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Abstract: The Artemisia genus includes a large number of species with worldwide distribution and
diverse chemical composition. The secondary metabolites of Artemisia species have numerous ap-
plications in the health, cosmetics, and food sectors. Moreover, many compounds of this genus are
known for their antimicrobial, insecticidal, parasiticidal, and phytotoxic properties, which recom-
mend them as possible biological control agents against plant pests. This paper aims to evaluate the
latest available information related to the pesticidal properties of Artemisia compounds and extracts
and their potential use in crop protection. Another aspect discussed in this review is the use of
nanotechnology as a valuable trend for obtaining pesticides. Nanoparticles, nanoemulsions, and
nanocapsules represent a more efficient method of biopesticide delivery with increased stability
and potency, reduced toxicity, and extended duration of action. Given the negative impact of syn-
thetic pesticides on human health and on the environment, Artemisia-derived biopesticides and their
nanoformulations emerge as promising ecofriendly alternatives to pest management.

Keywords: antifungal; antibacterial; insecticidal; nematicidal; phytotoxic; herbicidal; non-target or-
ganism; nanoparticles; nanoemulsions

1. Introduction

The Artemisia L. genus contains over 500 species, herbaceous plants and shrubs,
widespread in the northern hemisphere, in Asia, Europe, and North America. Artemisia
species are found in various ecosystems, ranging from arid regions to wetland at sea level
as well as in the mountains. The largest number of species are located in the steppes of
Asia [1]. Common names of Artemisia species are wormwood, mugwort, and sagebrush.
Due to their biological and chemical diversity, Artemisia species have numerous applica-
tions in the treatment of plant and human diseases, in cosmetic and pharmaceutical in-
dustry. In addition, various Artemisia species are used all over the world as foods, spices,
condiments, and beverages [2]. Many important medicinal plants belong to this genus
and exert a range of therapeutic actions: antibacterial, antifungal, antiviral, antiprotozoal,
anthelmintic, anti-inflammatory, anti-ulcer, appetite stimulating, hepatoprotective, anti-
spasmodic, bronchodilator, hypolipidemic, antihypertensive, analgesic, neuroprotective,
neurotrophic, anti-depressant, antioxidant, cytotoxic, antitumor, estrogenic, anti-allergic,
immunomodulatory, insecticidal, repellent, and anticonvulsant [3-8].

Most Artemisia species are aromatic plants that produce volatile oil in the secretory
hairs on the aerial organs but also through the secretory ducts in the parenchyma tissues.
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Essential oils could be used as biocontrol agents based on the antibacterial, antifungal,
repellent, insecticidal, nematicidal, and phytotoxic effect of volatile compounds. Moreo-
ver, the complex mixture of substances with different mechanisms of action, often having
synergistic activity, can be effective in preventing the emergence of resistant strains of
phytopathogens [9-12].

The global use of synthetic pesticides has many disadvantages, such as high cost,
danger to non-target organisms, accumulation of pesticide residues in the environment,
the emergence of resistant phytopathogenic strains, and negative impact on human health
[12]. In contrast, biological pesticides can achieve pest management in an environmentally
friendly way and could become safer alternatives for the treatment of crop diseases. Many
agents are considered biopesticides, such as viruses, microbes, fungi, entomophagous in-
vertebrates, parasitoids, predators, and substances produced by living organisms such as
bacteria, fungi, plants, algae, animals, etc. Throughout this review, we will use the word
“biopesticides” for plant-derived substances or extracts. During evolution, plants devel-
oped different mechanisms to defend themselves from predators and diseases by produc-
ing substances with bactericidal, fungicidal, insecticidal, nematicidal, or repellent activity.
At present, these phytochemicals are explored as biocontrol agents for crops integrated
pest management. Plant compounds are cheaper, safer for farmers, less toxic to non-target
organisms, and rapidly degraded in the environment [13].

In this context, numerous researchers have identified new potential biopesticides in
plants of the Artemisia genus. Since most species are fragrant, the vast majority of investi-
gations have focused on the biological actions of volatile oils and compounds. Essential
oils contain a variety of volatile molecules such as mono- and sesquiterpenes as well as
phenolic-derived aromatic and aliphatic components [1]. The percentage of individual
compounds in the essential oil is variable and depends on genetic factors (species, chemo-
type), plant origin, plant organ, period of harvest or developmental stage, environmental
factors (climate, altitude, sun exposure), and cultivation conditions. Qualitative and quan-
titative differences in the composition of the essential oil can also be caused by drying
methods, extraction procedure and time, quantification methods, and conditions of anal-
ysis [11]. All these elements could change the chemical composition of an essential oil,
leading to changes in activity; thus, standardization is necessary to guarantee the effect,
and also for regulatory and marketing purposes. Moreover, plants with desirable pesti-
cide action may give low yields of essential oil, hence the need for new and more efficient
extraction methods, which will increase the quantity and quality of extracted oil while
reducing the time and cost of extraction [14].

This review focuses on significant and recent data related to the secondary metabo-
lites” activity of Artemisia species against plant pests and to the appropriate formulation
and application of these biopesticides. The review has been assembled using references
from major databases such as PubMed, Science Direct, Scopus, SpringerLink, Google
Scholar, and Web of Science. There is an abundance of papers that evaluate the pesticide
activity of Artemisia species in vitro, but only a handful include in planta or greenhouse
experiments, and even fewer contain field tests. Furthermore, there is a shortage of studies
regarding the effect on non-target organisms. Since various compounds and extracts, es-
pecially essential oils, are not suitable for use in their raw state (due to volatilization, tox-
icity, poor solubility, degradation, etc.), different formulations may be used in order to
increase the stability and efficiency of biopesticides [15]. Consequently, the review also
includes an analysis of nano-sized formulations based on Artemisia spp.

2. Artemisia Compounds and Extracts with Pesticide Activity
2.1. Antifungal and Anti-Oomycete Activity

Pathogenic fungi produce almost 30% of crop diseases, threatening the health and
food security of a growing human population dependent on substantial agricultural pro-
duction [16]. Phytopathogenic fungi affect plants during their cultivation or after harvest,
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causing significant losses in crop plants. In addition, certain fungi (Aspergillus spp.,
Fusarium spp., Alternaria spp. etc.) produce mycotoxins that endanger the health of con-
sumers through hepatotoxic, nephrotoxic, and carcinogenic effects or even cause death
[15]. In an effort to find an ecological solution to this problem, numerous studies have
assessed the antifungal effect of Artemisia species, focusing especially on volatile oil and
compounds. Different methods of evaluation were used in vitro, in planta, or in field con-
ditions, and the results were expressed in various ways: half maximal inhibitory concen-
tration—ICso, minimal inhibitory concentration—MIC, minimum fungicidal concentra-
tion—MFC, median effective concentration —EDso, inhibition zone, and percent of inhibi-
tion (Table 1).

Table 1. Antifungal activity of Artemisia extracts and compounds against phytopathogenic fungi.

Artemisia Species Extract * or Compound Tested Fungi Inhibitory Dose Type of Study Reference
A.
ahro'tanum essential oil (eucalyptol) Sclerotinia sclerotiorum MIC = 1200 uL/L in vitro [17]
fresh aerial parts
essential oil Botrytis cinerea EDso=0.01-0.07 mg/mL
Lo (cis-epoxyocimene, (-)-cis- Fusarium moniliforme EDso=0.24-0.43 mg/ml
A. absinthium -
. chrysanthenol, chrysanthenyl F. oxysporum EDso0=0.29-0.40 mg/mL in vitro [18]
aerial parts .
acetate, linalool and f3- .
F. solani EDso=0.24-0.50 mg/mL
caryophyllene)
Lo Alternaria alternata 79.75% inhibition
A. absinthium — - YRS s
leaves aqueous extract (1:1) Mucor piriformis 73.04% inhibition in vitro [19]
Penicillium expansum 75.42% inhibition
A
un'nuu essential oil (artemisia ketone)  Sclerotinia sclerotiorum MIC = 2400 uL/L in vitro [17]
fresh aerial parts
in vitro

ECs0=21.78 mg/mL

A. annua essential oil (artemisia ketone, a- . . agar diffusion
rial part Jinene and y-terpineol) Alternaria solani n it [20]
aerial parts selinene and y-terpineo ECso = 1418 mg/mL in vitro spore
germination
methanol extract (ultrasound- . 0 iopeipeirs
. Fusarium oxysporum 36.94% inhibition
assisted)
essential oil (camphor, F. oxysporum MIC =0.22 mg/mL
D, B- hyllene, .
germacrene D, [-caryophyllene F. solani MIC =0.37 mg/mL
camphene)
F. oxysporum MIC =0.11 mg/mL
L- h
camphor F. solani MIC = 0.31 mg/mL in vitro
A. annua F. oxysporum MIC = 0.14 mg/mL
DL- h
leaves camphor F. solani MIC =0.16 mg/mL (21]
F. oxysporum MIC =0.13 mg/mL
- hyll
p-caryophyllene F. solani MIC = 0.23 mg/mL
F. oxysporum MIC =0.16 mg/mL
h
camphiene F. solani MIC = 0.22 mg/mL
27.78% and 25% infection incidence, in vivo on Panax
petroleum ether extract F. oxysporum, F. solani  at 0.25 mg/g and 0.5 mg/g in the .
. . notoginseng
culture media, respectively
. 14 mm inhibition zone at 200
Aspergillus flavus
A. annua ethanol extract ug/mL in vitro [22]
whole plant A nicer 14.5 mm inhibition zone at 200
8 pg/mL
e . . 1Cs0 = 125 pg/mL L
A. annua artemisinin Aspergillus fumigatus 1Coo = 250 pg/mL in vitro [23]
47.2% inhibition at 12.5 pL/20 mL
essential oil (chamazulene, . . . medium .
A. arborescens camphor) Rhizoctonia solani 100% inhibition at 50 pL/20 mL. in vitro [24]
medium
A arevi essential oil (caryophyllene oxide,
léaviz neointermedeol, borneol, a- Aspergillus niger MIC =6.25 uL/mL in vitro [25]
thujone, 3-caryophyllene)
A. argyi essential oil (spathulenol, juniper  Alternaria alternata 84.7% inhibition at 1000 mg/L in vitro [26]
inflorescence camphor, caryophyllene oxide, Botrytis cinerea 93.3% inhibition at 1000 mg/L
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terpineol, 1,8-cineole, borneol,
camphor, chamazulene)
A. austriaca essential oil
fresh aerial parts (camphor)

Sclerotinia sclerotiorum MIC = 2400 uL/L in vitro [17]

20 mm inhibition zone at 1:2

Alternaria spp. dilution

tial oil (terpinen-4-ol, p-
A. caerulescens ssp. essential oil (terpinen-4-ol, p 12 mm inhibition zone at 1:1

cymene, y-terpinene, 1,8-cyneole, Aspergillus spp. in vitro [27]

densiflora . dilution
a-terpineol) —
Fusarium 16 mm inhibition zone at 1:8
" SPP- dilution
A CI.zmpestrls methanol extracts (1:10) Aspergillus niger 32:5-33.1 mm inhibition zone at 20 in vitro [28]

aerial parts ug/mL

4 MIC =2.5 uL/mL

Aspergillus flavus MEC = 2.5 uL/mL

Aspergillus niger MIC =10 uL/mL

MFC >20 puL/mL

Aspergillus ochraceus

MIC = 2.5 uL/mL
MFC =5 pL/mL

Aspergillus parasiticus

MIC =2.5 uL/mL
MFC =5 uL/mL

Fusarium culmorum

MIC = 2.5 uL/mL

A. campestris essential oil (a-pinene, 3-pinene, MEFC =5 uL/mL in vitro 29]
aerial parts B-myrcene, germacrene D) Fusari Faminearum MIC =1.25 uL/mL
m gramimn MEFC = 1.25 uL/mL
. . MIC = 2.5 uL/mL
Fusarium moniliforme MEC =2.5 ul/mL
o .Y MIC =5 uL/mL
P,
enicillium citrinum MEC > 20 ul/mL
Penicillium expansum MIC =2.5 uL/mL
enicillium expansu MEC = 2.5 uL/mL
g L MIC = 10 pL/mL
Penicillium viridicatum MEC > 20 ul/mL
. MIC =312.5 ug/mL
A
spergillus oryzae MEC = 312.5 pg/mL
. . MIC = 2500 pg/mL
Aspergillus niger MEC = 2500 ugg/mL.
e MIC = 625 ug/mL
B hl tabil
A. chamaemelifolia essential oil (carvacrol, thymol, p- YSSOCTIAmYS Spectuotis MEFC = 625 pug/mL in vitro (30]
aerial parts cymene a-cadinol) Paecilom ariotii MIC = 625 ug/mL
ecilomyces variotii MEC = 625 pg/mL
e MIC = 625 ug/mL
Penicillium chrysogenum MEC = 625 pg/mL
. . MIC =312.5 ug/mL
Trichoderma harizanum MEC = 312.5 pg/mL
A. dmcu.nculus esseITtlal oil MIC = 2400 uL/L
fresh aerial parts (sabinene)
A. dracunculus var. ntial oil Sclerotinia sclerotiorum in vitro [17]
pilosa essential o MIC = 2400 pL/L
. (borneol)
fresh aerial parts
Fusarium moniliforme MIC =0.5%
A. herba-alba essential oil Fusarium oxysporum MIC =0.5% in vitro (31]
aerial parts (davanone, camphor, thujone) Fusarium solani MIC =0.75% direct contact
Stemphylium solani MIC =0.75%
Penicilli
A. herba-alba  essential oil (B-thujone, a-thujone eructiim 100% inhibition at 0.89% L
leaves camphor) aurantiogriseum in vitro [32]
P P. viridicatum 100% inhibition at 1.33%
. . Mucor rouxii 100% inhibition at 1000 pug/mL
essential oil o — I
Penicillium citrinum 100% inhibition at 1000 pg/mL
A. herba-alba carvone Mucor rouxii ICs0 =7 pg/mL in vitro (33]
fresh leaves Penicillium citrinum ICs0 =5 ug/mL
. Mucor rouxii ICs0=1.5 ug/mL
piperitone

Penicillium citrinum ICs0 =2 ug/mL




Molecules 2021, 26, 3061

5 of 41
A. herba-alba chloroform-methanol extract . . MIC = 62.5 pg/disc .
. - - Fusarium solani - in vitro [34]
aerial parts 11-epiartapshin MIC =50 pg/disc
santolinylol-3-acetate MIC =300 pug/mL
santolinylol MIC =300 pg/mL
A inci trans-ethyl cinnamate MIC =500 ug/mL
aeriziln Cl::ts isofraxidin Aspergillus flavus MIC =400 ug/mL in vitro [35]
P eupatorin MIC = 1000 pg/mL
scopoletin inactive
esculetin inactive
A. judaica essential oil Aspergillus niger MIC = 1.25 pg/disc in vitr (36]
aerial parts (piperitone, 3-bornanone) Fusarium solani MIC = 2.5 ug/disc vie
dial ofl (d Fusarium moniliforme MIC = 2000 uL/L
A. khorasanica c e:jz:elaz Oclitr(ala ‘Fa’af:;)cr;/idp(_)l Fusarium solani MIC = 1500 uL/L in vitro (37]
aerial parts Y i th m(r)l) ! Rhizoctonia solani MIC = 1000 pL/L
y Tiarosporella phaseolina MIC = 2000 uL/L
in vitro
ECs0=10.45 L
A. lavandulaefolia essential oil (eucalyptol, . . ” mg/m agar diffusion
aerial parts (-)-terpinen-4-ol, a-terpineol) Alternaria solani in vitr (201
P P s octertp ECs0 = 6.64 mg/mL viro:
spore germination
A lerc.h 1ana essential oil Sclerotinia sclerotiorum MIC =2400 pL/L in vitro [17]
fresh aerial parts (eucalyptol)
Aspergillus flavus 35.4% inhibition at 10 puL/plate
A. niger 60.6% inhibition at 10 uL/plate
A maritima essential oil A. ochraceus 56.1% inhibition at 10 puL/plate
aérial a'rnts (1,8-cineole, chrysanthenone, A. parasiticus 32.45% inhibition at 10 uL/plate in vitro [38]
P germacrene D, borneol) A. terreus 58.3% inhibition at 10 puL/plate
Fusarium moniliforme 33.9% inhibition at 10 uL/plate
Penicillium chrysogenum _ 28.6% inhibition at 10 puL/plate
. MIC =0.29 pL/mL
Aspergllrl:se/:’lavus, A. MEFC = 0.58 uL/mL i
8es 100% mycotoxin inhibition at 0.16
A. ochraceus
uL/mL
Aspergillus terreus, ~ 100% inhibition at 0.29-0.58 uL/mL in vitro
A. nilagirica essential oil (campho.r, pB- Claéqsporlum ’
shoot caryophyllene, a-thujone,  cladosporioides, Fusarium [39]
sabinene) moniliforme, Fusarium in situ
M oL
ORYSPOTII HOT 9y, disease incidence at 300 uL/2 L fumigation test on
mucedo, Penicillium grapes, 10 days
expansumni, P. storage
funiculosum, Rhizopus
stolonifer
Aspergillus flavus MIC =1.4 pL/mL in vitro
toxigenic strain MEFC =4.0 uL/mL
Alternaria alternata, 70-100% inhibition at 1.4 pL/mL in vitro
Aspergillus flavus, A.
essential oil (1,5-heptadiene-4- minutus, A. niger, A.
A. nilagirica one,3,3,6-trimethyl, artemisia sydowii, A. terreus, , (40]
aerial parts alcohol, a-ionone, benzene, Cheatomium spirale, X in situ on Eleusine
. 71% protection from fungal
methyl (1-methylethyl)) Curvularia lunata, Mucor N .. coracana seeds, 12
. . contamination at 1.4 uL/mL in air
spp., Mycelia sterilia months storage
Penicillium italicum, P.
purpurogenumRhizopus
stolonifer
essential oil (a-thujone, 3- Macrophomina phaseolina EDso = 93.23 mg/L
A. nilagirica thujone, germacrene D, 4- Rhizoctonia solani EDso = 85.75 mg/L -
. . in vitro [41]
aerial parts terpineol, 3-caryophyllene, . ..
Sclerotium rolfsii EDso = 87.63 mg/L
camphene, borneol)
A. nilagirica essential oil (a-thujone, borneol, .. e A
P 100% inhi 1 42
leaves B-thujone, 1,8-cineole) hytophthora capsici 00% inhibition at 100 ppm in vitro [42]
A. pallens methanol extract 1:10 Sclerospora graminicola Inhibition of zoo.sporangmm in vitro [43]
leaves formation
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Ap ur?)zﬂom methanol extract 1:1 Sclerospora graminicola Inhibition of zoosporangium
twigs formation
A. 1 ial oil
pDTlflC{Z essential ol Sclerotinia sclerotiorum MIC = 2400 uL/L in vitro [17]
fresh aerial parts (eucalyptol)
Aspergillus carbonarius MIC =10.6 mg/mL
Aspergillus niger MIC =21.2 mg/mL
A. proceriformis essential oil Fusarium graminearum MIC =10.6 mg/mL in vitro (44]
fresh leaves (a-thujone) F. verticillioides MIC =10.6 mg/mL
Septoria glycines MIC =2.7 mg/mL
Septoria tritici MIC = 2.7 mg/mL
A san%omca essentl.a ol Sclerotinia sclerotiorum MIC = 2400 uL/L in vitro [17]
fresh aerial parts (a-thujone)
. essential oil (acenaphthene, ECs0=12.2 mg/mL in x'ntro'
A. scoparia curcumene, (+) caryophyllene . . agar diffusion
. . Alternaria solani — [20]
aerial parts oxide, spathulenol, methyl in vitro
ECs0=3.8 mg/mL o
eugenol, B-caryophyllene) spore germination
1R, 85-dihydroxy- 11R,13- 6 mm inhibition zone at 200 ug/10
dihydrobalchanin uL
A‘, sieberi 11-epiartapshin Fusarium solani 7mm inhibition zone at 200 ug/10 in vitro [45]
aerial parts ulL
hibiti > 1
3'-hydroxygenkwanin 8 mm inl 1b1t10nMZLone at 200 ug/10
A, sicberi essential oil (camphor, 1,8-
) cineole, camphene, Botrytis cinerea 100% inhibition at 1000 ul/L in vitro [46]
aerial parts
chrysanthenone)
A. stricta £. stricta essential oil (capillene Aspergillus flavus,
’ aerial .arts spathulenol, p-car }; h ll;ene) Aspergillus niger, MIC = 0.625 mg/mL in vitro [47]
P P i YOPY Sporothrix schenckii
Aspergillus carbonarius MIC >1.20 mg/mL
A. terrae-albae  camphor, 1,8-cineole, camphene, Aspergillus niger MIC >1.20 mg/mL in vitro (48]
leaves {-thujone Fusarium graminearum MIC = 0.60-1.20 mg/mL
Fusarium verticillioides MIC = 0.60 mg/mL
A .tummca essential oil (1,8-cineol, cis- Aspergillus niger 68.6% inhibition at 1 uL/mL in vitro [49]
aerial parts verbenyl acetate, camphor)
Botrytis cinerea 60% inhibition at 2 mg/mL 1 VIvo on
Cucumis sativus
Blumeria graminis f. sp. R in vivo on
25% inhibit t2 L
hordei 5% inhibition at 2 mg/m Hordeum sativum
. O e in vivo on
A e Magnaporthe grisea 16% inhibition at 2 mg/mL Oryza sativa
w}.l(z)]le 3 Iazrs1t crude methanol extract (1:10) in vivo on [50]
P Phytophthora infestans 32% inhibition at 2 mg/mL Lycopersicon
esculentum
Puccinia recondita 52% inhibition at 2 mg/mL X 1'n vivo Or,l
Triticum aestivum
Thanatephorus cucumeris 9.3% inhibition at 2 mg/mL nvive o'n
Oryza sativa
A. 1 Inhibiti f i
vulgaris methanol extract 1:1 Sclerospora graminicola nhibition o ZOO,SP Orangtm 4 vitro [43]
leaves formation
A. oulgaris essential oil (germacrene D) Sclerotinia sclerotiorum MIC = 2400 uL/L in vitro [17]

fresh aerial parts

* To highlight the active compounds, the major constituents of the volatile oils were noted in parentheses.

The in vitro antifungal activity was frequently determined by the agar diffusion test,

which involves placing the tested plant extract in wells or paper discs on the agar plate
previously inoculated with the pathogen [24,25]. Since essential oils diffuse less in the
culture medium, it was preferred to include them in agar after prior solubilization,
followed by inoculation of the pathogen [20,31,42]. Moreover, for volatile compounds, the
fumigation method was used [20]. In vivo antifungal evaluations involved treating the
plants with the tested compounds/extracts by spraying them followed by inoculation
with the fungal pathogen or by including the compounds in the soil and then planting



Molecules 2021, 26, 3061

7 of 41

the inoculated seedling in the treated soil. The disease severity was assessed after a period
of infection [21,50]. In situ antifungal efficacy against postharvest pathogens was
determined by fumigation in the case of stored foods [39,40].

The extraction method influences the antifungal activity of the volatile oil, as can be
seen from the investigation carried out by Julio et al. [18]: A. absinthium oil obtained by
steam pressure extraction was more effective in inhibiting mycelium growth than that
obtained by hydrodistillation, which was due to a different ratio of the major volatile
compounds. Similarly, A. argyi essential oil obtained by simultaneous distillation—
extraction had a higher antifungal activity compared to oils prepared by subcritical
extraction or hydrodistillation. Although regardless of the extraction method, the oils had
the same five major compounds, in the oil obtained by simultaneous distillation—
extraction, the sesquiterpene compounds predominated [25]. Conversely, in the case of A.
chamaemelifolin  essential oil, the method of extraction—microwave-assisted
hydrodistillation and classical hydrodistillation —had no influence on the inhibitory effect
against the tested fungi. Both oils contained the same major compounds in comparable
ratio [30].

The type of extract, the part of the plant used, and the time of harvest also influence
the antifungal activity, as underlined in a study carried out with methanol, ethanol, and
hexane extracts of Artemisia annua against Aspergillus niger and A. flavus. Whole plant
extract was the most efficient in inhibiting the growth of the two fungi, regardless of the
type of extract, compared to root, leaf, or stem extracts. Regarding the extraction solvent,
ethanol extract had the highest inhibitory effect, followed by methanol and hexane, on
both fungal species. Although the harvesting period of the plant had little influence on
the antifungal activity, most of the extracts made with the plant collected during anthesis
were more active [22].

From analyzing literature data, it appears that sesquiterpenes components of the oil
have significant antifungal activity. Oxygenated sesquiterpenes were the major
components of A. khorasanica volatile oil active against four soil-borne phytopathogenic
fungi [37]. Artemisia scoparia essential oil, rich in sesquiterpenes, was more efficient in
inhibiting mycelial growth and spore germination of Alternaria solani compared to A.
lavandulaefolia and, especially, A. annua oils, where monoterpenes were the major
compounds. Furthermore, the mode of volatile oil administration influences the outcome:
A. lavandulaefolia oil was more effective when applied by fumigation than when mixed in
the agar medium [20].

Alongside the sesquiterpenes, it seems that thujones present in high amounts in the
volatile oil are associated with intense antifungal activity [32,42]. To prove this point, Shafi
et al. [42] used a mixture of thujones (a-thujone, 3-thujone, and fenchone) at the same
concentration instead of A. nilagirica oil to achieve the same result against Phytophthora
capsici—100% inhibition. Borneol was also tested in the aforementioned study and showed
no antifungal activity. On the other hand, the antifungal property of A. terrae-albae
essential oil against Fusarium spp. was associated with the presence of camphor, 1,8-
cineole, camphene, a- and B-thujone, borneol, and the high content of oxygenated
monoterpenes [48]. Other oxygenated monoterpenes, piperitone and carvone, were
correlated with the antifungal activity on Penicillium citrinum and Mucor rouxii; the two
ketones are major components of A. herba-alba volatile oil [33].

Some volatile compounds (L-camphor; DL-camphor, -caryophyllene, and
camphene) from A. annua oil were as efficient as synthetic antifungal products such as
flutriafol and hymexazol against Fusarium oxysporum and F. solani, in vitro [21]. Different
compounds isolated from the methanol extract of A. incisa were tested against Aspergillus
flavus with various results: two monoterpenes and one phenolic acid derivative were more
active compared to flavones and coumarins, the latter being less active [35].

Moreover, the synergistic action of essential oils and chemical fungicides was
evaluated. Thus, A. annua essential oil combined with flutriafol exhibits additive
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inhibitory effect against Fusarium solani, while with hymexazol, it manifests synergistic
activity on F. solani and additive action on F. oxysporum [21].

Most Artemisia extracts were tested on Fusarium, Alternaria, Aspergillus, and
Penicillium species. Fungi have different susceptibility to varied antifungal compounds:
for example, Fusarium solani was moderately sensitive to the action of isolated substances
from A. sieberi (two sesquiterpene lactones and one methoxylated flavone), while
Alternaria alternata and Aspergillus niger were resistant [45]. In an analogous manner,
Aspergillus niger was sensitive to the methanol extract of A. campestris and resistant to A.
vulgaris extract, despite similar quantities of flavonoids and phenolic compounds.
Quercetin was reported in higher amounts in A. campestris extract and seems to be
correlated with antifungal activity [28].

Few studies assessed the antifungal activity in vivo. Ma et al. [21] showed that the
petroleum ether extract of A. annua, imitating the composition of the essential oil,
decreased the incidence of infected Panax notoginseng plants when added in the culture
mixture. A. vulgaris crude methanol extract exhibited weak to moderate antifungal activity
against Magnaporthe grisea, Thanatephorus cucumeris, Botrytis cinerea, Phytophthora infestans,
Puccinia recondite, and Blumeria graminis when tested on plants grown in greenhouse
conditions [50].

Stored foods can be degraded by fungi such as Alternaria spp., Penicillium spp., and
Mucor spp., which reduce their quality and make them unsuitable or even toxic for
consumption. The use of chemical products for the control of postharvest pathogens
endangers the environment, human health, and can induce resistance to fungicides. Such
being the case, some investigations tried to estimate the reduction of postharvest fungal
spoilage after treatment with Artemisia extracts. Fumigation of table grapes with A.
nilagirica essential oil (200-300 pL) decreased the weight loss, berry shrinkage, and berry
browning, increasing the shelf life for up to 10 days [39]. In addition, A. nilagirica volatile
oil at a concentration of 1.4 uL/mL in airtight containers provided 71% protection from
fungal contamination after 12 months of storage to millet grains [40].

In addition to the direct inhibition of postharvest phytopathogenic fungi, some
studies also evaluated the mycotoxins suppression ability of plant extracts. For instance,
Artemisia herba-alba keto-rich essential oil completely inhibited the toxin production
(penicillic acid, terrestric acid, brevianamide A, aurantiamine, xanthomegnin) for P.
aurantiogriseum at 0.44% and for P. viridicatum at 0.22% [32]. Similarly, Artemisia nilagirica
essential oil inhibited the production of aflatoxin Bi by Aspergillus flavus toxigenic strain
at 1 uL/mL. A common seed contaminant, aflatoxin B1 is a powerful human carcinogen
and a serious health risk; it also contributes to food deterioration by lipid peroxidation
[40]. In another experiment, A. nilagirica volatile oil (0.16 uL/mL) completely inhibited the
production of aflatoxin B1 by Aspergillus flavus and ochratoxin A by A. niger and A.
ochraceus [39].

The phytocompounds mechanism of action against fungi involves the inhibition of
enzymes that control energy or structural compounds production, degeneration of fungal
cell wall with loss of cytoplasm, and plasma membrane dysfunction. Due to their
lipophilic nature, components of essential oils can penetrate cell walls, increase cellular
membranes permeability and disturb the fungal cells metabolism, causing their death [11].
Monoterpenes delay sclerotic differentiation and promote the generation of lipid
peroxides, which can lead to cell death, while phenols present in the essential oil bond to
the active sites of fungal enzymes through their hydroxyl group [51]

In addition, spore germination and germ tube growth are negatively influenced by
terpenes from the essential oil. A. annua volatile oil arrested mycelia growth and conidia
germination of Fusarium oxysporum and Fusarium solani [21]. Electron microscope
observations proved that A. argyi essential oil affected the cell morphology and the
structure of cell walls in Aspergillus niger [25]. An earlier study showed that Artemisia
herba-alba essential oil inhibited mycelium growth, spore germination, and sporulation of
Zygorrhynchus spp., Aspergillus niger and Penicillium italicum [52].
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The antifungal mode of action of A. nilagirica essential oil was investigated by Kumar
et al. The fungal cells treated with 1.4 uL/mL volatile oil exhibited important deformity
and shrinkage, detachment of plasma membrane from the cell wall, and development of
lomasomes. At the same dose, A. nilagirica essential oil completely inhibited ergosterol
synthesis in the cell membrane of Aspergillus flavus and provoked the leakage of Ca?, K,
and Mg?* ions from the cell [40].

It is worth mentioning that in addition to the secondary antifungal metabolites
produced by plants, certain endophytic organisms present in Artemisia species are able to
inhibit the development of phytopathogenic fungi. Thus, in the root, stem, and leaves of
A. argyi, researchers identified endophytes (Bacillus subtilis, B. cereus, Paenibacillus
polymyxa) that produce substances capable of inhibiting the growth of the mycelium of
Fusarium oxysporum, Magnaporthe grisea, and Alternaria alternata [53].

2.2. Antibacterial Activity

Only a small number of studies investigated the effect of Artemisia spp. extracts on
phytopathogenic bacteria. For instance, different A. nilagirica leaves extracts were tested
in vitro against four phytopathogenic bacteria, Erwinia spp., Clavibacter michiganense,
Pseudomonas syringae, and Xanthomonas campestris, which cause diseases in potato, tomato,
leafy greens, carrot, onion, and green pepper. The hexane extract was the most efficient in
inhibiting all tested bacteria with MIC of 32 pug/mL. The ethanol, methanol, diethyl ether,
and chloroform extracts were moderately active against the four bacteria, while the
petroleum ether extract was the least effective [54]. Methanol, ethanol, and chloroform
extracts from leaves of Artemisia parviflora (1:6 w/v) were almost ineffective against
Xanthomonas vesicatoria and Ralstonia solanacearum, with inhibition zones of 1 and 2 mm
[55].

The essential oil of Artemisia turanica exhibited inhibitory activity at 2% (v/v)
concentration against tumor galls induced by Agrobacterium tumefaciens on potato discs,
but it did not demonstrate antibacterial activity in vitro against A. tumefaciens at the same
dose [49]. In addition, the methanol extracts of roots, leaves, and flowers of Artemisia
fragrans inhibited tumor growth in different percentages at 10, 100, and 1000 ppm. Leaves
and flowers extract had the highest inhibition at all concentration (20, 38, 46%) compared
to root extract (15, 24, 34%). No extract had any significant effect on the viability of A.
tumefaciens when tested by agar diffusion assay [56].

Dadasoglu et al. [57] evaluated the antibacterial activities of essential oils, hexane,
chloroform, acetone, and methanol extracts from the aerial parts of A. santonicum, A.
spicigera, and A. absinthium against 25 plant pathogenic bacterial strains. A. spicigera
essential oil was only active (MIC = 500 uL/mL) against Erwinia amylovora, Pseudomonas
syringae pv. syringae, and Xanthomonas axonopodis pv. vesicatoria. The volatile oil of A.
absinthium exhibited moderate activity (MIC = 250-500 uL/mL) against most of the
phytopathogenic bacteria. A. santonicum essential oil was the most effective with MIC
values 125-250 uL/mL on 22 out of 25 bacteria tested, with the exception of Pseudomonas
aeruginosa, P. cichorii, and Clavibacter michiganensis subsp. michiganensis. None of the
Artemisia solvent extracts manifested antibacterial activity on the tested strains. The main
constituents of A. absinthium oil were chamazulene, nuciferol butanoate, nuciferol
propionate, and caryophyllene oxide, while A. santonicum and A. spicigera oil shared
similar major components: camphor, 1,8-cineole, cubenol, borneol, terpinen-4-ol, and a-
terpineol.

In the previously mentioned study, some constituents isolated from the essential oils
were evaluated individually for their antibacterial activity. Caryophyllene oxide,
camphor, borneol, and 1,8-cineole did not show activity against the phytopathogenic
bacteria. Terpinen-4-ol inhibited the growth of all tested bacteria with MIC values ranging
from 60 to 110 uL/mL and linalool blocked the development of 22 bacterial strains with
MIC values in the 50-110 pL/mL domain. a-Terpineol was active (MIC = 60-70 uL/mL)
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only on Pseudomonas cichorii, P. huttiensis, P. syringae pv. syringae, and Xanthomonas
axonopodis pv. vesicatoria [57].

The essential oil extracted from fresh leaves of Artemisia proceriformis manifested
weak antimicrobial activity against four bacteria: Erwinia carotovora (MIC = 21.2 mg/mL),
Pseudomonas corrugate (MIC =21.2 mg/mL), Pseudomonas syringae (MIC = 5.31 mg/mL), and
Xanthomonas vesicatoria (MIC > 42.5 mg/mL). The major component was a-thujone, in
proportion of 66.9% [44].

Terpenes and phenolic compounds found in the essential oils are responsible for the
intense antimicrobial activity. Terpenes have the ability to increase membrane
permeability by infiltrating the phospholipidic bilayer; the damage to the bacterial
membrane causes the loss of cytoplasmic components, which leads to cell death. Plant
extracts are studied not only as inhibitors of bacterial growth, but also for the prevention
of biofilm formation. Such is the case of A. herba-alba, A. absinthium, and A. campestris
essential oils that can reduce biofilm formation by up to 70% [58].

2.3. Insecticidal Activity

Insects are the more diverse group of animals on Earth, and only 0.5% are considered
pests. Nonetheless, herbivorous insects destroy every year one-fifth of the world’s crop
production. Synthetic chemicals used to control insect pests are toxic to humans, animals,
and the environment through accumulation. In addition, the development of insecticide
resistance and the migration of harmful insects require the search for an alternative for
plant protection. Considering these facts, botanical insecticides represent a viable
substitute with low toxicity toward humans and the environment [59].

Plant-derived substances or plant extracts usually have a lower acute toxicity toward
insects compared to synthetic insecticides. Nevertheless, their subacute toxicity was
frequently noted and is important because it can limit insect spreading (diminished
fertility, fecundity, vitality, or shorter lifespan) and decrease crop loss due to repellent,
suppressant, or deterrent activity. These effects are generally called “antifeedant” and are
manifested in insects by lower weight and body size, decreased fertility, and altered
behavior [60].

Artemisia compounds can influence insects by direct contact or fumigation, can repel
insects or keep them from feeding, or can hinder their reproduction. Volatile compounds
can induce toxicity to insects via inhalation or direct contact by forming an impermeable
film on the cuticle leading to suffocation. Some volatile components can penetrate through
the cuticle, affecting cellular membrane function and oxidative phosphorylation [61].
Phytochemicals such as cinnamyl alcohol, eugenol, and trans-anethole can activate
octopamine receptors, interfering with the normal activity of octopamine, a
neurotransmitter, neuromodulator, and neurohormone in an invertebrate system [62].
Furthermore, volatile compounds can interfere with the y-aminobutyric acid (GABA)
receptor in insects [14]. Other studies reported the inhibition of acetylcholinesterase by
1,8-cineole, (-)-citronellal, limonene, a-pinene, pulegone, and 4-terpineol [63] or inhibition
of adenosinetriphosphatase by essential oils [64]. In addition, plant substances may cause
the suppression of cytochrome P450 in insects (the enzymes responsible for phase I
metabolism of xenobiotics) and may alter various biochemical processes, which shift the
balance of the endocrine system [14].

The activity of Artemisia compounds and extracts depends on the solvent used, the
susceptibility of pest species to the active substance, the development stage of the insect,
whether it is male or female, and the method of application. Table 2 lists the more recent
studies on insecticidal activity of Artemisia genus. Essential oils and volatile compounds
can be applied via fumigation, which is a procedure used frequently in the pest
management of stored products. This method has obvious advantages such as the
possibility to spread the substance evenly, even in unreachable places, and the ability to
maintain an effective level of insecticides within a closed space [60]. Some of the
shortcomings of natural insecticides are poor water solubility and rapid degradation in
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the environment, leading to low persistence and poor efficiency. To solve these problems,
plant insecticides may be formulated as micro- and nanocapsules, nanoparticles, or
nanoemulsions. These nanoformulations can increase the solubility, persistence, and
stability of bioinsecticides, enhancing their activity and, at the same time, limiting their
negative impact on the environment [65].

Table 2. Insecticidal activity of Artemisia compounds and extracts.

Artemisia spp. Extract or Compound Tested Target Species Reference
Leptinotarsa decemlineata
essential oil My zus‘p eraicae . [18]
Rhopalosiphum padi
Spodoptera littoralis
essential oil Trialeurodes vaporariorum [66]
Tuta absoluta
essential oil Tetranychus cinnabarinus [67]
essential oil Diaphania hyalinata [68]
methanol extract Sitophilus oryzae [69]
A. absinthium essential oil Ory Saep hlzlus SUTHLATENSIS [70]
Tribolium castaneum
powdered plant Oryzaephilus surinamensis [71]
e‘t/\}]:rile:i:;zt Hyphantria cunea [72]
supercritical extracts Spodoptera littoralis [73]
essential oil Myzus persicae [74]
essential oil
(—)f:(?:‘;)/?s(;fcl)lol Diaphorina citri [75]
chamazulene
me;;aei(;ilaelxotirlact Helicoverpa armigera [76]
methanol extract
artemisinic acid
artemisinin
scopoletin
arteannuin-B Helicoverpa armigera [77]
deoxy-artemisinin
A. annua .
artemetin
casticin
chrysosplenetin
essential oil Glyphodes pyloalis [78]
methanol extract Pieris rapae [79]
methanol extract Hyphantria cunea [80]
methanol extract Glyphodes pyloalis [81]
essential oil Diaphania hyalinata [68]
A. arborescens essential oil Rhysopertha dominica [24]
A. argyi ethanol extract Brevicoryne brassicae [82]
essential oil Diaphania hyalinata [68]
e&iﬁ:ﬂeﬁ:ﬁ;ﬁt Hyphantria cunea [72]
essential oil Plodia interpunctella [83]
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Liposcelis bostrychophila

ial oil 4
essentialol Sitophilus zeamais [84]
essential oil
A. frigida terpinen-4-ol Lasioderma serricorne
verbenone ) . .
Liposcelis bostrychophila [85]
camphene .
. Tribolium castaneum
a-terpineol
a-terpinyl acetate
A. herba-alba essential oil Orysa.ep hlzlus SUTLIATIETISLS [70]
Tribolium castaneum
A. judaica essential oil Sitophilus orizae [64]
essential oil
. 1,8-cineole . .
A. lavandulaefolia Lasioderma serricorne [86]
chamazulene
[-caryophyllene
A monosperma essential oil Sitophilus orizae [64]
' P essential oil Aphis nerii [87]
A. nilagirica cow urine extract Scirpophaga incertulas [88]
A. spicigera essential oil Dendroctonus micans [89]
Callosobruchus maculatus
essential oil Rhyzopertha dominica [90]
A vuleari Tribolium castaneum
. vulgari
8arts essential oil Diaphania hyalinata [68]
t tract
water extrac Hyphantria cunea [72]

ethanol extract

2.4. Nematicidal Activity

Plant parasitic nematodes cause severe yield losses in different crops, especially in
tropics and subtropics. Frequent nematodes that affect plants include Meloidogyne (root-
knot nematodes), Pratylenchus (lesion nematodes), Xiphinema (dagger nematodes),
Aphelenchoides (foliar nematodes), Globodera (potato cyst nematodes), and Heterodera
(soybean cyst nematodes). Meloidogyne species induce histological damages to roots, with
the appearance of visible galls. Some phytoparasitic nematodes act as vectors for plant
viruses, such as Xiphinema species [91].

Various Artemisia species were evaluated for nematicidal activity, some with
promising results. For instance, A. judaica essential oil (1 uL/L) caused 85% mortality on
Meloidogyne javanica second-stage juveniles and inhibited the hatching of eggs. The main
component of the essential oil was artemisia ketone. In the same study, A. arborescens and
A. dracunculus essential oils were poorly active on the root-knot nematode [92]. In vitro
toxicity of Artemisia annua essential oil was evaluated against second-stage juveniles of
Meloidogyne incognita and pre-adults of Rotylenchulus reniformis (reniform nematode).
Concentrations of 500 and 250 ppm induced 100% mortality in both nematode species
[93]. Moreover, there are reports of nematicidal activity exhibited by the alcoholic and
aqueous extracts of Artemisia annua against Meloidogyne incognita and Pratylenchus loosi
(tea root lesion nematode) [91].

Artemisia herba-alba essential oil produced 94.4% mortality on Meloidogyne incognita
second-stage juveniles at 15 ug/mL and 100% mortality on Xiphinema index females at 2
ug/mL, after 24 h exposure. However, mixed-age infective specimens of Pratylenchus
vulnus were more resistant to the activity of A. herba-alba essential oil with mortality values
ranging from 56.8% to 67% after 24 to 96 h of exposure. The major components of the
essential oil were cis- and trans-thujone, camphor, 1,8-cineole, trans-chrysantenyl acetate,
and camphene. In an additional test, the three nematode species were exposed to various
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compounds of the essential oils of four plants, including A. herba-alba. Borneol and a-
pinene manifested poor to moderate activity, while limonene lack activity on the three
nematode species. Camphor exhibited a moderate nematicidal effect, whilst thymol and
thujone (mixture of cis-thujone, 70% and trans-thuione) displayed strong activity against
M. incognita, and less so on P. vulnus and X. index. The fact that the activity of the
components of the volatile oil is weaker than that of the whole oil suggests a possible
synergistic action of the mixture. In addition, soil treatments with 100 or 200 pg/kg A.
herba-alba essential oil, by fumigation or application of water solution, significantly
inhibited nematode density on tomato roots and in soil and also increased the plant
biomass. Fumigation was proven to be more effective than drenching treatment [94].

A. absinthium essential oil (B-thujone 51% and linalyl acetate 24%) had over 99%
mortality rate at 0.25 and 0.5% concentrations (v/v) against Meloidogyne javanica juveniles
in an in vitro test. Furthermore, in vivo experiments were conducted in order to assess the
ability of the essential oil to inhibit root-knot nematode development after being absorbed
by the tomato plants. It was observed that spraying the oil on tomato leaves actually
increased the number of galls and eggs in treated plants, and applying the essential oil
into the soil at 0.25% and 0.5% concentrations did not lower the number of galls or
nematode eggs in tomato plants. The authors believe that the nematicidal compounds
could have been volatilized or degraded by microorganisms in the soil or by the plant, or
possibly, the root exudates were modified by the absorbed essential oil, making the
tomato plants more appealing to the nematodes [95]. In another study, commercially
available A. absinthium volatile oil had only a slight effect on Meloidogyne javanica in vitro
(the median lethal dose LCso of 937 ug/mL at 48 h and 734 ug/mL at 72 h). The major
components of the oil were borneol acetate, -terpineol, 1,8-cineol, linalool, sabinene, and
o-cymene [96].

The nematicidal activity of Artemisia absinthium hydrolate, a by-product of essential
oil extraction, was evaluated on the root-knot nematode, Meloidogyne javanica. The
hydrolate caused high mortality of second-stage juvenile and suppression of egg hatching,
proving the ability of the A. absinthium hydrolate to penetrate the gelatinous matrix of
eggs. In vivo tests showed a strong inhibition of juveniles’ penetration in the tomato roots.
Soil treatment with A. absinthium hydrolate (60% and 20% concentrations) significantly
reduced the reproductive capacity of root-knot nematode and the infection frequency. The
main component of the hydrolate, responsible for the nematicidal activity, was identified
as (5Z)-2,6-dimethylocta-5,7-dien-2,3-diol [97].

Kalaiselvi et al. [98] showed that essential oils of A. nilagirica plants collected from
high and low altitude have different composition and different nematicidal activity
against Meloidogyne incognita (LCsoush of 5.75 and 10.23 ug/mL, respectively). a-thujone, a-
myrcene, and linalyl isovalerate were the main components of high-altitude A. nilagirica
volatile oil, while the low-altitude plants produced an oil composed mostly of camphor,
caryophyllene oxide, eucalyptol, humulene epoxide II, a-humulene, and 3-caryophyllene.
Experiments carried out in vivo by soil irrigation with the essential oil revealed that both
volatile oils significantly reduced the infection of tomato plant (number of nematode
juveniles and eggs) and enhanced plant growth (fresh weight of aerial parts and roots) at
20 ug/mL. Again, the effect was greater for the oil originated from high-altitude A.
nilagirica. Moreover, the ethanol extract of flowering parts of A. nilagirica (1 mg/mL)
exhibited nematicidal activity against Meloidogyne incognita, as reported by an earlier
study [99].

Various hypotheses have been advanced as explanations for the nematicidal effects
of essential oils: disruption of cell membrane permeability and obstruction of its functions,
irreversible modifications of proteins structures from the nematode surface induced by
aldehydes, inhibition of acetylcholinesterase with build-up of neurotransmitter in the
central nervous system of the nematode followed by convulsion, paralysis, and death [11].
Research on A. nilagirica essential oil ascribe the nematicidal action to an increased
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generation of intracellular reactive oxygen species, activation of signaling pathway of
apoptosis, and DNA damage prompting cell death [98].

In addition to the essential oils and their volatile compounds, few other substances
from Artemisia genus have been tested for their activity against plant nematodes. Thirteen
chemical compounds (apigenin, bonanzin, nepetin, dihydroluteolin, scopoletin,
isoscopoletin, benzoic acid, [3-sitosterol, y-sitosterol, betulinic acid, friedelin, linoleic acid,
and a long chain ketone) isolated from Artemisia elegantissima and Artemisia incisa were
tested in vitro and in vivo for nematicidal activity against M. incognita. All phytochemicals
significantly inhibited egg hatching and induced high mortality of second-stage juveniles
at the tested concentrations (0.1, 0.2, and 0.3 mg/mL). Isoscopoletin was even more
effective than the positive control carbofuran. In addition, application of the compounds
as a root drench (0.1 mg/mL) on potted tomato plants caused a marked reduction of galls,
galling index, and egg masses on plant roots, numbers of juveniles in the rhizosphere soil,
and also improved tomato plant growth parameters (shoot and root length and weight).
Isoscopoletin and apigenin were the most active compounds [100].

2.5. Herbicidal Activity

One of the most influential groups of plant secondary metabolites is the
allelochemicals. They are released into the environment in order to affect the germination,
growth, behavior, survival, and reproduction of competing plants, which is a process
better known as allelopathy. They are produced mainly in the plant's roots, seeds, flowers,
and leaves, and their synthesis depends on the changes of the climate conditions as well
as exposure to biotic or abiotic stress. Allelochemicals activity can be harmful or beneficial
for the growth and survival of target species [101]. The destructive effect of
allelochemicals is crucial for defending plants against herbivores and providing an
advantage in the competition for resources [102]. In agroecosystems, allelopathy can
influence weed management, and plant allelochemicals could be employed as
bioherbicides in order to reduce the negative impact of chemical herbicides on the
environment [103].

The allelopathic properties of Artemisia species are well known [104-110], so it was
expected that numerous studies would investigate their herbicide potential on various
weeds. Most researchers focused on the volatile oils, and only a few dealt with aqueous
or alcoholic extracts (Table 3). The phytotoxic effect of essential oils is owed to multiple
mechanisms of action: inhibition of cell division, decrease of mitochondrial respiration,
reduction of photosynthetic pigments and photosynthesis, generation of radical oxygen
species in excess and oxidative impairment, destruction of waxy cuticular layer, inhibition
of enzymes activity, water uptake, and alteration of gibberellic acid content [102,111,112].
Most of these actions are correlated with the presence of oxygenated monoterpenes. For
example,1,8-cineole and camphor inhibit DNA synthesis, cell proliferation, and
elongation [113].

Table 3. Phytotoxic activity of Artemisia compounds and extracts.

Artemisia
Species Extract * or Compound Tested =~ Weed/Target Plant Observed Effect Reference
essential oil . Suppression of root and leaf growth
. . . Lolium perene .2
o (cis-epoxyocimene, (-)-cis- No effect on seed germination
A. absinthium
. chrysanthenol, chrysanthenyl . [18]
aerial parts . ) Suppression of root and leaf growth
acetate, linalool and f3- Lactuca sativa .2
No effect on seed germination
caryophyllene)
A. absinthium essential oil L . Complete inhibition of seed germination and
Sinapis arvensis [114]

fresh aerial parts

(B-thujone, chamazulene)

seedling growth at 2 uL/mL

A. absinthium
leaves

aqueous extract
1:10 w/v

Inhibition of seed germination, shoot and root
Parthenium hysterophorus — growth, reduction of chlorophyll and carotenoid [105]
content, at 25, 50, 75, and 100%
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Enhanced malondialdehyde levels, phenolic
content and increased activity of antioxidative
enzymes, at 25, 50, 75, and 100%
Decreases growth criteria (root and shoot length
and fresh weight, number of leaves) at 1-100
A. absinthium . mg/mL
shoot and root aqueous extract Chenopodium albunm No effect on sgeed germination (115]
Increased peroxidase and superoxide dismutase
activity in root
Triticum aestivum No effect on seed germination
A. ofra Brassica napus Complete inhibition of seed germination
leaves aqueous extract Medicago sativa Increased germination rate [116]
re? istant aer non Significant inhibition of seed germination
resistant Lolium spp.
In vitro, complete inhibition of seed germination, at
10 and 100 pg/L
essential oil Amaranthus retroflexus In vivo, plant death, at the E(iyledon stage (100
A. annua (1,8-cineole, trans-sabinyl mg/L) and true leaf stage (1000 mg/L) [117]
flower heads acetate, artemisia ketone, In vitro, complete inhibition of seed germination, at
camphor a-pinene) Setaria viridis . 100 pg/L
In vivo, plant death, at the cotyledon stage (100
mg/L) and true leaf stage (1000 mg/L)
Secale cereale, Hordeum
A. annua artemisifﬁn vulgare, Artemisia annua, Inhibition of seed germination
R arteannuin B Portulaca oleracea, . [118]
aerial parts e . Inhibition of shoot and root growth
artemisinic acid Amaranthus blitun, Lactuca
sativa, Raphanus sativus
Inhibition of root and shoot elongation, reduced cell
division and cell viability in root tips, at 10 uM
A. annua artemisinin Lactuca sativa Reduced chlorophyll a and b levels [119]
Increased malondialdehyde and proline levels, at 1
uM
Reduction of fresh biomass, chlorophyll a, b, and
leaf mineral contents at 40-160 uM
Reduction of photosynthetic efficiency, yield, and
A. annua artemisinin Arabidopsis thaliana  electron transport rate, calcium and nitrogen levels [120]
at 80 and 160 pM
Elevated lipid peroxidation (malondialdehyde
contents) at 80 and 160 pM
sesamin Agrostis Stolonlzferu, Growth inhibition at 1 mg/mL
A. arborescens ashantin Lactuca sativa
shoot sesamin Lemna paucicostata Growth inhibition ICso = 401 uM (107]
ashantin Lemna paucicostata Growth inhibition ICso = 224 uM
Inhibition of seed germination
EDso = 1.61-3.05 mg/mL
crude methanol extract Lactuca sativa, Raphanus Inhibition of root growth
A. arborescens sativus, Amaranthus EDso = 1.22-3.14 mg/mL
. p_—— —— (121]
leaf litter retroflexus, Cynodon Inhibition of seed germination
hexane, chloroform, dactylon EDso=1.19-6.25 mg/mL
and ethyl acetate fractions Inhibition of root growth
EDs0 = 0.92-3.98 mg/mL
crude methanol and aqueous Inhibition of seed germination and root growth
A. arborescens extracts . EDso = 0.5-2.8 mg/mL
X Lactuca sativa — — [122]
aerial part ethyl acetate, n-hexane, Inhibition of seed germination and root growth
chloroform, n-butanol fractions EDso = 0.4-5.4 mg/mL
L Brassica pekinensis, Lactuca Inhibition of germination, root and stem growth,
water extract (caffeic acid, , . .
K o sativa, Oryza sativa and biomass (at 50, 100, and 150 ng/mL)
A. argyi schaftoside, 4-caffeoylquinic Brassica pekinensis, Lactuca
1 acid, 5-caffeoylquinic acid, 3,5- . i Inhibition of germination and growth in pot [108]
eaves sativa, Oryza sativa,

dicaffeoylquinic acid and 3-

caffeoylquinic acid)

Portulaca oleracea, Oxalis
corniculata, Setaria viridis

experiment (A. argyi powder mixed into sand soil at
the ratio 100:0, 100:2, 100:4, and 100:8)
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A campestris essential oil Daucus carota, Cicer Reduces seed germination at 1000-2000 ppm
' leafes (B-pinene, 1, 8-cineole, p- arietinum, Phaseolus Enhances seed germination at 100 ppm [123]
cymene, myrcene) vulgaris, Triticum sativum Delays the germination of D. carota seeds
A dracunculus Medicago minima, Rumex
. essential oil crispus, Taraxacum No effect on seed germination at 0.3-1.2 mg/L [124]
aerial parts -
officinale
A. dracunculus leachate Lactuca sativa Radicle growth inhibition [125]
Important reduction in the shoot, root, and plant
length, shoot and root fresh weight, shoot and root
igh
A. fragrans essential oil Inhibitefii rs};e‘:lmirrtnination
- 3 (a-thujone, camphor, 1,8- Convolvulus arvensis N 8 - [126]
aerial parts cineole, B-thujone) Significant decrease of photosynthetic pigments
§ ) and antioxidant enzymes
Increased production of H202and malondialdehyde
content, and membrane leakage
A.
fragrans . Inhibition of root growth at 1000 ppm
roots, leaves, and methanol extracts Raphanus raphanistrum . L [56]
Inhibition of seed germination at 7500 ppm
flowers
volatile organic compounds Melitotus suaveolens,
.. (1,8-cineole, camphene, (E)-3- Sorghum sudanense, Significantly decreases the seed germination and
A. frigida . . . [127]
hexen-1-ol acetate, a-terpineol, Elymus dahuricus, seedling growth
[-terpineol) Agropyron cristatum
A. judaica essential oil . Reduced seed germination, shoot and root growth
; L. Lactuca sativa [36]
aerial parts (piperitone, 3-bornanone) at 250-1000 uL/L
aqueous extract Lactuca sativa, Artemisia
tial oil princeps, Achyranthes
A. lavandulaefolia . essentia 01, japonica, Oenothera odorata, Inhibition of root growth
(1,8-cineole, a-terpineol, a- . - - [128]
leaves ’ Plantago asiatica, Aster Inhibition of seed germination
terpinene, camphor, azulene, 2- L
yomena, Elsholzia ciliata,
buten-1-ol) ,
Raphanus sativus
Stimulation of seed germination at 1% and 2%
A. monosperma concentration
. mon m . - s
. P aqueous extract Phaseolus vulgaris Inhibition of seed germination at 3% and 4% [129]
aerial parts .
concentration
Inhibition of amylase and protease activity
Reduction of germination percentage, plumule and
aqueous extract . . .
radicle growth, and seedling dry weight
A. monosperma . ' Medicago polymorpha Inhibitory effe.cts on leaf area index., [130]
aerial parts  crude plant powder mixed with total photosynthetic pigments, total available
clay loam soil carbohydrates and total protein, in pot culture
bioassay
tial oil
A. scoparia (B-m rcenZss(i;llli?ng;ene 2)p Avena fatua, Cyperus Important reduction in germination, seedling [131]
fresh leaves Y o . rotundus, Phalaris minor growth, and dry matter at 0.07-0.7 mg/mL
ocimene, y-terpinene)
Inhibition of seed germination, root and shoot
Achyranthes aspera, Cassia growth at 10, 25, and 50 pg oil/g sand
A scoparia essential oil occidentalis, Parthenium Chlorosis, necrosis and complete wilting of plants 1
fre‘sh IZaves (p-cymene, B-myrcene, (+)-  hysterophorus, Echinochloa to 7-days after spraying with oil (2%, 4%, and 6%, [132]
limonene) crus-galli, Ageratum v/v)
conyzoides Significant decline in chlorophyll content and
cellular respiration, electrolyte leakage
essential oil Inhibition of root and shoot growth
(a-thujone, eucalyptol) Amaranthus retroflexus, 1Cs0 = 1.89-4.69 mg/mL
A. sieversiana a-thujone Medicago sativa, Poa ICs0 = 1.55-6.21 mg/mL [133]
fresh aerial parts eucalyptol annua, Pennisetum ICs0 = 1.42-17.81 mg/mL
-thui alopecuroides
a-thujone a.nd eucalyptol p ICs0 = 0.23-1.05 mg/mL
mixture
Red t and shoot that1.5 L
essential oil Amaranthus retroflexus ecuees root and shoot growth a Hg/m
A. terrae-albae . . Completely inhibits seed germination at 3 pg/mL
- (a-thujone, - thujone, [134]
aerial parts Reduces root and shoot growth at 1.5 ug/mL
eucalyptol, camphor) Poa annua R L
Completely inhibits seed germination at 5 ug/mL
A. verlotiorum essential oil Amaranthus retroflexus In vitro, complete inhibition of seed germination, at [117]

flower heads (chrysanthenone,

10 and 100 pg/L
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1,8-cineole, 3-pinene, camphor In vivo, plant death, at the cotyledon stage (100
2,6-dimethyl phenol, 8- mg/L) and true leaf stage (1000 mg/L)
caryophyllene) In vitro, inhibition of seed germination, at 10 and
L 100 pg/L
Set d
cartay s In vivo, plant death, at the cotyledon stage (1000
mg/L) and true leaf stage (1000 mg/L)
Inhibition of seed germination, radicle, and
hypocotyl length at 7.5% to 10% w/v, in Petri dish
Amaranthus retroflexus bioassays
A vuleari Inhibition of seedling emergence and plant growth,
ae.rtuabi gz:ltss aqueous extract in pot culture bioassays [104]
i
P Stimulation of radicle and mesocotyl growth at
7.5% to 10% w/v, in Petri dish bioassays
Zea mays . . . .
Stimulation of plant biomass, in pot culture
bioassays
Agrostemma githago,
Amaranthus retroflexus,
. Cardaria draba, . .
A. vulgaris L . Inhibition of root and shoot growth and reduction
essential oil Chenopodium album, L [135]
leaves and flowers . : of germination rate (at 2, 5, 10 and 20 uL/plate)
Echinochloa crus-galli,
Reseda lutea, Rumex
crispus, Trifolium pratense
Triticum aestivum Inhibition of shoot and root growth by all
A. vulgaris (winter wheat) concentrations (1:6250 to 1:10)
root Significant inhibition of germination at the 1:10
aqueous extracts Brassica napus spp. oleifera concentration [136]
. var. biennis Significant inhibition of root growth at 1:10
A. vulgaris . . .
(winter oilseed rape) concentration

aerial parts

Stimulation of shoot growth

* To highlight the active compounds, the major constituents of the volatile oils were noted in parentheses.

Artemisia fragrans essential oil inhibited seed germination and growth of Convolvulus
arvensis at 1-4% concentration in a Petri dish and pot experiment. It significantly reduced
the level of photosynthetic pigments (chlorophyll a, chlorophyll b, and carotenoids) and
of antioxidant enzymes (catalase, peroxidase, ascorbate peroxidase, superoxide
dismutase), as well as enhancing the production of hydrogen peroxide and
malondialdehyde. It seems that volatile o0il compounds—mostly oxygenated
monoterpenes—inhibited the electron transport chain and affected the process of
photosynthesis, leading to an increased production of oxygen reactive species. In turn,
these intensified the lipid peroxidation of the cell membrane followed by electrolyte
leakage [126].

Oxygenated monoterpenes were the major ingredients of Artemisia sieversiana
essential oil (a-thujone 64.46% and eucalyptol 10.15%) that suppressed seedling growth
of Amaranthus retroflexus, Medicago sativa, Poa annua, and Pennisetum alopecuroides. The
experiment showed that the mixture of the major constituents, in the same ratio as found
in the oil, was more phytotoxic compared to each individual compound, indicating a
possible synergistic effect of a-thujone and eucalyptol [133].

Although oxygenated monoterpenes were the major constituents of A. judaica
essential oils obtained by hydro-distillation and microwave-assisted extraction, the oil
extracted by hydro-distillation exhibited greater phytotoxicity on Lactuca sativa seed
germination and plant growth [36], showing that the extraction method impacts the
phytotoxic activity of volatile oils.

Major constituents of A. terrae-albae essential oil were tested on seed germination, root
and shoot growth of Poa annua and Amaranthus retroflexus. The phytotoxic effect of a-
thujone, eucalyptol, camphor, and the mixture of these compounds was inferior to that of
the essential oil, which suggests that probably other volatile components are causing the
herbicidal activity of the oil [134]. a-Terpinen and [(-pinene, compounds of A.
lavandulaefolia essential oil, exhibited strong phytotoxic activity on seed germination test
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against eight target plants (Table 3), whereas (3-caryophyllene and myrcene only inhibited
Achyranthes japonica seed germination [128].

Artemisia scoparia essential oil inhibits germination and plant growth through the
production of oxidative stress related to membrane disruption, increased lipid
peroxidation, and buildup of hydrogen peroxide. It also interferes in cellular respiration
and photosynthesis processes [132].

Field experiments in Triticum aestivum used pre-emergence application of Artemisia
vulgaris aqueous extract (20% w/v) together with chlorsulfuron. This treatment permitted
lowering the dose of the herbicide up to 80%, while manifesting an inhibitory effect of
70% against Lolium multiflorum [137]. Another field trial demonstrated that A. argyi water
extract markedly suppressed the growth of weeds in Chrysanthemum morifolium field with
no adverse effect on the growth of C. morifolium. The investigations showed that A. argyi
inhibited weed growth and germination through inhibition of chlorophyll synthesis and
photosynthesis [108]. Conversely, field treatment of Triticum turgidum L. subsp. durum
Desf. with A. absinthium aqueous extract exerted a stimulating effect on weed presence
and reduced wheat growth and yield [106].

The sensitivity of different weed species to a certain herbicide varies greatly. Among
eight weeds tested in a study, Amaranthus retroflexus, Echinochloa cruss-galli, and Reseda
lutea were more susceptible to the action of A. vulgaris essential oil, compared to Rumex
crispus, Agrostemma githago, Trifolium pretense, Chenopodium album, and Cardaria draba,
which were more resistant [135]. Similarly, Parthenium hysterophorus and Ageratum
conyzoides were more vulnerable to the inhibitory effect of Artemisia scoparia volatile oil, in
comparison with Cassia occidentalis, under laboratory conditions. In another test,
Echinochloa crus-galli and Parthenium hysterophorus were more affected by post-emergence
application of the oil [132].

The phytotoxicity of isolated compounds from Artemisia annua was evaluated against
two monocots and five dicots (Table 3). The suppression of germination and seedling
growth varies in the order: artemisinin>arteannuin B>artemisinic acid. Raphanus sativus
was the most resistant to the action of tested compounds, followed by Secale cereale. The
weaker activity of arteannuin B and artemisinic acid—molecules without an
endoperoxide bridge—implies that the moiety is important for the phytotoxic effect [118].
Artemisinin reduces many physiological and biochemical processes in the target plant
and affects mitosis by inhibiting microtubules formation [120,138].

The incorporation of artemisinin into soil inhibited the growth of above-ground
lettuce plants, with ECso = 2.5 mg/Kg sandy soil, but the germination was not arrested up
to 100 mg/Kg soil [139]. Furthermore, adding A. annua leaves containing 0.81-0.22%
artemisinin in soil led to the inhibition of Zea mays growth [140]. Artemisinin is phytotoxic
in concentrations comparable to those of commercial herbicides and has a good activity
in soil [110].

In vivo tests proved that artemisinin is a potent suppressor of photosynthetic activity
through the formation of a highly reactive artemisinin-metabolite that is able to inhibit the
photosynthetic electron flow [141]. Other investigations showed that artemisinin
enhances the generation of radical oxygen species and lipid peroxidation, which leads to
cell death and arrest of mitotic phases in Lactuca sativa seedlings [119]. When added to the
culture medium of Arabidopsis thaliana seedlings, artemisinin (1, 2, 5, 20, 100 uM) reduced
the root gravitropic responses, elongation of primary and lateral roots, root hairs density,
and length. Furthermore, artemisinin diminished starch grain and auxin concentrations
and affected auxin redistribution in root tips [142].

2.6. Activity on Non-Target Organisms

Since biopesticides and bioherbicides are of natural origin, they are considered to be
less harmful to the environment and the health of applicators and consumers. Usually,
plant-based formulations are mixtures of compounds, and they do not consist of a single
substance, which should prevent resistance in target organisms. In addition, some
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phytochemicals are rapidly degraded in nature, so there is no risk of their accumulation
in the environment, as is the case with chemical pesticides. Consequently, plant-based
pesticides and herbicides are regarded as generally safe. Still, these products can affect the
non-target organism directly or indirectly by influencing biodiversity and species
interactions, so it is imperative to assess their safety [13,143].

Little information is available regarding the ecotoxicity of Artemisia compounds and
extracts. Pino-Otin et al. [13] evaluated the toxicity of hydrolate and organic extracts from
A. absinthium on three aquatic ecotoxicity indicator organisms: an invertebrate (Daphnia
magna), a marine bacterium (Vibrio fisheri), and a unicellular freshwater alga
(Chlamydomonas reinhardtii). The wormwood hydrolate, a by-product of essential oil
extraction, is a promising biopesticide with nematicidal effect due to (5Z)-2,6-
dimethylocta-5,7-dien-2,3-diol [97]. A. absinthium hydrolate caused acute toxicity on non-
target organisms: D. magna (LCso = 0.236%) > V. fisheri (LCso=1.85%) > C. reinhardtii (LCso
=16.49%). Moreover, the wormwood ethanol extract was highly toxic to D. magna (LCso =
0.093 mg/L). However, the effect of wormwood hydrolate on a river microbial community,
composed mainly of Proteobacteria, was negligible, causing only small changes in
metabolic diversity and a slight inhibition of bacterial growth. It is possible that natural
freshwater microbial populations are more resistant to 2,6-dimethylocta-5,7-diene-2,3-
diol action because of the modified bioavailability of compounds in the river water and
particular sensitivity of the various microbial species [13].

The same A. absinthium hydrolate was tested on non-target soil organisms: natural
microbial communities, the earthworm Eisenia fetida, and the plant Allium cepa. The
hydrolate was toxic in low concentrations: it caused substantial inhibition of onion root
growth (LCso = 3.87% v/v), high mortality of the earthworm E. fetida (LCso = 0.07 mL/g),
and decreased bacterial metabolism (LCso= 25.72% v/v after 1 day of exposure). All these
effects were exhibited at inferior concentrations than those needed to contain the target
organism. Probably, 2,6-dimethylocta-5,7-diene-2,3-diol is able to penetrate biological
membranes and thus affect the survival and metabolic processes of soil organism from
different trophic levels [13].

The methanol extracts of Artemisia fragrans manifested significant toxicity in the brine
shrimp (Artemia salina) lethality assay, with EDso =19.7 ppm for the root extract and EDso
= 11.99 ppm for flowers and leaves extract [56]. In another study, the aqueous extracts
from Artemisia ordosica leaves were tested on two algae from the biological soil crusts,
Chlorella vulgaris and Nostoc spp. The less concentrated extract (1 g/L) stimulated C.
vulgaris growth but did not significantly affect Nostoc spp., indicating that C. vulgaris
might utilize the sugars and other carbon sources in the extract to promote self-growth.
The highly concentrated extract (5 and 10 g/L) inhibited the growth of both algae [109].

The safety profile of the Artemisia nilagirica essential oil was determined in terms of
mammalian toxicity on male mice (Mus musculus) and millet (Eleusine coracana) seeds
viability. The essential oil showed low toxicity on mice (LDso = 7528.10 uL/kg) and no
effect on millet seed germination. Thus, the oil is suitable as a food preservative for both
consumption and sowing purposes [40]. More so, Artemisia nilagirica essential oil did not
cause any significant changes in the physicochemical and sensory properties of table
grapes when applied by fumigation on the fruits [39].

Artemisia absinthium essential oil, a potential biopesticide, was evaluated for toxicity
against non-target organisms: the honey bee (Apis mellifera) and tomato plant (Solanum
Iycopersicum). Honeybee toxicity (ECso = 0.26 mg/cm?) is reached at lower concentrations
of A. absinthium oil than the ones necessary for controlling the leaf miner Tuta absoluta
(ECs0 = 0.5 mg/cm?), but not at rates needed to control the whitefly Trialeurodes
vaporariorum (ECso = 0.08 mg/cm?). A similar phenomenon was noted for the phytotoxic
effect on tomato; seed germination and root growth were inhibited at oil concentrations
needed to control the leaf miner, but not the whitefly [66].

Investigations to date have shown that biopesticides derived from Artemisia are most
likely to have some toxicity toward non-target organisms, and further studies are needed
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to assess the risk in natural communities in order to ensure the safe use of biopesticides
in agricultural practices.

Choosing the right formulation can reduce toxicity as well as increase the stability
and effectiveness of Artemisia biopesticides. For instance, terpenoids are lipophilic,
volatile, and thermolabile compounds that are easily oxidized or hydrolyzed, so they can
be affected during extraction, storage, and transport. Furthermore, after application onto
plants, they volatilized quickly and start degrading, leading to short persistence and low
efficacy in the field. These drawbacks can be overcome by a suitable formulation through
encapsulation or nanoparticles synthesis. A product formulation is a homogeneous and
stable mixture of components put together according to a specific procedure with the
purpose of increasing the biological activity, stability, persistence, and efficiency, while
decreasing the toxicity of the product. The selected formulation depends on the intended
use and mode of application, the targeted phytopathogen, and the degradation factors
present in the ecosystem [15].

3. Nanoformulations of Artemisia-Based Pesticides
3.1. General Notions on Nanostructures Used as Pesticides and Herbicides

Nanoscience and nanotechnology have great potential and numerous applications in
many research areas, such as medicine, agriculture, electronics, catalysis, and water
management [144,145].

Nanotechnology can be used to obtain nanoparticles, nanocapsules, nanoemulsions,
nanogels, nanospheres, metal, and metal oxide nanoparticles that control or delay the
delivery of active substances, adjust their absorption, and can prove to be more effective
and environmentally safe and friendly. Nanoparticles (NPs) have specific sizes, a large
surface area, different morphology, and high reactivity, which provide them with
improved mechanical, electrical, optical, chemical, and magnetic properties, as well as
with a different in vivo behavior. The production of nanocrystals is likely to increase the
efficiency of pesticides at lower doses, followed by a decrease in soil and water pollution
[146,147].

Given their chemical nature, nanomaterials can be classified into four major
categories: carbon (comprising of carbon nanotubes, fullerenes, and graphene), ceramic
(usually inorganic solids that consist of metal-oxide compounds), metal (Ag, Au, Cu, or
Ni-containing nanomaterials), and polymeric compounds [145,148].

Nanotechnology presents various applications in agriculture through the production
of nanofertilizers, nanoherbicides, nanofungicides, and nanosensors. Nanofertilizers
ensure good development of the crop by promoting good absorption of micronutrients
suitable for plant growing; they can be made of silica, titanium dioxide, zinc [149,150],
copper [151], and even polymeric NPs [152]. Nanopesticides offer protection against
biotic-type stresses; their main application is represented by encapsulation forms for the
controlled release of pesticides, with improved selectivity and stability. Such compounds
will cost less and have a longer duration of action [149].

Herbicides and insecticides are toxic substances with a long-term impact on the
environment. Through nanoformulations, scientists intend to reduce their negative
impacts and extend their life through controlled release, to provide a greater selectivity
protecting other plant species, insects, and microorganisms, as well as to ensure their
chemical protection to environmental factors such as degradation under UV radiation
[153]. Different chemical compounds may be encapsulated in polymeric NPs in order to
control the release rates of herbicides. Such controlled release is expected to work on
competing weeds. For example, a nanoparticle system delivers a targeted herbicide
molecule to a specific receptor in the roots of certain weeds, which enters through the
roots and inhibits the glycolysis of nutrient reserves; the weed plant will no longer have
access to food and will eventually die. The process is controlled by soil moisture and
rainfall [154]. A study showed that the system comprising of paraquat (an extensively
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used nonselective herbicide) and alginate/chitosan NPs changes the release profile of the
herbicide, the delivery being also influenced by soil interactions [153].

A nanoformulation made of chitosan/tripolyphosphate NPs was also used to
encapsulate paraquat, and the system proved to be less toxic than the pure compound,
which was efficient after encapsulation and showing good protection of other plant
species [155]. Another system using silver modified with magnetite NPs and stabilized
with carboxymethyl cellulose was studied. This system has shown an 88% degradation of
the herbicide atrazine under controlled environment. Most NPs systems focus on the
degradation of herbicides under different natural conditions [156,157]. Weeds are
considered serious threats to global agricultural production as they compete with crops
for nutrients, water, and light. Nanoherbicides prevent the regrowth of weeds in an eco-
friendly manner. Different species of weeds exposed to SiO:NPs suffer alteration in
germination, length, fresh and dry weights, pigments, and total protein content [158].

More than 90% of pesticides are either lost and accumulating in the environment or
unable to reach target sites for the best pest control. Nanotechnology tries to design
formulations with slow release of such substances. The main toxic effects of pesticides
depend on the solubility, stability, decomposition under sunlight, and soil absorption
[65,159]. Therefore, it is important to extend the study of such nanocompounds that can
provide valuable nutrients and protection against pests (insects, bacteria, harmful plants)
but can also induce stress in other species of the ecosystem or have negative effects on the
antioxidant molecules profile of certain crops [160,161]. On the other hand, it is necessary
to study and understand the exposure to plants and animals of nanoparticle-
encapsulating pesticides in order to ensure a safe ecosystem—nanotechnology relationship
[149].

Nanomaterials in pesticide formulations provide useful properties such as
biodegradability, permeability, solubility, and thermal stability, which are indispensable
to a sustainable agricultural environment [162,163]. Moreover, the controlled release of
active ingredients reduces the total amount of used pesticides, thus protecting the
environment and other plant species, as well as reducing costs.

Different nanostructures were studied regarding their effects on plants and insects.
Clay nanotubes used as carriers of pesticides showed extended release of substances,
providing a better contact with minimum environmental effect [164]. Hydrophobic
nanosilica is another example of such structures, which can be absorbed into the cuticle
layer of insects upon contact, leading to their death [165]. Silica nanosphere formulations
facilitate pesticides to enter the plant and reach the cell sap, exerting a systemic effect on
insects such as aphids [166]. Moreover, these formulations alter the non-systemic behavior
of pesticides and protect them from photodegradation [167].

Inorganic NPs such as ZnO, SiO:, TiOz, and AgNPs were studied for their plant
protection potential [168]. For example, ZnONPs have been shown to provide effective
growth control of fungi such as Alternaria alternate, Aspergillus flavus, Fusarium
graminearum, F. oxysporum, Penicillium expansum, and Rhizopus stolonifer as well as of the
Pseudomonas aeruginosa bacteria [168,169]. Moreover, TiO:z systems have been found to
protect crops through a direct antimicrobial activity [170].

Different pesticide release systems were studied, and photocatalytic materials may
find applications in the degradation of pesticides that are highly harmful for the
environment [171]. A complete degradation by TiO:NPs was registered for many
pesticides (e.g., chlorothalonil, chlorpyrifos, and cypermethrin) under UVA irradiation
[172]. A distinct example is that of a Cu-doped ZnO system that showed high
monocrotophos degradation [173].

Another class of such systems is represented by plant elicitors that are stress-
inducing agents. They can be classified as biotic (fungal homogenates, insects, and
microorganisms) and abiotic (temperature, light, salinity, wounds, metal ions) elicitors. It
has been shown that several NPs can also act as elicitors, forcing the plant to defend itself
by producing certain metabolites. A system based on cobalt NPs has shown a potential
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application for increasing artemisinin content in suspension cultures [174], while using
AgNPs in combination with methyl jasmonate led to an improvement of the therapeutic
qualities of Calendula officinalis L. [175].

Nanosystems using pesticides, fungicides, and herbicides represent an important
step in reaching a sustainable agricultural development, having multiple potential
applications in plant protection such as nanodiagnostics, disease management, pest and
weed control, and pesticide remediation [170].

3.2. .Biosynthesis and Physicochemical Characterization of Metallic Nanoparticles (MeNPs)
Using Artemisia spp. Extracts

Regarding the synthesis of NPs, two main approaches can be used: the top—down
approach and the bottom-up approach, the main difference between them being the
starting material [176,177]. Through the top-down approach, NPs are formed by reducing
a bulk material into small units through chemical or physical methods, such as thermal
milling, laser ablation [177], mechanical milling, sputtering and chemical etching [176].
Generally, these methods are quite easy to perform, but they involve high costs, high
energy consumption, and can cause surface imperfections in NPs, thus altering their
physicochemical properties [178-180].

On the other hand, the bottom-up approach starts from small units such as atoms
and molecules that grow through self-assembly forming nuclei and, finally, NPs [176,177].
This category includes solid-state methods (physical and chemical vapor deposition),
liquid state methods (sol-gel process, chemical reduction, hydro- and solvothermal
method), gas state methods (spray and flame pyrolysis, laser ablation), biological
methods, electrodeposition process, microwave and ultrasound techniques, supercritical
fluid precipitation process, etc. [178]. Biological methods that can be found in this category
use as starting materials plant extracts, fungi, bacteria, or yeasts, especially because they
are environmentally and economically friendly, safe, biocompatible, and stable
[176,178,181].

Using plant extracts to obtain MeNPs represents an approach that is gaining more
and more attention, given the fact that plants have a widespread occurrence and are thus
readily available [182]. Moreover, they contain important amounts of various metabolites
functioning as both reducing and capping agents, which are responsible for the synthesis
of homogeneous NPs, in significant amounts and in a short period of time [180,182,183].
Such NPs do not show pathogenicity, as in the case of fungi or bacteria [182].

3.2.1. Biosynthesis of MeNPs using Artemisia spp. Extracts

The synthesis of MeNPs using plants mainly involves collecting the plant, selecting
an environmentally friendly solvent, obtaining the extract, and applying suitable reaction
conditions for NPs synthesis, separating and finally purifying the formed NPs. The
available literature provides several examples of MeNPs obtained using Artemisia spp.
extracts, such as AgNPs, AuNPs, ZnONPs, CuNPs, and TiO:NPs. Therefore, some
examples of conditions that can be used for the synthesis of AgNPs and AuNPs from
different Artemisia species, such as A. absinthium, A. abrotanum, A. afra, A. annua, A.
arborescens, A. capillaris, A. haussknechtii, A. marschalliana, A. nilagirica, A. tournefortiana, A.
tschernieviana, and A. vulgaris, are presented in Table 4.

Generally, in the case of Artemisia spp., different parts of the plant such as leaves
[184-186], stem barks [187], or aerial parts [188,189] collected from different sources are
used in order to obtain the extract for MeNPs synthesis. The plant material is washed and
dried, but it can also be used fresh [190] and afterwards ground, so as to use the obtained
powder for extract preparation.

Extraction solvents such as water [191-193], ethanol [185], ethanol-water mixture
[188-190], and even methanol [194] can be mixed with the plant material. The extract is
obtained either by maceration [194], by heating or boiling for several minutes [184,191] or
hours [187,195], or the mixture can be subjected to Soxhlet extraction [196]. However, it is
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recommended that high temperatures are avoided during heating, in order to prevent
possible degradation of biomolecules that participate in the reduction process [197]. Most
often, the mixture is further decanted or filtered through Whatman filter paper and stored
in a cold place until further use.

Table 4. Artemisia spp. as sources of AgNPs and AuNDPs.

Artemisi MeNP MeNP
riemisia Plant Extract Conditions ents MeNPs Synthesis Conditions eNLS MeNPs Size  Reference
spp-. Type Shape
- t t:1e%
e)l(a;atcmatir/iab dried leaves - extract: metal salt ratio: 6:4
ow def ' - metal salt: 2 mM AgNO:s
A. absinthium p .. AgNPs - method: mixed round TEM: 5-20 nm [192]
) solvent: deionized water temperature: room temperature
- extraction method: boiled, 5 ermperature: P
. - time: 1 h
min
- extract: 20 g% - extract:metal salt ratio: 1:5
- plant material: dried leaves - metal salt: 1 mM HAuCls-3H20
A absinthium powder o AuUNPs - method: shaken by hand and left  spherical, SEM: <100 nm [198]
- solvent: distilled water to react rectangular
- extraction method: boiled, 5 - temperature: 45 °C
min - time: 180 min
- extract: %6:6 gA). . . TEM: 20-30 nm
- plant material: dried leaves - diluted extract: metal salt ratio: 1:1 DLS:
manually minced - metal salt: 1 mM AgNOs ’
A. abrotanum, 2 R 37 nm A.
- solvent: water:ethanol (1:1, AgNPs - method: magnetic stirring spherical [197]
A. arborescens abrotanum;
v:v) - temperature: room temperature 30 nm A
- extraction method: 50 °C, 30 - time: 24 h )
. arborescens
min
) e);tratct: 15’ g/f dried 1 - extract: metal salt ratio: 1:5
- nt material: dri
ow def a atena ed feaves - metal salt: 1 mM AgNO:s
A. afra P . AgNPs - method: stirring spherical TEM: ~30.74nm  [193]
solvent: distilled water o
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- extraction method: heated, 1 .
- time: 1 h
h
- extract: 5 g% - extract:metal salt ratio: 1:9
o - . plant material: dried leaves - me:e;ll Zalt:h 1 11;nM AgNOs TEM: 20-90 nm
.ann owder - method: shaken
P . L. AgNPs spherical DLS: 14.16 + 8.56 [199]
- solvent: triple distilled water - temperature: room temperature nm
- extraction method: shaking, 2 - pH=7
h, 150 rpm, 60 °C - time: 50-60 min
) eT;ﬁcgjtgr/;)al' dried leaves - extract:metal salt ratio: 1:10
A annua ) d P ’ - metal salt: 5 mM AgNO:s
.ann owder
P - AgNPs - method: stirred spherical TEM: 30-50 nm [191]
) solvent: deionized water temperature: room temperature
- extraction method: boiled, 5 ) . p e p
. - time: 10 min
min
) e?;ﬁcgjtgr/;)al~ dried leaves - extract:metal salt ratio: 1:10
A o oo def ‘ - metal salt: 5 mM HAUCIL3H:0
' P - AuNPs - method: stirred P ” TEM: 1540 nm [191]
- solvent: deionized water temperature: room temperature triangular
- extraction method: boiled, 5 . p o p
. - time: 10 min
min
- t t: 1 %
e)l(a;atcmai)efigb fresh chopped - diluted extract:metal salt ratio: 1:9
leaves P ' PP - metal salt: 2 mM AgNO:s
A. annua ) solvent: 50% ethanol AgNPs - Inethod: t_rlxluxmg t t spherical ~TEM: 7-27 nm [190]
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- extraction method: 60 °C, 10 'e pera . € room temperature
. - time: 5 min
min
spherical,
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- temperature: 80 °C .
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- extract: 10 g%
- plant material: dried aerial
parts powder

metal salt: 0.25 mM HAuCls-:3H20

(concentration in final solution)

spherical, TEM: 16.88 + 5.47—

A. capillaris - AuNPs - method: incubation in a dry oven  triangle,  29.93 + 9.80 nm [201]
- solvent: deionized water
. - temperature: 80 °C rods  DLS:26.9-41.3 nm
- extraction method: .
- - time: 1 h
sonication, 3 h
- extract: 8 g% (fresh and dried)
- plant material: dried leaves - extract:metal salt solution: 1:9
A powder Ivent: double distilled AgNPs - me:ll Zaltﬁm Ic\l/I Aenoer triang]l XRD: 47 nm [202]
- nt: isti - m s stirr rian
haussknechtii sotvent: double distiiie R erhod: sirre ANEE SEM:10.69 +5.55
water - temperature: room temperature
- extraction method: boiled at - time: 24 h
90 °C, 30 min
- extract: 10 g%
- plant material: dried leaves - extract:metal salt ratio: 1:25
A powder o - metal salt: 9.01 mM AgNO:s ‘ TEM: 5-20 nm
.- solvent: deionized AgNPs - method: stirred spherical [203]
marschalliana FE-SEM: 5-50 nm
water:ethanol (1:1, v:v) - temperature: room temperature
- extraction method: boiled, 20 - time: 5 min
min
- extract: 10 g% - extract:metal salt solution: 1:9
- plant material: fresh leaves - metal salt: 1 mM AgNOs .
. . . s . spherical to
A nilacirica cut into very fine pieces AgNPs (concentration in final solution) irregular XRD: 6.723 nm [204]
-8 - solvent: distilled water - method: held in the dark shape SEM: <30 nm
- extraction method: boiled at - temperature: room temperature P
60 °C, 60 min - time: 60 min
i ET;EC;;Seiﬁ_ dried aerial - extract: metal salt ratio: 1:25
s ‘ - metal salt: 0.001 M AgNOs
parts powder s .
A. trat final solut SEM: 22.89 + 14.82
.- solvent: water:ethanol (1:1, AgNPs (concentration in ,mé solution) spherical * [189]
tournefortiana o) - method: stirring nm
' - t ture: t t
- extraction method: boiled, 30 .empera uFe room temperature
. - time: 10 min
min
- extract: 10 g%
- plant material: dried aerial - extract: metal salt ratio: 1:1
A parts powder - metal salt: 0.01 mM AgNO:s
tscherni'eviunu - solvent: water:ethanol (1:1, AgNPs - method: stirring spherical ~ SEM: 5-50 nm [205]
v:v) - temperature: 30 °C
- extraction method: boiled, 30 - time: 5 min
min
- extract: 1 g% - extract: metal salt ratio: 1:1
- plant material: dried leaves - metal salt: 20, 50, 100 mM AgNOs
. powder - method: magnetic stirring . TEM: 25 nm
A. vul AgNP: h 1 194
ouigans solvent: methanol NS temperature: room temperature SPRETICAL  SEM: 27-53 nm (194]
- extraction method: macerated - time: 15 min agitated and 2 h
3 times, room temperature (incubation)
) e)l(;?:;if f:l dried lea - extract:metal salt ratio: 1:9
) d P eriat dried leaves - metal salt: 1 mM HAuCls-3H20 spherical, TEM: 50-100 nm
owder
A. vulgaris P - AuNPs - method: mixed and left to react  triangular, DLS: 89.76 nm [206]
solvent: distilled water
- temperature: room temperature ~ hexagonal ~ XRD: 6.1 nm

- extraction method: boiled at
60 °C, 30 min

time: 20 min

The synthesis of MeNPs is achieved by mixing a metal salt of different concentrations
with the plant extract, in different proportions, for a certain period of time at different
temperatures. In order to separate MeNDPs, the suspension is centrifuged (e.g., 4000 rpm
[193], 13,000 rpm [189,205]) for different periods of time (e.g., 20 min [203], 1 h [193]),
followed by repeated washing so as to remove unreacted metal ions and small
biomolecules [207], and then, it is dried in an oven at low temperature.

The reaction rate influences the phytofabrication, which along with the shape, size,
and distribution of MeNPs depends on factors such as temperature, pH, salt and extract
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concentrations, and reaction time. The stability of MeNPs also depends on the
temperature and reaction time [199,208]

Taking into consideration that most papers that use Artemisia spp. to obtain MeNPs
and study the production of AgNPs, the present review will focus more on this type of
nanoparticles.

The pH is a crucial factor for the synthesis of AgNPs, its variation leading to the
modification of charged biomolecules, thus influencing their ability to reduce Ag ions
[199,207]. For example, in the case of AgNPs obtained using A. annua, the pH was
investigated in the 3.0-9.0 range. The results showed that at pH 3.0 and 5.0, there is no
reduction of Ag ions, while at neutral (7.0) and alkaline pH (9.0), respectively, small
AgNPs are obtained [199]. Therefore, it was confirmed that the pH is also responsible for
variations in the size and morphology of NPs [207,209].

In order to analyze the influence of temperature on nucleation and AgNPs size,
Anush et al. compared the UV-Vis spectra of the reaction mixture at room temperature, at
40 °C and at 60 °C, respectively. The intensity of absorption peaks showed that AgNPs
synthesis is achieved in a shorter time at higher temperatures, and the obtained peak is
sharper, while at room temperature, the synthesis proceeds more slowly, and the
absorption peak is broader [199]. The sharpness of the surface plasmonic resonance (SPR)
band can be attributed to smaller AgNPs [209], while a broad peak suggests that AgNPs
are polydisperse [192]. Polydispersity can be explained taking into account the variety of
biomolecules present in the extract, which have different reducing capacities and, thus,
influence the nucleation and growth of AgNPs [192].

Other factors that must be taken into account are the extract and silver salt
concentrations. During the synthesis of AgNPs using A. annua, silver nitrate (AgNOs)
solutions in the 0.5-4 mM range and 2.5-15 g% extract concentrations were tested. The
maximum amount of AgNPs was obtained at a concentration of 2 mM AgNOs. Regarding
the influence of the extract concentration, the synthesis of AgNPs increased until a 5 g%
concentration, followed eventually by a decrease [190].

The synthesis of AgNPs using an A. afra extract is a good example for highlighting
the influence of the reaction time. In this case, it was observed that with the increase of
the reaction time, the intensity of the absorption peak corresponding to SPR increased,
thus demonstrating a rise in the synthesis rate. The AgNPs synthesis was complete after
30 min, as demonstrated by the overlapping peaks of the UV-Vis spectrum at 45 and 60
min. A continuation of the reaction after 60 min demonstrated a shift of the peak to shorter
wavelengths, which could be explained by a slight reduction in the AgNPs size [193]. This
is because, generally, the absorption peaks at shorter wavelengths point to smaller particle
sizes, while absorption peaks at longer wavelengths indicate an increase in particle size
[192].

Other confirmations of the influence of the factors discussed above can be seen in
Table 4. For the same species of Artemisia, different extract concentrations and extraction
conditions, as well as different AgNOs concentrations and extract: AgNOs ratios, led to the
obtaining of AgNPs in a 5-60 min range.

Furthermore, the scientific literature contains data on even higher reaction rates,
which led to the obtaining of AgNPs in as much as 2 min when using A. quttensis [188],
but also, on lower reaction rates that can take up to 24 h for the reaction to be completed,
especially in the case of AgNPs obtained using A. abrotanum and A. arborescens [197].

In the case of AuNPs, the reaction conditions influence the quantity, shape, and size
of the obtained nanoparticles. An example is that of AuNPs synthesized using A.
dracunculus. The extract was obtained by a microwave digestion system at 80 °C for 220 s,
which was followed by cooling down for 400 s. The synthesis of AuNPs was performed
in a reactor by continuously heating and stirring at 80 °C. The studied conditions were
represented by an extract concentration of 1-5% (v/v), a 0.05-5 mM gold salt concentration
in a pH range of 2.8-5, and a reaction time of up to 60 minutes. It was proved that 1-2%
extract concentrations were ineffective, while for concentrations between 3 and 5%, the
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characteristic SPR peak is displaced from 850 to 700 nm (which reflects an increase in
nanoprism edge length) with the increase of extract concentration and decrease in the size
of triangular nanoparticles. The 0.05 mM and 0.275 mM concentrations of chloroauric acid
(HAuCls) proved to be suitable for obtaining spherical nanoparticles, while at higher
concentrations, the shape varied between spherical, hexagonal, and triangular. For
concentrations higher than 1 mM HAuCls, the size of all nanoparticles increased. At a pH
lower than 4, the formed NPs are mostly triangles, while at a pH higher than 5, no
triangular AuNPs were formed [210]. It can also be speculated that at low pH values, there
is a tendency of aggregation rather than of nucleation [209].

The established optimal reaction time was between 10 min for AuNPs obtained using
A. annua [191] and 20 min for AuNPs obtained using A. vulgaris [206].

Lately, zinc nanoparticles (ZnONPs) have also been gaining more and more attention
due to a wide range of applications and, as well as for other MeNPs, green synthesis
provides valuable results in this case as well.

Various conditions for the synthesis of ZNnONPs nanoparticles using Artemisia spp.
have been identified. One can start from a classic aqueous extract obtained by heating and
stirring at 80 °C for 20 min and at 46 °C for 24 h, as in the case of A. annua stem barks [187]
or by distillation at 110 °C of a jelly paste obtained from plant leaves and stems ground
with distilled water, as in the case of A. pallens [211]. Moreover, a methanolic extract
obtained by shaking incubation at 25 °C for 48 h was also used in the case of A. aucheri
aerial parts [195].

A zinc salt (zinc nitrate, zinc acetate) was added to the extract either in solid state
[195] or in solution [187,196,211], followed by stirring for minutes [195] or hours [187,211],
at room temperature [211] or at higher temperatures [187]. The obtained precipitate was
subjected to heating at high temperatures in order to attain purity.

3.2.2. Physicochemical Characterization of MeNPs Obtained Using Artemisia spp.
Extracts

The first indication of the conversion of Ag*to Ag’ is represented by the visual change
of the mixture color from clear [184] or yellow [191,193,194] to yellowish brown [184],
reddish brown [189,193,205], light brown [190], dark brown [188,191,199,203], or black
brown [194]. In the case of AuNDPs, the reduction of Au* to Au’is demonstrated by the
change in the color of the solution from yellow to purple-red (violet) [206], pinkish violet
[210], or dark pink [191]. For CuNPs and TiO:NPs prepared from A. haussknechtii, the
reduction of CuSOs and TiO(OH): is observed through the change of the color to pale
green (CulNPs) or milky (TiO2NPs). The color modifications are determined by the SPR
band of MeNPs, which is caused by the free electrons on the surface of the NPs and their
combined vibration in resonance with the light wave [186].

The AgNPs synthesis and stability are usually monitored by recording the UV-Vis
spectrum during the reaction, detecting the characteristic SPR peak in the 400-450 nm
range: 410 nm [199], 420 nm [189,194], 430 nm [185,203], or 450 nm [186]. For other types
of MeNPs, the appearance of the SPR band at more than 500 nm demonstrates the
synthesis of AuNPs [191,206] with an increase of the absorbance intensity in time [191]. In
other cases, the broad absorption peak at 330 nm demonstrates the monodisperse nature
of the formed ZnONPs [187], and the broad peak found between 200 and 300 nm in the
case of CuNPs reflects a wide size distribution, while the intrinsic band gap absorption at
a wavelength smaller than 400 nm is attributed to TiO2NPs formation [202].

In order to demonstrate that biomolecules are involved in the reduction of metal ions,
FTIR analysis is used, which allows the comparison of the FTIR spectrum of the extract
with that of the synthesized MeNPs. Taking into account the wavenumber values of the
FTIR spectra of Artemisia spp. extracts, the following absorption bands can be generally
identified: O-H stretching vibrations attributed to phenols and alcohols [188,203,205], C-
H stretching vibrations attributed to alkanes [185,188,205] or benzene rings [185], C= O
stretching vibrations for amide carbonyl groups found in proteins [185,197] and enzymes
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[197], C-O stretching vibrations [188,193], CH2 bending vibrations [185,193], glycosidic or
ether C-O-C bonds and C-N stretching vibrations for aromatic amines [203,205], stretching
vibrations of the C-H bond adjacent to a quinone moiety, stretching vibrations of the C =
C bonds that are adjacent to a quinone system or found in an aromatic system [197].

The presence of the same bands in the FTIR spectra can demonstrate that the
respective biomolecules are present on the surface of NPs, while the shifts to smaller or
larger wavenumbers demonstrate the interaction of the components with Ag atoms [193].
Khalil et al. identified a new band in the FTIR spectrum of the AgNPs compared to the
initial A. tschernieviana extract spectrum at 2362 cm-?, which was probably due to a new
alkane C-H stretching vibration [205]. Moreover, Mousavi et al. identified a band at 1382
cm™ attributed to a stretching vibration of the N = O bond found in the nitro group, which
is formed by the oxidation of the amino group and the reduction of Ag ions [185] in the
case of AgNPs obtained using A. turcomanica.

The comparative FTIR analysis of the spectra of extracts and AuNPs reveals the same
functional groups (O-H, C = O, and C-O) [206,210], that were attributed to some phenolic
acids and flavonoids present in Artemisia extracts (chlorogenic acid, caffeic acid, rutin,
tannic acid, salicylic acid, ascorbic acid, 2,5-dihydroxybenzoic acid, ethyl p-anisate,
niacin), but also N-H bonds [210]. Therefore, such compounds are responsible for the
reduction process and can be adsorbed/complexed on the surface of AuNPs [201].

In addition, the FTIR spectrum of ZnONPs shows a peak at 550 cm™ [195] or 478 cm™!
that can be attributed to the Zn-O bond [196,211]. Another example demonstrates that
during the FTIR analysis of CuNPs and TiO2NDPs, in addition to the shifts observed in the
MeNPs spectra, some prominent peaks appear compared to leaf extract [202].

Therefore, biomolecules containing carbonyl and hydroxyl groups as well as
carboxyl and amide bonds have a greater capacity to participate as reducing agents in the
MeNPs synthesis [189,193,203]. The explanation given by Elemike et al. would be that
metal ions can form an intermediate complex with free radicals present in biomolecules,
which subsequently undergo an oxidation process to keto forms with the consequent
reduction of metal ions to MeNPs [193].

The synthesis of MeNPs using Artemisia spp. is due to biomolecules present in these
plants, such as flavonoids, terpenoids, coumarins, sterols, enzymes, polyphenols,
alkaloids, carbohydrates, and amino acids [187-189,206]. Khalili et al. demonstrated that
compounds such as cedreanol, 6,10-dodecatrien-3-0l,3,7,11-trimethyl, a-bisabolol, phytol,
and spathulenol can participate in the synthesis of AgNPs from A. tschernieviana [205].

Consequently, antioxidant metabolites and plant enzymes that have the role of
preventing oxidation and cell damage can act as reducing agents and thus be used as
scaffolds to direct the MeNPs synthesis. Among these metabolites, flavonoids have an
important reducing potential on metal ions mainly through their ability to donate
electrons or hydrogen atoms and change the keto group to enol [208]. For phenolic acids,
the reducing capacity depends on their structure and can be attributed to nucleophilic
aromatic rings, a phenolic hydroxyl group, which as a result of interaction with metal ions
undergoes an oxidation process in the case of gallic acid or electron delocalization
between the aromatic ring and the propanoic chain for caffeic acid. Proteins can also
participate in the synthesis of MeNPs through carbonyl, hydroxyl, and/or amino groups
[207].

Another aspect confirmed by FTIR analysis is that biomolecules from plant extracts
can form a layer covering the MeNPs [197], which prevents the agglomeration of
nanoparticles and hence contributes to their stability in the environment. Therefore,
biomolecules present in extracts act as both reducing and stabilizing agents for the
synthesized MeNPs [207].

In order to confirm the stability in aqueous medium, the surface electric charges
measured through the zeta potential are usually determined for MeNPs obtained using
Artemisia spp. [197]. In this regard, some of the obtained values are -5 mV for AgNPs
obtained using A. tschernieviana [205], -20.6 + 0.89 mV for AgNPs obtained using A.
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quttensis [188], =31 mV for AgNPs obtained using A. marschalliana [203], -30 mV for AuNPs
obtained using A. dracunculus [210], —=19.3 mV for AuNPs obtained using A. vulgaris [206],
and -38 mV for ZnONPs obtained using A. aucheri [195]. Negative zeta potential values
indicate a strongly negative surface charge and implicitly no significant tendency of
aggregation [195]. The negative values of the surface charge potential can be explained by
the presence of biomolecules in the extract that act as capping agents [205], in which a
greater negative surface charge value suggests a higher stability [203].

X-ray diffraction (XRD) is a technique that can be used for structural analysis of
MeNPs. Generally, for AgNPs, in the 10°-80°20 range, four diffraction peaks are observed
around 38°, 44°, 64°, and 77°, which correspond to the (111), (200), (220), and (311) planes
of the face-centered cubic silver crystal, demonstrating the nanocrystalline nature of
AgNPs [185,188]. For AgNPs obtained using A. annua, Khatoon et al. recorded a 5th
diffraction peak around 81°, which was indexed to (222) orientation. The XRD analysis of
the AuNDPs revealed approximately the same values for diffraction peaks as in the case of
AgNPs that correspond to (111), (200), (220), and (311) planes, confirming the crystalline
nature of AuNPs. The XRD pattern of ZnONPs showed seven different peaks, with a 4-9
nm crystallite size, which demonstrates the material’s nanostructure [195]. For CuNPs, the
XRD analysis highlighted 11 diffraction peaks around 33°, 36°, 39°, 48°, 54°, 58°, 63°, 67°,
69°, 74°, and 77°, corresponding to (110), (002), (111), (202), (020), (202), (113), (311), (113),
(311), and (004) planes, while for TiO2NPs, there are 12 diffraction peaks around 25°, 37°,
48°, 54°, 56°, 58°, 63°, 69°, 70°, 75°, 77°, and 84°, corresponding to (101), (004), (200), (105),
(211), (204), (116), (220), (215), and (303) planes, demonstrating the crystal structure of
MeNPs [202]. The unassigned peaks observed in some cases are probably due to proteins
present in the extract that crystallize or to bioorganic matter found on the surface of
nanoparticles [191].

Another important aspect is related to the shape, size, and morphological structure
of MeNPs, which influence their functionality and toxicity on the environment and human
body [199]. Transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and dynamic light scattering (DLS) techniques are used for such determinations.
As seen in Table 1, AgNPs obtained from Artemisia spp. have a spherical shape and a wide
particle size distribution. Unlike AgNPs, which are mostly spherical, the morphology for
AuNPs obtained using A. dracunculus and A. vulgaris determined by TEM is diverse:
spherical, triangular, and hexagonal [206,210], while in the case of AuNPs synthesized
from A. annua, almost all are spherical with a few triangular or irregularly shaped particles
[191]. As previously mentioned, the particle size is strongly influenced by the reaction
conditions. Basavegowda et al. proved that spherical particles are smaller than triangular
ones and can agglomerate to form slightly larger non-spherical particles [191]. On the
other hand, the size distribution and morphology of ZnONPs showed spherical or
granular [187,195] NPs with an average size of 20-30 nm or hexagonal-shaped NPs with
an average size of 50-100 nm [211]. For these examples, a tendency of agglomeration or
clustering was observed [187,195]. SEM analysis indicates a spherical shape for CuNPs
and TiO:2NPs, but the average sizes differ: 35.36 + 44.4 nm for CuNPs and 92.58 + 56.98 nm
for TiO=NPs [202].

For the determination of the elemental composition of MeNPs, the spectrum obtained
by energy-dispersive X-ray spectroscopy (EDX) is generally used. The presence of a
typical intense signal at =3 keV, due to SPR, confirms the existence of metallic silver in the
case of AgNPs [185,189,191,202]. Other peaks representing different valence states of Ag
may appear near the intense optical absorption peak [194]. For other types of MeNPs,
strong signals can be identified in the EDX spectrum, thus confirming the existence of
metallic gold [191,206], the presence of mainly Zn and O [195], or the existence of copper
(0.96 keV) and titanium (4.56 keV) atoms [206]. For AuNPs obtained using A. vulgaris, the
formation of bimetallic cluster can be observed rather than phase-separated monometallic
nanoparticles [206]. Other signals that appear on the spectrum, such as that of chlorine,
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represent another confirmation of the presence of organic moieties with capping role in
the extract [188,203].

3.3. Applications of MeNPs Obtained Using Artemisia spp. as Nanopesticides and
Nanoherbicides

The synthesis of MeNPs using Artemisia spp. is becoming an important source of
potential applications in many fields. In addition to widely studied properties such as
antibacterial [184,188,189,191,202,203], antioxidant [186,188,193,203] and anti-cancer
[188,189,203,205], the use as nanopesticides and nanoherbicides is also being investigated,
with few results being reported so far, even if Artemisia spp. are recognized to have such
biological activities as well [104,212-214].

One of the most pathogenic species of nematodes for most crops is Meloidogyne spp.
A. judaica has been shown to have antifeedant (against Spodoptera littoralis) and fungicidal
properties (on several pathogenic fungi), as well as the ability to determine the
immobilization of the 2nd juvenile stage of Meloidogyne javanica through its essential oil
components (especially piperitone and trans-ethyl cinnamate) [215,216].

To increase nematicidal efficacy, Soliman et al. prepared and compared AgNPs
obtained using A. judaica extracts in different solvents (petroleum ether, ethyl acetate,
ethanol) with AgNPs obtained using the essential oil and AgNPs prepared using a
reference pesticide and compared the extracts. LCso values showed that all types of
nanoparticles were more toxic to the second juvenile stage of Meloidogyne incognita than
the extracts. Comparing the activity of AgNPs obtained using the reference pesticide and
those obtained using the extracts or the essential oil, respectively, proved that the NPs
obtained using the reference pesticide had the highest inhibitory effect. As for AgNPs
obtained from A. judaica, their activity increased up to 3-fold, being influenced by the
extraction solvent (AgNPs obtained using petroleum ether extract> AgNPs obtained using
ethyl acetate extract> AgNPs obtained using essential oil> AgNPs obtained using ethanol
extract). Regarding the inhibition of egg hatchability by extracts and AgNPs, the results
were similar, with NPs having a better activity compared to extracts, and among the NPs,
the best results being obtained when using petroleum ether as solvent. The explanation
could lay in the chemical composition of A. judaica extracts and of AgNPs. The chemical
analysis revealed that the major components of the petroleum ether extract were 6-
octadecanoic acid, n-hexadecanoic acid, 1,3-dimethylbenzene (m-Xylene), bis (2-
ethylhexyl)phthalate, octacosane, 9,11-dimethyl-6H-indolo-quinline, nonacosane,
cyclohexanol,3-ethenyl-3-methyl-2(1-methylethenyl)-6(1-methylethyl), and
cyclohexanol-3-ethenyl-3-methyl-2-(1-methylethenyl)-6-(1-methylethyl, while for the
corresponding NPs, the major compounds were 4-trimethyl-yciclo-hept-'-en-3'-yl]-3-
buten-2-one, berkheyaradulene, B-caryophyllene, and allo-aromadendrene, which were
found to be 20 to 30-fold increased [217].

Another example is that of AgNPs synthesized from A. absinthium, which have been
tested against some oomycetes of the Phytophthora genus (P. capsici, P. cinnamomi, P.
infestans, P. katsurae, P. palmivora, P. parasitica, and P. tropicalis), which are responsible for
many crop diseases and are known for developing resistance to fungicides. The studied
AgNPs have been shown to have high potency and efficiency on mycelial growth, spore
germination, germ tube elongation, zoospore production, and spore encystment,
especially for P. parasitica and P. capsici. Furthermore, in the case of treating tobacco plants
with AgNPs it was observed that not only did they prevent infection and improve plant
survival, but they also had no adverse effects on plant growth or anatomy [218].

Due to the contained phytochemicals, Artemisia spp. could also be used for the
mosquito larvicidal activity. There are several studies investigating the effectiveness of
MeNPs against different developmental stages of Anopheles stephensi and Aedes aegypti,
with the possibility of malaria and dengue fever prevention. Nalini et al. conducted
research on the activity of AgNPs synthesized from A. nilagirica on larvae and pupae of
the two vector species compared to that of the aqueous extract. The results showed that
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AgNPs have better larvicidal and pupicidal properties compared to the extract. For both
species, the higher rate of susceptibility was observed in pupa with a linear increase from
the 4th to 1st stage (except for the extract against Aedes aegypti, where the 2nd stage
required a higher dose than the 1st stage in order to cause lethal effect). Another research
study tested the insecticidal action of AgNPs obtained using an A. herba-alba extract on
Anopheles stephensi, Aedes aegypti, but also against Culex pipiens and Culex quinquefasciatus
[219]. Hydroxycinnamic derivatives, flavonoids, and saponins were identified in the
extract, which can influence the toxicity. In this case, the AgNPs showed an important
larvicidal and adulticidal activity against the tested strains [212].

The exact mechanism of the AgNPs larvicidal effect is still unknown and is currently
being researched. Larval mortality may appear either because of penetration of AgNPs
through treated larval membranes and interaction with cell membranes, because of cell
death resulting from the inactivation of enzymes and peroxide generation when AgNPs
reach the midgut epithelial membrane, or because of the interaction of AgNPs with sulfur
and phosphorus found in cell membranes [204]. The explanation for the accumulation of
AuNPs in the midgut region of the larvae, which is not observed in the case of exposure
to essential oil, and the implicit possible stronger larvicidal action is given by Sundarajan
and Kumar [206]. Their study on the larvicidal activity of AuNPs synthesized from A.
vulgaris, compared to that of the essential oil against 3rd and 4th instar larvae Aedes aegypti,
confirmed the better activity of AuNPs regarding damage to the midgut, epithelial cell,
and cortex, after 24 hours of exposure [206,220]. It is considered that B-caryophyllene may
conjugate with Au ions and thus present larvicidal action [206].

3.4. Other Types of Nanosystems Based on Artemisia spp. Used as Pesticides and Herbicides

A novel alternative approach used for larvicidal activity, besides MeNPs, is
represented by nanoemulsions, which in this case can be obtained using essential oil from
Artemisia spp., knowing that the essential oil components have larvicidal activity. It has
been demonstrated that the essential oil isolated from A. vulgaris has larvicidal and
repellent action against Aedes aegypti through its major components (a-humulene, -
caryophyllene, and caryophyllene oxide) [206]. However, essential oils also have
disadvantages such as high volatility [221,222], low water solubility [222,223], and lack of
stability in the presence of air, heat, and light, followed by oxidation [223].

Based on the essential oil of A. dracunculus containing as major compounds p-
allylanisole, cis- and beta-ocimene, limonene, and 3-methoxycinnamaldehyde, Osanloo et
al. prepared, characterized, and tested 12 types of nanoemulsions with the same amount
of essential oil (3.6 uL/mL). A final tested concentration of 18 ppm was obtained each time,
but the concentration of tween 20 (Tw 20) with/without isopropyl alcohol (IPA) varied.
After optimizing the synthesis by measuring median particle size, particle size
distribution, and stability in undiluted and 1:200 diluted forms, two formulations were
chosen for larvicidal studies against 3rd and 4th instar larvae of Anopheles stephensi. The
first formula contained minimal amounts of surfactant/co-surfactant (2.5% Tw 20 and
2.5% IPA) with a median particle size of 15.6 nm, and the second formula contained only
10% Tw 20 (without IPA). After dilution, the second formula presented the smallest
variation for median particle size (14.5 nm before, 11.20 nm after) and particle size
distribution (1.30 nm before, 2.1 nm after). It is important to test formulations after
dilution, given the fact that World Health Organization guidelines stipulate 1:100 or 1:200
dilution ratios for testing mosquito larvicides. The larvicidal effect of the two formulations
was compared to that of the essential oil. Given the fact that the first formulation showed
changes in the nanostructure after dilution, the recorded larvicidal effect was similar to
that of the essential oil. However, for the second formula, the larvicidal effect was
significantly higher. This can be explained by the stable formulation of the nanoemulsion
after dilution and by the small size, which improves the ability of passing through the
pores into the larva's body [224].
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In the quest of obtaining prolonged larvicidal activity and of overcoming the
disadvantage of high volatility, Osanloo et al. continued the research by encapsulating the
essential oil of A. dracunculus in chitosan—tripolyphosphate nanocapsules through the ion
gelation technique. Briefly, several dilutions of the chitosan solution were added to a
mixture containing different proportions of essential oil (0.36-1.6%), Tw 20 (2.5-3%), and
ethanol (5.8-7.14%), and then, an aqueous solution of tripolyphosphate (TPP) of different
concentrations was added. After determining the particle size and particle size
distribution, the formulations with the smallest size (116-384 nm) were chosen to calculate
the encapsulation efficiency and loading capacity. The encapsulation efficiency was found
to be in the 25.10-39.66% range and the loading capacity was in the 14.88-22.24% range,
the highest values being obtained for a nanocapsule size of 168 nm and a 1.6% essential
oil, 0.8% chitosan, and 0.04% TPP content. It has been shown that after encapsulation, the
essential oil had a sustained release, so the duration of action and the efficiency of
larvicidal activity were higher (3—4 days) compared to that of the essential oil (1-2 days),
which means that the volatile oil was protected from evaporation [221]. Another chitosan-
based formulation, but with a concentration of 6.04% essential oil of A. dracunculus led to
nanocapsules with 203 nm size, an encapsulation efficiency of 34.91%, and a larvicidal
activity (against Anopheles stephensi), which was maintained for 10 days [225].

Essential oils are gaining more and more attention as pest control agents, given their
high toxicity to stored grain insect pests, but low toxicity to humans and animals, with
nanocapsule formulations overcoming some of their limitations [223]. Moreover, such
formulations can offer a controlled release in a certain period of time [225], a more efficient
use of the oil quantity by reducing the amount and frequency of administration, an an
increase in stability, as well as environmentally friendly properties [222,226].

An example regarding this aspect is the testing of fumigant toxicity of nanocapsules
obtained with A. sieberi essential 0il by in situ polymerization against Tribolium castaneum,
compared to the essential oil. Poly(urea-formaldehyde) was used as an external shell and
the nanocapsules were spherical, with a diameter of approximately 80 nm. The results
demonstrated a higher fumigant toxicity for nanocapsules against Tribolium castaneum
after 7 days exposure time, as well as a higher persistence (half life time 28.73 days for
nanocapsules and only 4.27 days for the essential oil) [222].

Another example in establishing the fumigant toxicity is that of nanocapsules
prepared using A. haussknechtii essential oil by the interfacial compression polymerization
method, which were tested against Tribolium castaneum and Sitophilus oryza. For the
synthesis of nanocapsules, an optimization of the formula (emulsifier and co-emulsifier
composition, temperature) was necessary. The results indicated an aggregation of
nanocapsules when Tw 20 and Tw 40 were used as emulsifiers and poly vinyl pyrrolidone
was used as co-emulsifier; meanwhile, using Tw 80 as emulsifier, at 45 °C for both micelle
preparation and polymerization led to a good stability of nanocapsules with granular and
spherical shape and a 40-50 nm size. The insecticidal activity varied depending on the
species. Comparing the LCso values for the fumigant toxicity of nanocapsules and of a
reference product, a decrease of the concentration is observed in the case of nanocapsules.
Stability testing has shown in the case of nanocapsules a constant release that was
maintained for several days (up to 45 days) even if the mortality rate reached 50%. In
contrast, the stability of the essential oil was comparatively lower [226].

Another environmentally friendly technique of formulating pesticides based on
essential oils together with preventing their rapid evaporation is to incorporate them into
solid lipid nanoparticles [227]. Lai et al. incorporated A. arborescens essential oil into solid
lipid nanoparticles using Compritol 888 ATO as lipid and Poloxamer 188 or Miranol Ultra
C32 as surfactants through the hot high-pressure homogenization technique. The
obtained formulations demonstrated a good physical stability when stored for 2 months
at different temperatures, and the in vitro testing showed a good capacity of reducing
essential oil evaporation [213].
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4. Conclusions

The paper reviewed recent articles on the biopesticide activity of Artemisia
compounds and extracts. The ability of Artemisia-derived products to protect crops
against fungi, bacteria, insects, nematodes, and weeds was analyzed. The vast majority of
studies have been performed on plant extracts, especially volatile oils, and only a small
number of articles have evaluated the properties of isolated compounds. The analysis of
the literature data shows that the main substances with pesticide action in the genus
Artemisia belong mainly to terpenoids (mono- and sesquiterpenes), but also to flavones,
coumarins, and phenolic acids. Experiments show that the activity of the extract often
exceeds that of the isolated compounds, and, in addition, the use of a mixture of
substances prevents the appearance of the resistance of the pathogen to the pesticide used.
Although of natural origin, Artemisia biopesticides are not without toxicity against non-
target organisms and, to date, only a few investigations have been conducted into the
environmental impact of these products. In addition, very few studies have evaluated the
effectiveness of Artemisia-derived pesticides in the field, most being performed in vitro,
and few in planta. The efficiency of these treatments in crops also depends on the mode
of application, and the formulation of natural pesticides in modern and innovative
structures such as nanosystems can improve their activity. The investigation of different
possible alternatives to chemical pesticides could prove highly beneficial and, implicitly,
the use of plants and nano-biopesticides can represent the future of research in this field.
Plants can serve as good sources of compounds with such properties, while nano-sized
formulations could provide fast, cost-effective synthesis methods and stability of
formulation. At the same time, such formulations are bio-degradable, environmentally
friendly, and provide an increased biological activity, as well as a slow release of active
substances. Therefore, the application of nanosystems for the control of plant pathogens
can be a rapidly emerging area in the management of plant diseases.

Author Contributions: Conceptualization, B.I. and A.C.; writing—original draft preparation, B.L,
A.C, AFB.and F.C; writing—review and editing, A.F.B., B.I. and A.C; project administration, C.R.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a grant of the Ministry of Research, Innovation and
Digitization, CNCS/CCCDI-UEFISCDI, project number PN-III-P2-2.1-PED2019-00091, within
PNCDI III

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

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

References

1.  Abad, M.J; Bedoya, L.M.; Apaza, L.; Bermejo, P. The Artemisia L. Genus: A review of bioactive essential oils. Molecules 2012, 17,
2542-2566, doi:10.3390/molecules17032542.

2. Trendafilova, A.; Moujir, L.M.; Sousa, P.M.C.; Seca, A.M.L. Research advances on health effects of edible Artemisia Species and
some sesquiterpene lactones constituents. Foods 2020, 10, 65, d0i:10.3390/foods10010065.

3. Septembre-Malaterre, A.; Lalarizo Rakoto, M.; Marodon, C.; Bedoui, Y.; Nakab, ]J.; Simon, E.; Hoarau, L.; Savriama, S.; Strasberg,
D.; Guiraud, P.; et al. Artemisia annua, a traditional plant brought to light. Int. J. Mol. Sci. 2020, 21, 4986, d0i:10.3390/ijms21144986.

4.  Ekiert, H.; Pajor, J.; Klin, P.; Rzepiela, A,; Slesak, H.; Szopa, A. Significance of Artemisia vulgaris L. (Common Mugwort) in the
history of medicine and its possible contemporary applications substantiated by phytochemical and pharmacological studies.
Molecules 2020, 25, 4415, d0i:10.3390/molecules25194415.

5. Szopa, A.; Pajor, J.; Klin, P.; Rzepiela, A.; Elansary, H.O.; Al-Mana, F.A.; Mattar, M.A.; Ekiert, H. Artemisia absinthium L.—
Importance in the history of medicine, the latest advances in phytochemistry and therapeutical, cosmetological and culinary
uses. Plants 2020, 9, 1063, doi:10.3390/plants9091063.

6. Pandey, A K, Singh, P. The Genus Artemisia: A 2012-2017 Literature review on chemical composition, antimicrobial, insecticidal
and antioxidant activities of essential oils. Medicines 2017, 4, 68, doi:10.3390/medicines4030068.

7. Liu, S.-]; Liao, Z.-X,; Tang, Z.-S.; Cui, C.-L.; Liu, H.-B.; Liang, Y.-N.; Zhang, Y.; Shi, H.-X.; Liu, Y.-R. Phytochemicals and

biological activities of Artemisia sieversiana. Phytochem. Rev. 2017, 16, 441-460, d0i:10.1007/s11101-016-9475-z.



Molecules 2021, 26, 3061 33 of 41

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Dib, I; Angenot, L; Mihamou, A.; Ziyyat, A.; Tits, M. Artemisia campestris L.: Ethnomedicinal, phytochemical and
pharmacological review. J. Herb. Med. 2017, 7, 1-10, doi:10.1016/j.hermed.2016.10.005.

Martinez, A.]. Natural fungicides obtained from plants. In Fungicides for Plant and Animal Diseases; InTech: London, UK, 2012;
pp- 3-28.

Bora, K.S; Sharma, A. The genus Artemisiz: A comprehensive review. Pharm. Biol. 2011, 49, 101-109,
doi:10.3109/13880209.2010.497815.

Basaid, K.; Chebli, B.; Mayad, E.H.; Furze, ].N.; Bouharroud, R.; Krier, F.; Barakate, M.; Paulitz, T. Biological activities of essential
oils and lipopeptides applied to control plant pests and diseases: A review. Intf. |. Pest Manag. 2021, 67, 155-177,
d0i:10.1080/09670874.2019.1707327.

Saroj, A.; Oriyomi, O.V.; Nayak, A.K,; Haider, S.Z. Phytochemicals of plant-derived essential oils. In Natural Remedies for Pest,
Disease and Weed Control; Elsevier: Amsterdam, The Netherlands, 2020; pp. 65-79.

Pino-Otin, M.R,; Ballestero, D.; Navarro, E.; Gonzélez-Coloma, A.; Val, J.; Mainar, A.M. Ecotoxicity of a novel biopesticide from
Artemisia absinthium on non-target aquatic organisms. Chemosphere 2019, 216, 131-146, doi:10.1016/j.chemosphere.2018.09.071.
Pavela, R.; Benelli, G. Essential oils as ecofriendly biopesticides? Challenges and constraints. Trends Plant Sci. 2016, 21, 1000
1007, doi:10.1016/j.tplants.2016.10.005.

Raveau, R.; Fontaine, J.; Lounes-Hadj Sahraoui, A. Essential oils as potential alternative biocontrol products against plant
pathogens and weeds: A review. Foods 2020, 9, 365, doi:10.3390/foods9030365.

Jain, A ; Sarsaiya, S.; Wu, Q.; Lu, Y.; Shi, J. A review of plant leaf fungal diseases and its environment speciation. Bioengineered
2019, 10, 409-424, doi:10.1080/21655979.2019.1649520.

Badea, M.L.; Delian, E. In vitro antifungal activity of the essential oils from Artemisia spp. L. on Sclerotinia sclerotiorum. Rom.
Biotechnol. Lett. 2014, 19, 9345-9352.

Julio, L.E.; Burillo, J.; Giménez, C.; Cabrera, R.; Diaz, C.E.; Sanz, J.; Gonzalez-Coloma, A. Chemical and biocidal characterization
of two cultivated Artemisia absinthium populations with different domestication levels. Ind. Crops Prod. 2015, 76, 787-792,
doi:10.1016/j.indcrop.2015.07.041.

Parveen, S.; Wani, A.H.; Ganie, A.A ; Pala, S.A; Mir, R.A. Antifungal activity of some plant extracts on some pathogenic fungi.
Arch. Phytopathol. Plant Prot. 2014, 47, 279-284, doi:10.1080/03235408.2013.808857.

Huang, X.; Chen, S.; Zhang, Y.; Wang, Y.; Zhang, X; Bi, Z.; Yuan, H. Chemical composition and antifungal activity of essential
oils from three Artemisia species against Alternaria solani. ]. Essent. Oil Bear. Plants 2019, 22, 1581-1592,
doi:10.1080/0972060X.2019.1708812.

Ma, Y.-N.; Chen, C.-J,; Li, Q.-Q.; Xu, F.-R,; Cheng, Y.-X.; Dong, X. Monitoring antifungal agents of Artemisia annua against
Fusarium oxysporum and Fusarium solani, associated with Panax notoginseng root-rot disease. Molecules 2019, 24, 213,
do0i:10.3390/molecules24010213.

Jhansi Rani, S.; Supraja, P.; Sujitha, A.; Kiranmayee, P.; Usha, R. Evaluation of antibacterial and antifungal activity of Artemisia
annua during pre and post flowering stages. Int. |. Curr. Res. 2015, 7, 21581-21587.

Gautam, P.; Upadhyay, S.K.; Hassan, W.; Madan, T.; Sirdeshmukh, R.; Sundaram, C.S.; Gade, W.N.; Basir, S.F.; Singh, Y.; Sarma,
P.U. Transcriptomic and proteomic profile of Aspergillus fumigatus on exposure to artemisinin. Mycopathologia 2011, 172, 331—
346, d0i:10.1007/s11046-011-9445-3.

Bouzenna, H.; Krichen, L. Pelargonium graveolens L'Her. and Artemisia arborescens L. essential oils: Chemical composition,
antifungal activity against Rhizoctonia solani and insecticidal activity against Rhysopertha dominica. Nat. Prod. Res. 2013, 27, 841—
846, doi:10.1080/14786419.2012.711325.

Guan, X,; Ge, D.; Li, S.; Huang, K,; Liu, J.; Li, F. Chemical composition and antimicrobial activities of Artemisia argyi Lévl. et
Vant essential oils extracted by simultaneous distillation-extraction, subcritical extraction and hydrodistillation. Molecules 2019,
24, 483, d0i:10.3390/molecules24030483.

Wengiang, G.; Shufen, L.; Ruixiang, Y.; Yanfeng, H. Comparison of composition and antifungal activity of Artemisia argyi Lévl.
et Vant inflorescence essential oil extracted by hydrodistillation and supercritical carbon dioxide. Nat. Prod. Res. 2006, 20, 992—
998, d0i:10.1080/14786410600921599.

Petretto, G.L.; Chessa, M.; Piana, A.; Masia, M.D.; Foddai, M.; Mangano, G.; Culeddu, N.; Afifi, F.U.; Pintore, G. Chemical and
biological study on the essential oil of Artemisia caerulescens L. ssp. densiflora (Viv.). Nat. Prod. Res. 2013, 27, 1709-1715,
do0i:10.1080/14786419.2012.749471.

Karabegovi¢, I.; Nikolova, M.; Velickovi¢, D.; Stojicevi¢, S.; Veljkovi¢, V.; Lazi¢, M. Comparison of antioxidant and antimicrobial
activities of methanolic extracts of the Artemisia sp. recovered by different extraction techniques. Chin. J. Chem. Eng. 2011, 19,
504-511, doi:10.1016/S1004-9541(11)60013-X.

Houicher, A.; Hechachna, H.; Ozogul, F. In vitro determination of the antifungal activity of Artemisia campestris essential oil
from Algeria. Int. ]. Food Prop. 2016, 19, 1749-1756, doi:10.1080/10942912.2015.1107734.

Eblaghi, M.; Khajehie, N.; Golmakani, M.-T.; Eskandari, M.H. Investigating the effects of microwave-assisted hydrodistillation
on antioxidant and antifungal activities of Tanacetum polycephalum and Artemisia chamaemelifolia essential oils. ]. Essent. Oil Res.
2016, 28, 528-539, doi:10.1080/10412905.2016.1175977.

Goudjil, M.B.; Ladjel, S.; Bencheikh, S.E.; Hammoya, F.; Bensaci, M.B.; Zighmi, S.; Mehani, M. Bioactivity of Artemisia herba alba
essential oil against plant pathogenic fungi. Der Pharma Chem. 2016, 8, 46-52.



Molecules 2021, 26, 3061 34 of 41

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Khaddor, M.; Lamarti, A.; Tantaoui-Elaraki, A.; Ezziyyani, M.; Castillo, M.-E.C.; Badoc, A. Antifungal activity of three essential
oils on growth and toxigenesis of Penicillium aurantiogriseum and Penicillium viridicatum. J. Essent. Oil Res. 2006, 18, 586-589,
doi:10.1080/10412905.2006.9699175.

Saleh, M.; Belal, M.; El-Baroty, G. Fungicidal activity of Artemisia herba alba Asso (Asteraceae). . Environ. Sci. Health Part B Pestic.
Food Contam. Agric. Wastes 2006, 41, 237-244, d0i:10.1080/03601230500354774.

El-Wassimy, M.T.M.; Ahmed, M.M.; Younes, S.H.H.; Hegazy, M.-E.F. In vitro antiproliferative and antimicrobial activity of 11-
epiartapshin compound isolated from Seriphidium herba-alba. |. Pharm. Appl. Chem. 2018, 4, 147-154, doi:10.18576/jpac/040210.
Rashid, M.U.; Alamzeb, M.; Ali, S.; Shah, Z.A; Naz, I.; Khan, A.A_; Semaan, D.; Khan, M.R. A new irregular monoterpene acetate
along with eight known compounds with antifungal potential from the aerial parts of Artemisia incisa Pamp (Asteraceae). Nat.
Prod. Res. 2017, 31, 428-435, doi:10.1080/14786419.2016.1185718.

Elshamy, A.; Abd-ElGawad, A.; Mohamed, T.; El Gendy, A.E.; Abd El Aty, A.A.; Saleh, I.; Moustafa, M.F.; Hussien, T.A.; Pare,
P.W.; Hegazy, M. Extraction development for antimicrobial and phytotoxic essential oils from Asteraceae species: Achillea
fragrantissima, Artemisia judaica and Tanacetum sinaicum. Flavour Fragr. ]. 2021, 36, 352-364, doi:10.1002/1fj.3647.

Hadian, J.; Ramak-Masoumi, T.; Farzaneh, M.; Mirjalili, M.-H.; Nejad-Ebrahimi, S.; Ghorbani, M. Chemical compositions of
essential oil of Artemisia khorasanica Podl. and its antifungal activity on soil-born phytopathogens. J. Essent. Oil Bear. Plants 2007,
10, 53-59, doi:10.1080/0972060X.2007.10643519.

Mohan, M.; Pandey, A K,; Singh, P.; Nautiyal, M.K.; Gupta, S. Evaluation of Artemisia maritima L. essential oil for its chemical
and Dbiological properties against some foodborne pathogens. Anal. Chem. Lett. 2016, 6, 47-54,
doi:10.1080/22297928.2016.1153433.

Sonker, N.; Pandey, A.K.; Singh, P. Efficiency of Artemisia nilagirica (Clarke) Pamp. essential oil as a mycotoxicant against
postharvest mycobiota of table grapes. J. Sci. Food Agric. 2015, 95, 1932-1939, doi:10.1002/jsfa.6901.

Kumar, M.; Dwivedy, A.K.; Sarma, P.; Dkhar, M.S.; Kayang, H.; Raghuwanshi, R.; Dubey, N.K. Chemically characterised
Artemisia nilagirica (Clarke) Pamp. essential oil as a safe plant-based preservative and shelf-life enhancer of millets against fungal
and aflatoxin contamination and lipid peroxidation. Plant Biosyst. An Int. ]. Deal. Asp. Plant Biol. 2020, 154, 269-276,
doi:10.1080/11263504.2019.1587539.

Sati, S.C.; Sati, N.; Ahluwalia, V.; Walia, S.; Sati, O.P. Chemical composition and antifungal activity of Artemisia nilagirica
essential oil growing in northern hilly areas of India. Nat. Prod. Res. 2013, 27, 45-48, d0i:10.1080/14786419.2011.650636.

Shafi, P.M.; Nambiar, M.K.G.; Clery, R.A.; Sarma, Y.R.; Veena, S.S. Composition and antifungal activity of the oil of Artemisia
nilagirica (Clarke) Pamp. J. Essent. Oil Res. 2004, 16, 377-379, doi:10.1080/10412905.2004.9698748.

Deepak, S.A.; Oros, G.; Sathyanarayana, S.G.; Shetty, N.P.; Shetty, H.S.; Sashikanth, S. Antisporulant activity of leaf extracts of
Indian plants against Sclerospora graminicola causing downy mildew disease of pearl millet. Arch. Phytopathol. Plant Prot. 2005,
38, 31-39, doi:10.1080/03235400400007558.

Sampietro, D.A.; Lizarraga, E.F.; Ibatayev, Z.A.; Omarova, A.B.; Suleimen, Y.M.; Catalan, C.A.N. Chemical composition and
antimicrobial activity of essential oils from Acantholippia deserticola, Artemisia proceriformis, Achillea micrantha and Libanotis
buchtormensis ~ against  phytopathogenic  bacteria and fungi. Nat. Prod. Res. 2016, 30, 1950-1955,
doi:10.1080/14786419.2015.1091453.

Mohamed, T.A.; Hegazy, M.-E.F.; Abd El Aty, A.A.; Ghabbour, H.A.; Alsaid, M.S.; Shahat, A.A.; Paré, P.W. Antimicrobial
sesquiterpene lactones from Artemisia sieberi. |. Asian Nat. Prod. Res. 2017, 19, 1093-1101, doi:10.1080/10286020.2017.1302939.
Ghasemi, G.; Alirezalu, A.; Ishkeh, S.R.; Ghosta, Y. Phytochemical properties of essential oil from Artemisia sieberi Besser (Iranian
accession) and its antioxidant and antifungal activities. Nat. Prod. Res. 2020, 1-5, d0i:10.1080/14786419.2020.1741576.

Manika, N.; Chanotiya, C.S.; Darokar, M.; Singh, S.; Bagchi, G.D. Compositional characters and antimicrobial potential of
Artemisia stricta Edgew. {. stricta Pamp. essential oil. Rec. Nat. Prod. 2016, 10, 40—44.

Sampietro, D.A.; Gomez, A. de los A.; Jimenez, C.M,; Lizarraga, E.F.; Ibatayev, Z.A.; Suleimen, Y.M.; Catalan, C.A. Chemical
composition and antifungal activity of essential oils from medicinal plants of Kazakhstan. Nat. Prod. Res. 2017, 31, 1464-1467,
doi:10.1080/14786419.2016.1258560.

Behravan, J.; Ramezani, M.; Hassanzadeh, M.K,; Eliaspour, N.; Sabeti, Z. Cytotoxic and antimycotic activities of essential oil of
Artemisia turanica Krasch from Iran. J. Essent. Oil Bear. Plants 2006, 9, 196-203, doi:10.1080/0972060X.2006.10643492.

Park, I.-K.; Kim, J.; Lee, Y.-S.; Shin, S.-C. In vivo fungicidal activity of medicinal plant extracts against six phytopathogenic fungi.
Int. ]. Pest Manag. 2008, 54, 63-68, doi:10.1080/09670870701549665.

da Cruz Cabral, L.; Fernandez Pinto, V.; Patriarca, A. Application of plant derived compounds to control fungal spoilage and
mycotoxin production in foods. Int. ]. Food Microbiol. 2013, 166, 1-14, doi:10.1016/j.ijfoodmicro.2013.05.026.

Tantaoui-Elaraki, A.; Ferhout, H.; Errifi, A. Inhibition of the fungal asexual reproduction stages by three Moroccan essential
oils. J. Essent. Oil Res. 1993, 5, 535-545, d0i:10.1080/10412905.1993.9698274.

Xu, Y.; Zhao, L.; Chen, P.; Jiang, X.; Wei, G. Isolation, screening and characterization of phytopathogen antagonistic endophytes
from wild Artemisia argyi. Acta Ecol. Sin. 2013, 33, 3697-3705, d0i:10.5846/stxb201212061754.

Ahameethunisa, A.R.; Hopper, W. Antibacterial activity of Artemisia nilagirica leaf extracts against clinical and phytopathogenic
bacteria. BMC Complement. Altern. Med. 2010, 10, doi:10.1186/1472-6882-10-6.

Sukanya, S.L.; Sudisha, J.; Hariprasad, P.; Niranjana, S.R.; Prakash, H.S.; Fathima, S.K. Antimicrobial activity of leaf extracts of
Indian medicinal plants against clinical and phytopathogenic bacteria. Afr. ]. Biotechnol. 2009, 8, 6677-6682,
doi:10.4314/ajb.v8i23.66376.



Molecules 2021, 26, 3061 35 of 41

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Inayatullah, S.; Irum, R.; Ateeq-Ur-Rehman; Chaudhary, M.F.; Mirza, B. Biological evaluation of some selected plant species of
Pakistan. Pharm. Biol. 2007, 45, 397-403, doi:10.1080/13880200701215182.

Dadasoglu, F.; Kotan, R.; Cakir, A.; Cakmakci, R.; Kordali, S.; Ozer, H.; Karagoz, K.; Dikbas, N. Antibacterial activities of
essential oils, extracts and some of their major components of Artemisia spp. L. against seed-borne plant pathogenic bacteria.
Fresenius Environ. Bull. 2015, 24, 2715-2724.

Mathlouthi, A.; Saadaoui, N.; Pennacchietti, E.; De Biase, D.; Ben-Attia, M. Essential oils from Artemisia species inhibit biofilm
formation and the virulence of Escherichia coli EPEC 2348/69. Biofouling 2021, 37, 174-183, d0i:10.1080/08927014.2021.1886278.
Hikal, W.M.; Baeshen, R.S.; Said-Al Ahl, H.A.H. Botanical insecticide as simple extractives for pest control. Cogent Biol. 2017, 3,
1404274, doi:10.1080/23312025.2017.1404274.

Spochacz, M.; Chowanski, S.; Walkowiak-Nowicka, K.; Szymczak, M.; Adamski, Z. Plant-derived substances used against
beetles—pests of stored crops and food-and their mode of action: A Review. Compr. Rev. Food Sci. Food Saf. 2018, 17, 1339-1366,
doi:10.1111/1541-4337.12377.

Regnault-Roger, C.; Philogene, B.J.R. Past and current prospects for the use of botanicals and plant allelochemicals in integrated
pest management. Pharm. Biol. 2008, 46, 41-52, d0i:10.1080/13880200701729794.

Rattan, R.S. Mechanism of action of insecticidal secondary metabolites of plant origin. Crop Prot. 2010, 29, 913-920,
doi:10.1016/j.cropro.2010.05.008.

Abdelgaleil, S.A.M.; Badawy, M.E.I,; Mahmoud, N.F.; Marei, A.E.-S.M. Acaricidal activity, biochemical effects and molecular
docking of some monoterpenes against two-spotted spider mite (Tetranychus urticae Koch). Pestic. Biochem. Physiol. 2019, 156,
105-115, d0i:10.1016/j.pestbp.2019.02.006.

Abdelgaleil, S.A.M.; Mohamed, M.LE.; Shawir, M.S.; Abou-Taleb, H.K. Chemical composition, insecticidal and biochemical
effects of essential oils of different plant species from Northern Egypt on the rice weevil, Sitophilus oryzae L. ]. Pest Sci. 2016, 89,
219-229, doi:10.1007/s10340-015-0665-z.

Kumar, S.; Nehra, M.; Dilbaghi, N.; Marrazza, G.; Hassan, A.A.; Kim, K.H. Nano-based smart pesticide formulations: Emerging
opportunities for agriculture. J. Control. Release 2019, 294, 131-153, d0i:10.1016/j.jconrel.2018.12.012.

Umpiérrez, M.L.; Paullier, J.; Porrini, M.; Garrido, M.; Santos, E.; Rossini, C. Potential botanical pesticides from Asteraceae
essential oils for tomato production: Activity against whiteflies, plants and bees. Ind. Crops Prod. 2017, 109, 686-692,
doi:10.1016/j.indcrop.2017.09.025.

Cheng, Z.H.; Duan, H.J.; Zhu, X.R,; Fan, F.F.; Li, R.; Li, S.C.; Ma, X.Y.; Zhang, E.J.; Liu, Y.K.; Wang, ].Y. Effects of patchouli and
wormwood oils on the bioassays and behaviors of Tetranychus cinnabarinus (Boisduval) (Acari: Tetranychidae). Int. J. Pest Manag.
2020, 66, 271-278, doi:10.1080/09670874.2019.1636155.

Seixas, P.T.L.; Demuner, A.].; Alvarenga, E.S.; Barbosa, L.C.A.; Marques, A.; de Farias, E.S.; Picango, M.C. Bioactivity of essential
oils from Artemisia against Diaphania hyalinata and its selectivity to beneficial insects. Sci. Agric. 2018, 75, 519-525,
d0i:10.1590/1678-992x-2016-0461.

Dane, Y.; Mouhouche, F.; Canela-Garayoa, R.; Delpino-Rius, A. Phytochemical analysis of methanolic extracts of Artemisia
absinthium L. 1753 (Asteraceae), Juniperus phoenicea L., and Tetraclinis articulata (Vahl) Mast, 1892 (Cupressaceae) and evaluation
of their biological activity for stored grain protection. Arab. J. Sci. Eng. 2016, 41, 2147-2158, doi:10.1007/s13369-015-1977-2.
Bachrouch, O.; Ferjani, N.; Haouel, S.; Jemaa, ].M.B. Major compounds and insecticidal activities of two Tunisian Artemisia
essential oils toward two major coleopteran pests. Ind. Crops Prod. 2015, 65, 127-133, d0i:10.1016/j.indcrop.2014.12.007.

Ktys, M.; Przystupinska, A. The mortality of Oryzaephilus surinamensis Linnaeus, 1758 (Coleoptera: Silvanidae) induced by
powdered plants. J. Plant Prot. Res. 2015, 55, 110-116, d0i:10.1515/jppr-2015-0014.

Brudea, V.; Risca, I; Enea, C.; Tomescu, C. Efficacy of some biopesticides and plant secondary metabolites against fall webworm
Hyphantria Cunea Drury (F. Arctiidae-Lepidoptera) in the lab conditions. Cercet. Agron. Mold. 2012, 45, 73-80, doi:10.2478/v10298-
012-0007-8.

Martin, L.; Gonzalez-Coloma, A.; Burillo, J.; Palavra, AM.F.F.; Urieta, ].S.; Mainar, A.M. Microcalorimetric determination of the
activity of supercritical extracts of wormwood (Artemisia absinthium L.) over Spodoptera littoralis. |. Therm. Anal. Calorim. 2013,
111, 1837-1844, doi:10.1007/s10973-012-2661-3.

Czerniewicz, P.; Chrzanowski, G.; Sprawka, L; Sytykiewicz, H. Aphicidal activity of selected Asteraceae essential oils and their
effect on enzyme activities of the green peach aphid, Myzus persicae (Sulzer). Pestic. Biochem. Physiol. 2018, 145, 84-92,
doi:10.1016/j.pestbp.2018.01.010.

Rizvi, S.A.H.; Ling, S.; Tian, F.; Xie, F.; Zeng, X. Toxicity and enzyme inhibition activities of the essential oil and dominant
constituents derived from Artemisia absinthium L. against adult Asian citrus psyllid Diaphorina citri Kuwayama (Hemiptera:
Psyllidae). Ind. Crops Prod. 2018, 121, 468-475, doi:10.1016/j.indcrop.2018.05.031.

Anshul, N.; Kalra, A.; Singh, D. Biological effect of sweet wormwood, Artemisia annua methanol extracts and essential oil against
Helicoverpa armigera Hub. (Lepidoptera : Noctuidae ). J. Entomol. Zool. Stud. 2014, 2, 304-307.

Anshul, N.; Bhakuni, R.S.; Gaur, R.; Singh, D. Isomeric flavonoids of Artemisia annua (Asterales: Asteraceae) as insect growth
inhibitors against Helicoverpa armigera (Lepidoptera: Noctuidae). Florida Entomol. 2013, 96, 897-903, doi:10.1653/024.096.0325.
Oftadeh, M.; Sendi, ]J.J.; Ebadollahi, A. Toxicity and deleterious effects of Artemisia annua essential oil extracts on mulberry
pyralid (Glyphodes pyloalis). Pestic. Biochem. Physiol. 2020, 170, 104702, d0i:10.1016/j.pestbp.2020.104702.



Molecules 2021, 26, 3061 36 of 41

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Hasheminia, S.M.; Sendj, J.J.; Jahromi, K.T.; Moharramipour, S. The effects of Artemisia annua L. and Achillea millefolium L. crude
leaf extracts on the toxicity, development, feeding efficiency and chemical activities of small cabbage Pieris rapae L. (Lepidoptera:
Pieridae). Pestic. Biochem. Physiol. 2011, 99, 244-249, doi:10.1016/j.pestbp.2010.12.009.

Zibaee, A.; Zibaee, I.; Bandani, A.R. Artemisia annua L. (Asterasea) changes some biochemical compounds in the hemolymph of
Hyphantria cunea Drury (Lepidoptera: Arctiidae). ]. Med. Plants Res. 2011, 5, 3229-3235.

Khosravi, R.; Sendi, J.J.; Ghadamyari, M.; Yezdani, E. Effect of sweet wormwood Artemisia annua crude leaf extracts on some
biological and physiological characteristics of the lesser mulberry pyralid, Glyphodes pyloalis. ]. Insect Sci. 2011, 11, 1-13,
doi:10.1673/031.011.15601.

Ahmed, M.; Peiwen, Q.; Gu, Z,; Liu, Y.; Sikandar, A.; Hussain, D.; Javeed, A.; Shafi, J.; Iqbal, M.F.; An, R; et al. Insecticidal
activity and biochemical composition of Citrullus colocynthis, Cannabis indica and Artemisia argyi extracts against cabbage aphid
(Brevicoryne brassicae L.). Sci. Rep. 2020, 10, 1-10, doi:10.1038/s41598-019-57092-5.

Ebadollahi, A.; Ashouri, S. Toxicity of essential oils isolated from Achillea millefolium L., Artemisia dracunculus L. and Heracleum
persicum Desf. against adults of Plodia interpunctella (Hiibner) (Lepidoptera: Pyralidae) in Islamic Republic of Iran. Ecol. Balk.
2011, 3, 41-48.

Liu, X.C; Li, Y.; Wang, T.; Wang, Q.; Liu, Z.L. Chemical composition and insecticidal activity of essential oil of Artemisia frigida
Willd (Compositae) against two grain storage insects. Trop. . Pharm. Res. 2014, 13, 587-592, d0i:10.4314/tjpr.v13i4.15.

Zhang, Z.; Pang, X.; Guo, S.; Cao, J.; Wang, Y.; Chen, Z; Feng, Y.; Lei, N.; Du, S. Insecticidal activity of Artemisia frigida Willd.
essential oil and its constituents against three stored product insects. Rec. Nat. Prod. 2019, 13, 176-181,
doi:10.25135/rnp.91.18.06.114.

Zhou, J.; Zou, K; Zhang, W.; Guo, S.; Liu, H; Sun, J.; Li, J.; Huang, D.; Wu, Y.; Du, S.; et al. Efficacy of compounds isolated from
the essential oil of Artemisia lavandulaefolia in control of the cigarette beetle, Lasioderma serricorne. Molecules 2018, 23, 343,
do0i:10.3390/molecules23020343.

Hussein, H.S.; Tawfeek, M.E.; Abdelgaleil, S.A.M. Chemical composition, aphicidal and antiacetylcholinesterase activities of
essential oils against Aphis nerii Boyer de Fonscolombe (Hemiptera: Aphididae). ]. Asia. Pac. Entomol. 2021,
doi:10.1016/j.aspen.2021.02.001.

Yumnam, S.; Singh, K.I; Ray, D.C. Effect of indigenous plant extracts on the incidence of Scirpophaga incertulas (Walker)
(Lepidoptera: Pyralidae) in Kharif rice ecosystem. J. Sci. Ind. Res. 2017, 76, 494-500.

Gokturk, T.; Kordali, S.; Calmasur, O.; Tozlu, G. Insecticidal effects of essential plant oils against larvae of great spruce bark
beetle, Dendroctonus micans (Kugelann) (Coleoptera: Curculionidae: Scolytinae). Fresenius Environ. Bull. 2011, 20, 2365-2370.
Sharifian, I.; Hashemi, S.M.; Darvishzadeh, A. Fumigant toxicity of essential oil of mugwort (Artemisia vulgaris L.) against three
major stored product beetles. Arch. Phytopathol. Plant Prot. 2013, 46, 445-450, doi:10.1080/03235408.2012.743389.

Jalali Sendi, J.; Khosravi, R. Recent developments in controlling insect, acari, nematode, and plant pathogens of agricultural and
medical importance by Artemisia annua L. (Asteraceae). In Artemisia Annua— Pharmacology and Biotechnology; Springer Berlin
Heidelberg: Berlin/Heidelberg, Germany, 2014; pp. 229-247.

Oka, Y.; Nacar, S.; Putievsky, E.; Ravid, U.; Yaniv, Z.; Spiegel, Y. Nematicidal activity of essential oils and their components
against the root-knot nematode. Phytopathology 2000, 90, 710-715, doi:10.1094/PHYTO.2000.90.7.710.

Shakil, N.A.; Prasad, D.; Saxena, D.B.; Gupta, A.K. Nematicidal activity of essential oils of Artemisia annua against root-knot and
reniform nematodes. Ann. Plant Prot. Sci. 2004, 12, 397-402.

Avato, P.; Laquale, S.; Argentieri, M.P.; Lamiri, A.; Radicci, V.; D’Addabbo, T. Nematicidal activity of essential oils from
aromatic plants of Morocco. J. Pest Sci. 2017, 90, 711-722, doi:10.1007/s10340-016-0805-0.

Amora, D.X.; de Podesta, G.S.; Grupioni, P.H.F.; das Nasu, E.G.C; de Figueiredo, L.D.; Ferreira, F.C.; de Freitas, L.G.; Lopes,
E.A.; Ferraz, S. Effect of essential oils on the root-knot nematode. Rev. Agri Environ. Sci. 2017, 3, 15-23.

Kundu, A.; Dutta, A.;; Mandal, A.; Negi, L.; Malik, M.; Puramchatwad, R.; Antil, J.; Singh, A.; Rao, U,; Saha, S.; et al. A
Comprehensive in vitro and in silico analysis of nematicidal action of essential oils. Front. Plant Sci. 2021, 11,
doi:10.3389/fpls.2020.614143.

Julio, L.F.; Gonzélez-Coloma, A.; Burillo, J.; Diaz, C.E.; Andrés, M.F. Nematicidal activity of the hydrolate byproduct from the
semi industrial vapor pressure extraction of domesticated Artemisia absinthium against Meloidogyne javanica. Crop Prot. 2017, 94,
33-37, d0i:10.1016/j.cropro.2016.12.002.

Kalaiselvi, D.; Mohankumar, A.; Shanmugam, G.; Thiruppathi, G.; Nivitha, S.; Sundararaj, P. Altitude-related changes in the
phytochemical profile of essential oils extracted from Artemisia nilagirica and their nematicidal activity against Meloidogyne
incognita. Ind. Crops Prod. 2019, 139, 111472, d0i:10.1016/j.indcrop.2019.111472.

Suresh, J.; Mahesh, N.M.; Ahuja, J.; Santilna, K.S. Review on Artemisia nilagirica (Clarke) Pamp. J. Biol. Act. Prod. Nat. 2011, 1,
97-104, doi:10.1080/22311866.2011.10719075.

Khan, R.; Naz, I; Hussain, S.; Khan, R.A.A,; Ullah, S.; Rashid, M.U.; Siddique, I. Phytochemical management of root knot
nematode (Meloidogyne incognita) kofoid and white chitwood by Artemisia spp. in tomato (Lycopersicon esculentum L.). Braz. ].
Biol. 2020, 80, 829-838, d0i:10.1590/1519-6984.222040.

Farooqg, N.; Abbas, T.; Tanveer, A.; Jabran, K. Allelopathy for weed management. In Co-Evolution of Secondary Metabolites.
Reference Series in Phytochemistry; Springer: Berlin/Heidelberg, Germany, 2020; pp. 505-519.

Chen, H,; Singh, H.; Bhardwaj, N.; Bhardwaj, S.K.; Khatri, M.; Kim, K.-H.; Peng, W. An exploration on the toxicity mechanisms
of phytotoxins and their potential utilities. Crit. Rev. Environ. Sci. Technol. 2020, 1-41, doi:10.1080/10643389.2020.1823172.



Molecules 2021, 26, 3061 37 of 41

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Mugzell Trezzi, M.; Vidal, R.A.; Balbinot Junior, A.A.; von Hertwig Bittencourt, H.; da Silva Souza Filho, A.P. Allelopathy:
Driving mechanisms governing its activity in agriculture. J. Plant Interact. 2016, 11, 53-60, d0i:10.1080/17429145.2016.1159342.
Pannacci, E.; Masi, M.; Farneselli, M.; Tei, F. Evaluation of mugwort (Artemisia vulgaris L.) aqueous extract as a potential
bioherbicide to control Amaranthus retroflexus L. in maize. Agriculture 2020, 10, 642, doi:10.3390/agriculture10120642.

Kapoor, D.; Rinzim; Tiwari, A.; Sehgal, A.; Landi, M.; Brestic, M.; Sharma, A. Exploiting the allelopathic potential of aqueous
leaf extracts of Artemisia absinthium and Psidium guajava against Parthenium hysterophorus, a widespread weed in India. Plants
2019, 8, 552, doi:10.3390/plants8120552.

Carrubba, A.; Labruzzo, A.; Comparato, A.; Muccilli, S.; Spina, A. Use of plant water extracts for weed control in durum wheat
(Triticum turgidum L. Subsp. durum Desf.). Agronomy 2020, 10, 364, doi:10.3390/agronomy10030364.

Labruzzo, A; Cantrell, C.L.; Carrubba, A.; Ali, A.; Wedge, D.E.; Duke, S.O. Phytotoxic lignans from Artemisia arborescens. Nat.
Prod. Commun. 2018, 13, 1934578X1801300, doi:10.1177/1934578X1801300302.

Li, J.; Chen, L.; Chen, Q.; Miao, Y.; Peng, Z.; Huang, B.; Guo, L.; Liu, D.; Du, H. Allelopathic effect of Artemisia argyi on the
germination and growth of various weeds. Sci. Rep. 2021, 11, 4303, d0i:10.1038/s41598-021-83752-6.

Zhou, X.; Zhang, Y.; An, X.; De Philippis, R.; Ma, X.; Ye, C.; Chen, L. Identification of aqueous extracts from Artemisia ordosica
and their allelopathic effects on desert soil algae. Chemoecology 2019, 29, 61-71, doi:10.1007/s00049-018-00276-8.

Knudsmark Jessing, K.; Duke, S.0.; Cedergreeen, N. Potential ecological roles of artemisinin produced by Artemisia annua L. .
Chem. Ecol. 2014, 40, 100-117, doi:10.1007/s10886-014-0384-6.

Radhakrishnan, R.; Alqarawi, A.A.; Abd Allah, E.F. Bioherbicides: Current knowledge on weed control mechanism. Ecofoxicol.
Environ. Saf. 2018, 158, 131-138, doi:10.1016/j.ecoenv.2018.04.018.

Bordin, E.R.; Frumi Camargo, A.; Stefanski, F.S.; Scapini, T.; Bonatto, C.; Zanivan, J.; Preczeski, K.; Modkovski, T.A.; Reichert
Junior, F.; Mossi, A.].; et al. Current production of bioherbicides: Mechanisms of action and technical and scientific challenges
to improve food and environmental security. Biocatal. Biotransformation 2020, 1-14, doi:10.1080/10242422.2020.1833864.
Verdeguer, M.; Sanchez-Moreiras, A.M.; Araniti, F. Phytotoxic effects and mechanism of action of essential oils and terpenoids.
Plants 2020, 9, 1571, doi:10.3390/plants9111571.

Fouad, R,; Bousta, D.; Lalami, A.E.O.; Chahdi, F.O.; Amri, I.; Jamoussi, B.; Greche, H. Chemical composition and herbicidal
effects of essential oils of Cymbopogon citratus (DC) Stapf, Eucalyptus cladocalyx, Origanum vulgare L. and Artemisia absinthium L.
cultivated in Morocco. J. Essent. Oil Bear. Plants 2015, 18, 112-123, doi:10.1080/0972060X.2014.901631.

Aryakia, E.; Naghavi, M.R.; Farahmand, Z.; Shahzadeh Fazeli, A.A.H. Evaluating allelopathic effects of some plant species in
tissue culture media as an accurate method for selection of tolerant plant and screening of bioherbicides. J. Agric. Sci. Technol.
2015, 17, 1011-1023.

Ammann, N.; Pieterse, P.]J. Effects of Artemisia afra leaf extracts on seed germination of selected crop and weed species. S. Afr. ].
Plant Soil 2005, 22, 263-265, doi:10.1080/02571862.2005.10634718.

Benvenuti, S.; Cioni, P.L.; Flamini, G.; Pardossi, A. Weeds for weed control: Asteraceae essential oils as natural herbicides. Weed
Res. 2017, 57, 342-353, doi:10.1111/wre.12266.

Paramanik, R.C.; Chikkaswamy, B.K.; Roy, D.G.; Achinto, P.; Venkatesh, K. Effects of biochemicals of Artemisia annua in plants.
J. Phytol. Res. 2008, 21, 11-18.

Yan, Z.-Q.; Wang, D.-D.; Ding, L.; Cui, H.-Y,; Jin, H.; Yang, X.-Y.; Yang, J.-S.; Qin, B. Mechanism of artemisinin phytotoxicity
action: Induction of reactive oxygen species and cell death in lettuce seedlings. Plant Physiol. Biochem. 2015, 88, 53-59,
doi:10.1016/j.plaphy.2015.01.010.

Hussain, ML.I.; Reigosa, M.J. Characterization of xanthophyll pigments, photosynthetic performance, photon energy dissipation,
reactive oxygen species generation and carbon isotope discrimination during artemisinin-induced stress in Arabidopsis thaliana.
PLoS ONE 2015, 10, 0114826, d0i:10.1371/journal.pone.0114826.

Araniti, F.; Gulli, T.; Marrelli, M.; Statti, G.; Gelsomino, A.; Abenavoli, M.R. Artemisia arborescens L. leaf litter: Phytotoxic activity
and phytochemical characterization. Acta Physiol. Plant. 2016, 38, 128, doi:10.1007/s11738-016-2141-7.

Araniti, F.; Lupini, A.; Sorgona, A.; Conforti, F.; Marrelli, M.; Statti, G.A.; Menichini, F.; Abenavoli, M.R. Allelopathic potential
of Artemisia arborescens: Isolation, identification and quantification of phytotoxic compounds through fractionation-guided
bioassays. Nat. Prod. Res. 2013, 27, 880-887, d0i:10.1080/14786419.2012.691491.

Dhifi, W; Jilani, I.B.H.; Bellili, S.; Jazi, S.; El Beyrouthy, M.; Mnif, W. Essential oil chemical characterization and allelopathic
potential of Artemisia campestris L. growing in Tunisia. ]. Microbiol. Biotechnol. Food Sci. 2017, 7, 302-305,
doi:10.15414/jmbfs.2017/18.7.3.302-305.

da Silva Saraiva, C.S. Bioherbicidal Effect of Plant Aqueous Extracts and Essential Oils; Escola Superior Agraria de Coimbra:
Coimbra, Portugal, 2019.

Sekine, T.; Appiah, K.S.; Azizi, M.; Fujii, Y. Plant growth inhibitory activities and volatile active compounds of 53 spices and
herbs. Plants 2020, 9, 264, doi:10.3390/plants9020264.

Pouresmaeil, M.; Nojadeh, M.S.; Movafeghi, A.; Maggi, F. Exploring the bio-control efficacy of Artemisia fragrans essential oil on
the perennial weed Convolvulus arvensis: Inhibitory effects on the photosynthetic machinery and induction of oxidative stress.
Ind. Crops Prod. 2020, 155, 112785, d0i:10.1016/j.indcrop.2020.112785.

Zhang, RM.; Zuo, Z].; Gao, P.J.; Hou, P.; Wen, G.S.; Gao, Y. Allelopathic effects of VOCs of Artemisia frigida Willd. on the
regeneration of pasture grasses in Inner Mongolia. |. Arid Environ. 2012, 87, 212-218, doi:10.1016/j.jaridenv.2012.04.008.



Molecules 2021, 26, 3061 38 of 41

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Kil, B.S.; Han, D.M,; Lee, C.H.; Kim, Y.S.; Yun, K.Y.; Yoo, H.G. Allelopathic effects of Artemisia lavandulaefolia. Korean ]. Ecol.
2000, 23, 149-155.

Al-Watban, A.; Salama, H.M.H. Physiological effects of allelopathic activity of Artemisia monosperma on common bean (Phaseolus
vulgaris L.). Int. Res. ]. Plant Sci. 2012, 3, 158-163.

Algandaby, M.M.; El-Darier, S.M. Management of the noxious weed; Medicago polymorpha L. via allelopathy of some medicinal
plants from Taif region, Saudi Arabia. Saudi J. Biol. Sci. 2018, 25, 1339-1347, d0i:10.1016/j.sjbs.2016.02.013.

Singh, H.P.; Kaur, S.; Mittal, S.; Batish, D.R.; Kohli, R.K. Essential oil of Artemisia scoparia inhibits plant growth by generating
reactive oxygen species and causing oxidative damage. J. Chem. Ecol. 2009, 35, 154-162, d0i:10.1007/s10886-009-9595-7.

Kaur, S.; Singh, H.P.; Mittal, S.; Batish, D.R.; Kohli, R.K. Phytotoxic effects of volatile oil from Artemisia scoparia against weeds
and its possible use as a bioherbicide. Ind. Crops Prod. 2010, 32, 54-61, doi:10.1016/j.indcrop.2010.03.007.

Jiang, C.-Y.; Zhou, S.-X.; Toshmatov, Z.; Mei, Y.; Jin, G.-Z.; Han, C.-X; Zhang, C.; Shao, H. Chemical composition and phytotoxic
activity of the essential oil of Artemisia sieversiozna growing in Xinjiang, China. Nat. Prod. Res. 2020, 1-6,
doi:10.1080/14786419.2020.1837806.

Shao, H.; Hu, Y.; Han, C.; Wei, C.; Zhou, S.; Zhang, C.; Zhang, C. Chemical composition and phytotoxic activity of Seriphidium
terrae-albae (Krasch.) Poljakov (Compositae) essential oil. Chem. Biodivers. 2018, 15, 1800348, doi:10.1002/cbdv.201800348.
Onen, H.; Ozer, Z.; Telci, 1. Bioherbicidal effects of some plant essential oils on different weed species. J. Plant Dis. Prot. 2002,
18, 597-605.

Marcinkeviciene, A.; Kriauciuniene, Z.; Velicka, R.; Kosteckas, R.; Fujii, Y. Allelopathic effect of Artemisia vulgaris on winter
wheat and winter oilseed rape. Fresenius Environ. Bull. 2018, 27, 727-732.

Pannacci, E.; Pettorossi, D.; Regni, L.; Tei, F. Allelopathic potential of mugwort (Artemisia vulgaris L.) to control the Italian
ryegrass (Lolium multiflorum Lam.) in winter wheat. Allelopath. ]. 2015, 36, 257-272.

Dayan, F.E.; Duke, S.O. Biological activity of allelochemicals. In Plant-Derived Natural Products; Springer: New York, NY, USA,
2009; pp. 361-384.

Jessing, K.K.; Cedergreen, N.; Jensen, J.; Hansen, H.C.B. Degradation and ecotoxicity of the biomedical drug artemisinin in soil.
Environ. Toxicol. Chem. 2009, 28, 701-710, do0i:10.1897/08-153R.1.

Delabays, N.; Slacanin, I.; Bohren, C. Herbicidal potential of artemisinin and allelopathic properties of Artemisia annua L: From
the laboratory to the field. J. Plant Dis. Proctection 2008, 317-322.

Bharati, A.; Kar, M.; Sabat, 5.C. Artemisinin inhibits chloroplast electron transport activity: Mode of action. PLoS ONE 2012, 7,
€38942, doi:10.1371/journal.pone.0038942.

Yan, Z.; Wang, D.; Cui, H.; Sun, Y.; Yang, X,; Jin, H.; Zhao, Y.; Li, X.; Xie, M,; Liu, J.; et al. Effects of artemisinin on root gravitropic
response and root system development in Arabidopsis thaliana. Plant Growth Regul. 2018, 85, 211-220, doi:10.1007/s10725-018-
0384-6.

Shao, H.; Zhang, Y. Non-target effects on soil microbial parameters of the synthetic pesticide carbendazim with the biopesticides
cantharidin and norcantharidin. Sci. Rep. 2017, 7, 5521, doi:10.1038/s41598-017-05923-8.

Dahoumane, S.; Jeffryes, C.; Mechouet, M.; Agathos, S. Biosynthesis of inorganic nanoparticles: A fresh look at the control of
shape, size and composition. Bioengineering 2017, 4, 14, doi:10.3390/bioengineering4010014.

Khan, I; Saeed, K. Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. |. Chem. 2019, 12, 908-931,
doi:10.1016/j.arabjc.2017.05.011.

Manjunatha, R.L.; Naik, D.; Usharani, K.V. Nanotechnology application in agriculture: A review. . Pharmacogn. Phytochem. 2019,
8, 1073-1083.

Chhipa, H. Nanopesticide: Current status and future possibilities. Agric. Res. Technol. Open Access ]. 2017, 5,
doi:10.19080/ARTOA]J.2017.05.555651.

Anu Mary Ealia, S.; Saravanakumar, M.P. A review on the classification, characterisation, synthesis of nanoparticles and their
application. IOP Conf. Ser. Mater. Sci. Eng. 2017, 263, 32019, d0i:10.1088/1757-899X/263/3/032019.

Paramo, L.A.; Feregrino-Pérez, A.A.; Guevara, R.; Mendoza, S.; Esquivel, K. Nanoparticles in agroindustry: Applications,
toxicity, challenges, and trends. Nanomaterials 2020, 10, 1654, doi:10.3390/nano10091654.

Lopez-Valdez, F.; Miranda-Arambula, M.; Rios-Cortés, A.M.; Fernandez-Luquefio, F.; De-la-Luz, V. Nanofertilizers and their
controlled delivery of nutrients. In Agricultural Nanobiotechnology; Springer International Publishing: Cham, Switzerland, 2018;
pp- 35-48.

Vandevoort, A.; Arai, Y. Macroscopic observation of soil nitrification kinetics impacted by copper nanoparticles: Implications
for micronutrient nanofertilizer. Nanomaterials 2018, 8, 927, d0i:10.3390/nano8110927.

Kah, M.; Kookana, R.S.; Gogos, A.; Bucheli, T.D. A critical evaluation of nanopesticides and nanofertilizers against their
conventional analogues. Nat. Nanotechnol. 2018, 13, 677-684, doi:10.1038/s41565-018-0131-1.

dos Silva, M.S.; Cocenza, D.S.; Grillo, R.; de Melo, N.E.S.; Tonello, P.S.; de Oliveira, L.C.; Cassimiro, D.L.; Rosa, A.H.; Fraceto,
L.F. Paraquat-loaded alginate/chitosan nanoparticles: Preparation, characterization and soil sorption studies. . Hazard. Mater.
2011, 190, 366-374, doi:10.1016/j.jhazmat.2011.03.057.

Abigail, E.A.; Chidambaram, R. Nanotechnology in herbicide resistance. In Nanostructured Materials — Fabrication to Applications;
InTech: London, UK, 2017.



Molecules 2021, 26, 3061 39 of 41

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Grillo, R.; Pereira, A.E.S.; Nishisaka, C.S.; de Lima, R.; Oehlke, K;; Greiner, R.; Fraceto, L.F. Chitosan/tripolyphosphate
nanoparticles loaded with paraquat herbicide: An environmentally safer alternative for weed control. . Hazard. Mater. 2014,
278, 163-171, doi:10.1016/j.jhazmat.2014.05.079.

Shibin, O.M.; Yesodharan, S.; Yesodharan, E.P. Sunlight induced photocatalytic degradation of herbicide diquat in water in
presence of ZnO. . Environ. Chem. Eng. 2015, 3, 1107-1116, doi:10.1016/j.jece.2015.04.026.

Paez, M.R.; Ochoa-Mufoz, Y.; Rodriguez-Paez, J.E. Efficient removal of a glyphosate-based herbicide from water using ZnO
nanoparticles (ZnO-NPs). Biocatal. Agric. Biotechnol. 2019, 22, 101434, doi:10.1016/j.bcab.2019.101434.

Sharifi-Rad, J.; Sharifi-Rad, M.; Teixeira da Silva, ].A. Morphological, physiological and biochemical responses of crops (Zea
mays L., Phaseolus vulgaris L.), medicinal plants (Hyssopus officinalis L., Nigella sativa L.), and weeds (Amaranthus retroflexus L.,
Taraxacum officinale F. H. Wigg) exposed to SiO2nanoparticles. |. Agric. Sci. Technol. 2016, 18, 1027-1040.

Jampilek, J.; Kralova, K. Nanopesticides: Preparation, targeting, and controlled release. In New Pesticides and Soil Sensors;
Elsevier: Amsterdam, The Netherlands, 2017; pp. 81-127.

Zhao, L.; Huang, Y.; Adeleye, A.S.; Keller, A.A. Metabolomics reveals Cu(OH)2nanopesticide-activated anti-oxidative pathways
and decreased beneficial antioxidants in spinach leaves. Environ. Sci. Technol. 2017, 51, 10184-10194, doi:10.1021/acs.est.7b02163.
Bourguet, D.; Guillemaud, T. The hidden and external costs of pesticide use. In Sustainable Agriculture Reviews; Springer:
Berlin/Heidelberg, Germany, 2016; pp. 35-120.

Khan, M.R;; Rizvi, T.F. Nanotechnology: Scope and application in plant disease management. Plant Pathol. ]. 2014, 13, 214-231,
doi:10.3923/ppj.2014.214.231.

Ul Hag, I; Tjaz, S. Use of metallic nanoparticles and nanoformulations as nanofungicides for sustainable disease management
in plants. In Nanobiotechnology in Bioformulations; Springer: Berlin/Heidelberg, Germany, 2019; pp. 289-316.

Dwivedi, S.; Saquib, Q.; Al-Khedhairy, A.A.; Musarrat, ]. Understanding the role of nanomaterials in agriculture. In Microbial
Inoculants in Sustainable Agricultural Productivity; Springer India: New Delhi, India, 2016; pp. 271-288.

Nair, R.; Varghese, S.H.; Nair, B.G.; Maekawa, T.; Yoshida, Y.; Kumar, D.S. Nanoparticulate material delivery to plants. Plant
Sci. 2010, 179, 154-163, d0i:10.1016/j.plantsci.2010.04.012.

Li, Z.-Z,; Chen, ].-F.; Liu, F; Liu, A.-Q.; Wang, Q.; Sun, H.-Y.; Wen, L.-X. Study of UV-shielding properties of novel porous
hollow silica nanoparticle carriers for avermectin. Pest Manag. Sci. 2007, 63, 241-246, d0i:10.1002/ps.1301.

Hou, R;; Zhang, Z.; Pang, S.; Yang, T.; Clark, ].M.; He, L. Alteration of the nonsystemic behavior of the pesticide ferbam on tea
leaves by engineered gold nanoparticles. Environ. Sci. Technol. 2016, 50, 62166223, doi:10.1021/acs.est.6b01336.

Servin, A.; Elmer, W.; Mukherjee, A.; De la Torre-Roche, R.; Hamdi, H.; White, J.C.; Bindraban, P.; Dimkpa, C. A review of the
use of engineered nanomaterials to suppress plant disease and enhance crop yield. J. Nanoparticle Res. 2015, 17, 92,
doi:10.1007/s11051-015-2907-7.

Vanathi, P.; Rajiv, P.; Sivaraj, R. Synthesis and characterization of Eichhornia-mediated copper oxide nanoparticles and assessing
their antifungal activity against plant pathogens. Bull. Mater. Sci. 2016, 39, 1165-1170, doi:10.1007/s12034-016-1276-x.

Shang, Y.; Hasan, M.K.; Ahammed, G.J.; Li, M.; Yin, H.; Zhou, ]. Applications of nanotechnology in plant growth and crop
protection: A review. Molecules 2019, 24, 2558, doi:10.3390/molecules24142558.

Reddy Pullagurala, V.L.; Adisa, 1.O.; Rawat, S.; Kim, B.; Barrios, A.C.; Medina-Velo, I.A.; Hernandez-Viezcas, J.A.; Peralta-
Videa, ].R.; Gardea-Torresdey, J.L. Finding the conditions for the beneficial use of ZnO nanoparticles towards plants-A review.
Environ. Pollut. 2018, 241, 1175-1181, doi:10.1016/j.envpol.2018.06.036.

Affam, A.C.; Chaudhuri, M. Degradation of pesticides chlorpyrifos, cypermethrin and chlorothalonil in aqueous solution by
TiO:z photocatalysis. J. Environ. Manag. 2013, 130, 160-165, doi:10.1016/j.jenvman.2013.08.058.

Hanh, N.T.; Le Minh Tri, N.; Van Thuan, D.; Thanh Tung, M.H.; Pham, T.-D.; Minh, T.D.; Trang, H.T.; Binh, M.T.; Nguyen, M.V.
Monocrotophos pesticide effectively removed by novel visible light driven Cu doped ZnO photocatalyst. ]. Photochem. Photobiol.
A Chem. 2019, 382, 111923, d0i:10.1016/j.jphotochem.2019.111923.

Ghasemi, B.; Hosseini, R.; Dehgan Nayeri, F. Effects of cobalt nanoparticles on artemisinin production and gene expression in
Artemisia annua. Turk. |. Bot. 2015, 39, 769-777, d0i:10.3906/bot-1410-9.

Ghanati, F.; Bakhtiarian, S. Effect of methyl jasmonate and silver nanoparticles on production of secondary metabolites by
Calendula officinalis L. (Asteraceae). Trop. ]. Pharm. Res. 2014, 13, 1783, doi:10.4314/tjpr.v13i11.2.

Jadoun, S.; Arif, R.; Jangid, N.K,; Meena, R.K. Green synthesis of nanoparticles using plant extracts: A review. Environ. Chem.
Lett. 2021, 19, 355-374, d0i:10.1007/s10311-020-01074-x.

Khan, N.T.; Khan, M.]J. Metallic nanoparticles fabrication methods-A brief overview. SunKrist Nanotechnol. Nanosci. ]. 2020, 2,
1-6, d0i:10.46940/snnj.02.1002.

Jamkhande, P.G.; Ghule, N.-W.; Bamer, A.H.; Kalaskar, M.G. Metal nanoparticles synthesis: An overview on methods of
preparation, advantages and disadvantages, and applications. ]. Drug Deliv. Sci. Technol. 2019, 53, 101174,
doi:10.1016/j.jddst.2019.101174.

Yadi, M.; Mostafavi, E.; Saleh, B.; Davaran, S.; Aliyeva, I.; Khalilov, R.; Nikzamir, M.; Nikzamir, N.; Akbarzadeh, A.; Panahi, Y.;
et al. Current developments in green synthesis of metallic nanoparticles using plant extracts: A review. Artif. Cells Nanomed.
Biotechnol. 2018, 46, S336-5343, doi:10.1080/21691401.2018.1492931.

Chatterjee, A.; Kwatra, N.; Abraham, J. Nanoparticles fabrication by plant extracts. In Phytonanotechnology; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 143-157.



Molecules 2021, 26, 3061 40 of 41

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

Vanlalveni, C.; Lallianrawna, S.; Biswas, A.; Selvaraj, M.; Changmai, B.; Rokhum, S.L. Green synthesis of silver nanoparticles
using plant extracts and their antimicrobial activities: A review of recent literature. RSC Adv. 2021, 11, 2804-2837,
d0i:10.1039/DORA09941D.

Pantidos, N. Biological synthesis of metallic nanoparticles by bacteria, fungi and plants. |. Nanomed. Nanotechnol. 2014, 5,
doi:10.4172/2157-7439.1000233.

Castillo-Henriquez, L.; Alfaro-Aguilar, K.; Ugalde-AlvareZ, J.; Vega-Fernandez, L.; Montes de Oca-Vasquez, G.; Vega-Baudrit,
J.R. Green synthesis of gold and silver nanoparticles from plant extracts and their possible applications as antimicrobial agents
in the agricultural area. Nanomaterials 2020, 10, 1763, d0i:10.3390/nan010091763.

Vijayakumar, M.; Priya, K.; Nancy, F.T.; Noorlidah, A.; Ahmed, A.B.A. Biosynthesis, characterisation and anti-bacterial effect
of plant-mediated silver nanoparticles using Artemisia  nilagirica. Ind. Crops Prod. 2013, 41, 235-240,
doi:10.1016/j.indcrop.2012.04.017.

Mousavi, B.; Tafvizi, F.; Zaker Bostanabad, S. Green synthesis of silver nanoparticles using Artemisia turcomanica leaf extract
and the study of anti-cancer effect and apoptosis induction on gastric cancer cell line (AGS). Artif. Cells Nanomed. Biotechnol.
2018, 46, 499-510, doi:10.1080/21691401.2018.1430697.

Johnson, A.S.; Obot, LB.; Ukpong, U.S. Green synthesis of silver nanoparticles using Artemisia annua and Sida acuta leaves extract
and their antimicrobial, antioxidant and corrosion inhibition potentials. . Mater. Environ. Sci. 2014, 5, 899-906.

Wang, D.; Cui, L.; Chang, X.; Guan, D. Biosynthesis and characterization of zinc oxide nanoparticles from Artemisia annua and
investigate their effect on proliferation, osteogenic differentiation and mineralization in human osteoblast-like MG-63 Cells. J.
Photochem. Photobiol. B Biol. 2020, 202, 111652, doi:10.1016/j.jphotobiol.2019.111652.

Ghanbar, F.; Mirzaie, A.; Ashrafi, F.; Noorbazargan, H.; Dalirsaber Jalali, M.; Salehi, S.; Sadat Shandiz, S.A. Antioxidant,
antibacterial and anticancer properties of phyto-synthesised Artemisia quttensis Podlech extract mediated AgNPs. IET
Nanobiotechnol. 2017, 11, 485-492, d0i:10.1049/iet-nbt.2016.0101.

Baghbani-Arani, F.; Movagharnia, R.; Sharifian, A.; Salehi, S.; Shandiz, S.A.S. Photo-catalytic, anti-bacterial, and anti-cancer
properties of phyto-mediated synthesis of silver nanoparticles from Artemisia tournefortiana Rchb extract. J. Photochem. Photobiol.
B Biol. 2017, 173, 640-649, d0i:10.1016/j.jphotobiol.2017.07.003.

Khatoon, N.; Ahmad, R.; Sardar, M. Robust and fluorescent silver nanoparticles using Artemisia annua: Biosynthesis,
characterization and antibacterial activity. Biochem. Eng. ]. 2015, 102, 91-97, d0i:10.1016/j.bej.2015.02.019.

Basavegowda, N.; Idhayadhulla, A.; Lee, Y.R. Preparation of Au and Ag nanoparticles using Artemisia annua and their in vitro
antibacterial and tyrosinase inhibitory activities. Mater. Sci. Eng. C 2014, 43, 58-64, d0i:10.1016/j.msec.2014.06.043.

Ali, M,; Kim, B.; Belfield, D.K,; Norman, D.; Brennan, M.; Ali, G.S. Green synthesis and characterization of silver nanoparticles
using Artemisia absinthium aqueous extract—A comprehensive study. Mater. Sci. Eng. C 2016, 58, 359-365,
doi:10.1016/j.msec.2015.08.045.

Elemike, E.E.; Onwudiwe, D.C.; Ekennia, A.C.; Jordaan, A. Synthesis and characterisation of silver nanoparticles using leaf
extract of Artemisia afra and their in vitro antimicrobial and antioxidant activities. IET Nanobiotechnol. 2018, 12, 722-726,
doi:10.1049/iet-nbt.2017.0297.

Rasheed, T.; Bilal, M.; Igbal, HM.N.; Li, C. Green biosynthesis of silver nanoparticles using leaves extract of Artemisia vulgaris
and their potential biomedical applications. Colloids Surf. B Biointerfaces 2017, 158, 408—415, d0i:10.1016/j.colsurfb.2017.07.020.
Nezamabadi, V.; Akhgar, M.R.; Tahamipour, B.; Rajaei, P. Biosynthesis and antibacterial activity of ZnO nanoparticles by
Artemisia aucheri extract. Iran. ]. Biotechnol. 2020, 18, 83-92, d0i:10.30498/ijb.2020.151379.2426.

Al-Ibrahemi, N.; Hasan, R.M.; Alslman, K. Effect of zinc oxid nanoparticles on the oxidative stress (Malonaldehyde MDA, lipid
peroxidation level LPO) and antioxidants (GSH glutation). Medico-Legal — Updat. 2020, 20, 883-888,
doi:10.37506/v20/i1/2020/mlu/194707.

Avitabile, E.; Senes, N.; D’Avino, C.; Tsamesidis, I.; Pinna, A.; Medici, S.; Pantaleo, A. The potential antimalarial efficacy of
hemocompatible silver nanoparticles from Artemisia species against P. falciparum parasite. PLoS ONE 2020, 15, 0238532,
doi:10.1371/journal.pone.0238532.

Baran, M.F.; Keskin, C.; Atalar, M.N.; Baran, A. Environmentally friendly rapid synthesis of gold nanoparticles from Artemisia
absinthium plant extract and application of antimicrobial activities. J. Inst. Sci. Technol. 2021, 11, 365-375, d0i:10.21597/jist.779169.
Aghajanyan, A.; Gabrielyan, L.; Schubert, R.; Trchounian, A. Silver ion bioreduction in nanoparticles using Artemisia annua L.
extract: Characterization and application as antibacterial agents. AMB Express 2020, 10, 66, doi:10.1186/s13568-020-01002-w.
Park, Y.; Noh, H.]; Han, L.; Kim, H.-S.; Kim, Y.-J.; Choi, J.S.; Kim, C.-K.; Kim, Y.S.; Cho, S. Artemisia capillaris extracts as a green
factory for the synthesis of silver nanoparticles with antibacterial activities. . Nanosci. Nanotechnol. 2012, 12, 7087-7095,
doi:10.1166/jnn.2012.6575.

Lim, S.H.; Ahn, E.-Y.; Park, Y. Green synthesis and catalytic activity of gold nanoparticles synthesized by Artemisia capillaris
water extract. Nanoscale Res. Lett. 2016, 11, 474, d0i:10.1186/s11671-016-1694-0.

Alavi, M.; Karimi, N. Characterization, antibacterial, total antioxidant, scavenging, reducing power and ion chelating activities
of green synthesized silver, copper and titanium dioxide nanoparticles using Artemisia haussknechtii leaf extract. Artif. Cells
Nanomed. Biotechnol. 2017, 1-16, doi:10.1080/21691401.2017.1408121.

Salehi, S.; Shandiz, S.; Ghanbar, F.; Darvish, M.R.; Ardestani, M.S.; Mirzaie, A.; Jafari, M. Phytosynthesis of silver nanoparticles
using Artemisia marschalliana Sprengel aerial part extract and assessment of their antioxidant, anticancer, and antibacterial
properties. Int. |. Nanomed. 2016, 11, 1835-1846, doi:10.2147/IJN.S99882.



Molecules 2021, 26, 3061 41 of 41

204.

205.

206.

207.

208.
209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

Nalini, M.; Lena, M.; Sumathi, P.; Sundaravadivelan, C. Effect of phyto-synthesized silver nanoparticles on developmental
stages of malaria vector, Anopheles stephensi and dengue vector, Aedes aegypti. Eqypt. ]. Basic Appl. Sci. 2017, 4, 212-218,
doi:10.1016/j.ejbas.2017.04.005.

Khalili, H.; Sadat Shandiz, S.A.; Baghbani-Arani, F. Anticancer properties of phyto-synthesized silver nanoparticles from
medicinal plant Artemisia tschernieviana Besser aerial parts extract toward HT29 human colon adenocarcinoma cells. J. Clust. Sci.
2017, 28, 1617-1636, doi:10.1007/s10876-017-1172-6.

Sundararajan, B.; Ranjitha Kumari, B.D. Novel synthesis of gold nanoparticles using Artemisia vulgaris L. leaf extract and their
efficacy of larvicidal activity against dengue fever vector Aedes aegypti L. ]. Trace Elem. Med. Biol. 2017, 43, 187-196,
doi:10.1016/j.jtemb.2017.03.008.

Ahmad, F.; Ashraf, N.; Ashraf, T.; Zhou, R.-B.; Yin, D.-C. Biological synthesis of metallic nanoparticles (MNPs) by plants and
microbes: Their cellular uptake, biocompatibility, and biomedical applications. Appl. Microbiol. Biotechnol. 2019, 103, 2913-2935,
doi:10.1007/s00253-019-09675-5.

Prasad, R. Synthesis of silver nanoparticles in photosynthetic plants. ]. Nanoparticles 2014, 2014, 1-8, doi:10.1155/2014/963961.
Iravani, S.; Zolfaghari, B. Green synthesis of silver nanoparticles using Pinus eldarica bark extract. BioMed Res. Int. 2013, 2013, 1-
5, doi:10.1155/2013/639725.

Waclawek, S.; Goncukova, Z.; Adach, K.; Fijatkowski, M.; éernﬂ(, M. Green synthesis of gold nanoparticles using Artemisia
dracunculus extract: Control of the shape and size by varying synthesis conditions. Environ. Sci. Pollut. Res. 2018, 25, 24210-
24219, d0i:10.1007/s11356-018-2510-4.

Gomathi, R.; Suhana, H. Green synthesis, characterization and antimicrobial activity of zinc oxide nanoparticles using Artemisia
pallens plant extract. Inorg. Nano-Metal Chem. 2020, 1-10, doi:10.1080/24701556.2020.1852256.

Aziz, A.T.; Alshehri, M.A.; Panneerselvam, C.; Murugan, K., Trivedi, S.; Mahyoub, J.A.; Hassan, M.M.; Maggi, F.; Sut, S.;
Dall’Acqua, S.; et al. The desert wormwood (Artemisia herba-alba) —From Arabian folk medicine to a source of green and effective
nanoinsecticides against mosquito vectors. ]. Photochem. Photobiol. B Biol. 2018, 180, 225-234, d0i:10.1016/j.jphotobiol.2018.02.012.
Lai, F.; Wissing, S.A.; Miiller, R H.; Fadda, A.M. Artemisia arborescens L essential oil-loaded solid lipid nanoparticles for potential
agricultural application: Preparation and characterization. AAPS PharmSciTech 2006, 7, E10, doi:10.1208/pt070102.
Panneerselvam, C.; Murugan, K.; Kovendan, K.; Mahesh Kumar, P. Mosquito larvicidal, pupicidal, adulticidal, and repellent
activity of Artemisia nilagirica (Family: Compositae) against Anopheles stephensi and Aedes aegypti. Parasitol. Res. 2012, 111, 2241—
2251, d0i:10.1007/s00436-012-3073-9.

Oka, Y. Nematicidal activity of essential oil components against the root-knot nematode Meloidogyne javanica. Nematology 2001,
3, 159-164, doi:10.1163/156854101750236286.

Abdelgaleil, S.A.M.; Abbassy, M.A_; Belal, A.-S.H.; Abdel Rasoul, M.A.A. Bioactivity of two major constituents isolated from
the essential oil of Artemisia judaica L. Bioresour. Technol. 2008, 99, 5947-5950, doi:10.1016/j.biortech.2007.10.043.

Soliman, B.S.; Abbassy, M.A.; Abdel-Rasoul, M.A.; Nassar, A.M. Efficacy of silver nanoparticles of extractives of Artemisia
judaica against root-knot nematode. J. Environ. Stud. Res. 2017, 7, 1-13.

Ali, M.; Kim, B.; Belfield, K.D.; Norman, D.; Brennan, M.; Ali, G.S. Inhibition of Phytophthora parasitica and P. capsici by silver
nanoparticles synthesized using aqueous extract of Artemisia absinthium. Phytopathology 2015, 105, 1183-1190,
doi:10.1094/PHYTO-01-15-0006-R.

Duarte, J.L.; Maciel de Faria Motta Oliveira, A.E.; Pinto, M.C.; Chorilli, M. Botanical insecticide-based nanosystems for the
control of Aedes (Stegomyia) aegypti larvae. Environ. Sci. Pollut. Res. 2020, 27, 28737-28748, doi:10.1007/s11356-020-09278-y.

Patil, S.; Chandrasekaran, R. Biogenic nanoparticles: A comprehensive perspective in synthesis, characterization, application
and its challenges. ]. Genet. Eng. Biotechnol. 2020, 18, 67, doi:10.1186/s43141-020-00081-3.

Osanloo, M.; Sedaghat, M.M.; Sereshti, H.; Rahmani, M.; Landi, F.S.; Amani, A. Chitosan nanocapsules of tarragon essential oil
with low cytotoxicity and long-lasting activity as a green nano-larvicide. ]. Nanostruct. 2019, 9, 723-735,
doi:10.22052/JNS.2019.04.014.

Negahban, M.; Moharramipour, S.; Zandi, M.; Ali Hashemi, S. Fumigant properties of nano-encapsulated essential oil from
Artemisia sieberi on Tribolium castaneum. In Proceedings of the Controlled Atmosphere and Fumigation in Stored Products,
Antalya, Turkey, 15-19 October 2012; pp. 101-105.

Lammari, N.; Louaer, O.; Meniai, A.H.; Elaissari, A. Encapsulation of essential oils via nanoprecipitation process: Overview,
progress, challenges and prospects. Pharmaceutics 2020, 12, 431, doi:10.3390/pharmaceutics12050431.

Osanloo, M.; Amani, A.; Sereshti, H.; Abai, M.R.; Esmaeili, F.; Sedaghat, M.M. Preparation and optimization nanoemulsion of
tarragon (Artemisia dracunculus) essential oil as effective herbal larvicide against Anopheles stephensi. Ind. Crops Prod. 2017, 109,
214-219, doi:10.1016/j.indcrop.2017.08.037.

Osanloo, M.; Sedaghat, M.M.; Sereshti, H.; Amani, A. Nano-encapsulated tarragon (Artemisia dracunculus) essential oil as a
sustained release nano-larvicide. ]. Contemp. Med. Sci. 2019, 5, 82-89.

Khanahmadji, M.; Pakravan, P.; Negahban, M.; Ghamari, E. Fumigant toxicity of Artemisia haussknechtii essential oil and its nano-
encapsulated form. J. Entomol. Zool. Stud. 2017, 5, 1776-1783.

Nuruzzaman, M.; Rahman, M.M.; Liu, Y.; Naidu, R. Nanoencapsulation, nano-guard for pesticides: A new window for safe
application. J. Agric. Food Chem. 2016, 64, 1447-1483, doi:10.1021/acs.jafc.5b05214.



