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Abstract

Today, different types of nanoparticles (NPs) are being synthesized and used for medical

and agricultural applications. In this study, copper nanoparticles (CuNPs) were synthesized

using the aqueous extract of mint (Mentha longifolia L.). For the characterization of CuNPs,

UV-visible spectroscopy, scanning electron microscopy, X-ray diffraction, and Fourier trans-

form infrared spectrometry were used. The UV-Visible absorption peak at 558 nm confirmed

the formation of CuNPs. The XRD pattern confirmed the phase-centered crystalline nature

of CuNPs. FTIR analysis showed the O-H, Cu-H and C-C bonds, indicating the active role of

these functional groups as reducing agents of Cu ions to CuNPS. The synthesized NPs

were found to have an almost spherical shape with an average size of 23 nm. When applied

to wheat, a condition dependent effect of CuNPs was found. Variety 18-Elite Line 1, Elite

Line 3, and 18-Elite Line 6 showed maximum germination and growth rate at 50 mg CuNPs/

L, while variety 18-Elite Line 5 showed that increase at 25 mg CuNPs/L. Beyond these con-

centrations, the seed germination and growth of wheat declined. In conclusion, the applica-

tion of CuNPs showed a beneficial effect in improving the growth of wheat at a certain

concentration.

Introduction

Research in nanotechnology has evolved rapidly over the past few decades. Nanotechnology is

a branch of science that deals with the atomic and molecular analysis of material objects [1].

Nanoparticles (NPs) are classified as particles up to 100 nm in size and consisting of chemical

and physical processes, including unique properties [2]. They have a very significant role in

various applications because of their unique properties such as optical, electrical, catalytic,
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electromagnetic, and mechanical, which enable them to be used in various sectors such as

medical diagnostics, therapy, electronics, clothing, and agriculture [3]. Nano research is having

an impact on a variety of fields, including the environment and catalysts [4–7]. Metal NPs pro-

duction has been given great attention in the last few years, particularly to control and discover

their possible applications and specific properties. The increased production of metal NPs has

also increased their discharge into our environment, and the effect of their particular physical

and chemical properties on the ecosystem is becoming a key concern [8]. NPs can have both

negative and positive effects on the growth and development of a plant, and their influence on

plants depends on the size, shape, and properties of both plant species and NPs [9].

Copper (Cu), an element in block D of the periodic table, is a microelement essential for

plant improvement and growth. It is a cofactor of superoxide phenol oxidases, ascorbate oxi-

dase, a part of regulatory proteins, and is involved in the electron transport chain during pho-

tosynthesis and respiration [10, 11]. Cu in the form of nanomaterial gains exceptional

properties like its small size and high surface area, which give it chemical reactivity, physical

resistance, magnetism, and optical effects [12]. Due to these unique properties, copper nano-

particles (CuNPs) are used for a wide variety of applications, including bioactive coatings, air

and liquid filtration, sensors, ceramics, films, skin products, lubricant oils, inks, wood protec-

tion, and textiles. Recent estimates suggest that the global production of CuNPs, or Cu-based

NPs, has come to 200 tons/year [13]. Their extensive engineering and use have led them to

enter the environment and interact with agriculture. They can cause either positive or negative

effects following contact with plants, depending upon the concentration of the NPs and the

type of plant. It is therefore the need of the hour to investigate the effect of CuNPs on crops, as

there are only a few studies available that show the influence of CuNPs on crop plants.

CuNPs can be engineered by way of specific routes like physical, chemical, and biological

techniques [14–16]. The main problems with the physical and chemical methods are the time-

consuming nature of them and their usage of exclusive and toxic chemicals [17]. The chemical

methods are eco-incompatible, costly, and also have a low yield. In contrast to physical and

chemical methods, biological methods (green synthesis) are more advantageous in the sense of

being eco-friendly, cost-effective, and high yielding [18]. Green synthesis is largely motivated

by environmental concerns, with the goal of developing a green pathway for NPs synthesis

that is also contamination-free [19].

Green synthesis involves the use of algae [20], sea cucumbers [6], marine animals [21],

plants [16, 22, 23], and microorganisms among many others [24, 25]. Biological techniques

make it easier to reduce dissolved metal ions to a zero-valence state and produce the corre-

sponding nanoparticles because of their inherent capabilities. NPs synthesis with the aid of

using plants is beneficial over the use of microorganisms because it gets rid of the complicated

procedure of keeping cellular cultures and can also be well scaled up [26]. Keeping in mind the

importance and benefits of green synthesis, CuNPs were synthesized in this study by using a

plant extract and their effect was evaluated on the growth and development of wheat (T. aesti-
vum), an essential and widely consumed staple food. In Pakistan, wheat crops provide a living

for 80 percent of farmers. It is also a very significant single commodity in Pakistan’s rural areas

as a source of earnings [27]. Although some studies have reported the effect of CuNPs on

wheat, they have used either very small concentrations (0.2, 0.4, 0.6, 0.8, and 1.0 ppm) of

CuNPs [28] or chemically engineered CuNPs (50 nm) of large size [29]. In contrast to these,

we used biologically synthesized CuNPs of 23 nm in size at a concentration of 0, 25, 50, and

100 mg/L.

Therefore, the first aim of this study is the green synthesis and characterization of CuNPs.

In this study, an aqueous extract of Mentha longifolia will be used for the reduction of Cu ions

to CuNPs at room temperature. The CuNPs will be characterized by UV-visible spectroscopy,
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scanning electron microscopy, X-ray diffraction, and Fourier transform infrared spectrometry.

The second aim is the investigation of the effect of biosynthesized CuNPs on germination,

growth, and biochemical attributes of the widely consumed staple food wheat.

Material and methods

Synthesis and characterization of CuNPs

A biological method, i.e., the use of an aqueous extract of M. longifolia was adopted in this

study for the synthesis of CuNPs. The plant material was collected from the Rawalakot region

of Azad Jammu and Kashmir, Pakistan. The plant was identified with the help of the flora of

Pakistan and other available literature, and a voucher specimen was submitted to the herbar-

ium, Department of Botany, University of Poonch Rawalakot. To prepare the aqueous extract,

the whole plant was dried in the shade, ground to powder, and 25 g of powder was dissolved in

400 mL of distilled water, then kept at room temperature for 24 hours. After that, it was filtered

through Whatman filter paper no. 42 and the filtrate was used for the synthesis of CuNPs. The

CuNPs synthesis was attained by treating 80 mL of 1 mM CuSO4 at room temperature with 20

mL of plant extract, held in the dark, and color changes were observed. When the brown color

developed (after 24 hrs), the reacting mixture was analyzed for UV-vis spectroscopy in the

range of wavelengths between 300 to 800 nm using Perkin-Elmer lambda 750 spectrophotom-

eters, indicating the formation of CuNPs. After initial indication, the reacting solution was

centrifuged for 15 min at 10,000 rpm, the supernatant was discarded, the pellet was re-dis-

persed in distilled water and the centrifugation cycle was repeated at the same pace and dura-

tion. The final round of re-dispersion and centrifugation was accomplished with acetone to

obtain cleaned and purified CuNPs. The morphology, phase, and capped functional groups of

CuNPs were determined through scanning electron microscopy (MIRA 3 Tescan), x-ray dif-

fraction analysis, and Fourier transform infrared spectrometry (Perkin Elmer Spectrum 100

FTIR).

Application of CuNPs on wheat using Petri plate assay

Seed source, treatments, and germination. The seeds of four wheat varieties like 18-Elite

Line 1, 18-Elite Line 3, 18-Elite Line 5, and 18-Elite Line 6 have been obtained from the

Department of Plant Breeding Genetics, University of Poonch Rawalakot. The seeds were ster-

ilized for 1 minute with 75 percent ethanol and 15 minutes with 2.5 percent calcium hypochlo-

rite after being soaked in 0.6 percent HNO3 for 10 minutes to end seed dormancy for

successful germination [30]. The experiment was conducted in a completely randomized

design (CRD) with 5 replicates. The four concentrations of CuNPs (0, 25, 50, and 100 mg/L)

were applied in two ways, i.e., seed treatment and foliar spray. For seed treatment, the seeds

were soaked in an aqueous solution of CuNPs for 3 h, and then 10 seeds of each variety were

evenly placed in each Petri plate (labeled) already containing wet blotting paper. All the Petri

plates were placed at room temperature and allowed to germinate with a daily supply of 5 mL

of each concentration as a foliar spray. Samples were collected after 10 days of treatment and

examined the effects of CuNPs on germination, growth, and biochemical attributes.

Germination indices measurements. The germinated seeds were counted in each treat-

ment for the measurement of germination percentage (GP). The GP was determined as

GP = GN/SN × 100, where GN and SN are the total germinated seeds and tested seeds, respec-

tively. The germination index (GI) was measured as GI = number of seeds germinated seeds/

days of the first count + number of germinated seeds/days of the final count.

Growth parameters measurements. To estimate growth, the primary root and shoot

length of 10 days of seedlings were measured. For this, 5 plants were selected randomly from
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each treatment, the length was measured in cm, and the average was calculated. Similarly, the

fresh weight of seedlings was measured in grams with the help of an analytical balance.

Biochemical contents measurements. For the extraction of chlorophyll and carotenoid

pigments, fresh leaves weighing 0.1 g were homogenized in 10 mL of 80% acetone. The

homogenate was then centrifuged at 15000 rpm for 10 min, the pellet was discarded, and the

absorbance of the supernatant was recorded at 666, 653, and 470 nm on the Shimadzu UV-

1601 spectrophotometer. The formulae developed by [31] were used for the calculation of

chlorophyll and carotenoid: Chla (mg/g) = [(12.25 x A663.2)—(2.79 x A646.8)] × ml acetone /

mg leaf tissue, Chlb (mg/g) = [(21.50 x A646.8)—(5.10 x A663.2)] × ml acetone / mg leaf tissue.

Total Chl = Chla + Chlb and Carotenoids (mg/g) = (1000 A470–1.8Chla– 85. 02 Chlb) /198.

Total phenolic content was measured by Folin–Ciocalteu’s phenol reagent assay [32]. A 0.2

mL of plant extract mixed with 5 mL of 10-fold diluted Folin–Ciocalteu’s phenol reagent was

kept for 4 minutes and then it was aided with 4 mL of sodium carbonate (7.5 percent w/v).

The whole mixture was diluted up to a volume of 15 mL with distilled water and mixed well.

The reaction was permitted to stand for 90 min, and the absorption of each sample was

reported at 760 nm using a spectrophotometer Shimadzu UV-1601. The total phenols were

measured using the calibration curve for gallic acid (GA) and presented as the equivalent of

mg GA / g FW. To extract total soluble sugars, 50 mg of fresh leaves were crushed thoroughly

in 5 mL of 80% ethanol and centrifuged for 10 minutes at 3000 rpm. From the supernatant, 0.1

mL was taken in a test tube and kept in a water bath for the evaporation of ethanol. After the

ethanol had completely evaporated, 4 mL of 0.2 percent enthrone reagent was added to the test

tube, heated in boiling water for 10 minutes, and then allowed to cool at room temperature.

The absorption of each sample was reported at 760 nm using a spectrophotometer Shimadzu

UV-1601. Total soluble sugars were measured using the calibration curve for glucose and pre-

sented as the equivalent of mg Gu/g FW.

Statistical analysis

The experiment was conducted in CRD using three replicates and analysis of variance

(ANOVA) was performed in statistix 8.1. The statistical difference between means was evalu-

ated, considering p< 0.05 as a significance level.

Results and discussion

Synthesis, morphology, size, and structure of CuNPs

The CuNPs were synthesized from the aqueous extract of M. longifolia. The addition of aque-

ous extract to the aqueous solution of CuSO4 resulted in the development of a color change

from pale yellow to dark brown over the course of 24 h, the first indication of the formation of

CuNPs in the solution (Fig 1). This color change is developed due to the excitation of surface

plasmon resonance (SPR) [33]. Previous research has also suggested that brown color can be

established in the reaction mixture of plant extract and CuSO4 [34]. This color change was fur-

ther accomplished by taking a UV-vis spectrum of a brown-colored solution in the range of

400 to 800 nm (Fig 1). The spectrophotometric study revealed an absorption band at 558 nm, a

result of interaction between the free electrons presents on the surface of metal NPs and light

of specific wavelengths. This absorption band indicates the formation of CuNPs in the colloi-

dal solution because it is a known fact that CuNPs show characteristic absorption peaks in the

range of 200–800 nm [35]. Moreover, it has been analyzed that a single SPR band represents

round-shaped nanoparticles, whereas two or more SPR bands correspond to the anisotropy of

nanoparticles [36]. In our study, CuNPs in the solution showed a single SPR band, which

reveals the round shape of CuNPs. The morphology and size of the prepared CuNPs are
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shown in the images of SEM (Fig 2a) and their mean size distribution histogram (Fig 2b). The

CuNPs exhibited a spherical shape, were distributed irregularly, and had an average size of 23

nm. Fig 2c represents the energy dispersive x-ray (EDX) of the powder and shows the presence

of Cu in the material. The peaks belonging to elemental Cu, C, and O were clearly detected,

and there were no extra peaks, demonstrating the purity of the synthesized NPs and correlat-

ing with the XRD analysis. It’s also possible that the existence of C and O is due to bioactive

molecules that have been capped. Furthermore, only a few copper atoms on the surface of the

NPs are likely to have been oxidized, yielding modest quantities of CuO and Cu2O. The XRD

pattern of CuNPs is shown in Fig 3, confirms the face-centered crystalline nature, as all the

peaks match Cu with FCC symmetry and are consistent with JCPDS No: 04–0836, which

reveals the crystalline nature of CuNPs [37]. With the help of FTIR (Fig 3), the functional

groups of all the possible biocompounds involved in the reduction and capping of CuNPs are

identified. The FTIR spectrum showed peaks at 3754.36, 2054.64, 1937.67, 1587.34, 1266.30,

and 1043.06 cm-1. The peak at 3754.36 cm-1 corresponds to O-H stretching frequency of

hydroxyl groups of polyphenols. The peaks at 2054.64 and 1937.67‘cm-1 correspond to Cu-H

(metal-hydrogen) bonds. The peaks at 1587.34, 1266.30, and 1043.06 cm-1 could be due to C-C

stretching vibrations of an aromatic compound, C-O stretching of carboxylic acid, and ester

bonds of phenolic compounds. These results suggest an interaction between the functional

groups present in plant extract and Cu ions that results in bio-reduction, the formation, and

stabilization of CuNPs [4, 6, 38]. CuNPs are thought to be formed from copper salts using

plant extracts in three steps: production of copper ions, reduction of the ions, and lastly, oxida-

tion of the reduced ions [16, 20].

Effect of CuNPs on seed germination of wheat

Seed germination is the beginning of a physiological process of a plant that needs water imbibi-

tion and is directly linked to the yield of the plant. In this study, seed germination and germi-

nation index of the tested wheat varieties exhibited an almost similar trend, except for the

variety 18-Elite line-5. Fig 4 shows the GP and GI of wheat varieties after the 10th day of treat-

ment with different concentrations of an aqueous solution of CuNPs. When exposed to 50 mg

CuNPs/L, GP and GI increased considerably in varieties 18-Elite line-1, 18-Elite line-3, and

18-Elite line-6, while the variety 18-Elite line-5 showed increased GP and GI under 25 mg

Fig 1. Synthesis of CuNPs. a copper sulfate solution. b plant extract. c mixture of copper sulfate solution and plant extract at zero-time. d

change in color of solution after 24 h of time lap. e UV-visible spectrograph of CuNPs.

https://doi.org/10.1371/journal.pone.0269987.g001
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Fig 2. Characterization of CuNPs. (a) FESEM micrograph of CuNPs, showing spherical shape of CuNPs; (b) Size

distribution histogram of CuNPs, showing average size of 23 nm. c EDX spectrum of CuNPs.

https://doi.org/10.1371/journal.pone.0269987.g002

Fig 3. Characterization of CuNPs. (a) XRD pattern of CuNPs, predicting crystalline nature of CuNPs; (b) FTIR spectrum of

CuNPs, confirming functional groups from plant extract capping the CuNPs.

https://doi.org/10.1371/journal.pone.0269987.g003
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CuNPs/L. After 50 mg CuNPs/L exposure, the GP increased to approximately 67, 31, 33, and

11 percent in 18-Elite line-1, 18-Elite line-3, 18-Elite line-5, and 18-Elite line-6, respectively, of

the GP observed in control. However, in 18-Elite line-5, a higher increase was found at 25 mg

CuNPs/L (100%) as compared to control. A similar trend was found for GI, it increased to

approximately 76, 37, 41, and 17 percent in 18-Elite line-1, 18-Elite line-3, 18-Elite line-5, and

18-Elite line-6, respectively, of the GI, recorded in control after the application of 50 mg

CuNPs/L. More than double the increase in GI was apparent in 18-Elite line-5 after treatment

with 25 mg CuNPs/L. When varieties were exposed to 100 mg CuNPs/L, no statistical differ-

ence was found in GP compared to control, except in variety 18-Elite line-6, which showed a

reduced GP and GI as compared to control. Similar results were reported by [39], where let-

tuce seeds showed better germination when treated with CuNPs. It is found that NPs tend to

come into contact with seed coats, penetrate the seeds, and improve seed germination and

seedling growth of the plants [40]. They found that CuNPs penetrated the cell wall and formed

new pores, so water absorption was improved, and as a result, favorable seed germination was

Fig 4. Seed germination percentage and germination index of wheat varieties affected by different concentration

of CuNPs. Different letters in the same sub-group of columns indicate significant difference at p< 0.05 level.

https://doi.org/10.1371/journal.pone.0269987.g004

PLOS ONE Effect of biosythesized CuNPs on wheat varieties

PLOS ONE | https://doi.org/10.1371/journal.pone.0269987 June 21, 2022 7 / 15

https://doi.org/10.1371/journal.pone.0269987.g004
https://doi.org/10.1371/journal.pone.0269987


started. Another study demonstrated that high seed germination rates might be due to the

photo-generation of active oxygen like hydroxide anions and superoxide, which causes re-acti-

vation of aged seeds. In the nanocomposite, activated carbon provides moisture and a large

surface area for seed germination [41].

Effect of CuNPs on seedling growth of wheat

RL, SL, and FW were measured for all the tested varieties after 10 days of seedling (Fig 5) to

investigate the effect of CuNPs on seedling growth of wheat. All the concentrations of CuNPs

posed a positive effect on the RL of all wheat varieties, but the most prominent increase was

found at 50 mg CuNPs/L in 18-Elite line-1, 18-Elite line -3, and 18-Elite line-6 and 25 mg

CuNPs/L in 18-Elite line-5. When treated with 50 mg CuNPs/L, the RL increased by 50, 153,

and 33% in 18-Elite line-1, 18-Elite line-3, and 18-Elite line-6, respectively, and by 134 percent

in 18-Elite line-5 when treated with 25 mg CuNPs/L. When compared to the control, the SL in

18-Elite line-1, 18-Elite line-3, and 18-Elite line-6 increased by 19, 20, and 37 percent, respec-

tively, under 50 mg CuNPs/L, and by 54 percent in 18-Elite line-5 under 25 mg CuNPs/L. The

FW also displayed the same results as for RL and SL, where a CuNPs concentration of 50 mg/L

exhibited the most prominent effect on the FW of three wheat varieties. The maximum

increase of 75, 95, and 35 in FW was observed for 18-Elite line-1, 18-Elite line -3, and 18-Elite

line-6, respectively, treated with 50 mg CuNPs/L, while a maximum increase of 18% in FW

was observed for 18-Elite line-5, treated with 25 mg CuNPs/L.

After 10 days of exposure, the CuNPs treatments modified the RL, SL, and FW of wheat.

RL, SL, and FW were significantly increased, especially for varieties exposed to 50 mg CuNPs/

L. These changes in the root and shoot system might be due to hormonal imbalances, like

auxin and cytokinin imbalances [42]. Our findings are supported by the study [33], where

CuNPs, at low concentration, increased the fresh weight of wheat. Moreover, we have observed

that at 100 mg/L treatment of CuNPs, the seedling growth is significantly reduced compared

to the treatment of 50 mg CuNPs/L, suggesting that a high dose of CuNPs can be lethal to

plants. At high concentrations, CuNPs may release cupric ions that change the physiological

processes of the plant. These modifications increase the capacity of particles that cross the cell

membrane of a plant cell [3]. Previous studies also supported this fact that a higher concentra-

tion of CuNPs produces toxic effects, e.g., in chickpea and soybean, CuONPs increased root

and shoot growth at 100 ppm, but beyond this concentration (200 ppm), the root and shoot

growth was found to decrease [43]. Other studies also suggest the same result, e.g., CuNPs

reduced the seedling length by 65 and 75% in Phaseolus radiatus and Triticum aestivum,

respectively [44]. In a similar way, CuONPs decreased the RL in Cucurbita pepo when applied

at a 1000 mg/L concentration [45].

Effect of CuNPs on photosynthetic pigments of wheat seedling

The effect of CuNPs on photosynthetic pigments of wheat varieties was measured in terms of

total chlorophyll and carotenoid (Fig 6). Chlorophylls are located in the chloroplast where they

play a crucial role in the photosynthesis system, which is highly related to plant productivity

and biomass [46]. As a result, the total content of Chl and carotenoid in wheat varieties was

measured in all treatments in the current study. The total chl content started increasing upon

exposure to CuNPs and a higher level was found at 50 mg CuNPs/L in 18-Elite line-1, 18-Elite

line -3, and 18-Elite line-6, while in 18-Elite line-5, 25 mg CuNPs/L evidenced stimulation of

chl up to 48% as compared with no application of CuNPs (control). Carotenoid content in test

plants also followed the same trend as total Chl. A maximum increase of 61, 40, and 42% in

carotenoid content was found in 18-Elite line-1, 18-Elite line -3, and 18-Elite line-6,
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Fig 5. Root length, shoot length, and fresh weight of 10 days wheat seedlings affected by different concentration

of CuNPs. Different letters in the same sub-group of columns indicate significant difference at p< 0.05 level.

https://doi.org/10.1371/journal.pone.0269987.g005
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respectively, at 50 mg CuNPs/L. Some authors also noticed changes in the content of photo-

synthetic pigments as a result of nanoparticle application. For example, a concentration-

dependent effect of CuNPs on chlorophyll and carotenoid pigments was studied by [47],

where CuNPs increased the chlorophyll and carotenoid content. Similarly, Vigna radiata has

shown increased chlorophyll and carotenoid content under the treatment of CuNPs [48]. We

also observed a significant inhibitory effect at higher concentrations (100 mg CuNPs/L). This

could be attributed directly to oxidative stress or the interaction of RuBP carboxylase, due to

copper interaction with SH groups. Additionally, the Chl content decrease might also be due

to the lowered shoot biomass upon contact with higher concentrations of CuONPs or to the

membrane damage as a result of excess lipid peroxidation of chloroplast membranes under

oxidative stress [49].

Fig 6. The total chlorophyll and carotenoid contents of 10 days wheat seedlings affected by different

concentration of CuNPs. Different letters in the same sub-group of columns indicate significant difference at p< 0.05

level.

https://doi.org/10.1371/journal.pone.0269987.g006
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Effect of CuNPs on phenolic and sugar content of wheat seedling

Treatment with CuNPs significantly influenced the content of phenol and soluble sugar in the

seedlings of wheat (Fig 7). A maximum increase in total phenols was found at 100 mg CuNPs/

L. It has been identified that plants induce the production of phenolic compounds in response

to NPs [50]. In some other studies, an increase in phenolic content was also observed under a

high concentration of nanoparticles. For example, fruits of Jalapeno pepper showed an increase

in the total phenols under the application of CuNPs + Chitosan-PVA [51]. Similarly, the appli-

cation of zinc nano fertilizer also increased the total phenols in pomegranate fruits [52]. This

increase in phenolic content at higher concentrations may be related to the plant’s response to

stress, as we observed 100 mg CuNPs/L caused toxic effects on wheat. Phenols are antioxidant

compounds that trigger the synthesis of a series of secondary metabolites from the shikimic

acid pathway or through phenylpropanoids under conditions of abiotic stress [53]. Therefore,

Fig 7. Total phenolic content and total soluble sugar content of 10 days wheat seedlings affected by different

concentration of CuNPs. Different letters in the same sub-group of columns indicate significant difference at p< 0.05

level.

https://doi.org/10.1371/journal.pone.0269987.g007
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the observed response may be related to ROS formation due to CuNPs. However, unlike the

phenolic content, the soluble sugar content was found to be higher at 50 mg CuNPs/L treat-

ment, as was the case with all other factors investigated. Overall, we found a positive effect of

CuNPs on the growth and development of wheat. These results were supported by previous

studies that showed Cu plays an important role in plant growth and development, and plant

productivity [54].

Conclusions

This study used an eco-friendly and appropriate method for the synthesis of CuNPs using

Mentha longifolia extract. There were no chemical reagents or surfactant templates required,

allowing green bioprocesses for a range of biomedical applications. During the application of

CuNPs on wheat, we found in our study that with an increase in the concentration of CuNPs,

the seed germination and growth of wheat plants were also increased. However, after a certain

concentration (50 mg CuNPs/L), the seed germination and seedling growth were found to

decrease. Overall results showed that application of CuNPs influences the seed germination

and seedling growth of wheat at different concentrations. The higher germination and growth

were found at 50 mg CuNPs/L treatment for 18-Elite line-1, 18-Elite line -3, and 18-Elite line-6

wheat varieties and at 25 mg CuNPs/L for 18-Elite line-5. Beyond this treatment, germination

and growth were inhibited. Effective germination and growth at a certain optimum concentra-

tion and decreased germination and growth beyond this concentration may be attributed to

the varieties of wheat and the uptake and accumulation of CuNPs by the roots, because the ger-

mination and growth were dependent on the exposure concentration of CuNPs. In particular,

the contact of plants with NPs and the impact of such contact on plant growth could spur new

research focus on nanobiotechnology. Further studies are needed to understand the mecha-

nism of accumulation and uptake of CuNPs in plants and the way they act during seed germi-

nation and growth.
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