, F. Insecticidal
activity of the essential oil from Schizogyne sericea (Asteraceae) on four insect pests and two non-target species.
Entomol. Gen. 2019, 9–18. [CrossRef]

32. Vasantha-Srinivasan, P.; Senthil-Nathan, S.; Thanigaivel, A.; Edwin, E.-S.; Ponsankar, A.; Selin-Rani, S.;
Pradeepa, V.; Sakthi-Bhagavathy, M.; Kalaivani, K.; Hunter, W.B.; et al. Developmental response of
Spodoptera litura Fab. to treatments of crude volatile oil from Piper betle L. and evaluation of toxicity
to earthworm, Eudrilus eugeniae Kinb. Chemosphere 2016, 155, 336–347. [CrossRef] [PubMed]

33. Selin-Rani, S.; Senthil-Nathan, S.; Thanigaivel, A.; Vasantha-Srinivasan, P.; Edwin, E.-S.; Ponsankar, A.;
Lija-Escaline, J.; Kalaivani, K.; Abdel-Megeed, A.; Hunter, W.B.; et al. Toxicity and physiological effect of
quercetin on generalist herbivore, Spodoptera litura Fab. and a non-target earthworm Eisenia fetida Savigny.
Chemosphere 2016, 165, 257–267. [CrossRef] [PubMed]

34. Ponsankar, A.; Vasantha-Srinivasan, P.; Senthil-Nathan, S.; Thanigaivel, A.; Edwin, E.-S.; Selin-Rani, S.;
Kalaivani, K.; Hunter, W.B.; Alessandro, R.T.; Abdel-Megeed, A.; et al. Target and non-target toxicity of
botanical insecticide derived from Couroupita guianensis L. flower against generalist herbivore, Spodoptera litura

Fab. and an earthworm, Eisenia foetida Savigny. Ecotoxicol. Environ. Saf. 2016, 133, 260–270. [CrossRef]
[PubMed]
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Abstract: We present and demonstrate a MEMS-based tunable terahertz metamaterial (TTM) com-
posed of inner triadius and outer electric split-ring resonator (eSRR) structures. With the aim to
explore the electromagnetic responses of TTM device, different geometrical parameters are compared
and discussed to optimize the suitable TTM design, including the length, radius, and height of TTM
device. The height of triadius structure could be changed by using MEMS technique to perform
active tunability. TTM shows the polarization-dependent and electromagnetic induced transparency
(EIT) characteristics owing to the eSRR configuration. The electromagnetic responses of TTM exhibit
tunable characteristics in resonance, polarization-dependent, and electromagnetically induced trans-
parency (EIT). By properly tailoring the length and height of the inner triadius structure and the
radius of the outer eSRR structure, the corresponding resonance tuning range reaches 0.32 THz. In
addition to the above optical characteristics of TTM, we further investigate its potential application
in a refraction index sensor. TTM is exposed on the surrounding ambient with different refraction
indexes. The corresponding key sensing performances, such as figure of merit (FOM), sensitivity
(S), and quality factor (Q-factor) values, are calculated and discussed, respectively. The calculated
sensitivity of TTM is 0.379 THz/RIU, while the average values of Q-factor and FOM are 66.01 and
63.83, respectively. These characteristics indicate that the presented MEMS-based TTM device could
be widely used in tunable filters, perfect absorbers, high-efficient environmental sensors, and optical
switches applications for THz-wave optoelectronics.

Keywords: electromechanically; tunability; metamaterials; multi-functionalities; terahertz; refraction
index sensor

1. Introduction

Metamaterials are regarded as artificial materials that are remain undiscovered in
the natural environment [1–3]. Due to their extraordinary properties, metamaterials are
becoming an emerging field in physics, chemical, engineering, and electrics subjects. In
the recent years, there have been many investigations and reports in various potential
applications of metamaterials, such as cloaking devices, high-sensitive environment sen-
sors, perfect absorbers, security screening, tunable ultrahigh-speed filters, imaging devices,
high-efficient light emitters, and non-destructive testing [3–10]. Metamaterials show many
unique electromagnetic properties including field enhancement [11,12], negative refraction
index [13], artificial magnetism [14], electromagnetically induced transparency (EIT) [15],
and so on. By properly tailoring the geometric parameters, metamaterials are able to be
easily operated in a wide spectrum range that includes terahertz (THz), infrared (IR), and
visible light [16–26]. Among the whole electromagnetic spectra, THz wave is the transition
spectrum that usually occupies the spectrum in the frequency range from 0.1 THz to 10 THz,
which is between the IR and microwave wavelength. Since that metamaterial has great
and ultra-sensitive electromagnetic response in the THz frequency range, THz metamate-
rial has become an emerging field during the recent years. One of the most used typical
configurations of THz metamaterial is a split-ring resonator (SRR), which is commonly a
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ring with a split. It was theoretically proposed in 1999 for the first time and experimentally
verified in 2000. Since then, many derivative designs were investigated and demonstrated
based on SRR, such as the complementary SRR (cSRR) [27], V-shaped SRR [28], U-shaped
SRR [29], electric SRR (eSRR) [30,31], and three-dimensional SRR (3D SRR) [32,33], etc.
However, when the metamaterial structure is fabricated on the traditional solid substrates,
the resonant frequencies of metamaterial are usually unable to be tuned, which means that
these designs can only absorb or filter certain electromagnetic spectra in a passive manner.
Aiming to improve the flexibility and to enhance the electromagnetic response of the THz
metamaterial, many literature reports focusing on tuning mechanisms were reported, such
as ferroelectric material [34,35], laser pumping [36,37], electrostatic force [38,39], thermal
annealing [40,41], liquid crystal [42], semiconductor material [43], and so on. In addition,
micro-/nano-electro-mechanical systems (MEMS/NEMS) technologies can easily realize
mechanical manipulation in micro-scale or nano-scale and, as a result, can hugely improve
flexibility and enhance the electromagnetic response of MEMS-based metamaterial in the
THz frequency range. There have been many reports on MEMS devices with different
tuning mechanisms, such as the electrothermal actuator, electrostatic actuator, piezoelectric
actuator, electromagnetic actuator [44–47], etc.

In this study, we propose and demonstrate a tunable terahertz metamaterial (TTM)
based on the MEMS technology in the THz frequency range. This TTM structure is
composed of an inner Au layer, which is called a triadius structure, and an outer Au layer,
which is called a eSRR structure. The whole structure is fabricated on Si substrate. The
inner triadius structures are connected to the MEMS-based electrothermal actuator (ETA).
By driving different dc bias voltages, the height between the triadius and eSRR structures
can be changed and, therefore, exhibit high flexibility. The geometrical dimensions of the
proposed TTM are optimized, including the length and height of inner triadius structure
and the radius of outer eSRR structure. The field strengths distributions in this study,
including the electric (E) and magnetic (H) fields of the triadius structure, eSRR structure,
and TTM structure, will be analyzed and discussed, respectively. In addition, in order to
investigate the potential applications of TTM in the environmental sensing application,
the key sensing performances of TTM, such as figure of merit (FOM), sensitivity (S), and
quality factor (Q-factor), will be calculated and discussed, respectively. Additionally,
while exposed on different-refraction-index (n value) environment, TTM shows highly
linear sensitivity in terms of the n values. These unique electromagnetic characteristics
indicate that the TTM structure can be widely used in THz-range application fields, such as
filters, switches, and high-efficient environment sensors including gas sensors, biosensors,
chemical sensors, etc.

2. Design and Method

The schematic drawings of MEMS-based TTM and TTM unit cell are shown in
Figure 1a,b, respectively. TTM is composed of the triadius and eSRR structures. A 300 nm
thick Au layer is used in TTM. The inner triadius structures are connected to MEMS-based
electrothermal actuator (ETA), which could exhibit high flexibility by driving different
dc bias voltages to bend downwards. Figure 1c shows the geometrical denotations of
the TTM unit cell, including metal length (L), radius of eSRR (R), and height between
inner triadius and outer eSRR structures (h). The metal linewidth and gap of the inner
triadius and outer eSRR structures are 5 µm. Figure 1d plots the relationship of driving
voltages and displacements of MEMS-based TTM. The inserted images of Figure 1d are
the geometrical dimensions of ETA. Due to the different thermal expansion coefficients
between different materials, the cantilevers would be upward-bending after the release
process in fabrication. Therefore, by driving different dc bias voltages on ETAs, the recon-
figuration of MEMS-based TTM was proposed in order to compare and discuss different
h values. The deformation in the free end of ETA is inversely related to applied voltage.
In order to actuate the TTM unit cell for bending downwards, a driving voltage with a
maximum value of 0.45 V would be induced on the TTM device. The inserted images
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include the inner triadius structure on ETA without and with a driving voltage of 0.45 V,
respectively. The initial height is h = 2.46 µm when the MEMS-based TTM is released, while
h value will be bent to 0 µm when the driving voltage increases to 0.45 V. It is clear that the
proposed MEMS-based TTM could be actively actuated to tune the resonance by bending
the cantilevers downwards.

= 2.46 μm when the MEMS
bent to 0 μm when the driving voltage increases to 0.45 V. It is clear that the proposed 

Solution’s finite difference time domain (FDTD) based simulations. 

–

 

μm, the TE and TM resonances are 
5 μm steps from 47.5 μm to 32.5 μm, both TE and 

value of 42.5 μm 

Figure 1. Schematic drawing of (a) MEMS-based TTM and (b) unit cell in detail. (c) Top view of TTM
unit cell and the corresponding geometrical denotations. (d) Relationship of driving voltages and
elevating heights (h) of TTM with ETA. Inserted images are the ETA simulations.

The optical properties of the proposed TTM device are simulated by using Lumerical
Solution’s finite difference time domain (FDTD) based simulations. Here, we define TE
mode when the polarization angle equals to 0◦ and TM mode when the polarization angle
equals to 90◦. The propagation direction of incident light is set to be perpendicular to the
x-y plane in the numerical simulations. Periodic boundary conditions are also adopted in
the x-axis and y-axis directions and perfectly matched layer (PML) boundaries conditions
are assumed in the z-axis direction. The transmission spectra (T) are calculated by monitor
set on below of device. In these configurations, Si material serves as the substrate with
the tailored Au layer atop. The permittivity values of Au and Si materials in the mid-IR
wavelength range are calculated according to the Drude–Lorentz model [48,49].

3. Results and Discussion

The transmission spectra of the triadius structure in TE and TM modes with different
L values are shown in Figure 2, respectively. This triadius structure shows polarization-
dependent characteristics. For example, when L = 47.5 µm, the TE and TM resonances
are at 0.58 THz. With L value decreasing by 5 µm steps from 47.5 µm to 32.5 µm, both TE
and TM resonances are increased by 0.16 THz, (from 0.58 THz to 0.74 THz). As plotted in
Figure 3, the field strength distributions (E-fields and H-fields) of the triadius structure
possess a L value of 42.5 µm when monitored at 0.58 THz in TE and TM modes, respectively.
The E-field strengths are focused on the end of the triadius structure, while the H-field
strengths are concentrated along the contour of the triadius structure.

The transmission spectra with different R values of eSRR structure in TE and
TM modes are shown in Figure 4a,b, respectively. In Figure 4a, eSRR shows the EIT
characteristic at 0.60 THz with R = 45 µm. The EIT resonance is shifted to 0.68 THz and
the R value decreased to 40 µm. The shifting range of EIT resonance is 0.08 THz. This
EIT resonance gradually vanishes by continuously decreasing R value to 30 µm. By
decreasing R value in 5 µm steps (gradually from 45 µm to 30 µm), the resonances are
blue-shifted with a shifting range of 0.40 THz (from 0.58 THz with R = 45 µm to 0.98 THz
with R = 30 µm). On the other hand, in the TM mode, by decreasing R value in 5 µm steps
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(gradually from 45 µm to 30 µm), the resonances are modified with a modifying range of
0.32 THz (from 0.67 THz with R = 45 µm to 0.99 THz with R = 30 µm). According to the
results mentioned above, eSRR exhibits polarization-dependent characteristics. Figure 5
plots the field strengths distributions (E- and H-fields) of eSRR with a R value of 40 µm
in TE and TM modes, respectively. In TE mode, the monitors of field distributions are
set as 0.67 THz, 0.68 THz, and 0.70 TH, while it is set as 0.74 THz in TM mode. It can be
observed in Figure 5a–c that the E-field strengths are focused on the ends of arc-shape
of eSRR in order to generate the electric quadrupole, six-polar, and dipolar modes at
0.67 THz, 0.68 THz, and 0.70 THz, respectively. Meanwhile, the E-field strengths of TM
resonance are focused on the on the ends of the arc-shape of eSRR, which is the electric
quadrupole mode as shown in Figure 5d. The corresponding H-field strengths of eSRR
in TE and TM modes are shown in Figure 5e–h for the electric quadrupole, six-polar,
and dipolar modes at 0.67 THz, 0.68 THz, and 0.70 THz for TE resonance and electric
quadrupole mode at 0.74 THz for TM resonance, respectively.
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value to 30 μm. By decreasing 
value in 5 μm steps (gradually from 45 μm to 30 μm), the r

= 45 μm to 0.98 THz with = 30 μm). 
value in 5 μm steps (gradually from 

45 μm to 30 μm), the resonances are modified with
= 45 μm to 0.99 THz with = 30 μm). 

value of 40 μm in TE and TM 

–

Figure 2. Electromagnetic responses of the triadius structure by changing the L parameter in (a) TE and (b) TM modes.
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Figure 3. Field distributions of the triadius structure with L = 42.5 µm in TE and TM modes. (a) and
(b) are E-field distributions. (c) and (d) are H-field distributions.
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Figure 4. Electromagnetic responses of eSRR by changing the R parameter in (a) TE and (b) TM modes.
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Figure 5. Field distributions of eSRR with R = 40 µm in TE and TM modes. (a–d) are E-field distributions. (e–h) are
H-field distributions.

The transmission spectra of TTM with different R values in TE and TM modes with
a constant L value of 47.5 µm are shown in Figure 6a,b, respectively. The resonances are
superimposed from the resonances of the triadius and eSRR structures. For example, when
R = 45 µm, the second TE resonance is at 0.66 THz while the second TM resonance is at
0.70 THz, respectively. By decreasing the R value in 5 µm steps (from 45 µm to 30 µm), the
second TE resonance is increased to 0.32 THz (from 0.66 THz with R = 45 µm to 0.98 THz
with R = 30 µm), while the second TM resonance is increased to 0.30 THz (from 0.70 THz
for R = 45 µm to 1.00 THz for R = 30 µm). Meanwhile, since the L value is kept as constant
at 47.5 µm, the first TE and TM resonances influenced by the triadius structure almost
remain unchanged. TTM shows the EIT characteristic at 0.60 THz with R = 45 µm in TE
mode as shown in Figure 6a. The EIT resonance is shifted to 0.67 THz with the R value
decreased to 40 µm. The shifting range of EIT resonance is 0.07 THz. This EIT resonance
gradually vanishes by continuously decreasing the R value to 30 µm. The field strengths
distributions (E-fields and H-fields) of TTM with L value of 47.5 µm and R value of 40 µm
in TE and TM modes are plotted in Figure 7, respectively. In TE mode, the monitors of field
distributions are set at 0.53 THz, 0.67 THz, and 0.73 THz, while in TM mode they are set at
0.54 THz and 0.78 THz. As observed in Figures 7a–c and 7g–h, the E-field strengths are
focused on the end of the triadius structure as well as the ends of the arc-shape of eSRR for
both TE and TM resonances, respectively. Meanwhile, plotted in Figures 7d–f and 7i–j are
the corresponding H-field distributions of TTM in TE and TM modes (0.53 THz, 0.67 THz,
and 0.73 THz for TE resonances; 0.54 THz and 0.78 THz for TM resonances), respectively.
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Figure 6. Electromagnetic responses of TTM by changing the R parameter in (a) TE and (b) TM modes under the condition
of L = 47.5 µm.
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Figure 7. Field distributions of TTM with L = 47.5 µm and R = 40 µm in TE and TM modes. (a–c,g,h) are E-field distributions.
(d–f,i,j) are H-field distributions.
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The transmission spectra of TTM structure with different h values in TE and TM
modes with a constant L value of 47.5 µm and a constant R value of 40 µm are plotted
in Figure 8. The resonances are superimposed from the resonances of the triadius and
eSRR structures. For example, when h = 0 µm, the first TE resonance is at 0.49 THz
while the first TM resonance is at 0.51 THz, respectively. By increasing the h value
from 0 µm to 3 µm, the first TE resonance is increased to 0.09 THz (from 0.49 THz for
h = 0 µm to 0.58 THz for h = 3 µm), while the first TM resonance is increased to 0.07 THz
(from 0.51 THz for h = 0 µm to 0.58 THz for h = 3 µm). Meanwhile, since the height
of the eSRR structure is kept constant at 0 µm and the R value is kept constant at
40 µm, the second TE and TM resonances influenced by eSRR structure almost remain
unchanged. Particularly, in TE mode, TTM with R = 40 µm shows the EIT characteristic
at 0.67 THz. The field strengths distributions (E-fields and H-fields) of TTM with the
L value of 47.5 µm, R value of 40 µm, and h value of 1 µm in TE and TM modes are
plotted in Figure 7, respectively. In TE mode, the monitors of field distributions are
set at 0.54 THz, 0.67 THz, and 0.73 THz, while in TM mode they are set at 0.54 THz
and 0.78 THz. In Figures 9a–c and 9g–h, the E-field strengths are focused on the end
of the triadius structure as well as the ends of the arc-shape of eSRR for TE and TM
resonances, respectively. Meanwhile, the corresponding H-field distributions of TTM
in TE and TM modes are plotted in Figures 9d–f and 9i–j, respectively.

μm and = 40 μm in TE and TM modes. ( –
–

 

Figure 8. Electromagnetic responses of TTM by changing the h parameter in (a) TE and (b) TM modes.

In order to further explore the potential applications of the proposed TTM device
in environmental sensing, the key sensing performances of TTM, such as figure of merit
(FOM), sensitivity (S), and quality factor (Q-factor), are investigated. In this study, TTM
with constant geometrical parameters (L = 47.5 µm, R = 40 µm, and h = 0 µm) is exposed on
the surrounding ambient with different refraction indexes (n values). Figure 10a,b shows
the trends of sensitivities between TE and TM resonances and n values, respectively. They
are quite linear. Here, we define the corresponding resonances in TE and TM modes and
the sensitivities as ω1, ω2, ω3, and S = ∆f /∆n, respectively. The ∆f is the shift of resonant
frequency and ∆n is the change of n value. In TE mode, the calculated S at ω1, ω2, and ω3
are 0.138 THz/RIU, 0.21 THz/RIU, and 0.379 THz/RIU, respectively. It is obvious that
the third resonance (ω3) is more sensitive to the n value than the others. In TM mode,
the corresponding S values at three resonances are 0.15 THz/RIU, 0.223 THz/RIU, and
0.373 THz/RIU, respectively. Obviously, these results indicate that the third resonance is
more sensitive to the n value as well. The definition of Q-factor is that Q = fr/FWHM and
FOM are defined as FOM = (1 − Ar) × Q [50], where fr is the frequency of resonance and Ar

is the corresponding transmission amplitudes, respectively. The calculated Q-factors and
FOMs values at different TE and TM resonances are plotted in Figure 10c,d, respectively.
Table 1 is a summary table of the corresponding Q-factors and FOMs values. Let us take the
third TE resonance (TE: ω3, green line) as an example, then the maximum, minimum, and
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average values of the calculated Q-factors are 72.47, 59.91, and 66.01, respectively, while the
corresponding calculated FOMs values are 71.33, 56.49, and 63.83, respectively. The sensing
performances of this design are better than those reported in literature reports [9,15,51]
as summarized in Table 2. Therefore, the proposed MEMS-based TTM device could be
suitably used in environment sensing fields, such as gas sensing, bio-sensing, and chemical
sensing, etc.

 

μm in TE and – –

μ μ μ

ω ω ω Δ Δ Δ
Δ ω ω

ω
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Figure 9. Field distributions of TTM with h = 1 µm in TE and TM modes. (a–c,g,h) are E-field distributions. (d–f,i,j) are
H-field distributions.

80



Nanomaterials 2021, 11, 2175

ω

 

μ μ μ
Figure 10. Electromagnetic responses of the TTM exposed on the surrounding ambient with different refraction index (n) in
(a) TE and (b) TM modes, where L, R, and h parameters are kept as constants at 47.5 µm, 40 µm, and 0 µm, respectively.
(c,d) are the Q-factors and FOMs of TTM in TE and TM modes, respectively.

Table 1. Summaries of Q-factors and FOMs of TTM.

Resonance
Q-Factor FOM

Max. Min. Ave. Max. Min. Ave.

TE: ω1 24.89 19.49 22.76 24.78 19.22 22.54
TE: ω2 6.94 5.19 6.50 6.87 5.12 6.44
TE: ω3 72.47 59.91 66.01 71.33 56.49 63.83
TM: ω1 20.35 16.78 18.50 19.72 16.69 18.25
TM: ω2 6.11 5.64 5.90 5.84 5.40 5.66
TM: ω3 73.27 60.91 62.10 62.33 54.51 58.92

Table 2. The comparison of sensing performances in this study and literature reports.

ω1 ω2 ω3 Reference

Sensitivity (S) 54.18 GHz/RIU 119.2 GHz/RIU 139.2 GHz/RIU [15]

Sensitivity (S) 128 GHz/RIU - - [51]

Sensitivity (S) 138 GHz/RIU 210 GHz/RIU 379 GHz/RIU This study

Quality-factor (Max.) 11.6 - - [9]
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Table 2. Cont.

ω1 ω2 ω3 Reference

Quality-factor (Max.) 24.89 6.94 72.47 This study

FOM (Max.) 2.30 - - [9]

FOM (Max.) 24.78 6.87 71.33 This study

4. Conclusions

In conclusion, a reshaping TTM structure is presented and it is composed of triadius
and eSRR structures. By tailoring the geometrical parameters of TTM, such as the length
(L value) and height (h value) of the inner triadius structure and the radius (R value) of the
outer eSRR structure, the corresponding electromagnetic behavior exhibits polarization-
dependent, tunable bandwidth, electro-magnetically induced transparency (EIT), and large
resonance-tuning-range characteristics. The variation of the L value causes the resonance
blue-shift with a frequency range of 0.16 THz. While the variation of the R value shows that
the transmission bandwidths could be modified to possess EIT characteristics. The variation
of the h value shows that the resonance could be tuned 0.09 THz. In addition, by changing
the surrounding refraction index (n value), MEMS-based TTM shows ultrahigh sensitivity
to the surrounding environment. In TE mode, the calculated sensitivity value reaches
0.379 THz/RIU at most, the maximum Q-factor is 72.47, and the maximum FOM is 71.33. In
TM mode, the calculated sensitivity value reaches 0.373 THz/RIU, the maximum Q-factor
is 73.27, and the maximum FOM is 62.33. These results indicate that the presented MEMS-
based TTM has great characteristics and great application potential for high-flexibility
tunable filter, perfect absorber, imaging device, optical detecting, environment sensor, and
switch applications in the THz frequency range.
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Abstract: A sickle-shaped metamaterial (SSM) based biochemical sensor with multiple resonances
was investigated in the terahertz frequency range. The electromagnetic responses of SSM were found
to be four resonances, namely dipolar, quadrupolar, octupolar and hexadecapolar plasmon resonances.
They were generated from the interactions between SSM and perpendicularly incident terahertz waves.
The sensing performances of SSM-based biochemical sensors were evaluated by changing ambient
environments and analyte varieties. The highest values of sensitivity and figure of merit (FOM)
for SSM covered with analyte thin-films were 471 GHz/RIU (refraction index unit) and 94 RIU−1,
respectively. In order to further investigate the biosensing ability of the proposed SSM device,
dielectric hemispheres and microfluidic chips were adopted to imitate dry and hydrous biological
specimens, respectively. The results show that the sensing abilities of SSM-based biochemical sensors
could be enhanced by increasing either the number of hemispheres or the channel width of the
microfluidic chip. The highest sensitivity was 405 GHz/RIU for SSM integrated with microfluidic
chips. Finally, three more realistic models were simulated to imitate real sensing situations, and the
corresponding highest sensitivity was 502 GHz/RIU. The proposed SSM device paves the way to
possible uses in biochemical sensing applications.

Keywords: metamaterial; multiple resonances; biochemical sensing; environment sensor

1. Introduction

Recently, terahertz spectroscopy has attracted great interest due to its unique characteristics and
availability in massively promising applications [1–3]. It has many photoelectric characteristics, such as
low photon energy but high penetration, as well as non-contact and label-free inspection, which enable
terahertz spectroscopy technology to detect chemicals and biomolecules [4,5]. In addition, terahertz waves
are consistent with the inherent frequency of some important biomarkers, such as nucleic acid and specific
proteins, which make terahertz biochemical sensors possible [6–8]. However, the optical properties of
natural materials are inherent and cannot be changed. Moreover, terahertz waves’ transmission is high
for common plastics and fibers, and their reflectivity is also high for most metal materials. These optical
properties represent a bottleneck for the interaction between natural materials and terahertz waves [9].
Metamaterial is a composite material that possesses unique electromagnetic properties realized by the
configuration of specific structures. Near-field electromagnetic energy can interact and then be enhanced
within the metamaterial. The combination of terahertz waves and metamaterial means that the incident
electromagnetic wave can be controlled and manipulated.

The configuration of a metamaterial is a kind of synthetic subwavelength array structure
which features negative permittivity, permeability, perfect absorption and superlens capability [10,11].
Metamaterial can be designed to possess single, dual, triple and multiple resonances by tailoring diversified
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metamaterial patterns and structures [12–14]. Among these plasmonic resonances, the frequency shift of
higher-order plasmonic resonances with high quality factors (Q-factor) is ultrasensitive to the geometrical
shapes and the local dielectric environment [15,16]. Therefore, plasmonic metamaterial-based sensors
are usually compact, portable and cost-effective, possessing great potential for detecting different
kinds of chemicals as well as biomolecules in trace amounts [17–19]. The utilization of plasmonic
metamaterial-based sensors with high efficiency and high Q-factors is the essential reason for developing
an ultrahigh-sensitivity biosensor.

In this study, a plasmonic metamaterial-based biochemical sensor with multiple resonances and
high sensitivity is presented in the terahertz frequency range. The proposed plasmonic metamaterial
is composed of an array of a pair of centrosymmetric sickle-shaped metamaterials (SSM). The ambient
environments and analyte varieties were changed to investigate the sensitivity of SSM-based biochemical
sensors. The higher-order plasmonic resonance was accompanied by a larger red-shifting of the resonance.
The highest sensitivity was 471 GHz/RIU (refraction index unit) for the hexadecapolar plasmonic mode of
SSM. The corresponding figure of merit (FOM) was 94 RIU−1. We further investigated the influences
of dielectric hemispheres and microfluidic chips to imitate the dry and hydrous biological specimens.
The results show that the red-shifting of the resonance could be increased by raising the number of
hemispheres and the channel width of the microfluidic chip. The relationships between resonance shifting,
hemisphere quantity and the channel width of the microfluidic chip are quite linear. The proposed SSM
device provides an effective approach to detecting and analyzing the chemicals and biomolecules.

2. Designs and Methods

Figure 1a shows a schematic drawing of the periodic SSM structure. The incident terahertz wave
propagates perpendicularly to the SSM surface along the z-axis. A schematic diagram of an SSM
unit cell is illustrated in Figure 1b, which includes the geometrical denotations. The SSM unit cell is
composed of a pair of centrosymmetric Au split-ring resonators (SRRs) on a polydimethylsiloxane
(PDMS) substrate. The permittivity of the Au material is described using the Drude model as expressed
by [20–23]:

ε(ω)= 1−
ωp

2

ω[(ω+ iωc)]
(1)

where ωp = 1.37 × 1016 Hz is the plasmon frequency and ωc = 4.08 × 1013 Hz is the scattering frequency
for the Au material [20,24].
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Figure 1. (a) Schematic drawing of the sickle-shaped metamaterial (SSM). (b) Geometrical denotations
for the corresponding SSM unit cell. (c–e) Schematic drawings of SSM covered with (c) analyte thin-film,
(d) dielectric hemispheres and (e) microfluidic channels.
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Figure 1c shows the SSM device covered with an analyte thin-film serving as a chemical specimen.
To further investigate the sensing of dry and aqueous biological specimens, dielectric hemispheres and
microfluidic channels were integrated with the SSM device, as shown in Figure 1d,e. The full-field
electromagnetic waves were simulated using the finite-difference time-domain (FDTD) method. In the
numerical modeling, the periodic boundary conditions are adopted in both the x-axis and y-axis
directions while the perfectly matched layer (PML) boundary condition is set in the z-axis direction.
The incident polarized waves are defined as transverse electric (TE) and transverse magnetic (TM)
modes when the electric (E) field of incident terahertz wave is along the x-axis and y-axis, respectively.
To optimize the geometrical structures of the proposed SSM, the transmission spectra of SSM with
different gaps between two SRRs (g) and thicknesses of Au layers (t) are shown in Figure 2. Figure 2a,b
shows the transmission spectra of SSM with different t values in TE and TM modes. The transmission
spectra are almost the same and there are no impacts in TE and TM modes. Therefore, the t value is
defined as the average value of 200 nm in this study. Figure 2c,d shows the transmission spectra of SSM
with different g values in TE and TM modes. The resonant intensities are almost the same and there is a
little shift on the resonant frequencies. Since the variations of resonant frequencies have no significant
influence on the sensing performance of SSM, the gap distance between SRRs is defined as 4 µm in this
study. Other geometrical parameters are defined as follows: arc radius, r = 20 µm; width of Au lines,
d = 2 µm; length of metallic bar, l = 20 µm (Figure 1b). The SSM period is 60 × 60 µm2.

the gap distance between SRRs is defined as 4 μm in this study. Other geometrical parameters are 
= 20 μm = 2 μm = 20 μm 
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Figure 2. Transmission spectra of SSM with different t values in (a) transverse electric (TE)) and (b)
transverse magnetic (TM) modes. Transmission spectra of SSM with different g values in (c) TE and (d)
TM modes.

3. Results and Discussion

Figure 3a shows SSM transmission spectra in TE and TM modes under the condition of an
environmental refraction index of 1.0. The geometrical parameters are kept constant at r = 20 µm,
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d = 2 µm, l = 20 µm, g = 4 µm and t = 200 nm. Here, the environmental refraction index is denoted as
nb. A single resonance is at the lower frequency of 0.51 THz for the incident TE-polarized light, as the
red curve shows in Figure 3a, while there are three resonances at the higher frequencies of 1.04, 1.44 and
1.73 THz for the incident TM-polarized light, as the blue curve shows in Figure 3a. The spectrum shape of
the resonance is narrower at higher resonant frequencies than at lower resonant frequencies. This is one of
the prominent characteristics of multipolar plasmon modes. In addition, the higher-order plasmon mode
exhibits higher sensitivity in refraction-index sensing applications. The electromagnetic-field distributions
of SSM at corresponding resonant frequencies are displayed to better understand the multipolar plasmon
modes. The E- and H-fields of four resonances in the sorting orders are shown in Figure 3b–i. In Figure 3b,
in terms of a single SRR, the E-field energy is mainly distributed on two sides, implying that this resonance
is generated from the electric dipolar mode. Actually, the order of plasmon modes (o) satisfies the
equation o = n − 1, where n is the number of notes in an open SRR [12]. For instance, the n and o
values in Figure 3b are 2 and 1, respectively, and so the resonance mode at 0.51 THz is the fundamental
plasmon resonance mode, i.e., the dipolar plasmon mode (D mode). Analogously, the orders of plasmon
modes in Figure 3d, 3e and 3f are 2, 3 and 4, respectively. This indicates that the resonance modes at
1.04, 1.44 and 1.73 THz are quadrupolar (Q), octupolar (O) and hexadecapolar (H) plasmon-resonance
modes, respectively. The phenomena of different plasmon modes excited by different polarized waves
could be explained in terms of structural asymmetry and phases of internal fields. The gap in a split ring
leads to polarization anisotropy and allows both odd and even plasmon modes to be excited. When the
symmetrical structure is broken, that can be stimulated and then generate higher-order plasmon modes,
such as Q and O modes [12,25,26]. The incident TE-polarized wave results in internal fields with opposite
phases on both sides of the SRR. Therefore, the E-field energy is coupled with the SRR, generating the
fundamental plasmon resonance, which is the dipolar mode, as the red curve shows in Figure 3a. When the
incident polarized wave is perpendicular to the split gap, i.e., the TM mode, the confined electromagnetic
fields are in same phases on both sides of the SRR. The even-order plasmon modes, such as Q and H
modes, are thus generated, as the blue curve shows in Figure 3a. The O mode is generated from the
electromagnetic wave excited in TM mode due to the mirror symmetrical structure being broken.

The strong localized E- and H-fields emerged on the designed SSM surface, which indicated that a
sharp resonance with a high Q-factor will be generated. In order to utilize the above-mentioned merits
of multiple resonances in biosensing applications, we further compared and analyzed the changes of
the surrounding environments and analyte varieties and then covered the SSM surface with different
dielectric hemispheres and microfluidic chips to investigate its influence on sensing performance.
The environmental refraction index (nb) was changed from 1.0 to 1.7 to verify the sensing ability of SSM.
The transmission spectra of SSM with different nb values in TM mode are shown in Figure 4a. There are
three resonances at 1.04, 1.44 and 1.73 THz for the initial condition of nb = 1.0. By increasing the nb

value, the resonances are apparently red-shifted and the resonant intensities kept stable. Figure 4b
plots the relationships between frequency shifts and nb values. The resonant frequencies are red-shifted
linearly by increasing nb values. The shifting range of H mode is the largest compared to that of Q and
O modes. The sensitivity (S) of an SSM is defined as the derivative of the frequency shift with respect
to the refraction index, i.e., the slopes of the dashed lines shown in Figure 4b. The calculated S values
of Q, O and H modes were 286, 390 and 460 GHz/RIU, respectively. Furthermore, when the order
of the plasmon mode increases, the resonance becomes sharper and the spectrum width is narrower.
Q-factor is defined as the ratio of resonant frequency to the full width at half maximum (FWHM)
transmission intensity, which is used to describe the quality of each resonant frequency. In Figure 4c,
Q-factors of Q, O and H modes are quite stable and insensitive to nb values. The average Q-factors
are 33, 124 and 342 for Q, O and H modes, respectively. For biosensing performance, FOM is an
important factor that determines the sensing abilities in the biochemical and biomolecule applications.
FOM is defined by S/FWMH. The average FOM values of Q, O and H modes are 10, 37 and 100 RIU−1,
respectively, as plotted in Figure 4d. The sensing ability of SSM could be enhanced by increasing the
order of plasmon modes.
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Figure 3. Transmission spectra of SSM and corresponding E- and H-field distributions. (a) Transmission
spectra of SSM in TE and TM modes under the condition of nb = 1.0. (b) E-field and (c) H-field
distributions of SSM monitored in resonant dipolar mode (D mode) under the incident TE-polarized
wave. (d–f) E-field and (g–i) H-field distributions of SSM monitored at resonant quadrupolar
mode (Q mode), octupolar mode (O mode) and hexadecapolar mode (H mode) under the incident
TM-polarized wave.
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We also investigated the effect of SSM covered with an analyte thin-film to compare the sensing
ability of SSM. The refraction index of analyte thin-film is denoted as na. The thickness of analyte
thin-film is 10 µm, as shown in Figure 1c. The transmission spectra of SSM with different na values
from 1.0 to 1.35 are shown in Figure 5a. There are three resonances red-shifted by increasing na values.
To express the red-shifts of three plasmon modes explicitly, the relationships of frequency shifts and na

values are summarized in Figure 5b. The relationships are quite linear. The frequency-shift tendency
reveals that the sensitivity of H mode (471 GHz/RIU) is higher than that of O mode (391 GHz/RIU) and
of Q mode (281 GHz/RIU). To further obtain the quantitative descriptions for the sensing performances,
Q-factors and FOM values of plasmon modes were calculated, as shown in Figure 5c,d, respectively.
The average Q-factors of Q, O and H modes were 31, 112 and 328, respectively, while the average FOM
values of Q, O and H modes were 9 RIU, 45 and 94 RIU−1, respectively. The frequency-shift mechanism
derived from the variation of na values can be explained by the perturbation theory [5,9,27,28].

∆ω

ω0
=

∫

∆V
(µ
∣

∣

∣H0
∣

∣

∣2 − ε
∣

∣

∣E0
∣

∣

∣2)dv
∫

v0
(ε
∣

∣

∣

∣

E0

∣

∣

∣

∣2 + µ
∣

∣

∣

∣

H0

∣

∣

∣

∣2)dv
(2)

10 μm

–

 m 
  m

 




 


1.0 1.1 1.2 1.3 1.4
0

50

100

150

200

250

300

350

400

Q
 f

a
ct

o
r

Refractive index (na)

 Mode Q

 Mode O

 Mode H

Q O H
0

20

40

60

80

100

F
O

M
 (

R
IU

-1
)

Mode

 FOM

1.0 1.1 1.2 1.3 1.4
0

30

60

90

120

150

180

 Q mode ,  S = 281 GHz/RIU

 O mode ,  S = 391 GHz/RIU

 H mode ,  S = 471 GHz/RIU

F
re

q
u

en
cy

 s
h

if
t 

(G
H

z)

Refractive index (na)

(c) (d)

(b)(a)

Q Mode O Mode H Mode 

0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

0.0

0.2

0.4

0.6

0.8

1.0

T
ra

n
sm

is
si

o
n

(a
.u

.)

Frequency (THz)

na

 1

 1.05

 1.1

 1.15

 1.2

 1.25

 1.3

 1.35

Figure 5. (a) Transmission spectra of SSM covered with different analyte thin-films. (b) Frequency
shifts and (c) Q-factors plotted against the na values. (d) The average FOM values of Q, O and H modes.
The dielectric hemispheres were introduced to imitate the detection of cells, such as the monitoring
of cell apoptosis, as shown in Figure 1d. The refraction index of dielectric hemispheres (nc) was
investigated to study the electromagnetic behaviors of SSM for biosensing applications.

Here, perturbation means the variation of nb values. E0 and H0 represent the unperturbed E-field
and H-field, respectively. ∆ε (∆ε = ε − ε0) and ∆µ (∆µ = µ − µ0) are the changes to the dielectric
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constant and permeability after perturbation, respectively. ∆ω (∆ω = ω −ω0) is the change to the
resonant angular frequency and v0 is the effective integral volume. It should be noted that Equation (2)
is based on shape perturbations in terms of SSM. The perturbation is nb, with no v0. In addition,
the effect of permeability on frequency shifts is negligible since the proposed SSM is non-magnetic.
Therefore, it can be expressed by:
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It can be seen that the ∆ε value decreases by increasing the nb value according to nb =
√
µrεr.

Consequently, the ∆ω value decreases and the resonant frequency is then red-shifted.
Figure 6a shows the transmission spectra of SSM covered with different hemispheres under the

condition of a hemisphere quantity of 15. The resonances are red-shifted by increasing nc values from
1.0 to 1.6. This indicates that the proposed SSM device has the ability to sense biological cells with
different refraction indices. The relationships of nc values and frequency shifts are summarized in
Figure 6b. SSM exhibits an effective frequency shift by increasing the hemisphere number or plasmon
mode. For example, when the hemisphere number is fixed at 10, as the blue plane shows in Figure 6b,
the resonances are red-shifted with a slope of 262 for H mode. This is larger than that of O mode
(slope = 174) and of Q mode (slope = 119). Moreover, when the nc value is kept constant, the frequency
shifts become larger by increasing the hemisphere number. The proposed SSM is useful for the
detection of cell proliferation or cell apoptosis. When the plasmon mode is determined, the resonances
are red-shifted with a slope of 359 for a hemisphere number of 15 in H mode. This is larger than that
for a hemisphere number of 10 (slope = 262) and a hemisphere number of 5 (slope = 97) in H mode.
The above-mentioned results indicate that the biosensing performance of SSM could be enhanced by
either utilizing higher plasmon-oscillation modes or increasing the concentration of biomolecules.
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Figure 6. (a) Transmission spectra of SSM covered with different hemispheres under the condition of a
hemisphere quantity of 15. (b) Summaries of the relationships of frequency shifts and nc values and
hemisphere quantities.

We further investigated the sensing performance of SSM integrated with a microfluidic chip.
This has great potential for sensing biosamples, owing to the fact that most biological specimens are
dissolved in aqueous environments. Furthermore, the requirement for an injected analyte sample
is micro-/nanoliters. This minute amount of analyte sample can significantly prevent the terahertz
absorption of the water and thus improve the sensing capacity of SSM. The thickness and width of the
microfluidic channel are 20 µm and w, as shown in Figure 1e. The microfluidic channel is superimposed
on the split gaps of SSM, i.e., the region with strongest E-field energy. Therefore, the resonances of
SSM could be tuned by injecting different chemical solutions into the microfluidic channel. Here,
the refraction index for injecting chemical solutions into the microfluidic channel is denoted as ns.
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Figure 7a shows the transmission spectra of SSM with different ns values from 1.0 to 1.6, keeping w

constant at 10 µm. SSM exhibits three resonances with consistently resonant intensities under the
variation of ns values. These three resonances are red-shifted by increasing ns values for Q, O and H
modes. The relationships between frequency shifts, ns values and w values are summarized in Figure 7b.
The relationships are kept linear between frequency shifts and ns values by keeping the channel width
constant. The resonances are red-shifted by increasing the plasmon orders. When a resonant plasmon
mode is determined, the frequency shifts can be enhanced by enlarging the microfluidic channel width.
Therefore, the highest sensitivity of an SSM integrated with microfluidic chip emerged in H mode
when the channel width was 20 µm; this was 405 GHz/RIU. These results imply that the SSM device is
ultrasensitive to the variation of the surrounding environment and thus is a potential platform for
biosensing biological specimens.
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Figure 7. (a) Transmission spectra of SSM integrated with a microfluidic chip. The chemical solutions
with different refraction indexes (ns) are injected into the microfluidic channel with a channel width of
10 µm. (b) Summaries of relationships between frequency shifts, ns values and channel widths.

In consideration of the realistic materials, including rough PDMS, crude analyte thin-films
and irregular biological cells, three more realistic models were simulated to imitate real situations.
The schematics of the top views of SSM on a rough PDMS substrate, covered with crude analyte
thin-film and covered with random ellipse particles are shown in Figure 8a–c. The roughness of the
PDMS surface and the analyte thin-film was introduced by texturing surfaces, with the maximum
texturing depth determined to be 200 nm. The random ellipse particles were introduced by determining
three ellipse radii haphazardly in the range of 3 to 5 µm. Figure 8d shows the transmission spectra of
SSM on rough PDMS substrates with increasing nb values. The resonances are red-shifted significantly
compared to those results in Figure 4a. This implies that the sensing capacity of SSM can be enhanced
by texturing the substrate surface. The relationships between frequency shifts and nb values are
summarized in Figure 8g. The sensitivities are 302 GHz/RIU for Q mode, 414 GHz/RIU for O mode and
502 GHz/RIU for H mode, which are greater than those results in Figure 4b (286, 390 and 460 GHz/RIU
for Q, O H modes, respectively). These enhancements are due to the additional space below the
metallic SRRs after texturing the PDMS surface. Figure 8e shows the transmission spectra of SSM
covered with crude analyte thin-films with different nc values. The sensitivities of Q, O and H
modes are 26, 36 and 49 GHz/RIU, respectively, which are lower than those in Figure 5a. Figure 8f
shows the transmission spectra of SSM covered with random ellipse particles with different nc values.
The sensitivities are 103, 158 and 258 GHz/RIU for Q, O and H modes, respectively. These values are
lower than those in Figure 6b. As mentioned above, the sensitivity could be improved by increasing
the hemisphere number and channel width of the microfluidic chip. This proves that the results of the
lower sensitivities in Figure 8h,i, caused by the rough analyte thin-film and the deformation of ellipse
particles owing to the coupling effects, are minor for SSM covered with a crude analyte thin-film and
random ellipse particles.
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Figure 8. Schematics of top views of SSM (a) on a rough polydimethylsiloxane (PDMS) substrate,
(b) covered with a crude analyte thin-film and (c) covered with random ellipse particles. (d–f) Transmission
spectra of SSM (d) on rough PDMS substrate with different nb values, (e) covered with different crude
analyte thin-films and (f) covered with different random ellipse particles. (g–i) The summaries of the
relationships between the frequency shifts and refraction indexes of (d–f).

4. Conclusions

In conclusion, an SSM-based biochemical sensor composed of centrosymmetric Au SRRs on a
PDMS substrate was proposed and investigated in the terahertz wavelength. By changing different
surrounding dielectric environments, the sensing performance of the proposed biosensor was verified.
The results show that the increments of environmental refraction indexes (nb, na, nc and ns) lead
to the apparent red-shifts of resonances in the terahertz frequency range. Furthermore, the higher
plasmon mode exhibits larger frequency shifts and greater sensitivity in biosensing applications.
The dielectric hemispheres and microfluidic channels are further integrated into the proposed SSM
device to verify the biosensing abilities of SSM. This indicates that the increments of hemisphere
concentration or microfluidic channel width are beneficial for improving the sensing performance of
an SSM-based biosensor. The highest sensitivity was 471 GHz/RIU. Finally, we propose three more
realistic models to more reasonably mimic a real sensing situation, and the corresponding highest
sensitivity was 502 GHz/RIU. This proposed SSM is quite suitable for use in biochemical and biomedical
sensing applications.
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Abstract: Since there is no potential, effective vaccine available, treatment is the only controlling
option against hydatid cyst or cystic echinococcosis (CE). This study was designed to systematically
review the in vitro, in vivo, and ex vivo effects of nanoparticles against hydatid cyst. The study was
carried out based on the 06- PRISMA guideline and registered in the CAMARADES-NC3Rs Preclinical
Systematic Review and Meta-analysis Facility (SyRF) database. The search was performed in five
English databases, including Scopus, PubMed, Web of Science, EMBASE, and Google Scholar without
time limitation for publications around the world about the protoscolicdal effects of all the organic
and inorganic nanoparticles without date limitation in order to identify all the published articles
(in vitro, in vivo, and ex vivo). The searched words and terms were: “nanoparticles”, “hydatid
cyst”, “protoscoleces”, “cystic echinococcosis”, “metal nanoparticles”, “organic nanoparticles”,
“inorganic nanoparticles, “in vitro”, ex vivo”, “in vivo”. Out of 925 papers, 29 papers including 15
in vitro (51.7%), 6 in vivo (20.7%), ex vivo 2 (6.9%), and 6 in vitro/in vivo (20.7%) up to 2020 met
the inclusion criteria for discussion in this systematic review. The results demonstrated the most
widely used nanoparticles in the studies were metal nanoparticles such as selenium, silver, gold,
zinc, copper, iron nanoparticles (n = 8, 28.6%), and metal oxide nanoparticles such as zinc oxide,
titanium dioxide, cerium oxide, zirconium dioxide, and silicon dioxide (n = 8, 28.6%), followed by
polymeric nanoparticles such as chitosan and chitosan-based nanoparticles (n = 7, 25.0%). The results
of this review showed the high efficacy of a wide range of organic and inorganic NPs against CE,
indicating that nanoparticles could be considered as an alternative and complementary resource
for CE treatment. The results demonstrated that the most widely used nanoparticles for hydatid
cyst treatment were metal nanoparticles and metal oxide nanoparticles, followed by polymeric
nanoparticles. We found that the most compatible drugs with nanoparticles were albendazole,
followed by praziquantel and flubendazole, indicating a deeper understanding about the synergistic
effects of nanoparticles and the present anti-parasitic drugs for treating hydatid cysts. The important
point about using these nanoparticles is their toxicity; therefore, cytotoxicity as well as acute and
chronic toxicities of these nanoparticles should be considered in particular. As a limitation, in the
present study, although most of the studies have been performed in vitro, more studies are needed
to confirm the effect of these nanoparticles as well as their exact mechanisms in the hydatid cyst
treatment, especially in animal models and clinical settings.

Nanomaterials 2020, 10, 2538; doi:10.3390/nano10122538 www.mdpi.com/journal/nanomaterials97



Keywords: hydatid cyst; protoscoleces; nanomedicine; in vitro; in vivo; ex vivo

1. Background

Hydatid cyst or cystic echinococcosis (CE) is well-known as one of the most common universal
parasitic infections, which infects a wide range of hosts such as humans, wild animals, and domestic
livestock [1]. Therefore, CE can be considered as an important challenge both from medical and
economic points of view [2]. In humans, hydatid cyst occurs through accidental infection with ingesting
eggs of Echinococcus granulosus (dog tapeworm) expelled from the dog as the final host, followed by
the growth of the larvae stage and transformation into cyst, predominantly in the liver (nearly 70%),
and less frequently in the lungs, spleen, kidneys, and brain [3]. Considering the clinical symptoms
of hydatid cyst, the onset of the disease shows no specific symptoms; but depending on the number,
location, and size, the cysts have variable symptoms from mild to deadly [4].

Since there is no potential, effective vaccine available, treatment is the only controlling option
against hydatid cyst diseases. Today, the therapeutic approaches for hydatid cyst treatment are
medical treatment, surgical treatment, endoscopic interventional treatment, percutaneous methods
(puncture, aspiration, injection, and re-aspiration (PAIR)), as well as the consequent minimally invasive
techniques [5]. Therefore, in small and inactive cysts, the preferred treatment is chemotherapy with
benzimidazole derivatives (mebendazole and albendazole); however, the first choice treatment for
large and active cysts is surgery [6].

The results of recent studies have shown chemotherapy with benzimidazole derivatives is
associated with some side-effects, i.e., hepatotoxicity, teratogenicity, methemoglobinemia, severe
leucopenia, thrombocytopenia, and osteoporosis, indicating that caution should be exercised in
using of these drugs [6]. By surgical treatment, since the rupture of cysts or leakage of their
contents (protoscoleces) may cause re-infection, secondary infection, as well as anaphylaxis shock,
surgeons use a number of chemical protoscolicidal agents such as hypertonic saline 20%, silver nitrate,
and formalin to prevent these complications [4]. Hence, recent studies have demonstrated that the
current protoscolicidal agents are not risk-free and can cause complications such as biliary fibrosis,
hepatic necrosis, and cirrhosis [4,7]. Therefore, searching and discovering a new protoscolicidal agent
are of top priority for physicians in this field.

Nanomedicine is considered as a relatively new field of science and technology that deals
with nanometer-sized materials for medical purposes [8]. To date, nanomedicine has a variety
of diagnostic and therapeutic applications in modern medicine, such as drug delivery, imaging,
diagnosis, medical devices, vaccines, as well as antimicrobial therapy [9]. Considering applications of
nanomedicine in treating microbial diseases, a wide range of studies have reported the antimicrobial
effects of some inorganic nanoparticles (such as metal and metal oxide) and organic nanoparticles
(peptide- and polymer-based nanoparticles such as cationic peptides, synthetic cationic polymers,
chitosan, etc.) [10–12]. Considering the protoscolicidal activity of nanoparticles, although Shnawa
et al. [13] reviewed the application of nanomedicine, especially green biosynthesis nanoparticles such
as biogenic selenium, silver, gold, and chitosan nanoparticles, as new protoscolicidal alternative to
treat hydatid cysts [13], in this study, we aim to systematically review the in vitro, in vivo, and ex
vivo effects of a wide range of nanoparticles such as metal, carbon-based nanoparticles, lipid-based
nanoparticles, polymeric nanoparticles, etc. against hydatid cyst.

2. Materials and Methods

2.1. Search Strategy

The current study was carried out based on 06- PRISMA guideline [14] and registered in the
CAMARADES-NC3Rs Preclinical Systematic Review and Meta-analysis Facility (SyRF) database.

98



Nanomaterials 2020, 10, 2538

The search was performed in five English databases, including Scopus, PubMed, Web of Science,
EMBASE, and Google Scholar without time limitation for publications worldwide on the protoscolicidal
effects of organic and inorganic nanoparticles without date limitation in order to identify all the
published articles (in vitro, in vivo, and ex vivo). Studies in any languages were entered in the search
step if they had an English abstract. The words and terms were used as a syntax with specific tags of
each database. The searched words and terms were: “protoscolicidal”, “scolicidal”, “nanoparticles”,
“hydatid cyst”, “metal nanoparticles”, “protoscoleces”, “cystic echinococcosis”, “in vitro”, ex vivo”,
“in vivo”, “scolex” etc. (Figure 1).

 

 

.
Figure 1. Flowchart describing the study design process.

2.2. Quality Assessment and Article Selection

Those studies were examined, in which the effects of nanoparticles against hydatid cyst
were investigated. First, the studies were imported into EndNote X9 software (Thomson Reuters,
New York, NY, USA) and duplicate studies were deleted. Afterwards, three independent authors
examined the title and abstract of the studies and relevant works were included for further analysis.
The same authors carefully read the studies and the eligible studies with adequate inclusion criteria
were selected.

2.3. Exclusion Criteria

The studies with inadequate information, abstract submitted in congresses, full texts of which
were not available, and failure to match methods with the incorrect interpretation of the results was
excluded from the current study.

2.4. Inclusion Criteria

Inclusion criteria of this study were the articles evaluating the in vitro, ex vivo, and in vivo effects
of various forms of nanoparticles containing drugs and other pharmaceutical formulations of organic
and non-organic nanoparticles against hydatid cyst (Figure 1).
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2.5. Data Extraction

Three independent authors extracted information from the selected articles and, if needed,
the differences were resolved by the corresponding author. The extracted data included nanoparticle
type, in combination or loaded with other drugs, type of study, animal model, concentration, time of
use, reference, etc.

3. Results

Out of 925 papers, 29 papers including 15 in vitro (51.7%), 6 in vivo (20.7%), ex vivo 2 (6.9%), and 6
in vitro/in vivo (20.7%) up to 2020 met the inclusion criteria for discussion in this systematic review,
the extracted data of which are presented in Tables 1–3. The most common type of nanoparticles
were organic nanoparticles (15 studies, 51.7%) such as polymeric, lipid, etc., followed by non-organic
nanoparticles such as metal and metal oxide nanoparticles (14 studies, 48.3%). The results demonstrated
that the most widely used nanoparticles in the studies were metal nanoparticles such as selenium, silver,
gold, zinc, copper, and iron nanoparticles (n = 8, 28.6%), metal oxide nanoparticles such as zinc oxide,
titanium dioxide, cerium oxide, zirconium dioxide, and silicon dioxide (n = 8, 28.6%), followed by
polymeric nanoparticles such as chitosan and chitosan based nanoparticles (n = 7, 25.0%). The findings
also showed that, in the in vitro studies, the best exposure times were 60 min (n= 13, 46.4%), followed by
10 min (n = 4, 14.3%) and 120 min (n = 3, 10.7%). The results exhibited that the doses used in the
in vitro studies were ranging from 0.0005 to 20 mg/kg, whereas in the in vivo studies, the doses ranged
from 0.5 to 100 mg/kg.

Table 1. A list of in vitro studies on effects of nanoparticles against hydtid cysts.

Nanoparticles Drug
Outcome

Ref
Concentration of Drug (µg/mL) Best Exposure Time

Solid lipid nanoparticles (SLNs)

Albendazole Loaded SLN
250 Fifth day [15]
500 Fifth day

2 72 h [16]

Albendazole Sulfoxide
Loaded SLN

2
2.5 72 h [17]

2 72 h [16]

Lipid nanocapsules
(LNCs) Albendazole -LNCs

0.5 -
[18]1 -

1.5 7 day

Nano lipid carriers
(NLCs) NLCs Loaded Ivermectin

50 -

[19]
100 -
200 150 min
400 120 min
800 60 min

Metal NPs

Selenium NPs

50 -

[20]125 -
250 20 min
500 10 min
50 -

[21]125 -
250 -
500 60 min

Silver NPs

500 -

[22]1000 -
2000 -
4000 60 min

25 -

[23]50 -
100 -
150 120 min
50 -

[21]125 -
250 60 min
500 -
250 -

[24]500 -
1000 60 min

100
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Table 1. Cont.

Nanoparticles Drug
Outcome

Ref
Concentration of Drug (µg/mL) Best Exposure Time

Gold NPs

50 -

[25]100 -
200 -
300 120 min
250 -

[26]
500 -
1000 -
2000 -
4000 60 min
250 -

[27]500 -
1000 60 min

Zinc NPs
250 10 min

[24]500 -
1000 -

Copper NPs
250 -

[24]500 60 min
1000 -

Iron NPs
250 -

[24]500 10 min
1000 -

Metal oxide NPs

Zinc Oxide NPs
50,000 10 min [28]
10,000 -

Sea Urchin Gonad Extraction
Combined with Tio2 NPs

1 -
[29]5 -

15 60 min

CeO2 NPs

1000 -

[30]
5000 -

10,000 -
15,000 -
20,000 60 min

ZrO2

250 -

[31]
500 -
1000 60 min
2000 60 min
4000 60 min

Nonmetals oxide NPs SiO2 NPs
250 -

[24]500 -
1000 60 min

Nanopolymeric particles

Chitosan NPs

Curcumin

500 -

[32]1000 -
2000 -
4000 60 min

Praziquantel
1 -

[33]5 Tenth days
10 Tenth days

Albendazole
1 -

[33]5 Tenth days
10 Tenth days

Albendazole Sulfoxide Loaded
PLGA-PEG NPs

50 -

[34]100 -
150 All The time
200 All The time

Flubendazole-Loaded
mPEG-PCL NPs

1 -
[35]5 -

10 Fifteenth days
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Table 2. A list of in vivo studies on effects of nanoparticles against hydtid cysts.

Group Drug Animal
Outcome

Ref.
Drug Dose Duration of Medication Investigation Timeframe

Nanopolymeric particles

Flubendazole-loaded mPEG-PCL NPs BALB/c mice 5 mg/kg 1 month 8 months [35]

C
hitosan

N
Ps

Praziquantel Male DBA/2
mice 25mg/kg 21 days 8 months [33]

Albendazole Male DBA/2
Mice 25 mg/kg 21 days 8 months [33]

Albendazole sulfoxide
(ABZ-SO)–loaded

chitosan-PLGA nanoparticles
BALB/c mice 10 mg/kg 45 days 10 months [36]

Metal oxide NPs

CeO2 NPs Male BALB/c mice 50 mg/kg 1 month 2 months [30]

Sea Urchin Gonad Extraction Combined
with Tio2 NPs BALB/c mice - 3 month 3 months [29]

Zinc Oxide NPs [37]

Metal NPs
Albendazole-Loaded Silver NPs Female albino mice 100 mg/kg 2 month 2 months [38]

Silver NPs Female albino mice 25 mg/kg 2 month 2 months [38]

Lipid Nanocapsules
(LNCs) Albendazole -LNCs

Female CF-1 mice 5 mg/kg 1 month 6 months [39]
Female CF-1 mice 5 mg/kg 1 month 8 months [18]

Solid lipid nanoparticles (SLNs)

Praziquantel Loaded SLN Female BALB/c mice - 3 month 5 months [40]

Albendazole Loaded SLN Female BALB/c mice - 3 month 5 months [40]

Albendazole Sulfoxide
Loaded SLN Male BALB/c mice 0.5 mg/kg

2 mg/kg 15 day 8 months [41]

Albendazole Loaded SLN BALB/c mice - - 3 months [15]
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Table 3. A list of ex vivo studies on effects of nanoparticles against hydtid cysts.

Group Drug
Outcome

Ref
Concentration of Drug (mL) Best Exposure Time

Nonmetal Nanoparticles Albendazole Loaded NPs 0.5 - [42]

Metal Nanoparticles Gold NPs
0.4 - [43]
0.8 120 min

4. Discussion

4.1. Preparation Methods of Nanoparticles

According to some factors such as condition of reaction, operation, and approved protocols,
several techniques can be used for the nanoparticles synthesis. Currently, there are two main
preparation methods, which include (i) bottom-up synthesis or chemo-physical methods such as lipid
phase methods (precipitation, sol-gel, hydro-thermal approaches), gas phase methods (flame hydrolysis,
spray hydrolysis, and aerosol methods), and biological production by plants, bacteria, fungi, etc., and (ii)
top-down synthesis or mechanical-physical methods such as chemical etching, mechanical milling,
sputtering, laser ablation, electro-explosion, etc. [44–46].

4.2. Solid Lipid Nanoparticles (SLNs)

SLNs have been used as a carrier system since the early 1990s. The advantages of these nanoparticles
lie with their capability in drug release control, drug targeting, increasing drug chemical stability,
acting as a carrier for lipophilic and hydrophilic drugs, having mass production capability, and being
completely sterilized. They also increase the bioavailability of praziquantel (PZQ), enhance the
pharmacological activity as well as therapeutic efficacy of PZQ and its therapeutic effect and efficacy,
and reduce dose and administration frequency [15,47,48].

4.3. Albendazole (ABZ)-Loaded SLNs

In a recent study by Aminpour et al., the protoscolicidal effects of albendazole-loaded SLN
(ABZ-loaded SLN) were investigated both in vitro and in vivo. In this study, during the seven-day
period, the protoscoleces were exposed to the concentrations of 250 and 500 µg/mL of the drug.
Then, the number of the remaining cysts was evaluated. On the fifth day of testing, all the
protoscoleces in contact with ABZ-loaded SLN disappeared while protoscoleces in contact with
the same concentrations of ABZ were destroyed on day 7 of the experiment. On the third day of the
experiment, 5 CC of protoscoleces at the concentration of 250 µg/mL ABZ-loaded SLN was injected
into the mice and, after three months, the pathogenicity of the protoscoleces in contact with the drug
was investigated. It was found that in some of the mice after receiving the above compound, no cysts
were formed; the remaining mice had much smaller cysts than the other groups that received ABZ only
or did not receive any treatment at all. The results of this study indicated the efficient prophylactic
effect of this drug on the treatment of hydatid cysts [15].

4.4. Albendazole Sulfoxide-Loaded SLNs

In a study in 2013, Ahmadnia et al. investigated the effects of albendazole sulfoxide-loaded SLN
(ALBSO-loaded SLN) on hydatid cysts. The results showed this compound reduced the size of the cysts,
but made no significant changes over the duration of this experiment (15 days) and still required more
precise experiments, more dosing studies, and longer-term studies [41]. In another study, Soltani et al.
(2015) aimed to compare hydatid cyst membrane permeability of ABZ, ABZSO, ABZ-loaded SLN,
and ABZSO-loaded SLNs. Their results showed ABZ and ABZSO, due to some unique properties such
as good physicochemical characterizations, controlled release, higher permeability, and efficacy by
loading into SLNs, were promising for hydatid cyst treatment [17]. In a study published by Rafiei et al.
(2019), ultrastructural changes of fertile and infertile cysts exposed to 2 µg/mL of ABZ-loaded SLN
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and ABZSO-loaded SLNs were investigated. In the histopathologic evaluation of cysts in the control
group, which did not receive treatment; in this case, no structural changes were observed, while in the
groups treated with the mentioned nanoparticles, the cyst structure was not integrated and only the
residues and fragments of protoscoleces were present. The best performance was also observed in the
ABZSO-loaded SLNs treated group [16].

4.5. Albendazole- and Praziquantile-Loaded SLNs

A 2016 study by Jelowdar et al. on PZQ- and ABZ-loaded SLNs showed that, by giving the drug
to mice infected with protoscoleces, the spread of cysts in mice receiving these compounds was much
lower than that in the control group receiving only SLNs without the drug. In this group of mice,
there was a significant decrease in the size and dry weight of the cysts and the damaged layers of the
cysts were highly observed in the mice treated with the above nanoparticles. It should be noted that
in comparison to the effect of PZQ- and ABZ-loaded SLNs with free PQZ and ABZ, no significant
difference was observed in the number and size of cysts; but, in the destruction rate of cyst layers in
the recipient group of PZQ- and ABZ-loaded SLNs, LL loss and serious damage to GL were found.
In the group receiving free ABZ and PZQ, only this layer became thin and fragile, and the number of
GL cells decreased [40].

4.6. Nanolipid Carriers

This combination, created by the change in SLNs, has some advantages. These changes maintain
the physical stability of the compound and facilitate the incorporation of more drug into the nanocarier.
This compound has been studied in various respects and the results have shown anti-inflammatory,
antimicrobial, and efficient drug delivery carriers for anti-cancer drugs [49–51].

Nanolipid Carriers-Loaded Ivermectin

In 2019, Ahmadpour et al. investigated the effect of nanolipid carriers-loaded ivermectin on the
treatment of hydatid cysts. In this study, the concentrations of 200, 500, and 800 µg/mL at 150, 120,
and 60 min were able to destroy hydatid cyst protoscoleces, whereas free ivermectin, at concentrations
of 800 µg/mL at 150 min, was able to achieve this percentage [19].

4.7. Lipid Nanocapsules

LNCs are remarkable structures in the medical field. The benefits of this combination have led to
their use not only in therapeutic applications, but also in the fields of drug delivery, cancer diagnosis,
and gene and cell therapy. Studies of this compound in the field of cancer have shown promising
results, indicating that this compound could reduce tumor mass and increase the cytotoxicity of glioma
cells [52].

Albendazole-Lipid Nanocapsules

In 2019, Ullio Gamboa et al. investigated the protoscolicidal effects of albendazole-lipid
nanocapsules (ABZ LNCs). In this study, various parameters such as LNCs drug payload and
encapsulation efficiency, nanoparticle stability, stability of the nanocapsules in simulated gastrointestinal
fluids, and animal studies were investigated, all of which had promising results. As seen in the animal
studies, 4 out of the 10 infected mice receiving this compound showed no improvement in the cyst
development and the size of the cysts decreased significantly compared to the control group. GL was
also highly deformed and its cells were reduced [39]. In 2015, Pensela et al. investigated ABZ LNCs in
the mice infected with hydatid cysts. In this study, we investigated the plasma and cyst drug exposure
after administering ABZ as ABZ-LNCs or ABZ suspension and compared the clinical effects of these
two formulations. In the studies following the use of these two formulations, ABZ levels in plasma
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and cysts were significantly higher when ABZ was used in combination with nanoparticles compared
to ABZ suspension [18].

4.8. Metal Nanoparticles

Metallic nanoparticles are among the most efficient nanoparticles in various medical fields such
as cancer therapy, respiratory disease therapy, neurodegenerative disease therapy, infectious diseases
therapy, etc. [43,44]. These nanoparticles have anti-bacterial and biofilm prevention effects by producing
ROS, protein adhesion, and membrane destabilization. The anti-cancer effect of these nanoparticles
has also been shown to have strong effects on the cancer cells [53,54].

4.8.1. Selenium (Se) NPs

Various studies have been carried out on this nanoparticle, investigating its various aspects.
In these studies, we observed a decrease in acute Se toxicity, induction of apoptosis in cancer
cells, minimal side-effects on normal cells, and reduction in apoptosis in the diabetic kidney [55,56].
In evaluating the antimicrobial effects of these nanoparticles, these compounds have antimicrobial effects
on methicillin-sensitive and methicillin-resistant Staphylococcus aureus. Antifungal and antiparasitic
effects of these compounds have also been observed. These properties as well as the anti-cancer effects
have made these compounds an important part of drug making [57,58].

In 2014, for the first time, the effects of biogenic selenium nanoparticles were evaluated by
Mahmoudvand et al. In this study, the concentrations of 500 and 250 µg/mL of this compound for
10 and 20 min had 100% efficacy on the protoscoleces of hydatid cyst, indicating this compound had
strong protoscolicidal effects [15]. In 2018, the effect of Se and Ag on the protoscoleces was evaluated by
Nematollahi et al. Examining different concentrations of these compounds over 10 to 30 min showed
that Se NPs were much stronger than Ag NPs and had approximately 42% yield over 60 min [20].

4.8.2. Silver (Ag) NPs

The antimicrobial and antiparasitic effects of silver nanoparticles have been studied in various
studies and promising results have been obtained in cancer-related studies. The antiviral effects of
silver nanoparticles have been shown to inhibit replication and binding to the host cell membrane
and anti-parasitic studies have demonstrated the inhibition of proliferation and metabolic activity of
promastigotes in leishmaniasis. One of the reasons that have led these nanoparticles to attract more
attention is their promising effects on developing anticancer drugs [59–63].

In studies on biogenic Ag NPs by Rahimi et al. in 2015, at concentrations of 0.025, 0.05, 0.1, and
0.15 mg/mL, only the concentration of 0.15 mg/mL at 120 min was observed to have 90% protoscolicidal
effects. The lowest protoscolicidal activity was also observed at 0.025 mg/mL concentration and
10 min [23]. In addition, Lashkarizadeh et al. reported this nanoparticle in the same year to have poor
protoscolicidal effects on the protoscoleces of hydatid cysts, so that at concentrations of 4mg/mL for
the period of 60 min, it was able to eliminate 71.6% of protoscoleces, while hypertonic salt solution at a
concentration of 20% was able to eliminate 100% of protoscoleces in 10 min [22].

In a recent study by Nassef et al., the therapeutic effects of albendazole-loaded silver nanoparticles
along with ABZ and Ag NPs were evaluated. These studies have shown that this compound had the
highest pharmacological effect among ABZ and Ag NPs and had the least histopathological effects on
the liver. In addition, in the cysts in contact with this nanoparticle, there were marked ultrastructural
changes. While measuring size, granuloma size, and weight of cysts, the greatest decrease was in
ABZ loaded with silver nanoparticles [38]. In a study by Norouzi et al., the protoscolicidal effects of
silver, silica, copper, iron, and zinc nanoparticles were evaluated. In this in vitro work, the highest
protoscolicidal effects were related to Ag-NPs at 1 mg/mL concentration after 60 min of exposure time
(80% mortality rate), followed by Si-NPs at 1 mg/mL concentration (52.33%), Cu-NPs at 0.5 mg/mL
concentration (41%), Fe-NPs at 1mg/mL concentration (28%), and Zn-NPs at concentration of 1mg/mL
after 60 min (15.67%) [24].
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4.8.3. Gold (Au) NPs

Gold nanoparticles are among the most important compounds in the medical field. There have
been numerous studies on the treatment of important parasitic diseases such as leishmaniasis and
malaria that have shown successful results. In addition, applying these nanoparticles for identifying
different parasites has also been studied and confirmed. Gold nanoparticles have been shown to have
a highly stable and adaptable structure for drug delivery, which has increased the interest in these
nanoparticles [64,65].

In the recent study by Napooni on the protoscolicidal effects of this nanoparticle, we observed
that the highest lethal effect was at 60-min exposure to protoscoleces with 4000 µg/mL gold
nanoparticles. Furthermore, the cytotoxicity of this compound was found to be low at all concentrations.
Ultrastructure changes in the tegument, shape of the sucker, size, and DNA fragmentation were also
observed in protoscoleces [26]. Another study in 2016 on these nanoparticles by Barabadi et al. showed
that the in vitro use of 300 µg/mL of these nanoparticles compared to other groups (groups receiving
5% normal saline and concentrations of 50, 100, and 200 µg/mL gold nanoparticles) had the highest
removal rate of protoscoleces in 2 h [25]. In a recent study by Çolak et al., the protoscolicidal activity
of AuNPs at concentrations of 0.4 and 0.8 mL and three laser powers including 30, 50, and 150 mW
were evaluated for 30, 60, and 120 min. They found that 89.3% of the protoscoleces was killed after
treatment with AuNPs under high dose (150 mW) laser power for 120 min, indicating that increasing
the dose of AuNPs or laser power or used time increased the mortality rate of protoscoleces [43].

Malekifard et al. (2017) also investigated the protoscolicidal effects of these nanoparticles.
Protoscolicidal effects of gold nanoparticles were studied in vitro at concentrations of 250, 500,
and 1000 µg/mL for 5 to 60 min in contact with hydatid cyst fluid. Gold nanoparticles at all
concentrations used had significant protoscolicidal effects compared to the control group, so that all
the protoscoleces in contact with the concentration of 1000 µg/mL were eliminated within 1 h [27].

4.9. Non-Metal NPs

ABZ-Loaded Nanoparticles

In a study in 2008, Truong Cong et al. evaluated the diffusion ability of ABZ nanoparticles
and increased drug concentration in hydatid cysts. A good correlation was observed between the
permeation coefficient and partition coefficient. The drug release from the nanoparticles through the
hydatid membrane was improved compared to the soluble ABZ and showed sufficient entrapment
efficiency to increase the apparent solubility of ABZ [42].

4.10. Metal Oxide NPs

4.10.1. Zinc Oxide Nanoparticles

ZnO nanoparticles are non-toxic and compatible with body skin. Properties such as skin adaptation,
non-toxicity, antimicrobial, antiparasitic, and antifungal activity have made these nanoparticles a
widely-used and important compound in manufacturing medicine. These nanoparticles, without toxic
effects on healthy cells, induce death in cancer cells; studies have shown that these nanoparticles can
be used for gene delivery [66,67].

Norouzi et al. recently investigated the protoscolicidal effects of zinc oxide nanoparticles for the
first time. At 50 and 100 mg/mL concentrations, the highest protoscolicidal effects of this compound
were observed in 10 min of zinc oxide and protoscolece nanoparticles exposure, which was 19.6%
(very weak) and with no increase in performance over time; it was a low percentage, indicating this
compound was not suitable for use in hydatid cyst surgery [28]. In another study on this nanoparticle
in 2015 by Razi Jalali et al., the protoscolicidal effects of zinc oxide and ABZ, Echinacea purpurea,
and Sambucus ebulus nanoparticles were investigated, which revealed a decrease in size, volume,
and number of cysts in all the compounds [37].
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4.10.2. Titanium Dioxide (TiO2) Nanoparticles

TiO2 nanoparticles are considered as one of the most widely used nanoparticles in various
industries such as cosmetics, food, and pharmaceuticals, since they have some physicochemical
properties such as non-toxicity, cost-effectiveness, anticorrosive, high stability, photocatalytic properties,
etc. These compounds kill cells by inactivating germ cell and DNA enzymes as well as by removing fluids
from bacterial cells. Other uses of these compounds include treating and diagnosing cancer [68–70].
Navvabi et al. (2019) recently investigated the in vitro and in viovo protoscolicidal effects of Echinometra

mathaei (sea urchin gonad) extract alone or combined with TiO2 NPs. Their results showed that sea
urchin gonad extract at the concentration 15 µg/mL, especially in combination with TiO2, killed 84% of
the protoscoleces after 60 min exposure in vitro. On the other hand, oral administration of infected
mice with the combination of the gonad extract + TiO2 for three months demonstrated higher efficacy
by reduction in number, size and volume of the hydatid cysts in comparison to the control group [29].

4.10.3. Cerium Dioxide Nanoparticles

Cerium (Ce) is one of the rare-earth elements that, because of its special structure, has expended
its use. Other features include its cost-effectiveness. Many studies have investigated the benefits of this
nanoparticle, such as antimicrobial, anti-cancer, treatment, and antioxidant activities [71,72]. In a study
by Aryamand et al. (2019), the in vitro and in vivo protoscolicidal effects of Holothuria leucospilota

extract alone, CeO2 nanoparticles alone, and extract combined with CeO2 NPs were investigated for 10
to 60 min. In vitro results showed that the most protoscolicidal effects were reported for extract (70%
at 20 mg/mL for 60 min), followed by the combination of this extract and Ce nanoparticles (63% in
15 mg/mL concentration for 1 h). Furthermore, in vivo assay demonstrated that all three compounds
significantly reduced the number and size of the hydatid cysts compared to the control group that
received no treatment [30].

4.10.4. Zirconium Dioxide Nanoparticles

Zirconium (Zr) is a chemical element which has some applications, especially in medicine and
dentistry [73]. Zirconium dioxide (ZrO2), also called zirconia, has some unique properties such as high
compatibility, low toxicity, low cost, and high strength and is broadly used in various biomedical fields
including antimicrobial ones [74–77]. In a study conducted by Ibrahim (2020), ZrO2 at concentrations
of 1000, 2000, and 4000 µg/mL significantly killed 49.6, 52.7, and 53.1% of the hydatid protoscoleces
after 60 min [31].

4.11. Nanopolymeric Particles

Various properties of chitosan nanoparticles (Ch NPs) including non-toxicity, water solubility,
stability, simple preparation, environmental compliance, and antimicrobial activity have made them
remarkable and effective compounds in the field of medicine. In the field of vaccine development,
several studies have been performed to evaluate the usefulness of these nanoparticles, showing their
beneficial effects [78–80].

4.11.1. Chitosan-Curcumin Nanoparticles

In another study by Napooni et al. (2019), the in vitro protoscolicidal effects of chitosan–curcumin
nanoparticle (Ch-Cu NPs) at different concentrations of 0.25, 0.05, 1, 2, and 4 mg/mL were evaluated
for 5, 10, 20, 30, and 60 min. The results showed that the highest mortality rate (68%) of protoscoleces
was observed after exposure to Ch-Cu-NPs at a concentration of 4000 µg/mL for 60 min, whereas by
scanning electron microscopy, the length and width of protoscoleces were significantly reduced
compared to the control group [32].
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4.11.2. Chitosan-Praziquantel and -Albendazole Nanoparticles

Torabi et al. (2018) examined the protoscolicidal, prophylactic, and therapeutic effects of ChPZQ
and ChABZ. In evaluating the in vitro protoscolicidal effects of these compounds, microcysts were
exposed (for 16 days) at concentrations of 1, 5, and 10 µg/mL of chitosan-praziquantel (ChPZQ)
and -albendazole (ChABZ); then, it was observed that the best effect during this time was related to
using these two compounds together (at concentrations 5 and 10) when no microcysts were observed
for 10 days post-incubation. Compared to ChPZQ and ChABZ, ChPZQ performed better at all the
three concentrations than ChABZ (no significant difference). In order to evaluate the therapeutic and
prophylactic effects of these compounds, the number and weight of cysts in contact with the above
compounds were evaluated. For evaluating the prophylactic effect of these compounds, a significant
decrease in the number and weight of cysts in the group receiving the two compounds was observed
compared to the control group receiving no medication. However, in the evaluation of therapeutic
effect, there was a significant difference in the number of cysts in the group receiving ChABZ and
ChPZQ nanoparticles together compared to the control group; but no significant decrease was observed
in the weight of the cysts compared to the control group. In the mice receiving both combinations,
GL and LL were separated [81]. Furthermore, in another study by Torabi et al., ChPZQ showed more
stability than ChABZ, which could be due to its better performance [66].

In a recent study conducted by Darvishi et al. (2020), the effects of ABZ-sulfoxide (SO)-loaded
chitosan (CS)-PGLA NPs synthesized by nanoprecipitation orally administered at a dose of 10 mg/kg/day
for 45 days showed significant therapeutic effect in the weight and volume of cysts in comparison to
that in the control group, indicating that ABZ-SO-loaded CS-PGLA NPs could improve the therapeutic
effects of ABZ-SO in the CE treatment in mice [36].

4.11.3. Albendazole Sulfoxide-Loaded PLGA-PEG NPs

In 2016, Naseri et al. investigated the protoscolicidal effects and apoptotic activity of albendazole
sulfoxide-loaded PLGA-PEG (ABZs-loaded PLGA-PEG). In this study, concentrations of 50, 100, 150,
and 200 µg/mL of these compounds were exposed to a specific concentration of hydatid cyst fluid
for 5 to 60 min. To evaluate the protoscolicidal effects, it was observed that at concentrations of
150 and 200 µg/mL, the nanodrug (at all times of the experiment) had 100% protoscolicidal effects,
while at a concentration of 200 µg/mL, albendazole at 30 min had a 100% effect. Protoscoleces
treated with ABZs-loaded PLGA-PEG showed surface shrinkage, disoriented appearance, and a
disrupted characteristic due to programmed cell death. Both compounds had apoptotic intensity,
but no significant difference was observed in the activity of both compounds [34].

4.11.4. Flubendazole-Loaded mPEG-PCL NPs

In 2018, studies on the protoscolicidal effects of flubendazole-loaded mPEG-PCL NPs were
conducted by Farhadi et al. The in vitro study showed that, at exposure time of 27 days, 10 µg/mL of
these nanoparticles was able to kill all the protoscoleces on the 15th day. In vivo studies also showed
that the number of cysts was significantly lower than the control group, but the difference in the
number of cysts in the free flobendazole recipient group and the group that received nanoparticle was
not significant. The weight of the cysts in the nanoparticle receiving group was much lower than the
other groups; the cysts underwent many changes and there were marked ultrastructural changes in
the germinal layer [35].

5. Conclusions

The results of this review study show the high efficacy of a wide range of organic and inorganic
NPs against CE, indicating that nanoparticles could be considered as an alternative and complementary
resource for CE treatment. The results demonstrated that the most widely used nanoparticles for
hydatid cyst treatment are metal nanoparticles, metal oxide nanoparticles, followed by polymeric
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nanoparticles. We found that the most compatible drugs with nanoparticles were albendazole,
followed by praziquantel and flubendazole, indicating a deeper understanding about the synergistic
effects of nanoparticles and the present anti-parasitic drugs to treat hydatid cysts. The important point
about using these nanoparticles is their toxicity; therefore, cytotoxicity as well as acute and chronic
toxicities of these nanoparticles should be considered in particular. As a limitation, in the present
study, although most studies have been performed in vitro, more studies are needed to confirm the
effect of these nanoparticles as well as their exact mechanisms in hydatid cyst treatment, especially in
animal models and clinical settings.
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61. Allahverdiyev, A.; Abamor, E.Ş.; Bagirova, M.; Ustundag, C.B.; Kaya, C.; Rafailovich, M. Antileishmanial
effect of silver nanoparticles and their enhanced antiparasitic activity under ultraviolet light. Int. J. Nanomed.

2011, 6, 2705–2714. [CrossRef] [PubMed]
62. Galdiero, S.; Falanga, A.; Vitiello, M.; Cantisani, M.; Marra, V.; Galdiero, M. Silver Nanoparticles as Potential

Antiviral Agents. Molecules 2011, 16, 8894–8918. [CrossRef] [PubMed]
63. Dos Santos, C.A.; Rai, M.; Ingle, A.P.; Gupta, I.; Galdiero, S.; Galdiero, M.; Gade, A.; Rai, M.

Silver Nanoparticles: Therapeutical Uses, Toxicity, and Safety Issues. J. Pharm. Sci. 2014,
103, 1931–1944. [CrossRef] [PubMed]

64. Thambiraj, S.; Hema, S.; Shankaran, D.R. Functionalized gold nanoparticles for drug delivery applications.
Mater. Today Proc. 2018, 5, 16763–16773. [CrossRef]

65. Benelli, G. Gold nanoparticles—Against parasites and insect vectors. Acta Trop. 2018, 178, 73–80. [CrossRef]
66. Webster, T.J.T.; Taylor, E. Reducing infections through nanotechnology and nanoparticles. Int. J. Nanomed.

2011, 6, 1463–1473. [CrossRef]
67. Mirzaei, H.; Darroudi, M. Zinc oxide nanoparticles: Biological synthesis and biomedical applications.

Ceram. Int. 2017, 43, 907–914. [CrossRef]
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