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The present study was focused on synthesis and characterization of copper nanoparticles to evaluate
their efficacy against fruit rot pathogen of chilli crop. The green synthesis of nanoparticles was carried
out by using extracts of Eucalyptus and Mint leaves. The synthesis of copper nanoparticles was confirmed
by XRD, PSA, SEM and TEM. The average size of these particles synthesized by Eucalyptus leaf extract
(CuNP-E) ranged from 10 to 130 nm, while as size of Mint leaf extract synthesized particles (CuNP-M)
ranged from 23 to 39 nm, thus confirming their nano size. These green synthesized copper nanoparticles
were evaluated against Colletotrichum capsiciwhere Carbendazim 50WP @ 500 ppm and copper oxychlo-
ride 50 WP @ 2500 ppm served as standard checks. The mycelia inhibition of Colletotrichum capsici
caused by copper nanoparticles was studied on PDA medium. CuNP-M @ 1000 ppm showed highest
mycelial inhibition of 99.78% followed by 93.75% at 500 ppm and CuNP-E @ 1000 ppm compared to stan-
dard fungicides, carbendazim 50 WP @ 500 ppm (72.82%), and copper oxychloride 50 WP @ 2500 ppm
(85.85%). The CuNP-M @ 500 ppmwere significantly superior to carbendazim 50WP @ 500 ppm and cop-
per oxychloride 50 WP @ 2500 ppm, but was statistically at par with CuNP-E @ 1000 ppm. This shows
effectiveness of much lower concentration of copper nanoparticles compared to conventional fungicides.
In detached fruit method, nanoparticles applied before inoculation of pathogen showed better results
with regard to incubation period, lesion number and lesion size than after inoculation of pathogen.
The present study reveals a simple, convenient, non-toxic and cost-efficient technique for the synthesis
of nanoparticles and their effectiveness against Colletotrichum capsici. CuNP-M first time synthesized
and evaluated against Colletotrichum capsici performed better than CuNP-E.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction thus reducing yield and quality of the plant products. The disease
Colletotrichum capsici is among the most economically dominant
plant pathogens. It causes anthracnose and fruit rot in chilli crop
was first reported from United States in 1885 (Halsted, 1885) and
afterwards from many parts of the world. In India it was first
reported from Madras (Sydow, 1913) and subsequently from other
states like Bihar, Assam, Tamil Nadu (Dastur, 1921; Choudhery,
1957). In terms of yield, losses upto 32% have been reported from
USA (Doolitle, 1954) and 50% from India (Pakdeevaraporn et al.,
2005). Different practices are in vogue to manage this disease, but
none except chemical management has shown satisfactory results
with environmental risks. Among the different management tech-
nologies, nanotechnology is one newly emerging technology. Nan-
otechnology is shaping as a dynamic area of research in present day
agriculture and allied subjects. Particles with a size ranging from 1
to 100 nm in not less than one dimension are usually referred to as
nanoparticles (Hutchison, 2008). Nanoparticles reveal new or
improved qualities based on specific features like morphology, size
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and distribution. Among the nanomaterials metallic nanomaterials
are emerging with greater importance by displaying eccentric and
modified physico-chemical and biological properties compared to
their equivalents of the macroscale (Mohammed Fayaz et al.,
2011). Different types of approaches like chemical reduction
(Prakash et al., 2009), electrochemical reduction (Zhang, 2008),
chemical vapor deposition (Rao et al., 2006), thermal decomposi-
tion (Kim et al., 2006) solvothermal reduction (Tang et al., 2006)
have successfully synthesized nanoparticles of metallic nature.
However, aforementioned methods use toxic solvents, generate
hazardous by-products and consume lot of energy. There is an
increasing demand for cost-efficient, environmentally amiable
and long lasting methods for nanoparticles synthesis. This has lead
scientists to make use of biological structures as an alternate green
synthesis approach. Use of plants, algae, fungi, bacteria and viruses
for the production of efficient, non-toxic metallic nanoparticles has
seen an increasing trend in the past. The use of Azadirachta indica
(Neem) (Shankar et al., 2004), Emblica officinalis (Amla)
(Ankamwar et al., 2005), Mangosteen leaf (Veerasamy et al.,
2011), Chenopodium album (Dwivedi and Gopal, 2010) for synthesis
of nanoparticles stand already reported. The studies carried out
indicate that bio-molecules viz., proteins, phenols and flavonoids
play a key role in reduction of ions to nano-scale and in capping
of the nanoparticles (Arya, 2010). Copper has been used in inhibit-
ing the growth of microorganisms for more than two centuries and
reportedly decreased the microbial concentration by 99.9%
(Krithiga et al., 2013; Subhankari and Nayak, 2013). Many reports
suggest that copper nanoparticles exhibit broad antimicrobial
activity against so many bacteria. Nano copper oxide (CuO) acts
as inherent antimicrobial agent against E. coli, Bacillus subtilis, Vibria
cholera, Pseudomonas aeruginosa, Syphillis typhus, and Staphylococ-
cus aureus (Perelshtein et al., 2009; Akhavan and Ghaderi, 2010;
Hassan et al., 2012; Padil and Černík, 2013). Copper oxychloride
and copper sulphate are already in vogue throughout the world
for the management of different diseases of apple caused by fungi.
Use of copper as dormant spray against some diseases of stone and
pome fruits is also in vogue in many countries including India. It is
not applied during active phase of the plant because of phytotoxic-
ity which can possibly be addressed by converting it into Nanoscale.

Till date no work has been carried out on the biosynthesis
(Eucalyptus and Mint) of copper nanoparticles and their use
against Colletotrichum capsici. In view of the above facts and impor-
tance of copper in management of plant diseases present study
was carried out.

2. Materials and methods

2.1. Preparation of plant extracts

Eucalyptus (Eucalyptus globulus L.) leaves were collected from
University of Agricultural Sciences, Dharwad, Karnataka whereas
mint (Mentha piperita) leaves were collected from Jammu and
Kashmir. The leaves were cleaned, dried under shade to remove
moisture, powdered and stored for further use. 10 g of each pow-
dered material was taken separately in a beaker containing
100 ml of de-ionized water and allowed to boil at 80 �C for 25–
30 min under reflux condition and then cooled down to room tem-
perature. Each solution was filtered through filter paper (Whatman
No. 42) followed by centrifugation at 3000 rpm for 10 min for
removal of heavy biomaterials. The clear solutions of plant extracts
thus obtained were stored at 4 �C for further studies.

2.2. Synthesis of nanoparticles

In a prototypical synthesis of copper nanoparticles from euca-
lyptus and mint leaf extracts, 10 ml of each leaf extract was added
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to 100 ml of 0.01 M CuSO4�5H2O aqueous solutions. The two mix-
tures were constantly stirred on a magnetic stirrer for 2 h. The sus-
pended solutions were autoclaved followed by centrifugation at
5000 rpm for 25 min. The supernatants of both the solutions were
decanted and residues were washed many times with de-ionized
water. The above-mentioned processes were repeated several
times to remove impurities (if any) from the copper nanoparticles.
The precipitates so obtained were dried in an oven at 60 �C for 24 h.

2.3. Characterizations of synthesized nanoparticles

The preliminary detection of copper nanoparticles formation
was observed by visual colour change. The characterization of
nanoparticles was further carried by X-ray diffraction (XRD), Parti-
cle Size Analyzer (PSA), Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM). X-ray diffraction studies
of copper nanoparticles was carried out by X-ray Diffractometer
(XRD) (Bruker d8 Advance) supplied with Cu Ka radiation source
using Ni as a filter with a setting of 40kv/30 mA. Particle diameter
was computed according to Debye-Scherrer equation (D = Kk/b
cosh). Particle size analysis was ascertained by sub-micrometer
PSA using dynamic light-scattering technique (DLS). PSA was mea-
sured in the range of 1–5000 nm at a scattering angle of 173�.
Three-dimensional photon cross-correlation method was
employed for the concurrent measurement of PSA and stability.
Viscosity of dispersion medium was 0.894 ± 1 mPa.s. Aqueous dis-
persion of synthesized nanoparticles was carried out under sonica-
tion at 30 kHz for 30 min and used for obtaining PSA curve. Horlba
SZ100 machine was used for the study. The surface morphological
features such as shape, particle size and composition of nanoparti-
cle were measured using a JEOL JSM-5600 model (Scanning Elec-
tron Microscope). Size and morphology of nanoparticles was
determined by using TEM. An aliquot of aqueous nanoparticle sus-
pension was transferred on to an amorphous carbon coated copper
grid followed by drying and analysis was carried out using Tecnai
G2 20 TEM operated at voltage of 120 kV.

2.4. Evaluation of nano-particles

Evaluation of nano-particles was carried out under controlled
conditions through poison food technique (Sharvelle, 1961) (in-
vitro evaluation) and detached fruit technique (Manzoor et al.,
2013) (evaluation on detached chilli fruit) with some modifica-
tions. In both the cases carbendazim 50 WP (500 ppm) and copper
oxychloride 50 WP (2500 ppm) served as standard checks while as
water served as control.

2.5. In vitro evaluation of nanoparticles (Poison food technique)

Evaluation of copper nanoparticles was carried out at 25, 50,
100, 150, 250, 500 and 1000 ppm concentrations while as carben-
dazim 50WP and copper oxychloride 50WP were evaluated at 500
and 2500 ppm respectively. The investigation was implemented
with 3 replications for each treatment under Completely Random-
ized Design (CRD).

The nanoparticle suspensions were added to the molten PDA
media with 25, 50, 100, 150, 250, 500 and 1000 ppm concentra-
tions. The poisoned media was then poured in sterilized petriplates
under aseptic conditions. Fungicides served as standard checks and
in control only water was used. 4 mm mycelial discs taken from
10 days old culture were put in the center of each plate followed
by incubation at 27 ± 1 �C for 10 days. Observations on mycelial
diameter of C. capsici were recorded after ten days of incubation.
The diameter of the mycelial colony was measured in four direc-
tions and their average was recorded. Growth inhibition (%) was
calculated by using formula as below:



Fig. 1. Colour indication of synthesis of copper nanoparticles from (A) eucalyptus
and (B) mint leaf extract.
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I ¼ C� T
C

� 100

where

I = Inhibition (%); C = Growth in control (mm); T = Growth in
treatment (mm)

2.6. Evaluation of nanoparticles on detached chilli fruits (Detached
fruit technique)

The experiment was carried out on detached chilli fruits under
controlled laboratory conditions. The best three concentrations
obtained from the results of poison food technique of each
nanoparticle were assayed against C. capsici on detached fruits.
Two sets of detached fruits were maintained. In one set nanoparti-
cles were sprayed at 48 h before-inoculation of the pathogen and
in other set nanoparticles were sprayed 48 h after-inoculation of
pathogen. The experimental setup was kept up to sixteen days
for recording the observations on incubation period, lesion number
and size of lesions. Fungal conidia were collected from ten days old
culture of C. capsici. The culture plates were flooded with sterilized
distilled water and conidia were scraped gently with camel hair
brush. Conidial mass thus obtained was collected into a beaker
and filtered for further studies. The concentration of conidial sus-
pension was later adjusted at 1x106 spores/ml.

Healthy fruits from susceptible chilli cultivar Pusa Jwala were
evaluated under the study. Fruits were first surface sterilized for
30 s in 0.1 percent mercuric chloride and washed thoroughly with
distilled sterilized water. The surface sterilized fruits were then air
dried on sterilized blotter paper. Test fruits were divided in two
sets each for nano-particle application 48 h before spore (C. capsici)
inoculation and 48 h after spore inoculation. All the fruits were
given pin-pricks at five specific points and then sprayed with spore
suspension of 106 spores/ml. The treated fruits were incubated in
moist chamber at 27 ± 1 �C for 16 days. The fungicides served as
standard check while as sterilized distilled water (SDW) was
applied in case of control. Three replications of each treatment
were maintained and experiment carried under Completely Ran-
domized Design.
2.7. Data analysis

The data of experiments conducted for characterization of
nanoparticles was analyzed with the help of origin 6.1 and Image
J software. The statistical evaluation of biological data was carried
out through Statistical Package for Agricultural Research Workers
(OPSTAT). Before analysis appropriate transformations of the data
were carried out as suggested by Gomez and Gomez (1984).
3. Results

3.1. Synthesis of copper nanoparticles

Copper sulfate solution (aqueous), blue in colour changed to
brown color within 2 h after addition of leaf extract of Eucalyptus
(Fig. 1A) depicting the presence of Cu nanoparticles in the solution.
The Cu nanoparticle solution was further autoclaved to increase
the intensity of nanoparticles in the solution. After autoclaving,
brown color changed to dark brown color. In case of the mint
extract, the aqueous blue coloured copper sulfate pentahydrate
solution changed to greenish black within 2 h, indicating the syn-
thesis of nanoparticles. Upon autoclaving, the intensity of the col-
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our increased, which was directly proportional to the reaction time
and reduction of copper ions (Fig. 1B).
3.2. Characterization of synthesized nano-particles

The crystalline nature of copper nanoparticles was corroborated
by X-ray diffraction (XRD) ornamentation. XRD pattern of copper
nanoparticles formed by bioreduction of copper ions using euca-
lyptus (Eucalyptus globulus L.) leaf extract is presented in Fig. 2A.
The observed diffraction peaks of CuNP-E at 2h = 43.360, 50.410,
and 74.200 correspond to (111), (200) and (220) planes of metal-
lic copper. The mean particle diameter of CuNP-Ewas 67 nm
(Table 1). In the bioreduction of copper ions using mint (Mentha
piperita) leaf extract the observed diffraction peak at 2h = 43.220,
50.250 and 74.060 confirming the metallic copper (Fig. 2B). The
mean particle diameter of CuNP-M as revealed by XRD was
27.5 nm (Table 1).

The particle size distribution (PSD) of CuNP-E and CuNP-M is
presented in Fig. 3A and Fig. 3B respectively. According to PSA
analysis size of CuNP-E ranged from 60 to 75 nm with an average
size of 65 nm while as CuNP-M size ranged from 36 to 50 nm and
the average size recorded was 45 nm (Table 2).

The SEM images (Fig. 4A & B) of CuNP-E and CuNP-M show clus-
ter shaped morphology and size more than 100 nm. The average
size for CuNP-E ranged from 0.5 to 3.2 lm with an average of
1.53 lm while as the average size for CuNP-M ranged from 0.47
to 1.63 lm with an average of 1.13 lm (Table 2).

Typical TEM image (Fig. 5A) of CuNP-E shows triangular shaped
nanoparticles poly-disperse in nature without any bio-molecules
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Fig. 2. XRD peaks of copper nanoparticles synthesized from (A) eucalyptus and (B) Mint leaf extract.

Table 1
Crystalline size of copper nanoparticles as revealed by XRD.

Nanoparticles Extract
used

FWHM
(Degree)

Average
crystalline size
(nm)

Range (10�3) Mean (10�3) Range Mean

CuNP-E Eucalyptus 1.60 – 2.99 2.40 46 – 85.5 67.0
CuNP-M Mint 3.27 – 9.50 3.80 15 – 42.5 27.5

FWHM: Full Width at Half Maxima of XRD peak.
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around them. The size of CuNP-E ranged from 10 to 100 nm with
an average of 42 nm (Table 2). CuNP-M were cluster shaped
(Fig. 5B) and size ranged from 23 to 39 nm with an average of
33 nm (Table 2). The analysis of the TEM images is a useful tool
for measuring the size and shape of the nano-particles.
3.3. Evaluation of synthesized copper nanoparticles

In the present investigation, the copper nanoparticles were
evaluated by two methods i.e., Poison food technique and detached
1480
fruit method. In both methods, copper nanoparticles (@ 1000 ppm
showed significantly better results in comparison to standard
fungicides and control.
3.4. Effect of nanoparticles on mycelial growth of C. capsici (Poison
food technique)

The impact of copper nanoparticles on mycelial growth of C.
capsici is presented in table 3. Perusal of the data reveals signifi-
cantly decreased mycelial growth of C. capsici with increase in
the nanoparticle concentration. Lowest growth (0.25 mm) was
recorded in CuNP-M @ 1000 ppm followed by 4.75 mm both in
CuNP-E @ 1000 ppm and CuNP-M @ 500 ppm. CuNP-E @
500 ppm (11.25 mm) was statistically at par with Copper oxychlo-
ride 50WP @ 2500 ppm (11.25 mm) but was significantly superior
to Carbendazim 50 WP @ 500 ppm (20.75 mm). The data reveals
that both the treatments (CuNP-E and CuNP-M) at all the concen-
trations and both the standard checks (Copper oxychloride and
Carbendazim) significantly reduced the mycelial growth compared
to control where mycelial growth of 76.0 mm was recorded. Data
further reveals that copper nanoparticles (CuNP-E and CuNP-M)



Fig. 3. PSA peaks of copper nanoparticles synthesized from (A) eucalyptus and (B) mint leaf extract.

Table 2
Shape and size of copper nanoparticles as revealed by PSA, SEM and TEM.

Method Nanoparticles Shape of NPs Particle size Range (nm*/lm**) Average size (nm*/lm**)

PSA CuNP-E – 60–75* 65*
CuNP-M – 36–50* 45*

SEM CuNP-E Cluster 0.5–3.2** 1.53**
CuNP-M Cluster 0.47–1.63** 1.13**

TEM CuNP-E Triangular 10–100* 42*
CuNP-M Cluster 23–39* 33*
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at 250 ppm and lower concentration were not as effective as the
standard checks (Copper oxychloride and Carbendazim) (Table 3).
Mycelial growth inhibition percentage of C. capsici under in vitro
conditionis is shown in Fig. 6. Highest inhibition (99.78%) of myce-
lial growth was recorded in CuNP-M @ 1000 ppm followed by
93.75% in CuNP-E @ 1000 ppm and CuNP-M @ 500 ppm. The data
in Fig. 6 further reveals that CuNP-E @ 500 ppm inhibited 85.19%
growth of mycelium which was statistically at par with copper
oxychloride 50 WP @ 2500 ppm but statistically superior to Car-
bendazim 50 WP @ 500 ppm which recorded growth inhibition
of 72.69%.
3.5. Evaluation of nanoparticles on detached chilli fruits (Detached
fruit method)

3.5.1. Incubation period
In the present study copper nanoparticles showed significantly

better results compared to standard checks and control. Studies on
incubation period of C. capsici (Fig. 7A) reveals that CuNP-M @ 500
and 1000 ppm applied ‘‘before-inoculation” and CuNP-M @
1000 ppm applied ‘‘after-inoculation” inhibited the disease com-
1481
pletely and there was no question of any incubation period. How-
ever, disease first appeared in control after an incubation period of
three days only. Perusal of the data reveals that even though other
treatments could not completely inhibit the disease but prolonged
the incubation period. It is also evident from the data that applica-
tion of nanoparticles 48 h prior to the pathogen inoculation
enhanced incubation period more than when these were applied
48 h after pathogen inoculation. The CuNP-E @ 1000 ppm and
CuNP-M @ 250 ppm applied before pathogen inoculation pro-
longed the incubation period up to 8 days in each case. Similarly,
CuNP-E @ 1000 ppm and CuNP-M @ 500 ppm applied ‘‘after-inocu
lation” prolonged the incubation period up to 7 days. In case of
standard fungicides (Carbendazim 50 WP @ 500 ppm, Copper Oxy-
chloride 50 WP @ 2500 ppm) incubation period of the pathogen
remained same (4 days) for both before and after inoculation of
pathogen, but was significantly lower than the nanoparticles
(Fig. 7A).
3.5.2. Lesion number
The number of lesions on fruits observed after 16 days of incu-

bation varied significantly among treatments. Perusal of the data



Fig. 4. SEM Image of copper nanoparticles synthesized by (A) eucalyptus and (B)
mint leaf extract. Fig. 5. TEM Image of copper nanoparticles synthesized by (A) eucalyptus and (B)

mint leaf extract.
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(Fig. 7B) reveals that CuNP-M @ 500 and 1000 ppm applied
‘‘before-inoculation” and CuNP-M @ 1000 ppm applied ‘‘after-ino
culation”, inhibited the disease completely and there were no
lesions on fruits. Highest number of lesions (5/fruit) was recorded
in control. The standard fungicides, Carbendazim 50 WP @
500 ppm and Copper oxychloride 50 WP @ 2500 ppm recorded
four lesions/fruit when applied ‘‘before-inoculation” of pathogen
and 4 and 5 lesions/fruit respectively when applied ‘‘after-inocu
lation” of pathogen. The data further reveals that CuNP-E @
1000 ppm recorded single lesion/fruit and CuNP-M @ 250 ppm
recorded 3 lesions/fruit, when applied ‘‘before-inoculation” of
pathogen while as CuNP-E @ 1000 ppm and CuNP-M @ 500 ppm
each recorded three lesions/fruit when applied ‘‘after-inoculation”
of pathogen. In case of ‘‘after-inoculation” of pathogen CuNP-E @
250 and 500 ppm were not as effective as Carbendazim 50 WP @
500 ppm but were at par with Copper oxychloride 50 WP @
2500 ppm. In case of ‘‘before-inoculation” of pathogen CuNP-E @
500 ppm was statistically at par with Carbendazim 50 WP @
500 ppm and Copper oxychloride 50WP @ 2500 ppm. The results
indicate that nanoparticles applied before inoculations are signifi-
cantly better than after inoculation of the pathogen (Fig. 7B).
3.5.3. Lesion size
CuNP-E and CuNP-M at three different concentrations and stan-

dard check fungicides (Carbendazim 50WP, Copper oxychloride 50
WP) before and after pathogen inoculation significantly lowered
lesion length as compared to control (Table 4). The results showed
significantly better inhibition of C. capsici can be realized when
nanoparticles are sprayed before inoculation of pathogen as com-
pared to after inoculation. The results distinctly indicate that the
nanoparticles are significantly better than conventional fungicides
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in reducing the lesion size of C. capsici on chilli fruit. Perusal of the
data (Table 4) reveal that CuNP-M @ 500 and 1000 ppm applied
‘‘before-inoculation” and CuNP-M @ 1000 ppm applied ‘‘after-ino
culation” inhibited the disease completely and there were no
lesions on fruits. Maximum lesion length of 65.30 mm was
recorded in control where only water was applied and was statis-
tically inferior to all the treatments. The standard fungicides, car-
bendazim 50WP @ 500 ppm recorded 13.50 mm and copper
oxychloride 50WP @ 2500 ppm 15.50 mm lesion length on fruits
when applied ‘‘before-inoculation” of pathogen. Whereas carben-
dazim 50 WP @ 500 ppm and copper oxychloride 50 WP @
2500 ppm recorded lesion length of 22.30 mm and 22.70 mm
respectively when applied ‘‘after-inoculation” of pathogen. The
data further reveals that CuNP-E @ 1000 ppm and CuNP-M @
250 ppm recorded lesion length of 5.26 and 6.30 mm respectively
when applied ‘‘before-inoculation” of pathogen. Whereas CuNP-E
@ 1000 ppm and CuNP-M @ 500 ppm recorded 7.50 mm and
10.50 mm respectively, when applied ‘‘after-inoculation” of patho-
gen. Among all the treatments CuNP-E @ 250 ppm applied ‘‘before-
inoculation” of pathogen was not as effective as the recommended
fungicides.The data presented in Table 4 reveals that CuNP-E @
500, 1000 ppm and CuNP-M @ 250, 500 and 1000 ppm recorded
lesion length of 12.70, 5.26, 6.30, 0.00 and 0.00 mm respectively
and were significantly superior to carbendazim 50 WP @
500 ppm and copper oxychloride 50 WP @ 2500 ppm in after inoc-
ulation of pathogen. The data further reveals that CuNP-E and
CuNP-M @ 250, 500, 1000 ppm recorded lesion length 21.70,
17.70, 7.50, 14.80, 10.50 and 0.00 mm respectively and were signif-
icantly superior to standard fungicides.



Table 3
Effect of nanoparticles on mycelial growth of Colletotrichum capsica after 10 days of incubation.

Concentration Mycelial diameter (mm)

Treatments 25 ppm 50 ppm 100 ppm 150 ppm 250 ppm 500 ppm 1000 ppm

CuNP-E 63.50 50.42 47.50 38.25 32.83 11.25 4.75
CuNP-M 61.42 45.25 38.58 30.92 27.83 4.75 0.25
Carbendazim 50 WP* 20.75 20.75 20.75 20.75 20.75 20.75 20.75
Copper oxychloride 50 WP** 11.25 11.25 11.25 11.25 11.25 11.25 11.25
Control 76.00 76.00 76.00 76.00 76.00 76.00 76.00
Mean 46.58 40.73 38.82 35.43 33.73 24.80 22.60
CD p � 0.05
Treatments 0.44Concentrations 0.52 Treatment � Concentration 1.18

* 500 ppm.
** 2500 ppm.
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Fig. 6. Mycelial growth Inhibition (%) of C. capsici by copper nanoparticles.
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4. Discussion

Chilli an important spice cum vegetable crop faces various bio-
tic challenges and fruit rot of chilli caused by Colletotrichum capsici
is of considerable importance in India (Chauhan et al., 2014). Spe-
cies of Colletotrichum are among the predominant plant pathogens
throughout the world. They cause economically major diseases in a
broad range of hosts including vegetables, fruits cereals and
legume crops (Bailey et al., 1992). In major chilli growing areas
of India the disease incidence ranges from 66 to 84% with a yield
loss between 12 and 50 percent (Thind and Jhooty, 1985; Bagri
et al., 2004; Sharma et al., 2005). A perusal of literature reveals that
the disease is important in Kashmir and no work has so far been
carried on synthesis and testing of nanoparticles against this dis-
ease. Keeping the importance of the disease and novelty of nan-
otechnology in view, present studies were undertaken to
synthesize nanoparticles and test against fruit rot of chilli (Col-
letotrichum capsici).

In this study the leaf extract act as a capping and stabilizing
agent and copper sulphate pentahydrate act as a reductant chem-
ical. In the current study copper nanoparticles were synthesized
using leaf extracts of Eucalyptus and Mint. While synthesizing cop-
per nanoparticles solution colour changed from blue to dark brown
within 2 h by adding eucalyptus extract to copper sulphate and
from blue to greenish black by adding mint extract to the copper
sulphate solution. Kulkarni et al. (2015) also reported copper
nanoparticle synthesis from Eucalyptus sp., where colour of aque-
ous copper sulphate extract solution changed from blue to pale
yellow.
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Crystalline nature of copper nanoparticles was validated by
XRD device. XRD pattern of copper nanoparticles was achieved
through copper ion bioreduction by eucalyptus (Eucalyptus globu-
lus L.) and mint (Mentha piperita) leaf extracts. The averages crys-
talline size was 67.0 and 27.5 nm respectively. The observed
diffraction peaks of CuNP-E at 2h = 43.360, 50.410, 74.200 and
CuNP-M diffraction peak at 2h = 43.220, 50.250, 74.060. The
diffraction peaks of nanoparticles presented similarity with copper
nanoparticle synthesized from khat (Catha edulis) and castor oil
(Ricinus communis) as reported by G/Egziabher (2012). Dash and
Balto (2011) also reported similarity in diffraction 2h peak by syn-
thesizing copper nanoparticles through wire explosion methods.
More or less same results of XRD were observed in the copper
nanoparticle synthesized by chemical reduction method (Viet
et al., 2016).

The particle size distribution (PSD) analysis of CuNP-M showed
different sizes with average size of 45 nm and mean particle size of
CuNP-E as 65 nm.

The SEM results showed cluster shaped CuNP-E with a diameter
of 1.53 lm while as CuNP-M had particle size of 1.13 lm and clus-
ter in shape. Kulkarni et al. (2015) showed synthesis of copper
nanoparticles by using leaf extract of Eucalyptus and found that
copper nanoparticles bond with bio-molecules of leaf extracts.
Awwad (2015) reported sulphur nanoparticles synthesis from Albi-
zia julibrissin fruit extracts with spherical shaped particles. The
SEM image reveals that the products mainly consist of copper
nanoparticles crowded together with bio-molecules of plant
extract. The larger size shown by SEM may possibly be due to
agglomeration of nanoparticles and biomolecules.
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A higher resolution study with TEM analysis showed shape and
size of the synthesized nanoparticles. TEM image of CuNP-E
revealed triangular shape with 42.0 nm average size and CuNP-M
cluster in shape with 33.0 nm average size. The different studies
have shown different shapes and sizes through different methods.
The difference in shape and size in the present study may possibly
be because of the different plant extracts used. Hariprasad et al.
(2016) reported spherical morphology of copper nanoparticles syn-
thesized from Arevalanata leaf extract. Khodashenas and Ghorbani
(2019) reported triangular shape of silver nanoparticles produced
by reduction method. Suleiman et al. (2013) reported that sulphur
nanoparticles synthesized by water-in-oil micro emulsions
Table 4
Effect of copper nanoparticles on lesion size caused by C. capsicion chilli under Detached

Treatments Lesion size (mm)

Nanoparticles applied before inoculation

250 ppm 500 ppm 1000 ppm

CuNP-E 20.20 12.70 5.26
(4.60) (3.69) (2.32)

CuNP-M 6.30 0.00 0.00
(2.70) (1.00) (1.00)

Carbendazim 50 WP 13.50 13.50 13.50
(500 ppm) (3.80) (3.80) (3.80)
Copper oxychloride 50 WP 15.50 15.50 15.50
(2500 ppm) (4.06) (4.06) (4.06)
Control 65.30 65.30 65.30

(8.14) (8.14) (8.14)
Mean 24.16 21.40 19.91
CD p � 0.05
Inoculation Time 0.14 (Treatments � Concentrations � Inoculation time) 0.57

Figures in parenthesis are square root transformed values.
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technique were spherically shaped as proved by their TEM analy-
sis. The copper nanoparticles were poly disperse in shape.

In modern Agriculture nanoparticles are the upcoming arsenals
against plant pathogens and green synthesized nanoparticles have
shown great promise for disease control (Lamsal et al., 2011a;
Surega et al., 2015; Viet et al., 2016). In the present investigation
two nanoparticles were evaluated along with standard fungicides
under poison food technique. The nanoparticles inhibited mycelial
growth of C. capsici at various concentrations. Three best concen-
trations of each nanoparticle under poison food technique were
evaluated by detached fruit method. All the synthesized nanopar-
ticles significantly inhibited growth of C. capsici compared to stan-
dard fungicides and control.

CuNP-M @ 1000 ppm proved significantly superior in inhibiting
mycelial growth (0.25 mm), followed by CuNP-E @ 1000 ppm
(4.75 mm) which was significantly less than the mycelial growth
in carbendazim 50 WP @ 500 ppm (20.75 mm) and copper oxy-
chloride 50 WP @ 2500 ppm (11.25 mm). All treatments showed
significantly superior results as compared to control. The CuNP-
M showed better results than CuNP-E possibly because of smaller
size. Viet et al. (2016) reported antifungal properties of chemically
synthesized copper nanoparticles against Fusarium sp., under
ex vivo conditions. All the nanoparticles inhibited mycelial growth
of C. capsici excellently at 1000 ppm as compared to control. The
CuNP-M were highly effective in inhibiting mycelial growth @
1000 ppm (99.78%), followed by CuNP-E @ 1000 ppm (93.75%).
The standard fungicides copper oxychloride 50 WP @ 2500 ppm
reported 85.19% followed by carbendazim 50 WP @ 500 ppm
72.69% growth inhibition. The findings of the present study are
in agreement with Umer et al. (2012); Ramy and Osama (2013);
Surega et al. (2015) who reported antifungal properties of plant
mediated silver and copper nanoparticles against Alternaria alter-
nata, Fusarium oxysporum and Penicilium expansum.

The results indicate that the growth of C. capsici is checked by
all the concentrations of nanoparticles. The results further reveal
better inhibition of test fungus can be achieved when nanoparticles
are applied ‘‘before-inoculation” of pathogen as compared to
‘‘after-inoculation”. The results clearly confirm that the nanoparti-
cles have the excellent quality to arrest growth of C. capsici. Lamsal
et al. (2011b) reported better effectiveness of silver nanoparticles
against pepper anthracnose when applied before disease appear-
ance than after symptoms.

The CuNP-M showed complete inhibition of pathogen on fruits
@ 1000 ppm in both applications and @ 500 ppm applied ‘‘before-
inoculation” of pathogen. Nanoparticles showed better results in
enhancing the incubation period of pathogen on fruits among all
fruit method.

Nanoparticles applied after inoculation

Mean 250 ppm 500 ppm 1000 ppm Mean

12.72 21.70 17.70 7.50 15.63
(3.53) (4.76) (4.32) (2.66) (3.91)
2.10 14.80 10.50 0.00 8.43
(1.56) (3.97) (3.39) (1.00) (2.78)
13.50 22.30 22.30 22.30 22.30
(3.80) (4.83) (4.83) (4.83) (4.83)
15.50 22.70 22.70 22.70 22.70
(4.06) (4.86) (4.86) (4.86) (4.86)
65.30 65.30 65.30 65.30 65.30
(8.14) (8.14) (8.14) (8.14) (8.41)
21.82 29.36 27.70 23.56 26.87



Krishnanand Shivanand Iliger, Tariq Ahmad Sofi, Nazir Ahmad Bhat et al. Saudi Journal of Biological Sciences 28 (2021) 1477–1486
the treatments because nanoparticles acted as protectants in
‘‘before-inoculation” and as eradicant in ‘‘after-inoculation” appli-
cations. The nanoparticles were evaluated on detached fruits
regarding the number of lesions and lesion size. Treatment with
nanoparticles ‘‘before-inoculation” of pathogen showed better
results than ‘‘after-inoculation” of pathogen. CuNP-M showed
complete inhibition of pathogen on fruits in both the applications
at 1000 ppm and @ 500 ppm, when applied ‘‘before-inoculation” of
pathogen. All the nanoparticles were significantly superior over the
standard fungicides in both applications. By and large, pre-
inoculation treatments of nanoparticles as well as fungicides were
superior over post-inoculation treatments. However, nanoparticles
at concentrations as low as 500 ppm and 1000 ppm were more
effective than standard fungicides tested. Nanoparticles not only
prolonged the incubation period but also reduced the number
and length of lesions. The possible better results of the nanoparti-
cle may be because of their size. Applications and success of
nanoparticles in other areas has been proved and use of nanopar-
ticles for control of plant diseases is in infancy. Present investiga-
tion is a beginning in this direction under Kashmir conditions.
5. Conclusion

Present study demonstrates simple, advantageous and green
method for the synthesis of copper nanoparticle by employing
plant extracts of eucalyptus (Eucalyptus globulus L.) and mint (Men-
tha piperita). The reduction of the metal ions through plant extracts
leads to the development of well-defined copper nanoparticles.

Nanoparticles were evaluated at different concentrations for
their effectiveness against C. capsici. CuNP-M proved to be highly
efficacious in limiting the mycelial growth of the test fungus. With
the increase in concentration of nanoparticles from 25 to
1000 ppm mycelial growth of test fungus decreased significantly.
Nanoparticles also proved to be highly efficacious in limiting the
pathogen on detached fruits. Comparatively better results were
observed when nanoparticles were applied ‘‘before-inoculation”
than ‘‘after-inoculation” of the pathogen. The CuNP-M nanoparti-
cles with 500 and 1000 ppm completely inhibited growth of patho-
gen on fruits when applied ‘‘before-inoculation” of pathogen. All
the nanoparticles showed better results than the standard fungi-
cides and control in both the methods of ‘‘poison food technique”
and ‘‘detached fruit technique”.
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