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bstract

This work reports the biogenic synthesis of silver nanoparticles (AgNPs) using the pod extract of Cola  nitida, the evaluation of their
ntibacterial and antioxidant activities, and their application as an antimicrobial additive in paint. The AgNPs were characterized
ith UV–Vis spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, and transmission electron microscopy (TEM). The
gNP solution was dark brown with a maximum absorbance occurring at 431.5 nm. The FTIR spectrum showed strong peaks at
336.85, 2073.48, and 1639.49 cm−1, indicating that proteins acted as the capping and stabilization agents in the synthesis of the
gNPs. The AgNPs were spherical, with sizes ranging from 12 to 80 nm. Energy dispersive X-ray (EDX) analysis showed that silver

as the prominent metal present, while the selected area electron diffraction pattern conformed to the face-centred cubic phase and

rystalline nature of AgNPs. At various concentrations between 50 and 150 �g/ml, the AgNPs showed strong inhibition of the growth
omonas  aeruginosa, and Escherichia  coli. In addition, at 5 �g/ml, the
us, Escherichia  coli, Pseudomonas  aeruginosa, Aspergillus  niger, A.
s exhibited a potent antioxidant activity with an IC50 of 43.98 �g/ml

 of 13.62–49.96% at concentrations of 20–100 �g/ml. This study has
f multidrug resistant strains of Klebsiella  granulomatis, Pseud
gNPs completely inhibited the growth of Staphylococcus  aure
avus  and A.  fumigatus  in a paint-AgNP admixture. The AgNP
gainst 2,2-diphenyl-1-picrylhydrazyl and a ferric ion reduction
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demonstrated the biogenic synthesis of AgNPs that have potent antimicrobial and antioxidant activities and potential biomedical
and industrial applications. To the best of our knowledge, this work is the first to use the pod extract of C.  nitida  for the green
synthesis of nanoparticles.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction

The numerous potential applications of nanopar-
ticles have played a prominent role in the search
for eco-friendly processes for generating nanoparticles
using different biological materials because conven-
tional nanoparticles syntheses involve the use of toxic
solvents, high pressure, and high energy, all of which
may be harmful to the environment. Such syntheses
are capable of yielding nanoparticles that have unique
attributes and properties that may influence their utility.
Because of the rich biodiversity of microbes and plants,
the potential for using biological materials in the syn-
thesis of nanoparticles has yet to be fully explored. In
this regard, several biological resources of the tropics,
particularly those of Nigeria, have not been adequately
evaluated for their potential use in synthesizing nanopar-
ticles.

The green synthesis of nanoparticles has continued to
receive unprecedented attention due to the simplicity of
the processes, the minimal chemical handling needed,
and the eco-friendliness [1]. In addition, the avail-
ability of several biological macromolecules/substances
that can serve as capping and stabilization molecules
for the green synthesis of nanoparticles has also con-
tributed to the steady rise of this synthesis route.
Various authors have reported using bacteria, fungi,
algae, spider cobwebs and plant extracts for the
green synthesis of different types of nanoparticles
[1–13].

Kola is a caffeine-containing nut, and the two most
common species are Cola  nitida  and Cola  acuminata
[14]. The nut is chewed in many West African countries,
as it is known to ease hunger pangs. It also has eth-
nomedicinal values, with reports of its use to treat
whooping cough and asthma, and it contains not only
caffeine but also essential oils, phenolic compounds and
alkaloids [15–17]. It is also a flavouring ingredient that is

used in the production of flavoured beverages and choco-
lates, as well as in the production of dyes [18]. Cola  sp.,
an evergreen plant originally endemic to West Africa,
mainly Cote d’Ivoire, Ghana, Liberia, Nigeria, and Sierra
Leone, has been introduced to many tropical countries
[19]. The exotic species can now be found in countries
such as Jamaica, India, and the United States. The world
production of kola nuts from C.  nitida  and allied species
has been estimated to be approximately 180,000 t, of
which approximately 120,000 t is produced in Nigeria
and used either internally or in neighbouring countries
[20]. Despite the large potential that kola offers, it has
not been fully exploited for applications in the food
and pharmaceutical industries. This work therefore seeks
to extend the frontiers of the potential applications of
the pod extract of kola nut with a particular interest
in nanobiotechnology. The work presented here pio-
neers the effort of evaluating the kola nut pod for use
in the green synthesis of nanoparticles. Most recently,
we established the possibility of using seed shells and
seed extracts of C.  nitida  to form AgNPs that have potent
antibacterial activities against multi-drug resistant bacte-
ria [21].

Metal nanoparticles and their alloys made of some
combination of silver, iron, cadmium, zinc, platinum,
gold, graphene, among others have diverse applications
in different aspects of human endeavours, with catalytic
[8,22,23], optical [24], electronic [25], magnetic, antimi-
crobial [3,6,9,12,26] and biomedical utility [27,28].
Silver nanoparticles, for instance, are of interest because
of their unique properties (size- and shape-dependent
optical, electrical, and magnetic properties), which can
be incorporated into coating materials, antimicrobial
applications, biosensor materials, composite fibres, and
electronic components [29]. In this work, we report the
green synthesis of AgNPs using the pod extract of Cola
nitida and the evaluation of its antibacterial activities
towards several drug-resistant strains of bacteria. The
study also assessed the application of the nanoparticles as
an antimicrobial additive in emulsion paint and included
an evaluation of their antioxidant activity. To the best

of our knowledge, this is the first report of the green
synthesis of nanoparticles using the fruit pod of C.  nitida.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Univers

2

2

o
i
B
O
w
u
f

2

p
b
w
c
c

2

p
m
c
t
w
t
o
m
s
U

y
u
a
s
s
p
m

d
2
e
i
3
w
b

A. Lateef et al. / Journal of Taibah 

.  Materials  and  methods

.1.  Sample  collection

C.  nitida  plants with voucher number LH0431 were
btained from Aroje village, Ogbomoso and deposited
n the herbarium of the Department of Pure and Applied
iology at Ladoke Akintola University of Technology in
gbomoso. The fruit was split open to remove the seeds,
hile the pod was cut into pieces, air-dried for 5 days
nder ambient conditions and then milled into powder
orm using an electric blender.

.2.  Preparation  of  pod  extract

Approximately 0.1 g of the milled pod (CPE) was sus-
ended in 10 ml of distilled water and heated in a water
ath at 60 ◦C for 1 h to obtain the extract. The extracts
ere then filtered using Whatman No. 1 filter paper and

entrifuged at 4000 rpm for 20 min. The supernatant was
ollected and used without further purification.

.3.  Biogenic  synthesis  of  AgNPs

The pod extract was used to synthesize AgNPs as
reviously described by Lateef et al. [3,4,21]. Approxi-
ately 1 ml of the extract was added to a reaction vessel

ontaining 40 ml of a 1 mM silver nitrate (AgNO3) solu-
ion to reduce the amount of silver ions. The reaction
as carried out under static conditions at room tempera-

ure (30 ±  2 ◦C) for 2 h. The formation of AgNPs was
bserved as a change in the solution colour and was
onitored both visually and through absorbance mea-

urements of the reaction mixture performed using a
V–Visible spectrophotometer (Cecil, USA).
Fourier transform infrared (FTIR) spectroscopic anal-

sis was carried out on the powdered AgNPs sample
sing an IRAffinity-1S Spectrometer (Shimadzu, UK)
ccording to the method of Bhat et al. [30]. The AgNPs
olution was centrifuged at 10,000 rpm for 20 min. The
olid residue obtained was then dried at room tem-
erature, and the powder obtained was used for FTIR
easurements using KBr pellets.
The TEM micrograph was obtained as follows. A

rop of nanoparticles in suspension was placed on a
00-mesh hexagonal copper grid (3.05 mm) (Agar Sci-
ntific, Essex, UK) coated with 0.3% formvar dissolved

n chloroform. The particles were allowed to settle for
–5 min on the grid, the excess liquid was flicked off
ith a wick of filter paper, and the grids were air dried
efore being placed in the TEM. The micrograph was
ity for Science 10 (2016) 551–562 553

obtained using a JEM-1400 microscope (JEOL, USA)
operating at 200 kV.

2.4.  Antimicrobial  activities  of  synthesized  AgNPs

The antibacterial properties of the synthesized AgNPs
were investigated using the agar diffusion method. Clini-
cal isolates of Escherichia  coli, Klebsiella  granulomatis,
and Pseudomonas  aeruginosa  obtained from LAUTECH
Teaching Hospital in Ogbomoso were used as test orga-
nisms. Each bacterium was grown overnight in peptone
water, and an 18-h culture was used to seed plates of
Mueller-Hinton Agar (Lab M Ltd., UK). The plates were
then bored using a cork borer (7 mm) to create wells. The
wells were irrigated with 100 �l of graded concentra-
tions of AgNPs prepared by dispersion in sterile distilled
water. The plates were thereafter incubated at 37 ◦C for
24 h. At the end of incubation, the plates were examined
for zones of inhibition, which were measured.

2.5.  Antibacterial  susceptibility  test

The test bacterial isolates were screened for suscepti-
bility using a panel of antibiotics on Mueller Hinton Agar
plates by disc diffusion as previously described [31,32].
The bacterial isolates were tested on discs (Abtek
Biologicals Ltd. UK) impregnated with antibiotics con-
taining (in �g): ceftazidime (Caz), 30; cefuroxime (Crx),
30; gentamicin (Gen), 10; cefixime (Cxm), 5; ofloxacin
(Ofl), 5; augmentin (Aug), 30; nitrofurantoin (Nit), 300;
and ciprofloxacin (Cpr), 5. The plates were incubated
at 37 ◦C for 48 h, and afterwards, the zones of inhibi-
tion were examined and interpreted according to Chortyk
et al. [33] considering the appropriate breakpoints [34].

2.6.  Evaluation  of  the  antimicrobial  properties  of
the synthesized  AgNPs  as  additives  in  paint

The potential protective attributes of the synthesized
AgNPs were studied by incorporating AgNPs in emul-
sion paint that was inoculated with bacteria and fungi
isolated from soil samples as previously described by
Lateef et al. [4]. Commercially available white emulsion
paint was procured and prepared according to man-
ufacturer’s instructions. The paint was dispensed into
McCartney bottles in 19-ml volumes and was auto-
claved at 121 ◦C for 15 min. Afterwards, the paints were
inoculated with 1 ml (∼106 cfu/ml) of 18 h broth cul-

tures of E.  coli  and P. aeruginosa. For fungal strains
of Aspergillus  flavus, A.  fumigatus  and A.  niger, 1 ml
(∼106 cfu/ml) of a 48-h culture was used as the inocu-
lum. While the control experiment consisted of the paints



Univers
554 A. Lateef et al. / Journal of Taibah 

and test organisms only, the test experiments consisted
of the paint, test organism and 1 ml of 100 �g/ml of
biosynthesized AgNPs to produce a final AgNP concen-
tration of 5 �g/ml. The bottles were incubated at 37 ◦C
and 30 ±  2 ◦C for 48 h for the bacteria and fungi, respec-
tively. At the end of incubation, 1 ml of the contents of
each bottle was used to inoculate fresh plates of nutri-
ent agar for the bacteria and potato dextrose agar for the
fungi using the pour plate method. The plates were then
incubated at appropriate temperatures for up to 48 h. The
plates were observed for growth at the end of incubation.

2.7.  Antioxidant  activities  of  biosynthesized  AgNPs

2.7.1.  DPPH  radical-scavenging  activity
The modified method of William et al. [35] was

used to study the free radical-scavenging activity of the
AgNPs using 2,2-diphenyl-1-picrylhydrazyl or DPPH
(Sigma–Aldrich, Germany). One millilitre of graded
concentrations of AgNPs dispersed in methanol was
added to 4.0 ml of a methanolic solution of 0.1 mM
DPPH. The mixture was shaken and left in a dark box to
stand for 30 min at room temperature (30 ±  2 ◦C). The
blank was prepared with 1.0 ml of absolute methanol
mixed with 4.0 ml of 0.1 mM methanolic DPPH. The
absorbance of the resulting solution was measured at
517 nm on a model 6405 UV-Vis spectrophotometer
(Jenway Ltd. Essex, UK). The inhibitory percentage of
DPPH was calculated accordingly [36].

% inhibition = Ablank −  Asample

Ablank
×  100 (1)

The IC50, the concentration of AgNPs that decreases the
initial concentration of the DPPH radical by 50%, was
obtained by interpolation from linear regression analysis
[37]. The same procedure was used for standard antiox-
idant compounds, namely quercetin and �-carotene.

2.7.2. Ferric  reducing  activity
This was investigated using the Oyaizu [38] method

as follows: 1 ml of different concentrations of AgNPs
was prepared using distilled water, to which 250 �l of
phosphate buffer (pH 6.6) and 2.5 ml of potassium fer-
ricyanide were added, and the solution was incubated at
50 ◦C for 20 min. After cooling, 250 �l of trichloroacetic

acid was added and centrifuged for 10 min at 500 rpm.
Then, 250 �l of the supernatant was mixed thoroughly
with 250 �l of deionized distilled water and 500 �l of fer-
ric (II) chloride, and the absorbance was read at 700 nm.
ity for Science 10 (2016) 551–562

A blank was prepared with all of the reagents without
AgNPs. The reducing activity was calculated as follows:

% reducing activity = Asample −  Ablank

Ablank
×  100 (2)

3.  Results  and  discussion

3.1.  Biogenic  formation  of  AgNPs

The production of AgNPs was catalysed by the pod
extract over a 5 min period, with the development of a
dark brown colour stabilizing within 20 min (Fig. 1).
Colloidal AgNP solutions of varying colours ranging
from light yellow, yellow brown to dark brown have
been reported by several authors [3,4,21,39–41] due to
the composition of different macromolecules responsi-
ble for the catalytic formation and stabilization of the
particles. The biosynthesized AgNPs showed a maxi-
mum absorbance wavelength of 431.5 nm (Fig. 2), which
falls within the range previously reported for AgNPs
[3,4,39,42,43].

The FTIR results showed strong peaks at 3336.85,
2073.48, and 1639.49 cm−1 (Fig. 3), which showed that
the biogenically synthesized AgNPs were capped and
stabilized by proteins. The band at 3336 cm−1 is associ-
ated with the N H bond of amines, while the 1639 cm−1

band is indicative of the C C stretch of alkenes and the
C O stretch of the carbonyl in amides [39,44], both of
which are important for the bio-reduction of AgNO3 to
AgNPs and subsequent capping and stabilization. The
kola nut pod has been previously reported to contain
∼9.5% of crude protein and also to be rich in alka-
loids, caffeine (2.8%), theobroine (0.05%), nicotine and
kolatine [20,45].

The AgNPs were spherical in shape and poly-disperse
in nature, with sizes ranging from 12 to 80 nm (Fig. 4A).
This shape and these sizes are in agreement with those
reported earlier [3,4,21,41,42,46]. The particles were
well dispersed, an indication of good stability against
aggregation. The EDX pattern (Fig. 4B) showed that sil-
ver was the predominant element present in the AgNPs
solution [1,21,47] and had the characteristic ring-like
SAED pattern (Fig. 4C) typical of face-centred cubic
crystalline silver [21,44]. The presence of other ele-
ments, such as magnesium, sulphur, calcium, sodium and
carbon, was from the pod extracts and are impurities on
the surface of the biosynthesized AgNPs.
The major by-product of kola nut processing is the
kola nut pod, and its disposal creates a serious challenge
to the environment, as more than approximately 30,000 t
of kola nut pod husk are wasted annually in Nigeria [48].
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Fig. 1. Biogenic synthesis of A

owever, several authors have demonstrated a viable uti-

ization of this important agro waste in the formulation
f poultry and snail feeds [16,45,49], nematicide [50],
nd fertilizer [51], as well as in the production of caustic
otash [52] and liquid detergent [16]. It has also been

Fig. 2. UV–Vis absorption spectrum of AgNPs s
using pod extract of C. nitida.

evaluated for the production of activated carbon [53]

for use in the adsorption of dye [54]. In our previous
study, we reported the first reference to the utilization of
kola nut pod by a local strain of Aspergillus  niger  for
the production of fructosyltransferase [55], an important

ynthesized using pod extract of C. nitida.
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Fig. 3. FTIR spectrum of AgNPs synthesized using pod extract of C. nitida.

Fig. 4. Transmission electron micrograph (A), selected area electron diffraction pattern (B) and energy dispersive X-ray signal (C) of the biosyn-
thesized AgNPs using pod extract of C. nitida.
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ig. 5. The antibacterial activities of synthesized AgNPs using pod e
, P. aeruginosa Ear; C, P. aeruginosa Wound; and D, K. granulomat

nzyme in the biocatalytic transformation of sucrose to
ructooligosaccharides [56–59]. This work has therefore
xpanded the frontier of the utilization of the kola nut pod
or the biogenic and eco-friendly synthesis of AgNPs,
hich is the first report of its kind.

.2.  Antibacterial  activities  of  biosynthesized
gNPs

The biosynthesized AgNPs displayed considerable
nhibitory activity against several clinical isolates of
acteria (Fig. 5). Even though the bacterial isolates were
ulti-drug resistant strains, showing resistance to 2–8

ntibiotics (Table 1), the AgNPs at concentrations of
0–150 �g/ml effectively inhibited strains of E.  coli, P.
eruginosa and Klebsiella  granulomatis  to 12–30 mm
Table 2). We have previously documented the high

urden of antibiotic resistance among bacterial isolates
btained from diverse sources in Nigeria [31,32,60],
hich may constitute a threat to public health. The

ntibacterial activities of the AgNPs obtained in this
f C. nitida against some clinical bacterial isolates (A, E. coli Wound;

study are similar to those reported in previous studies,
[1,3,4,21,44,61,62], demonstrating the efficacy of the
particles to combat multi-drug resistant microbes in the
environment in diverse applications.

3.3.  Antimicrobial  activities  of  AgNPs  in  a
AgNP-paint  admixture

The results of the antimicrobial analysis showed the
total obliteration of E.  coli  and P.  aeruginosa  (Fig. 6), as
well as of A.  niger, A.  fumigatus  and A.  flavus  (Fig. 7), in
AgNPs-treated paint compared to the abundant growth
observed in the control. The results obtained are similar
to those obtained in a previous study using cobweb-
mediated AgNPs as an additive in paint [4]. The potential
application of nanoparticles as additives in paints has
been previously reported [63,64], indicating that the

paint industry may benefit from the use of novel nanoma-
terials, including nanoparticulate silver, to improve the
quality of the paint against microbial attack, biodegra-
dation and chemical deterioration [65].
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Table 1
Resistance pattern of the test isolates.

No of antibiotics Resistance patterna Isolate Source

2 Crx, Caz KE Ear

8 Crx, Caz, Gen, Cxm, Ofl, Aug, Nit, Cpr PW Wound
Crx, Caz, Gen, Cxm, Ofl, Aug, Nit, Cpr PE Ear
Crx, Caz, Gen, Cxm, Ofl, Aug, Nit, Cpr EW Wound

a Antibiotics abbreviations are as defined under Section 2.5; KE, K. granulomatis; PW, P. aeruginosa; EW, E. coli.

Table 2
Zone of inhibition (mm) of AgNPs on some bacterial isolates.

Isolate Source Concentration of AgNPs (�g/ml)

150 120 100 80 50

EW Wound 19 ± 0.9 16 ± 0.5 15 ± 0.3 13 ± 0.4 12 ± 0.6
PE Ear 28 ± 1.1 30 ± 0.8 24 ± 0.4 18 ± 0.4 15 ± 0.6
PW Wound 13 ± 0.6 12 ± 0.4 11 ± 0.3 9 ± 0.5 8 ± 0.5
KE Ear 11 ± 0.8 11 ± 1.0 10 ± 0.2 7 ± 0.0 7 ± 0.0

KE, K. granulomatis; PW, P. aeruginosa; EW, E. coli; each value is an average of three readings.

Fig. 6. The antibacterial activities of synthesized AgNPs using pod extract of C. nitida as additive in emulsion paint.
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Fig. 7. The antifungal activities of synthesized AgNPs using pod extract of C. nitida as additive in emulsion paint.

Table 3
The DPPH-radical scavenging activity of the biosynthesized AgNPs.

% DPPH scavenging activity IC50 (�g/ml)

Test material (�g/ml)a 20 40 60 80 100
AgNPs 32.81 65.62 70.43 93.90 100 43.98
Standards (�g/ml)a 200 400 600 800 1000
Quercetin 43.87 52.71 61.54 63.23 74.62 430
� 50

3

a

-Carotene 11.11 27.78 

a Concentration.
.4.  Antioxidant  activities

The DPPH-scavenging activities of the nanoparticles
re presented in Table 3. The biosynthesized AgNPs
.01 55.56 66.67 710
showed inhibitions of 32.81–100% that were dose-
dependent at the tested concentrations of 20–100 �g/ml,
while the quercetin and �-carotene standards pro-
duced inhibitions of 43.87–74.62% and 11.11–66.67%,
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Table 4
The ferric ion reducing activity of the biosynthesized AgNPs.

Ferric ion reduction (%)

Test material (�g/ml)a 20 40 60 80 100
AgNPs 13.62 20.44 22.72 40.88 49.96
Standards (�g/ml)a 200 400 600 800 1000
Quercetin 12.05 20.39 28.73 63.95 100
�-Carotene 11.53 26.92 19.23 42.31 65.38

a Concentration.

[

respectively, at concentrations of 200–1000 �g/ml. The
IC50 values of AgNPs, quercetin and �-carotene were
obtained as 43.98, 430 and 710 �g/ml, respectively,
showing the dominant potency of the AgNPs. The
results of the ferric ion reduction tests showed activities
of 13.62–49.96% for the AgNPs present at concen-
trations of 20–100 �g/ml, while at concentrations of
200–1000 �g/ml, �-carotene and quercetin displayed
reduction activity of 11.53–65.38% and 12.05–100%,
respectively (Table 4). The scavenging activities of the
AgNPs used in this work are similar to those that were
previously reported [66–68]. The free radical scavenging
activity of the AgNPs have been attributed to the func-
tional groups of the bioreductant molecules adhered to
the surface of the particles [67].

4.  Conclusions

This study has shown that the extract obtained from
the pod of C.  nitida, which is an important agro waste,
can be used for the biogenic, green and eco-friendly syn-
thesis of AgNPs. The synthesis incorporating this extract
led to the formation of poly-disperse spherical-shaped
AgNPs, with sizes ranging from 12 to 80 nm. The parti-
cles showed strong activities against multi-drug resistant
clinical bacterial strains, thereby establishing the rel-
evance of the biosynthesized AgNPs for biomedical
applications. Similarly, the AgNPs completely sup-
pressed the growth of bacteria and fungi when used
as an additive in emulsion paint and yielded an IC50
of 43.98 �g/ml against DPPH and ferric ion reducing
activity of 49.96% at 100 �g/ml. This work has there-
fore established the relevance of the kola nut pod in
nanobiotechnological applications, particularly in the
cost-effective green synthesis of AgNPs. We believe

that this is the first report on the effective use of the
C. nitida  pod in the green synthesis of AgNPs and the
first demonstration of its antimicrobial and antioxidant
activities.
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