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Abstract: The application of green methods in the synthesis of nanoparticles using plants is a
cost-effective and eco-friendly approach. Zinc oxide nanoparticles are of great importance due to
their versatile properties. The conditions of synthesis strongly influence the characteristics and
functionality of the nanoparticles. The present work studied the biological, green synthesis of zinc
oxide nanoparticles (ZnONPs) in the presence of different concentrations of ethanolic extract of
Larrea tridentata (10, 20, and 30 mg/mL). The time of the formation of nanoparticles was evaluated
at different temperatures and pH values of the reaction medium. The formation of ZnONPs was
confirmed by ultraviolet-visible (UV-Vis) and Fourier transform infrared spectroscopies (FT-IR),
as well as scanning electron microscopy (SEM). X-ray diffraction analysis (XDR) determined the
crystallographic structure of the nanoparticles. Obtained ZnONPs had a size range of 18 to 40 nm.
The temperature, reaction time, and pH significantly influenced the nanoparticles’ morphology, size,
and aggregation. The impact of chosen ZnONPs was tested on the germination of serrano chili seeds
(Capsicum annuum). At 100 ppm, the nanoparticles improved germination percentage, vigor, and
seedlings’ growth parameters.

Keywords: ZnO nanoparticles; green synthesis; Larea tridentata; germination

1. Introduction

Green nanoparticle synthesis technology is an attractive method for the formation
of nanomaterials because of its eco-friendly, low-cost, low-energy, and often single-step
approach. Nanotechnology is a developing science that has gained significant importance
due to its multiple applications in a variety of areas, including textile industries [1], cosmet-
ics [2], food, and agriculture [3], among others. Zinc oxide nanoparticles (ZnONPs), whose
sizes range from 1 to 100 nm, have been widely studied as strategic, functional inorganic
materials [4]; antimicrobial agents [5]; and as catalytic [6], electric, optoelectric [7], and
photochemical stimuli [8]. These NPs also act as a regulatory cofactor in plant-protein
and tryptophan synthesis [9]. In recent years, the agroindustry has implemented the use
of ZnONPs as plant stimulants and micro-fertilizers [5]. Plants can more easily absorb
chemical compounds presented in the form of NPs because of their size and the ease
with which they penetrate the tissues compared to the bulk forms [10]. When NPs are
applied to plants, various effects can occur, such as inducement or inhibition of seeds’
germination and seedling growth [11], activation of genes involved in metabolism [12],
stimulation of photosynthesis [13], reactive oxygen species generation, and chromosomal
aberrations [14]. Specifically, zinc is an essential nutrient for plant growth which plays a

Sustainability 2023, 15, 3080. https://doi.org/10.3390/su15043080 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su15043080
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-4317-5356
https://orcid.org/0000-0001-8169-4398
https://orcid.org/0000-0003-0967-9307
https://doi.org/10.3390/su15043080
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15043080?type=check_update&version=1


Sustainability 2023, 15, 3080 2 of 18

critical role in metabolisms in stimulating enzymes such as carbonic anhydrase, aldolase,
and hydrogenase [15]. Principally, during early growth stages, a zinc deficit could retard
seedling growth. In addition, it affects the capacity for water uptake; soaking seeds in zinc
solutions could improve moisture retention, favoring germination. Furthermore, zinc is
involved in the production of tryptophan and auxin, essential growth hormones, which
could enhance plants’ yield and quality [15–17].

However, the above benefits generally depend on the size, size distribution, and
morphology of the ZnONPs, which are related to factors involved in their synthesis,
such as the concentration of precursor reagents, pH, and temperature, among others [18].
Different physical and chemical processes can be used to synthesize these nanoparticles.
The most common is chemical synthesis, which uses metal precursors, reducing agents,
and often stabilizing molecules, to form stable and well-defined nanoparticles [19]. In
this process, the reducing agents can be sodium citrate, ascorbate, sodium borohydride
(NaBH4), elemental hydrogen, or poly(ethylene glycol) block copolymers [8]. However,
those chemicals produce toxic residues [20] which are unfriendly to the environment,
demand high energy, and are usually expensive [21].

On the other hand, the green synthesis of nanoparticles aims to reduce and eliminate
polluting residues and introduces materials and processes that are better for the environ-
ment, more efficient, more feasible, and require less applied energy [22,23]. The NPs can
be synthesized in the presence of plant extracts (for example, banana leaves, garlic plants,
aloe, basil, and medical plants) that naturally possess bioactive components capable of re-
ducing and stabilizing the arising nanoparticles [24–28]. Qualitative studies of biochemical
compounds indicate that various metabolites such as terpenoids, phenolic compounds,
flavonoids, aldehydes, ketones, enzymes, proteins, and carbohydrates participate as reduc-
ing agents in the synthesis of metallic NPs, as they are able to donate electrons and reduce
the metallic ions into elemental metals in nanoparticles [29,30]. These biocompounds
contain several functional groups, such as hydroxyl, carboxyl, and amine, which react with
metal ions to reduce them into metallic atoms. In addition, these compounds assist in the
coating of formed nanoparticles, giving them stability in the solution, biocompatibility, and
possibly additional functionality in applications [31].

Creosote bush (Larrea tridentata), also known as greasewood and chaparral in the USA
and gobernadora in Mexico, is a bush growing in semidesert regions of the southwestern
United States and northern Mexico. High concentrations of those abovementioned
bioactive antioxidant compounds have been shown in its extracts [25,32,33], among which
lignans are the most dominant. Nordihydroguaiaretic acid (NDGA) is an extensively
studied lignan with antibacterial, antiviral, anthelmintic, antifungal, and anticancer
properties [34,35]. Furthermore, the biocomponents from L. tridentata extracts stabilize
the NPs during the synthesis as they modify their surface [36]. As of now, aqueous
L. tridentata extracts have been used in silver [25,37] and Cu/CuO [38] nanoparticle
syntheses. Unfortunately, aqueous extraction limits the successful removal of some
crucial biocompounds from the plant, as they have limited solubility in water [39]. In
addition, in the literature, none of the synthesis parameters were evaluated to improve
nanoparticle quality. For this reason, a green methodology to synthesize ZnONPs using
an ethanolic extract of L. tridentata is studied in the present work, evaluating different
extract concentrations, as well as the influence of temperature, and pH, on nanoparticle
formation. As an example of ZnONPs application, we present their influence on the
germination of serrano chili seeds (Capsicum annuum).

2. Materials and Methods

For the NPs synthesis, hexahydrate zinc nitrate (Sigma-Aldrich, Saint Louis, MI, USA) as
precursor salt, reagent grade sodium hydroxide (Fagalab, Favela Pro, S.A. de C.V., Mocorito,
Mexico), and 96% ethyl alcohol (CTR scientific, Monterrey, Mexico) were used as received. For
LTE (Larrea tridentata extract) preparation, fresh plants collected from ejido Rancho Alegre, in
Torreon, Coahuila, Mexico in the summer of 2021 (25◦29′31 N 103◦05′24 W) were used. Am-
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berlite XAD16N cationic exchange resin (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)
was used for the LTE purification.

2.1. Preparation of the Larrea Tridentata Extract (LTE)

The leaves of freshly cut Larrea tridentata were washed with purified water to remove
impurities and dirt, then dried at 45 ◦C for 24 h, and subsequently crushed in a mortar. A
total of 10 g of the crushed leaves were added to 100 mL of a 50% ethanolic solution and
heated to 60 ◦C for 30 min; then, the solution was filtered. Finally, the crude extract was
passed twice through a column packed with Amberlite XAD16N resin using 50% ethanolic
solution as eluent.

Extract Characterization

The dry-matter concentration of LTE was obtained by placing 1 mL of the purified
extract on a watch glass and drying it at 60 ◦C to constant weight. Infrared spectroscopy
was used to identify the functional groups in the ethanolic extract of Larrea tridentata. For
this, the sample was prepared by placing an aliquot of 100 µL in 100 mg of KBr powder and
drying it in an oven for 24 h at 40 ◦C. The KBr/extract pellet was prepared and analyzed
using an FTIR spectrometer (FTIR NICOLET FTIR-100,Thermo Fisher Scientific, Monterrey,
Mexico) in a region from 4000 to 400 cm−1 with a resolution of 4 cm−1. The optical
properties of LTE were determined by UV-Vis spectroscopy, for which the extract was
diluted in water in a 1:10 ratio, using distilled water as a blank. In addition, LTE at different
pH values was prepared by adjusting the pH with concentrated HCl or NaOH solutions,
keeping the amount of the extract constant. The total phenols content was estimated by
the colorimetric method of Folin-Ciocalteu and expressed as gallic acid equivalents on a
fresh-weight basis (GAE/g fw) [40]. The antioxidant capacity of the extract was determined
by the DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) assay according to the methodology
described by Brand-Williams and expressed as mg of Trolox g−1 fw [41]. Analyses were
performed in triplicate.

2.2. Green Synthesis of Zinc Oxide Nanoparticles

For the green synthesis of zinc oxide nanoparticles, the methodology reported by
Selim et al. [42] with some modifications was followed. Three extract concentrations (10, 20,
and 30 mg/mL) and three temperatures (55, 70, and 85 ◦C) were used in ZnONPs synthesis.
The pH was adjusted to 4.5, 7, and 13 by adding NaOH/HCl solutions. In a typical synthesis,
20 mL of purified LTE was added to 200 mL of 1.5 mM zinc nitrate solution at the desired
temperature. The synthesis process was followed with UV-Vis spectroscopy. For that, 1 mL
aliquot was taken every 2 h during the 24 h reactions and every 15 min during the 2 h
reactions. The spectra were recorded in the range of 200 to 700 nm.

At the end of the reaction, the resulting mixture presented a white precipitate contain-
ing the ZnONPs. They were recovered by centrifugation at 4500 rpm for 15 min and then
washed with 50% aqueous ethanol solution and, subsequently, with distilled water. These
NPs were resuspended in distilled water for subsequent analysis. To evaluate the yield of
the reaction, a nanoparticle-solution aliquot was dried at 60 ◦C for 24 h and weighed.

ZnONP Characterization

The NPs synthesized in the presence of LTE were characterized by UV-visible and
FTIR spectroscopies, X-ray diffraction, DLS, and scanning electron microscopy. The optical
properties of the purified nanoparticles were examined using a UV-visible spectrome-
ter (JENWAY MODEL 7305, TEquipment, Long Branch, NJ, USA) in the spectral range
of 200–700 nm and 2 nm resolution. The functional groups present in the synthesized
nanoparticles were determined using an FTIR spectrometer (FTIR NICOLET FTIR-100,
Thermo Fisher Scientific, Monterrey, NL, Mexico) in a region of 4000 to 400 cm−1 using
the KBr pellet method with a resolution of 4 cm−1. X-ray diffraction analysis (XRD) was
carried out in an X-ray diffractometer PANalytical, Malvern Panalytical, Madrid, Spain,
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Empyrean with copper radiation Kα with wavelength, λ = 1.5406 Å. The goniometer was
operated from 5◦ to 90◦ in 2θ and the scan speed was 30 s with a step of 0.026◦. The
phases present were identified using ICSD (Inorganic Crystal Structure DataBase) diffrac-
tion charts and HighScore Plus software https://www.fiz-karlsruhe.de/en/produkte-und-
dienstleistungen/inorganic-crystal-structure-database-icsd (accessed on 3 March 2022).
The morphology and size of the NPs were determined with a scanning electron microscope
TESCAN MIRA (TESCAN ORSAY HOLDING, a.s., Brno, Czech Republic) with field emis-
sion filament (FEG) under vacuum conditions. The acquired images were analyzed using
the GIMP 2.0 software https://www.gimp.org/ (accessed on 7 September 2022). Dynamic
light scattering analysis (DLS) was used to determine the average size, polydispersity (PDI),
and zeta potential of the ZnONPs. The liquid samples were diluted in DI water, sonicated
for 4 h, and transferred to a cell. The analysis was performed with Laser Diffraction Particle
Size Analyzer LA-960–HORIBA (HORIBA Scientific, Kyoto, Japan) at room temperature.

2.3. Seed Germination Testing

The tests were conducted using serrano chili seeds (Capsicum annuum) purchased from
Rancho Los Molinos S.A de C.V. (Cuernavaca-Tepoztlan, Morelos, Mexico). The seeds
were washed with 70% ethanol for 2 min, then washed 3 times with distilled water [11].
Germination tests were performed by placing 10 seeds per 8 cm diameter Petri dish
containing a filter paper. The seeds were impregnated with 5 mL of each treatment. The six
applied treatments were 0, 50, 100, 150, 200, and 250 ppm ZnONPs (synthesized at 70 ◦C
and pH of 13, from 30 mg/mL extract in 4 h). Each test was performed in triplicates. The
Petri dishes were sealed with Parafilm paper and placed in a Novatech CA-550 artificial
growth chamber (NOVATECH, San Pedro, Tlaquepaque, Mexico) at 26 ◦C with a 12 h
day/night cycle for 7 days [43].

Physiological Indexes of Seedlings

The following measurements were taken after 7 days: seed vigor index, the percent-
age of germination (%), the length of the root (mm), fresh weight of plumule (epicotyl),
and root (mg) [43]. The fresh weight of the plumule and root was weighed on an analyt-
ical scale and reported in milligrams per plumule. Seedling vigor was calculated as a
germination percentage by seedlings’ length in cm (root + shoot) [7,44]. The germination
percent (G%) was determined as the ratio of germinated seeds to the total number of seeds
incubated [43,45]. Plumule length was measured from the radicle-hypocotyl intersection
to the base of the cotyledon, while radicle length was measured from the base of the
hypocotyl to the radicle apex.

2.4. Statistical Analysis

The experiment was conducted using a completely randomized design with six treat-
ments and four repeats. The results obtained were analyzed using analysis of variance and
comparison of means with Tukey’s test (p ≤ 0.05) using the statistical package Statistical
Analysis System Institute (SAS) version 9.4 http://support.sas.com/software/94/index.
html (accessed on 4 October 2022).

3. Results and Discussion
3.1. Extracts Characterization

The dry matter contained in the purified extract was 33 ± 0.12 mg/mL. At this dry-
mass concentration, the total phenol content was 2473.24 ± 1.37 mg GAE g−1 fw, and the
antioxidant capacity was 565.61 ± 0.41 mg of Trolox g−1 fw (Table 1). Salayova et al. [24]
found lower total phenols content in the aqueous extract of L. tridentata. However, it has
been shown that some of the bioactive compounds of L. tridentata are more soluble in
organic solvents [32]. Solvents such as ethanol result in higher biomolecule extraction and,
thus, higher total phenol content and antioxidant capacity. L. tridentata extracts have been
successfully used for nanoparticle synthesis [25], showing their potential to reduce zinc

https://www.fiz-karlsruhe.de/en/produkte-und-dienstleistungen/inorganic-crystal-structure-database-icsd
https://www.fiz-karlsruhe.de/en/produkte-und-dienstleistungen/inorganic-crystal-structure-database-icsd
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ions into zinc oxide nanoparticles. Surprisingly, when the extract was diluted to the 20 and
10 mg/mL concentrations, their characteristics did not follow the same decrease in their
values. The concentration of the extracts was lowered by 33% and 66%, but the antioxidant
activity only dropped by 4% and 10% for 20 mg/mL and 10 mg/mL, respectively. This
indicates that the compounds in the LTE have potent antioxidant properties which are not
necessarily related to their concentration. In L. tridentata, the antioxidant biomolecules are
manifested by lignans, flavonoids, condensed tannins, and other polyphenolics [46–48].
The main lignan of LTE is nordihydroguaiaretic acid [l,4-bis (3,4-dihydroxyphenyl)-2,3-
dimethyl-butane] (NDGA). Its structure is a polyphenol system with four phenolic hydroxyl
groups, which supports radical scavenging [35,49].

Table 1. Content of total phenolic compounds of Larrea Tridentata extract and antioxidant capacity for
different concentrations of dry matter.

Extract Concentration mg ml−1 DPPH Total Phenols
mg of Trolox g−1 fw mg GAE g−1 fw

10 510.14 ± 0.71 c 1724.27 ± 2.75 c
20 535.61 ± 0.84 b 2215.44 ± 2.55 b
30 565.61 ± 0.41 a 2473.24 ± 1.37 a

Values are shown as mean values of three replicates with standard deviation. Values with different letters indicate
a significant difference according to Tukey’s test (p ≤ 0.05).

Figure 1 shows UV-Vis spectra of LTE at different pH values. The structural and
chemical change that occurs under different acidic conditions is observed in the peaks’ shifts
in the 250–400 nm range. The absorption in this region is typically attributed to compounds
with conjugated π-bond systems and heteroatoms with non-bonding electron pairs [50,51],
as found in polyphenols. In the spectra of the extract at pH values of 4.5 and 7, a peak at
345–350 nm appears. This peak shifts to 390–400 nm in the extract at a pH of 13. We attribute
this redshift to the deprotonation of the hydroxyl groups [52]. Hydroxyl groups are present
in many of the bioactive compounds found in the LTE, as confirmed with FT-IR spectroscopy
(Figure 2). These −OH groups are present in flavonoids, anthocyanins, terpenoids, and,
most importantly, lignans. NDGA is the primary representative of L. tridentata lignans
because it is present in all parts of the plant, representing approximately 80% of all phenolics.
NGDA has four hydroxyl groups at both ends of the molecule, which serve as a source of
its antioxidant properties [35,53].
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Bañuelos et al. [33] found that the main bioactive compounds in the ethanolic extract
of Larrea tridentata are thymol and carvacrol. The FT-IR spectrum of the LTE prepared as
a film on a KBr disc confirms the presence of groups of these two compounds (Figure 2).
In the spectrum, a broad band between 3250 and 3500 cm−1 corresponds to the hydroxyl
groups (−OH) present in carvacrol and thymol. The peaks in 2930–2830 cm−1 correspond
to the symmetrical and asymmetrical vibrations of aliphatic −CH2− groups present in the
phenolic compounds. In addition, a 1690 cm−1 band corresponds to the C=O stretching
function attributed to ketones, carboxylic acids, and esters of other bioactive compounds.
The 1200 cm−1 band corresponds to phenolic compounds, and 1050 cm−1 is a characteristic
band of the C−O stretching of the phenols, such as thymol or carvacrol [33]. On the other
hand, Cordova et al. [25] showed similar functional groups in the FTIR spectrum, varying
only in intensity, from an aqueous extract of Larrea tridentata. The authors mentioned that
the main bioactive compounds in their extract were anthocyanins, flavonoids, lignans,
and terpenoids [25]. NDGA shows a set of characteristic bands: 740 cm−1 (C=C stretch,
benzene ring stretching), 785 cm−1 (C=C rocking, benzene ring deformation), 1300 cm−1

(benzene ring breathing), 1607 cm−1 (in-plane C−O−H rocking), and 2900–3110 cm−1 (C-H
stretching) [54]. The strong peak at 785 cm−1 confirms the presence of NDGA in our LTE.

3.2. Nanoparticles Synthesis and Characterization

During the reduction of zinc ions into zinc oxide nanoparticles, the yield of ZnONPs
formation was evaluated. For each 1 g of zinc nitrate hexahydrate, 90 mg of zinc oxide
nanoparticles are obtained with the use of the LTE at the 10 mg/mL concentration, 150 mg of
ZnONPs for 20 mg/mL concentration, and 200 mg for 30 mg/mL concentration (synthesis
conditions: 70 ◦C, pH = 13). These masses of ZnONPs represent the yield of ionic zinc
conversion into zinc (in zinc oxide) within ZnONPs at 33%, 53%, and 73% for 10, 20,
and 30 mg/mL extract concentrations, respectively. Thus, there is a direct correlation
between the biocompounds’ concentration in LTE and the amount of ZnONPs produced.
With a higher concentration, there is a higher presence of antioxidants and biocompounds
(phenols, flavonoids, and lignans) available for faster reduction, which would increase
the conversion and concentration of ZnONPs in the system (Table 1) [55–57]. At the same
time, we recognize that the antioxidant capacity of the LTE has limited influence on the
syntheses’ progression, since its values were on the same level for all of the extracts.

When the synthesis is followed with a UV-Vis spectrometer, as observed in Figure 3A,
the increase in adsorption is three times faster for 30 and 20 mg/mL LTE concentrations
than for the 10 mg/mL concentration reaction (based on the linear fit of the data of the
initial 60 min). A similar trend can be seen in the first two hours of the NPs synthesis at a
pH of 7 (Figure 3B), with the difference that the rate of NP formation at 20 mg/mL LTE
concentration decreased by 80% with respect to the 30 mg/mL reaction. With the lowering
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of the pH from 13 to 7, there might be a change in the access of some influential groups
participating in the reduction of the zinc ions. In addition, in basic conditions, the −OH
groups on polyphenols become alkoxides, as confirmed by UV-Vis, which can promote and
support electron transfer. From the different conditions tested, it was determined that at a
pH of 4.5, a minimal amount of zinc oxide NPs was formed. The lack of the synthesis of
ZnONPs was corroborated by UV-visible spectroscopy (Figure 4), where the absorbance
does not increase, as in the case of the other two syntheses, but rather rapidly decreases. In
addition, the ZnONPs were very hard to recover during the centrifugation of the solutions
at a pH of 4.5. The synthesis at higher pH agrees with the literature, which states that
increasing the pH reduces the formation of agglomerates and the particle size [4,10,58].

Sustainability 2023, 15, x FOR PEER REVIEW 7 of 19 
 

of ZnONPs for 20 mg/mL concentration, and 200 mg for 30 mg/mL concentration (synthe-
sis conditions: 70 °C, pH = 13). These masses of ZnONPs represent the yield of ionic zinc 
conversion into zinc (in zinc oxide) within ZnONPs at 33%, 53%, and 73% for 10, 20, and 
30 mg/mL extract concentrations, respectively. Thus, there is a direct correlation between 
the biocompounds’ concentration in LTE and the amount of ZnONPs produced. With a 
higher concentration, there is a higher presence of antioxidants and biocompounds (phe-
nols, flavonoids, and lignans) available for faster reduction, which would increase the 
conversion and concentration of ZnONPs in the system (Table 1) [55–57]. At the same 
time, we recognize that the antioxidant capacity of the LTE has limited influence on the 
syntheses’ progression, since its values were on the same level for all of the extracts.  

When the synthesis is followed with a UV-Vis spectrometer, as observed in Figure 
3A, the increase in adsorption is three times faster for 30 and 20 mg/mL LTE concentra-
tions than for the 10 mg/mL concentration reaction (based on the linear fit of the data of 
the initial 60 min). A similar trend can be seen in the first two hours of the NPs synthesis 
at a pH of 7 (Figure 3B), with the difference that the rate of NP formation at 20 mg/mL 
LTE concentration decreased by 80% with respect to the 30 mg/mL reaction. With the low-
ering of the pH from 13 to 7, there might be a change in the access of some influential 
groups participating in the reduction of the zinc ions. In addition, in basic conditions, the 
−OH groups on polyphenols become alkoxides, as confirmed by UV-Vis, which can pro-
mote and support electron transfer. From the different conditions tested, it was deter-
mined that at a pH of 4.5, a minimal amount of zinc oxide NPs was formed. The lack of 
the synthesis of ZnONPs was corroborated by UV-visible spectroscopy (Figure 4), where 
the absorbance does not increase, as in the case of the other two syntheses, but rather 
rapidly decreases. In addition, the ZnONPs were very hard to recover during the centrif-
ugation of the solutions at a pH of 4.5. The synthesis at higher pH agrees with the litera-
ture, which states that increasing the pH reduces the formation of agglomerates and the 
particle size [4,10,58]. 

 
Figure 3. The change in absorbance (360 nm) with time during the synthesis of zinc oxide nanopar-
ticles at 70 °C and (A) pH = 13 and (B) pH = 7. 
Figure 3. The change in absorbance (360 nm) with time during the synthesis of zinc oxide nanoparti-
cles at 70 ◦C and (A) pH = 13 and (B) pH = 7.

Sustainability 2023, 15, x FOR PEER REVIEW 8 of 19 
 

 
Figure 4. The change in absorbance with time during the synthesis of zinc nanoparticles using ex-
tract concentration of 30 mg/mL and temperature of 70 °C at different pH values of the medium. 

The time of the ZnONPs synthesis has often been extended up to 24 h [59–63]. There-
fore, we monitored the synthesis of ZnONPs for an extended time to determine the nec-
essary reaction time that allows the formation of nanoparticles but prevents their signifi-
cant agglomeration (Figure 5). The syntheses using 30 mg/mL extract and a pH of 13 at all 
temperatures (55°, 70°, and 85 °C) show an increase in absorbance in the first hours of the 
reaction and then a sharp decrease. We believe that the drop in absorbance is related to 
the beginning of the aggregation of the nanoparticles. The temperature is a significant 
kinetic factor for this reaction; thus, for synthesis at 55 °C, the initial formation occurs up 
to 16 h; at 70 °C, the nanoparticles without agglomeration form within 4 h; while at 85 °C, 
they form within the first 2 h. As the temperature increases, the nucleation rate that gen-
erates the NPs’ formation increases; however, at the same time, it also favors the formation 
of agglomerates [18], as confirmed in the SEM images. 

 
Figure 5. The change in the absorbance with time (24 h) at different temperatures; constant condi-
tions: 30 mg/mL and pH = 13. 

Another critical factor in ZnONPs synthesis is the reaction time. As presented in Fig-
ure 5, when agglomeration occurs, the adsorption of the system drastically drops; thus, 
with low temperatures, the formation of clusters can be avoided in synthesis for many 
hours. Moreover, when the reaction is carried out for prolonged times, after the adsorp-
tion drop, large-size agglomerated crystals are formed. For example, in reactions at 85 °C, 
the ZnONPs lump into giant crystals, as observed in the SEM images (Figure 6) [64]. As 
determined by this analysis, Singh et al. [57] reported that a fast synthesis resulted in 
smaller particles because short reaction times reduced the formation of the agglomerates. 

Figure 4. The change in absorbance with time during the synthesis of zinc nanoparticles using extract
concentration of 30 mg/mL and temperature of 70 ◦C at different pH values of the medium.

The time of the ZnONPs synthesis has often been extended up to 24 h [59–63]. There-
fore, we monitored the synthesis of ZnONPs for an extended time to determine the neces-
sary reaction time that allows the formation of nanoparticles but prevents their significant
agglomeration (Figure 5). The syntheses using 30 mg/mL extract and a pH of 13 at all
temperatures (55◦, 70◦, and 85 ◦C) show an increase in absorbance in the first hours of the
reaction and then a sharp decrease. We believe that the drop in absorbance is related to the
beginning of the aggregation of the nanoparticles. The temperature is a significant kinetic
factor for this reaction; thus, for synthesis at 55 ◦C, the initial formation occurs up to 16 h;
at 70 ◦C, the nanoparticles without agglomeration form within 4 h; while at 85 ◦C, they
form within the first 2 h. As the temperature increases, the nucleation rate that generates
the NPs’ formation increases; however, at the same time, it also favors the formation of
agglomerates [18], as confirmed in the SEM images.
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Another critical factor in ZnONPs synthesis is the reaction time. As presented in
Figure 5, when agglomeration occurs, the adsorption of the system drastically drops; thus,
with low temperatures, the formation of clusters can be avoided in synthesis for many
hours. Moreover, when the reaction is carried out for prolonged times, after the adsorption
drop, large-size agglomerated crystals are formed. For example, in reactions at 85 ◦C,
the ZnONPs lump into giant crystals, as observed in the SEM images (Figure 6) [64]. As
determined by this analysis, Singh et al. [57] reported that a fast synthesis resulted in smaller
particles because short reaction times reduced the formation of the agglomerates. Thus, to
save time and money and limit agglomeration, the synthesis of zinc oxide nanoparticles
should be carried out at elevated temperatures, 70 ◦C or 85 ◦C, and time should be kept
below 4 h.
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3.2.1. UV-Vis Spectroscopy

The UV-Vis spectra, in Figure 7, show a typical absorption peak for ZnONP at 358 nm
for nanoparticles synthesized at pH 13 (30 mg/mL, 70 ◦C). The spectra of ZnONPs prepared
at pH 4.5 and 7 do not show the same characteristic absorption band and have an absorption
peak at 270 nm for pH 4 and 290 nm for pH 7. The literature reports an absorption peak
for ZnONPs between 330–368 nm [65,66]. This characteristic absorption band is due to
the excitation mode of their surface plasmon (SPR), which depends on the size of the
nanoparticles. The nanoparticles’ SPR bands experience a red or blue shift depending on
their size [67,68]. On the other hand, Fakhari et al. [66] recognized that the position of the
band gap increases with the reduction in particle size; therefore, the ZnONPs from 4.5 and
7 pH probably have very small sizes [4,66].
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Figure 7. UV-Vis spectrum of purified ZnONPs, obtained at 70 ◦C for 4 h at different pH.

3.2.2. FTIR of the Nanoparticles

FT-IR spectroscopy (Figure 8) confirmed the presence of plant extract on the surface of
zinc oxide NPs. The ZnONPs’ spectra show bands at 461, 493, and 846 cm−1, which are
indicative of the stretching vibrations of the zinc and oxygen bonds, proving the presence
of ZnO nanoparticles [69] since absorption peaks for the metal oxides are present in regions
between 600 and 400 cm−1 [66]. The peak at 1500 cm−1 has been observed in ZnONPs, but
at a higher wavenumber, 1616 cm−1, and it has been assigned to O-H bending. Here, we
believe it represents nanoparticles coating; a shoulder can be seen at a higher wavenumber
indicating carbonyl stretching (1690 cm−1 in extract) on the surface of ZnONPs. Similarly,
the broad absorption peak of 3440 cm−1 can be attributed to the characteristic absorption
of hydroxyl, well represented in biocompounds of LTE. These data are similar to the results
observed by others [45,70]. Furthermore, a band at 2925 and a peak at 1452 cm−1 come
from the stretching and bending of C-H, respectively [67]. Thus, it is evident that the extract
compounds, in addition to reducing zinc ions to ZnONPs, also work as a stabilizing agent
and are present on the surface of the ZnONPs [25,45].
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3.2.3. XDR

According to the diffractogram obtained by X-ray diffraction (XRD), no impurities are
detected in the ZnONPs (Figure 9). The observed peak pattern represents the pattern of the
zinc oxide (100, 002, 101, 102, 110, 103, 200, 112, and 201). The zinc oxide is in the zincite
phase, which is hexagonal (ICSD, 98-005-7478). Therefore, the XRD pattern indicates that
pure zinc oxide nanoparticles were obtained. Additionally, the diffraction peaks are narrow,
indicating that the nanoparticles obtained are pure and crystalline.
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Figure 9. XRD analysis of ZnONPs obtained at 70 ◦C and pH = 13. The reference diffraction pattern
of zinc oxide with hexagonal lattice (ICSD, 98-005-7478) is shown as green lines.

3.2.4. SEM

The SEM images showed that ZnONPs have a nanometric size, spherical shape, and
uniform distribution. The images in Figure 10 show that using different concentrations of
dry material in the extract does not influence the shape or size of ZnONPs (pH = 13 and
55 ◦C). Nanoparticles prepared at different extract concentrations have an average size of
28 ± 3.7 nm, and there is no statistical difference between them (Figures 10 and 11A). How-
ever, the nanoparticles prepared at different temperatures (pH = 13 and 30 mg/mL) vary in
size (Figures 6 and 11B). ZnONPs synthesized at 85 ◦C are the largest, with an average size
of 68 ± 4.3 nm, and their agglomerates consolidated (Figure 6C). As discussed above, this
is due to the fact that an increased synthesis temperature accelerates the nucleation rate
and, thus, the formation and growth of large crystals [18]. ZnONPs from the reaction at
70 ◦C are well-defined, with the smallest mean size of 18 ± 1.3 nm.
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Figure 10. Scanning electron microscopy images of ZnONPs prepared with different concentrations
of the extract. (A) 10 mg/mL, (B) 20 mg/mL, and (C) 30 mg/mL. Obtained at pH 13 and 55 ◦C.

On the other hand, nanoparticles synthesized at 55 ◦C possess a similar morphology
to the previous ones, with an average particle size of 28 ± 4.8 nm (Figures 6A and 11). At
the same time, the ZnONPs from the 55 ◦C reaction agglomerate to a higher degree than the
others, possibly due to the reaction’s extended time (15 h). Even though the NPs from the
70 and 85 ◦C reactions were collected before the aggregation of the nanoparticles should
occur (as detected by the drop in absorbance in Figure 5), they still visibly accumulate
into larger structures. Shariman et al. mentioned that longer reaction times lead to larger
particles [64]. Consequently, we can conclude that high temperatures and short reaction
times result in small ZnONPs [18].
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Figure 11. (A) An average size of the ZnONPs synthesized using different concentrations of dry
matter in the extract. (B) An average size of the ZnONPs prepared at different temperatures—
estimates based on SEM micrographs. Values are the average of 15 measurements ± SD. Values with
different letters indicate a significant difference, according to Tukey’s test (p < 0.05).

3.2.5. DLS

Dynamic light scattering analysis determines the size and polydispersity index (PDI)
based on the Brownian motions of the particles in the solution. It is an imperfect method
that measures the hydrodynamic radius of the moving objects, and all the different sizes
are measured together. Thus, the size distribution has a significant influence on the results.
With a higher PDI, the results become more unreliable [71,72]. A PDI close to 0.1 corre-
sponds to a monodisperse system, meaning that most of the particles in the media are the
same size; in addition, this sample can be correctly analyzed using DLS. PDI values between
0.1–0.7 refer to a nearly monodisperse system. This might indicate that a higher proportion
of the particles present in the media are monodisperse but that there is a distribution of
particle sizes. In addition, PDI values higher than 0.7 correspond to a broad distribution of
particle sizes present in the solution, and the DSL method cannot give reliable results. It
can only be read as an estimation [72,73].

ZnONPs synthesized at a pH of 13, different extract concentrations, and different
temperatures were analyzed using DLS to give average size, PDI, and zeta potential
(ZP) (Figure 12). The average size, determined through DLS, of ZnONPs synthesized at
given conditions depends strongly on the reaction temperature (Figure 12A). ZnONPs
synthesized at lower temperatures have smaller average sizes (60–95 nm at 55 ◦C and
28–55 nm at 70 ◦C). Surprisingly, the synthesis at the lowest temperature yielded a rather
large average size. The reason for that can be found in the long reaction time (15 h), proving
that the extended-time reaction is unfavorable and leads to large sizes and aggregation.
Confirming the SEM-images analysis, the synthesis at 85 ◦C resulted in the largest particles
in the 102–145 nm range. DLS average sizes are larger than those determined from SEM
images, which is most likely because nanoparticles observed in SEM were only seen on the
surface of the agglomerates. In contrast, DLS measures the particles’ three-dimensional
radii, which might include a biomolecular coating. Such discrepancy between SEM and
DLS average size has been reported before and is related to the specifics of the method
used [74].

For all of the ZnONPs, the PDI values for most of the nanoparticles were around 0.2,
representing nearly monodisperse systems (Figure 12B). Yet, the synthesis at the highest
temperature and lowest extract concentration had a PDI of 0.39, suggesting that at that
concentration, there is a low amount of the compounds to support well-defined particles.
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trations, and at different times depending on the temperature: 15 h at 55 ◦C, 4 h at 70 ◦C, and 2 h at
85 ◦C. Values are the average of three measurements. Values with different letters in the same column
indicate a significant difference according to Tukey’s test (p < 0.05).
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The other factor determined from DLS is zeta potential, also termed electrokinetic
potential, which is the potential at the shear plane of a colloid particle moving under an
electric field. Dispersion stability can be suggested based on the value of ZP. Guidelines
classify NP dispersions with ZP values of±0–10 mV,±10–20 mV,±20–30 mV, and >±30 mV,
as highly unstable, relatively stable, moderately stable, and highly stable, respectively [75].
All ZnONPs prepared here have a ZP below −20 mV (Figure 12C), which can be described
as stable nanoparticle suspensions. However, the influence of extract concentration on
the stability of the nanoparticles can be seen. ZnONPs prepared at 70 ◦C are the most
stable when reduced by 30 and 20 mg/mL extract concentrations (ZP of −45.77 ± 0.36 and
−39.26 ± 0.58 for 30 and 20 mg/mL, respectfully), which implies that the concentration of
biocompounds is not only sufficient for efficient reduction (Figure 4) but also for forming a
protective coating which supports dispersion [31].

The DLS results of average size, PDI, and ZP confirm that the best conditions for
forming small, monodispersed, and well-stabilized ZnONPs are a pH of 13, a temperature
of 70 ◦C, and an extract concentration of 30 mg/mL. The nanoparticles synthesized with
these conditions have a size of 28.19 ± 5.2 nm, PDI of 0.147 ± 0.028, and zeta potential of
−45.77 ± 0.36 mV.

3.3. Seed Germination

In general, the seed exposure to the ZnONPs resulted in the fresh weight of plumule
and roots increasing compared to the control. Seeds exposed to 100 ppm ZnONPs had the
highest masses of plume and roots and the longest roots, representing an increase by 19, 19,
and 48%, respectively (Table 2). This increase may be related to the fact that zinc participates
in the biosynthesis of endogenous hormones such as auxins and gibberellins [76], which are
responsible for the cellular division that generates the elongation of the roots. In addition,
zinc interferes with the metabolism of carbohydrates and proteins, resulting in escalated
plumes’ growth [77]. Similar findings were reported by Rai et al. [78], who noted higher
growth in wheat seedlings after ZnONPs application on seeds.

Table 2. The measured parameters of seedling growth after 7 days of exposure to ZnONPs solutions.

Treatment
ZnONP Concentration

(ppm)

Plumule Fresh Weight
(mg)

Root Fresh Weight
(mg)

Length of the Roots
(mm)

0 11.24 ± 0.02 b 1.80 ± 0.08 b 12.27 ± 0.40 d
50 10.10 ± 0.21 c 1.61 ± 0.04 c 15.03 ± 0.52 b

100 13.41 ± 0.21 a 2.15 ± 0.09 a 18.21 ± 0.21 a
150 11.77 ± 0.52 b 1.88 ± 0.20 b 14.37 ± 0.05 bc
200 11.33 ± 0.24 b 1.81 ± 0.14 b 13.30 ± 0.43 dc
250 12.20 ± 0.08 b 1.95 ± 0.07 b 9.31 ± 0.25 e

Values with different letters (a, b, c, d, e) within the same column indicate significant difference according to
Tukey’s test (p ≤ 0.05). The values are the average of three repetitions. Means (n = 18) ± standard deviation.

Similarly, a higher percentage of germination was observed in seeds under most
treatments with respect to the control (Figure 13A). The highest germination percentage
was observed at 200 and 250 ppm of ZnONPs, representing an increase of 34 and 27%,
respectively, with respect to the control. Such an effect could be attributed to the absorption
of zinc oxide NPs which influences biochemical processes, such as hydrolysis or metabolism
of inhibitors, imbibition, or activation of enzymes [78]. The results are consistent with those
previously reported by Afrayeem et al. [79], who reported an increase in the germination
percentage of Capsicum annuum L. seeds using 75 ppm ZnONPs [79]. The vigor index
demonstrates a growth increase of 48% (Figure 13B), with respect to the control, for seeds
treated with 200 ppm ZnONPs solution. Enhancing physiological parameters could be
attributed to the quenching of free radicals by zinc oxide nanoparticles that entered the
seeds through cracks in the seed coating. The 250 ppm treatment showed a decrease in
the vigor index by 7% with respect to the control. The 250 ppm concentration represents
the first ZnONP level to display phytotoxicity [80]. It has been proven that phytotoxicity
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presents itself in germination as inhibition of root elongation [81], reductions in chlorophyll
content [82], and decreased length of shoots [83]. The observed decrease in vigor index can
be linked to the high osmotic potential of zinc, which often causes an inhibitory effect on
seedlings’ growth [14].
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at different concentrations (0 ppm indicated control without treatment). Values are the average of
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4. Conclusions

The ethanolic extracts of Larrea tridentata are capable of reducing zinc nitrate to zinc
oxide nanoparticles, which replaces the use of toxic compounds in the synthesis of nanopar-
ticles. UV-visible and FTIR spectroscopies, XRD, and SEM analyses confirmed the formation
of pure, spherical, and uniform zinc oxide nanoparticles. The concentration of the extract is
essential for the performance of the reaction. The higher the concentration, the faster the
reaction and the higher the conversion of the ions into metallic particles without affecting
the NPs’ size or shape. In the same way, temperature is a factor of relevant importance
in the synthesis of ZnONPs. Although low temperatures result in a slow reaction, the
nanoparticles are spherical and with a small, uniform size. Increasing temperature speeds
up the ZnONPs’ formation but, at the same time, increases the possibility of aggregation
and consolidation of the aggregates. Under acidic conditions, the formation of ZnONPs is
incomplete, making separating the nanoparticles challenging. The synthesis at neutral pH
also proceeds slowly, whereas a pH of 13 facilitates the reduction, resulting in well-defined
and easily removable ZnONPs. Thus, the present study demonstrated that the best condi-
tions for spherical and homogeneous ZnONPs are alkaline pH, 70 ◦C, and time under 4 h.
Biosynthesized ZnONPs reduced by Larrea tridentata extracts stimulate serrano chili seeds’
germination, and the seedling’s growth.
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13. Kataria, S.; Jain, M.; Rastogi, A.; Živčak, M.; Brestic, M.; Liu, S.; Tripathi, D.K. Role of nanoparticles on photosynthesis: Avenues
and applications. In Nanomaterials in Plants, Algae and Microorganisms Concepts and Controversies: Volume 2; Academic Press:
Cambridge, MA, USA, 2018; Volume 2, pp. 103–127. [CrossRef]

14. Rajeshwari, A.; Kavitha, S.; Alex, S.A.; Kumar, D.; Mukherjee, A.; Chandrasekaran, N.; Mukherjee, A. Cytotoxicity of aluminum
oxide nanoparticles on Allium cepa root tip—Effects of oxidative stress generation and biouptake. Environ. Sci. Pollut. Res. 2015,
22, 11057–11066. [CrossRef] [PubMed]

15. Sharma, A.; Patni, B.; Shankhdhar, D.; Shankhdhar, S.C. Zinc—An Indispensable Micronutrient. Physiol. Mol. Biol. Plants 2013, 19,
11–20. [CrossRef] [PubMed]

16. Yuvaraj, M.; Subramanian, K.S. Significance of Zinc Deficiency in Soil Zinc Interaction with Other Zinc Efficiency. Biot. Res. Today
2020, 2, 823–825.

17. Hassan, M.U.; Aamer, M.; Chattha, M.U.; Haiying, T.; Shahzad, B.; Barbanti, L.; Nawaz, M.; Rasheed, A.; Afzal, A.; Liu, Y.; et al.
The critical role of zinc in plants facing the drought stress. Agriculture 2020, 10, 396. [CrossRef]

18. Bandeira, M.; Giovanela, M.; Roesch-Ely, M.; Devine, D.M.; da Silva Crespo, J. Green synthesis of zinc oxide nanoparticles: A
review of the synthesis methodology and mechanism of formation. Sustain. Chem. Pharm. 2020, 15, 100223. [CrossRef]

19. Naveed Ul Haq, A.; Nadhman, A.; Ullah, I.; Mustafa, G.; Yasinzai, M.; Khan, I. Synthesis Approaches of Zinc Oxide Nanoparticles:
The Dilemma of Ecotoxicity. J. Nanomater. 2017, 2017, 8510342. [CrossRef]

20. Reverberi, A.P.; Kuznetsov, N.T.; Meshalkin, V.P.; Salerno, M.; Fabiano, B. Systematical analysis of chemical methods in metal
nanoparticles synthesis. Theor. Found. Chem. Eng. 2016, 50, 59–66. [CrossRef]

21. 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. J. Drug Deliv. Sci. Technol. 2019, 53, 101174. [CrossRef]

22. 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. [CrossRef]
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