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Abstract
Mango is one of the popular fruits in the tropical region including India and the production of this is adversely affected by
Anthracnose disease caused by Colletotrichum gloeosporioides. This fungal infection during pre-and post-harvesting seasons
causes significant economic loss and thus there is a need for effective fungicide to control the disease. Currently, many fungicides
including Carbendazim at high concentrations are being used which is a serious environmental hazard. Recently, silver nano-
particles (AgNPs) are being used as a potent means of controlling various pathogenic microorganisms. In this study, we have
synthesized Carbendazim-conjugated silver nanoparticles (Cz-AgNPs) by a chemical method and tested their efficacy against
C. gloeosporioides, in vitro. The Cz-AgNPs were characterized by UV-Visible, FTIR, SEM and XRD analysis. The shape of Cz-
AgNPs was found to be spherical with an average particle size of 19–24 nm. The antifungal activity of Cz-AgNPs was found to
be dose-dependent and the maximum potency was observed at a low concentration of 0.1% as compared to fungicide alone at 1%
concentration. These results indicate that the Cz-AgNPs could be effectively used to control anthracnose disease in mango and in
other crops as well. Further studies with other fungicides and field studies are in progress.
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Introduction

Agricultural production has reduced worldwide over the past
few years due to plant diseases. Millions of dollars have been
invested in efforts to manage these plant diseases. Various
natural and artificial methods including pesticide are
employed for the control of these diseases. In recent years,
environmental and health hazards caused by excessive use
of pesticides have been widely discussed and thus there is a
need for reducing the use of pesticides for the control of plant
pathogens. A promising alternative in this direction is the use
of silver nanoparticles as antimicrobial agents and the recent
technological advances are even making their production
more economical (Jo et al. 2009). Thus, there is a need for
extensive research on fungicide conjugated silver

nanoparticles which minimizes the use of fungicide while en-
hancing the antifungal potency of silver nanoparticles.

Mango (Mangifera indicaL.) is considered as one of themost
popular fruits in the tropical area and increasingly so in many
countries including India. Mango fruits are very sensitive and
subjected to decay under extreme environmental conditions in-
cluding temperature and general fruit freshness is limited due to
the rapid ripening, storage, handling and transportation damages.
In addition to these limitations, Anthracnose disease caused by
Colletotrichum gloeosporioides is the major postharvest disease
of mango in all mango producing areas of the world (Dodd et al.
1989; Swart et al. 2002). The disease occurs as quiescent infec-
tions on immature fruit and the caused damage ismore important
in the postharvest period (Muirhead and Gratitude 1986; Dodd
et al. 1997). Fungicides, either as preharvest or postharvest treat-
ments, form the main approach to reduce losses from
anthracnose.

Anthracnose disease was first identified in Chilly plant in
1890 (New Jersey, USA) by Halsted. The word ‘Anthracnose’
is derived from a Greek word meaning ‘coal’, which is the
common name for plant disease characterized by very dark,
sunken lesions, containing spores (Fig. 1). Generally,
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anthracnose disease is caused by Colletotrichum species
which belongs to the Kingdom Fungi; Phylum Ascomycota,
Class Sordariomycetes; Order Phyllachorales and Family
Phyllachoraceae.

Carbendazim is a widely used, broad-spectrum benzimid-
azole fungicide and a metabolite of benomyl. The other names
of Carbendazim are Mercarzole and Carbendazole. It is also
employed as a casting worm control agent in amenity turf
situations such as golf greens, tennis courts etc. This fungicide
is used to control plant diseases in cereals and fruits, including
citrus, bananas, mango, strawberries, pineapples, and pomes.
The IUPAC name is Methyl 1H-benzimidazol-2-ylcarbamate
and the molecular formula is C9H9N3O2. The structure of
Carbendazim is as shown in Fig. 2.

The term “nano” is originated from Greek language mean-
ing extremely small and the nanoparticles are between 1 and
100 nm in size (Rai et al. 2008). The nanoparticles can be
synthesized by three different approaches including physical,
chemical, and biological methods. Among the various type of
nanoparticles, the silver nanoparticles (AgNPs) are known to
exhibit broad spectrum of bactericidal and fungicidal activities
(Ahamed et al. 2010). This property has made them as

extremely popular in a diverse range of consumer products,
textile industry, and environmental treatments such as air and
water disinfection. Silver is generally used in nitrate form to
induce antimicrobial effect, but when silver nanoparticles are
used, the activity is enhanced due to increase in the surface
area. One of the recent potential applications of silver nano-
particles is in the management of plant diseases. Silver dis-
plays multiple modes of inhibitory action against microorgan-
isms and therefore, it may be relatively safe for control of
various plant pathogens, compared to synthetic fungicides
(Park et al. 2006, Eckert 1990 and 1991).

Material and methods

Synthesis of silver nanoparticles using sodium
borohydride as a reducing agent

Silver nanoparticles (AgNPs) were synthesized through the
reduction of silver nitrate (AgNO3) by sodium borohydride
(NaBH4). Double distilled deionized water was used to pre-
pare both the reagents (AgNO3 and NaBH4). Different vol-
umes (5, 10, 15 ml of 0.001 M) of silver nitrate were added
drop wise to 30 ml of 0.1% pre chilled sodium borohydride.
The reaction mixture was stirred vigorously on a magnetic
stirrer for about 5 to 10 min. The solution turned to light
yellow after the addition of 10 ml of silver nitrate and to
brighter yellow when all of the silver nitrate had been added.
The stirring was continued even after all the silver nitrate was
added, which turned the solution darker yellow first, then
violet and finally grayish in colour. Finally, the colloid breaks
down to settle out the particles.

AgNO3 þ NaBH4→Agþ 1=2 H2 þ 1=2B2H6 þ NaNO3

Synthesis of Carbendazim conjugated silver
nanoparticles (Cz-AgNPs)

The fungicide, Carbendazim (0.1%) was mixed with 1% so-
dium borohydride, this mixture was pre chilled for 15 min.
Silver nitrate (0.001 M) solution was added drop wise to this
mixture with vigorous stirring on a magnetic stirrer for about 5
to 10 min. The solution turned to dark yellow after the addi-
tion of 15 ml of silver nitrate.

UV-visible spectroscopy

The optical properties of synthesized silver nanoparticles were
determined by using UV-Visible spectrometry. The UV-
Visible absorption spectra of AgNPs and Cz-AgNPs were
observed in the range 350 nm to 450 nm.

Fig. 1 Anthracnose disease symptoms in mango

Fig. 2 Structure of Carbendazim
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Scanning electron microscopy (SEM) analysis

The SEM analysis is the best method for determining the
surface topography and 3D view of the synthesized nanopar-
ticles. The morphological characteristics of AgNPs and Cz-
AgNPs was established by SEM. Thin films of the samples
were prepared on a carbon coated copper grid by dropping a
very small amount of the sample on the SEM grid and the film
was allowed to dry by keeping it under a mercury lamp for
5 min and then subjected for SEM analysis.

X-ray diffraction analysis

The crystallite domain size was calculated from the width of
XRD peaks, assuming that they are free from non-uniform
strains, using the Scherrer formula.

D ¼ 0:94 λ=β Cos θ

where D is the average crystallite domain size perpendic-
ular to the reflecting planes, λ is the X-ray wavelength, β is
the full width at half maximum (FWHM), and θ is the dif-
fraction angle. To eliminate additional instrumental broad-
ening the FWHM was corrected, using the FWHM from a
large grained Si sample. β corrected = (FWHM2sample-
FWHM2si)1/2.

The lyophilized AgNPs and Cz-AgNPs were coated on the
grid and subjected to X-ray diffraction (XRD) measurements.
The analysis was carried out using X-ray diffractometer with
an operating voltage of 45KV and a current of 0.8 mA
(Unisantis XMD-300, Swiss). The diffraction patterns were
recorded by Cu-Kα radiation of wavelength 1.54 A° in the
region of 2θ from 0° to 60°.

Fourier transform infrared spectroscopy

The AgNPs, Carbendazim and Cz-AgNPs were subjected to
Fourier transform infrared (FT-IR) spectroscopy (Bruker,
USA) in order to analyze their spectra. The analysis was car-
ried out with potassium bromide (KBr) pellets, recorded in the
range 500–4000 cm−1.

Fig. 3 Schematic representation
of Carbendazim and its surface
adsorption on the silver
nanoparticles (Ag NPs)

Fig. 4 aUV-Vis absorption spectra of silver nanoparticles prepared using
chemical method. bUV-Vis absorption spectra of conjugated silver nano-
particles prepared using chemical method
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In vitro antifungal activity of AgNPs and Cz-AgNPs

The antifungal activity of AgNPs and Cz-AgNPs was inves-
tigated by well plate method, in vitro. Different volumes
(25 μl, 50 μl, 75 μl and 100 μl) of the synthesized AgNPs
and Cz-AgNPs were added to wells made in the solidified
potato dextrose agar media. The plates were incubated at
35 °C for 48–72 h for the visualization of inhibition zones.
The inhibition of control (1% Carbendazim alone) was also
examined along with NPs.

Results and discussion

Characterization of AgNPs and Cz-AgNPs

The addition of Carbendazim during the chemical synthesis of
AgNPs results in the adsorption on to the surface of AgNPs.
This can be attributed to weak electrostatic interaction be-
tween N-atom of Carbendazim and Ag atom in AgNPs
(Fig.3).

UV-visible spectroscopy

The UV-Visible spectroscopy is one of the most widely
used techniques for the structural characterization of
AgNPs. The absorption band in 350 to 550 nm region is
typical for the AgNPs (Kadir et al. 2005). The UV-visible
spectra showed absorption bands in 350 to 550 nm region
which confirms the formation of AgNPs (Sastry et al.
1997; Henglein 1993; Sastry et al. 1998). In this study,
we found that the AgNPs and Cz-AgNPs showed the
characteristic absorption peak at 412 nm and 426 nm,
respectively (Fig. 4a and b).

Scanning electron microscopy (SEM) analysis

Microscopic surface features including morphology and par-
ticle size of synthesized AgNPs and Cz-AgNPs were assessed
by SEM analysis. The nanoparticles were found to be spher-
ical in shape with a diameter ranging from 19 to 24 nm and 22
to 26 nm respectively. SEM image also confirms that the syn-
thesized nanoparticles are well separated with no aggregation
(Fig. 5a and b).

Fig. 5 a SEM images of silver
nanoparticles. b SEM images of
fungicide conjugated silver
nanoparticles
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X-ray diffraction analysis

The synthesized AgNPs and Cz-AgNPs were subjected to
X-Ray diffraction studies, to understand the crystallinity
and to establish the average particle size. As shown in
Fig. 6a, the XRD pattern of AgNPs has prominent diffrac-
tion peaks of the 2θ values of 36.97°, 46.02°, 62.10° and
74.47° which can be assigned to (111), (200), (220) and
(311) planes, respectively, with some minor peaks (Liang
et al. 2010).

The XRD pattern of Carbendazim alone showed prominent
characteristic peaks of 2θ at 19.83°, 25.54° and 35.25° (Fig.
6b) which confirms the presence of Carbendazim (Yunlong

et al. 2009). The XRD pattern of Cz-AgNPs showed charac-
teristic peaks of 2θ at 18.36°, 25.81°and 34.58° corresponding
to Carbendazim and the peaks of 2θ at 36.84°, 49.21° 61.97°
and 74.60° corresponding to AgNPs (Fig. 6c). The data con-
firm that Carbendazim has been successfully adsorbed on the
surface of AgNPs.

Fourier transform infrared spectroscopy

The FTIR spectra of synthesized AgNPs showed various absorp-
tion bands for different chemical groups (Fig. 7). The broad band
at 3384.49 cm−1 showed the stretching vibrations of –N-H and –
O-H groups, the absorption bands at 1630.78, 1384.50, and
1002.23 cm−1 corresponds to –C=O, –C=C–, and –C-O groups,
respectively. Additionally, the presence of absorption band at

Fig. 6 a XRD pattern of AgNPs. b XRD pattern of the fungicide
Carbendazim. c XRD pattern of fungicide conjugated AgNPs

Fig. 7 Fourier transform infrared spectroscopy of a AgNPs b Fungicide
Carbendazim and, c Conjugated (AgNPs + Carbendazim). [N-H bond –
3500-3300 nm, C=N bond—1650-1550 nm]

b

a

c

Fig. 8 Antifungal activity of a AgNPs, b Fungicide and c fungicide
conjugated AgNPs by disc diffusion method
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1129.74 cm−1 confirms the presence of –C-N group (Bahrami-
Teimoori et al. 2017).

TheFTIR spectrumofCarbendazim shows characteristic peaks
at 3323.58, 1632.19, 1595.23 and 1096.54 cm−1 which confirms
the presence of Carbendazim as shown earlier (Chan et al. 2015).
The FTIR spectrum of Cz-AgNPs shows distinct peaks at
3449.83 cm−1 illustrating the stretching vibrations confirming the
AgNPs. The peaks at 1636.86 and 1555.43 cm−1 establish the
adhesion of Carbendazim on the AgNPs.

Antifungal activity of AgNPs and Cz-AgNPs

The antifungal potential of AgNPs and Cz-AgNPs was
assessed against Colletotrichum gloeosporioides which is
known to cause anthracnose disease in mangoes. The results
showed that the inhibition of fungal growthwas observedwith
both AgNPs as well as Cz-AgNPs (Figs. 8 and 9).
Carbendazim (1%) significantly inhibited with an inhibition
zone of diameter 3.2 cm which is 45% more than the AgNPs
which showed the inhibition zone of diameter 2.2 cm. Further,
the fungicide conjugated AgNPs exhibited highest growth in-
hibition of Colletotrichum gloeosporioides (~168%) as com-
pared to fungicide Carbendazim alone with an inhibition zone

of 5.9 cm. The inhibition of growth was also found to be dose-
dependent with respect to the concentration of Cz-AgNPs
(Table 1). The comparison of inhibition data shows the high
significance when compared between Cz-AgNPs and AgNPs
(p ˂ 0.002), and Carbendazim (p ˂ 0.005).

Previously various volatile plant essential oils were tested
against Anthracnose disease in pepper fruit (Hong et al. 2015).
Plant extracts along with chitosan have also been tested on an-
thracnose disease in papaya fruit (Bautista-Banos et al. 2003).
This is the first instance where we are reporting the conjugation
of silver nanoparticlewith the pesticide Carbendazim. The results
illustrate the synergistic effect of silver nanoparticles conjugated
with pesticide Carbendazim.

Conclusions

Currently there are many chemical fungicides to control plant
pathogens which are being used at very high concentrations
thus causing environmental pollution. Thus, there is a great
need to reduce the use of high concentration of these fungi-
cides to control plant pathogens which affect several commer-
cial crops worldwide. It has been very well established that

Fig. 9 Inhibition zone of AgNPs,
Carbendazim and Cz-AgNPs

Table 1 The effect of AgNPs and
Cz-AgNPs on the growth inhibi-
tion of Colletotrichum
gloeosporioides

Zone of inhibition (cm)#

25 μl 50 μl 75 μl 100 μl

Silver nanoparticles (AgNPs) 0.8 ± 0.01 1.2 ± 0.02 1.5 ± 0.02 2.2 ± 0.02

Fungicide (Carbendazim 1%) 1.5 ± 0.01* 2.1 ± 0.01 2.6 ± 0.02 3.2 ± 0.02

Conjugated (AgNPs+ Carbendazim) 2.7 ± 0.02** 3.8 ± 0.01** 4.7 ± 0.03** 5.9 ± 0.02**

#Values represent the mean (± SE) from three experiments, (n = 4)

*The values of Cz-AgNPs were significant compared with Carbendazim (p ˂ 0.005)

**The values Cz-AgNPs were significant compared with the AgNPs (p ˂ 0.002)
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plain AgNPs alone can be an effective means of controlling
plant pathogens. However, in the present study, we have used
Cz-AgNPs as an economical and environmental friendly
method to control C. gloeosporioides which causes anthrac-
nose disease in mango (Fig. 10).

The synthesized AgNPs and Cz-AgNPs were characterized
by UV-Vis spectra, SEM, XRD and FT-IR analysis. The adsorp-
tion of the fungicide Carbendazim onto AgNPs were confirmed
by the FT-IR spectra and further evidenced by the characteristic
XRD pattern of Cz-AgNPs as compared to AgNPs and
Carbendazim. The results showed high significance of the inhi-
bition by Cz-AgNPs when compared with AgNPs at a concen-
tration of 100μL (p˂ 0.002) when compared with Carbendazim
alone. The data clearly indicates that the AgNPs conjugated with
Carbendazim greatly enhances the antifungal potency of the fun-
gicide. Moreover, the lower concentration of fungicide makes it
environmental friendly when conjugated to AgNPs. These re-
sults clearly demonstrate the utility of Cz-AgNPs in enhancing
the antifungal potency of both Carbendazim as well as AgNPs.
These Cz-AgNPs could potentially be used in the field to control
anthracnose disease caused by C. gloeosporioides in mango and
other crops as well.
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