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Abstract: Synthesis of metallic and semiconductor nanoparticles through physical and chemical
routes has been extensively reported. However, green synthesized metal nanoparticles are currently
in the limelight due to the simplicity, cost-effectiveness and eco-friendliness of their synthesis.
This study explored the use of aqueous leaf extract of Costus afer in the synthesis of silver nanoparticles
(CA-AgNPs). The optical and structural properties of the resulting silver nanoparticles were
studied using UV-visible spectroscopy, scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and Fourier transform infra–red spectrophotometer (FTIR). TEM images of
the silver nanoparticles confirmed the existence of monodispersed spherical nanoparticles with
a mean size of 20 nm. The FTIR spectra affirmed the presence of phytochemicals from the Costus
afer leaf extract on the surface of the silver nanoparticles. The electrochemical characterization
of a CA-AgNPs/multiwalled carbon nanotubes (MWCNT)-modified electrode was carried out
to confirm the charge transfer properties of the nanocomposites. The comparative study showed
that the CA-AgNPs/MWCNT-modified electrode demonstrated faster charge transport behaviour.
The anodic current density of the electrodes in Fe(CN)6]4−/[Fe(CN)6]3− redox probe follows the
order: GCE/CA-Ag/MWCNT (550 mA/cm2) > GCE/MWCNT (270 mA/cm2) > GCE (80 mA/cm2)
> GCE/CA-Ag (7.93 mA/cm2). The silver nanoparticles were evaluated for their antibacterial
properties against Gram negative (Escherichia coli, Klebsiella pneumonia, Pseudomonas aeruginosa) and
Gram positive (Bacillus subtilis and Staphylococcus aureus) pathogens. The nanoparticles exhibited
better inhibition of the bacterial strains compared to the precursors (leaf extract of Costus afer and
silver nitrate). Furthermore, the ability of the nanoparticles to scavenge DPPH radicals at different
concentrations was studied using the DPPH radical scavenging assay and compared to that of the
leaf extract and ascorbic acid. The nanoparticles were better DPPH scavengers compared to the
leaf extract and their antioxidant properties compared favorably the antioxidant results of ascorbic
acid. The green approach to nanoparticles synthesis carried out in this research work is simple,
non-polluting, inexpensive and non-hazardous.
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1. Introduction

Nanoparticles with controlled size, shape and structure are important building blocks for many
optical, magnetic, electronic, and biomedical applications [1]. The organization and patterning of
silver NPs (AgNPs) into one and two-dimensional functional templates have recently attracted
much attention due to their potential advantages as photosensitive components of optical devices,
electrocatalysts, chemical sensors and antibacterial agents [1–4]. The synthesis of silver nanoparticles
can be achieved by using various methods which involve chemical reduction [5], photochemical
reduction [6], electrochemical reduction [7], and heat vaporization [8]. These processes all involve
different toxic chemicals as reducing agents or stabilization agents for the silver ion. In order to
circumvent the complication of toxicity in the synthesis of silver nanoparticles due to their potential
biological applications, plants or plant extracts have been established to have a leading role in the
AgNP bio synthesis process [9]. Phytosynthesis (the use of plant extracts in synthesis of nanoparticles)
of metal nanoparticles incorporates the use of weed, seeds, gums, fruits, roots, bark, sap and flowers [9].
In using this approach for synthesis, the properties of the nanoparticles could be tuned by changing
the ratio of the precursor salts to the substrates; and the method is simple, practicable, sustainable
and cost effective. Currently several AgNPs have been synthesized using different plant extracts as
potential reducing agents [9,10].

Biosynthesized silver nanoparticles have been reported to exhibit a number of biological properties
that includes antimicrobial [10–12], antioxidant [11–14], would healing [9] and anticancer effects [11,15].
In addition, silver catalysts have been successfully used in heterogeneous catalysis at an industrial scale
for the oxidation of methanol to formaldehyde and ethylene to ethylene oxide [16]. Similarly, Ag-doped
semiconductor nanoparticles have many applications in photocatalysis (i.e., degradation of organic
pollutants, hydrogen production, CO2 photoreduction, disinfection), in order to improve the
photo-conversion yield and allow the extension of the light absorption of wide band gap semiconductors
to the visible light [17,18]. Recent reports suggest that the removal of organic dyes using Ag nanoparticles
is a better choice than the common dye removal techniques like redox treatment, electrocoagulation,
carbon sorption, and UV photodegradation [2].

The adsorption of chemical species on the surface of nanotubes is an area of immense interest
due to its relevance for molecular electronics and because it is a necessary prerequisite for any
surface-mediated chemical process [19]. Carbon nanotues (CNT) possessing high thermal capacity and
ability to promote electron transfer reactions present an enormous potential as inorganic templates [20].
This is explored in the preparation of AgNPs/CNT hybrid materials, which integrate the unique
physical and chemical properties of each component [21] Silver nanoparticles (AgNPs) attached
onto multi-walled carbon nanotubes (MWCNTs) have attracted significant attention due to their
unique properties [22,23]. The modification of electrodes used in electrochemical experiments using
various multifunctional materials in order to confer novel electrochemical properties to the electrode
has become a common practice in electrochemistry studies [24–26]. Multi-walled carbon nanotubes
(MWCNTs) have been used to modify the electrode surfaces in order to increase the sensitivity towards
the electrochemical determination of some compounds and enzymes [25,26]. However, literature on the
infusion of green synthesized silver nanoparticles on carbon nanotubes is still scarce. Similarly, there
are not many reports on the electrochemistry of these hybrid nanocomposites from plant-mediated
nanoparticles [27–29]. Hence, in this work we utilized the active components of the leaf extracts of
Costus afer for nanoparticle synthesis and investigated in a comparative study the electrochemical
properties of a bare glassy carbon electrode and an electrode modified with CA-AgNPs, MWCNT
and CA-AgNPs/MWCNT nanomatrices as potential electrochemical sensors for biological and
environmental molecules.

Costus afer belongs to the family Costaceae, a monocot and a relatively tall, herbaceous,
unbranched tropical plant with creeping rhizomes. It is commonly found in moist or shady and
river banks forest of West and Tropical African countries including Senegal, South Africa, Guinea,
Nigeria, Ghana and Cameroon [30]. Almost all parts of Costus afer have been extensively used in
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traditional medicine as a remedy for cough, rheumatic pains, sleepiness and as a cardiotonic [31].
The phytochemical composition of extracts of different parts of the plant has been established
and reported [31,32]. The phytochemical analysis of the leaves and stem aqueous extracts showed
some phytocomponents such as alkaloids, saponins, tannins, flavonoids and phenols. Alkaloids are
associated with anti-inflammatory, anti-microbial effects as well as anti-hypertensive agent, and the
healing effect has earlier been attributed to the presence of tannins in in the plant. The roots of Costus
afer have been reported to contain oxalic acid, lanosterol, trigogenin, a new diosgenin, stigmasterol,
sitosterol, costugenin and a new steroid saponinaferoside A [32]. Leaves of another species, Costus
pictus, have been reported to contain flavonoids such as kaempferol, 3,4-di O-Me-quercetin and
phenolic acids such as 2,5-dihydroxybenzoic acid, O-coumaric acid, p-hydroxybenzoic acid that
possess good antioxidant, anti-inflammatory, hypoglycemic and renal functions [14,33]. The vast
medicinal applications of extracts of Costus afer prompted the antimicrobial and antioxidant evaluation
of silver nanoparticles synthesized by the aqueous leaf extract of this plant material. The result was
compared with that obtained from bare aqueous leaf extract of Costus afer and standard drugs.

2. Results and Discussion

2.1. UV-Visible Spectroscopy

UV-visible spectroscopy is a valuable technique used to detect the characteristic surface plasmon
resonance (SPR) pattern of metal nanoparticles. Metal nanoparticles exhibit SPR phenomena when
metal electrons in the conduction band collectively oscillate in resonance with certain wavelengths of
incident light. The synthesis was monitored in a time dependent manner using UV-visible spectroscopy
as shown in Figure 1.
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Figure 1. UV-vis spectra showing the surface plasmon resonance exhibited by the nanoparticles at
different time intervals.

The UV-visible spectra showed an early appearance of a surface plasmon resonance peak (SPR)
with high intensity after 10 min. However, as the reaction time increased, the sharpness of the SPR
peak increased too. This is often a factor of the size, shape dispersion; nature of biomolecules and
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surrounding media characteristics of the phytochemical reducing agent, as different extracts give
varying SPR results [34–36]. The range of the wavelengths throughout the incubation time was within
405–411 nm, with continuous increase in intensity which reflects the presence of a considerable
amount of monodispersed and stable AgNPs. AgNPs absorb radiation intensely within the observed
wavelengths. The exact mechanism for the extracellular biosynthesis of metal nanoparticles is not well
understood, but studies are in progress to unravel the mechanism of the crystal growth and how to
control the size, as well as how to develop particles of higher monodispersity [37].

2.2. FTIR Analysis

FTIR spectroscopy was used to identify the possible biomolecules present in Costus afer leaf
powder which are responsible for reducing the Ag+ to Ag0, capping and stabilizing the silver
nanoparticles. The FTIR spectra recorded for the leaf and CA-AgNPs are presented in Figure 2.
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Figure 2. The FTIR spectra of the (a) Costus afer leaf and (b) biosynthesized AgNPs.

The FTIR spectrum of leaf powder showed peaks at 3307, 1625, 1375, and 1029 cm−1 which are
similar to peaks observed in CA-AgNPs. Only a slight variation at the ligating sites manifests that
biomolecule adsorption on the silver occurred. The vibrational peak around 3307 cm−1 is assigned to
ν(O–H) stretching that could possibly emanate from carbohydrates or phenolics. The peaks found
around 2917 and 2849 cm−1 are ascribed to the –C-H stretch of the alkyl group, and the peak around
1625 cm−1 is due to the enolic β-diketones or -C=O stretch of carboxylic acids, while the corresponding
-C-O stretch is observed around 1375 and 1029 cm−1. The assignment of peaks is similar to other
literature reports [38,39]. The appearance of these peaks suggested the presence of phytochemicals
such as flavonoids, alkaloids, phenolics, organic acids of the Costus afer leaf in the CA-AgNPS, which
are responsible for stabilizing as well as the capping effects on the nanoparticles. The biomolecules
may have interacted with the Ag ions through their oxygen donor atoms and are adsorbed on the
surface of the metal ions which is manifested by a decrease in the peak intensities of bands observed in
the AgNPs [34].
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2.3. Microscopy/Compositional Analysis

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to
study the surface morphology, shape and size of the nanoparticles and the nanocomposite. The images
are presented in Figure 3a–d. The SEM image showed high density silver nanoparticles with surface
morphology which reveals encapsulation of the biomass in the silver. Bio-capped molecules help to
prevent agglomeration of nanoparticles and also enhance antimicrobial activity [40,41]. Semi-quantitative
estimation of the nanoparticles composition was performed by EDS and the respective spots of the
phytocapped CA-AgNPs are represented by labels 1 and 2 in Figure 3a. Quantitative analysis provides
the weight % of all the elements present in the biosynthesized AgNPs as: C (8.51%), Mg (0.16%),
Cl (3.77%), Ag (60.33%), O (27.24%) and for the nanocomposites: C 61.95%, O 9.52%, Mg 0.22%, Cl 1.73%,
K 1.07%, Ag 25.51%. The presence of O, Cl, C and Mg peaks along with Ag signals, suggest that the
AgNPs are bonded to phytoconstituents of the leaf extract. The Ag detection limit is much higher than for
all other trace elements present in the AgNPs while in the CA-AgNPs/MWCNT nanocomposite, a higher
percentage of carbon was recorded. Hence, Ag spots are prevalent in the elemental mapping. Similar
works have reported the synthesis of AgNPs using extracts of A. farnesiana, Dracoce phalummoldavica, pine,
persimmon, magnolia, ginkgo, platanus, and guava extracts which showed the presence of C, O and
other minor elements with Ag having higher percentage composition [42–46]. The TEM analysis showed
well stabilized particles with spherical shape and negligible aggregation. As shown in Figure 3b, the
size of the AgNPs is about 5–38 nm range. Figure 3d shows the intercalation of the AgNPs with the
multiwalled carbon nanotube signifying the well dispersed nature of the composite and the interactive
mode leading to enhanced electrochemical detection.
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2.4. Thermal and EDX Analysis

Figure 4 shows the TGA/DSC/DTG graph of CA-AgNPs. The graph presents a three step
decomposition process. The first step of the trace, which occurred in the 50–115 ◦C range, was due
to the evaporation of water moisture and residual solvent molecules adsorbed on the surface of
AgNPs. The second step weight loss between 116–225 ◦C, and the third step between 228–480 ◦C were
consequences of the surface desorption of bio-organic compounds present in the nanoparticle powder.
These suggest that there were more than one type of organic molecules acting as capping materials.
Silver NPs stabilized by plant leaf extract are expected to be made up of different molecules responsible
for the reduction of metal ion and also stabilizing the particles in the solution [47]. Overall, the TGA
results show a loss of about 40.5% weight up to 480 ◦C. According to the DSC curve, the elimination
of the water molecules was an endothermic curve with peak temperature around 95 ◦C, while the
desorptions of the biomolecules were exothermic reactions with peak temperatures around 169 and
300 ◦C. This result suggests that the phytochemicals which are responsible for the reduction of Ag+ to
Ag0 (nanoparticle) are strongly coordinated to the silver and that they are relatively stable compounds.
The residue remaining after heating is a pure silver microstructure. The EDX analysis carried out
on the nanoparticles before thermal analysis confirmed the presence of C, O, Cl, Mg and Ca which
are due to the plant material. The composition of the plant may differ based on the environment
and geographical regions [48]. The presence of C and O supports the FTIR results which suggested
carbohydrates or phenolics as components of the plant extracts and attachment of the plant extract to
the silver was via oxygen.
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Figure 4. TG/DTG and DSC curves of the CA-AgNPs obtained in nitrogen atmosphere.

2.5. Electrochemical Studies of the AgNPs Mediated Nanocomposites

A comparative study on the charge transfer properties of the bare and modified glassy carbon
electrodes was performed with cyclic voltammetry experiments. The CV were performed in 5 mM
Fe(CN)6]4−/[Fe(CN)6]3− in 0.1 M PBS (scan rate, 25 mVs−1) and the result is presented in Figure 5.
All the electrodes, including the bare GCE, showed redox peaks labelled AA’. This redox peak was
attributed to the Fe(CN)6]4−/[Fe(CN)6]3− redox process. The peak current responses of the glassy
carbon-modified electrodes followed the order: CA-AgNPs/MWCNT (391 µA) > MWCNT (192 µA)
> GCE (57.1 µA) > CA-AgNPs (5.63 µA). There were no other observable peak at bare GCE, CA-AgNPs
and MWCNT, while on the CA-AgNPs/MWCNT modified electrodes, the second pair of redox peaks
BB’ (Figure 4) in the regions of 0.86 mV and 0.47 mV were attributed to the silver nanoparticles
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redox process. This comparative study shows that the CA-AgNPs/MWCNT-modified glassy carbon
electrode demonstrated faster charge transport behaviour which is evidenced in the observed anodic
current response. The anodic current density of each modified electrode in Fe(CN)6]4−/[Fe(CN)6]3−

redox probe follows the order: CA-AgNPs/MWCNT (550 mA/cm2) > MWCNT (270 mA/cm2)
> GCE (80 mA/cm2) > CA-AgNPs (7.93 mA/cm2). Therefore the glassy carbon electrode modified
with CA-AgNPs/MWCNT remains the best electrode owing to the electron transport properties with
current density higher than that of other modified electrodes. The study further shows the distribution
of CA-AgNPs in the carbon nanotubes as shown in Figure 3d.
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The synergy between MWCNT and CA-AgNPs nanocomposite in enhancing the electron
transport process obtained at the GCE modified electrodes is well pronounced. The conductive
nature of multiwalled carbon nanotube thus improves the properties of green plant extract-mediated
silver nanoparticles and the ionic interaction between the CA-AgNPs nanocomposite and MWCNTs
which results in significant electron transport at the GCE/CA-AgNPs/MWCNT-modified electrodes.
Similarly, the large surface area created by the porous MWCNT on the electrode for free flow of
electrolytes and charges between the base electrode and the electroactive species at the electrode
surface is also another important factor for the better performance of GCE/CA-AgNPs/MWCNT
electrodes. The peak-to-peak potential separation (∆Ep) for the CA-AgNPs/MWCNT electrodes is
≥ 100 mV, which is greater than the theoretical 59.8 mV expected for a fast one-electron transport.
Also, the ratios of the anodic to the cathodic peak current response (Ipa/Ipc) for CA-AgNPs/MWCNT
electrode are approximately unity, indicative of a reversible electrochemical process.

Furthermore, the effect of changes in scan rate from 25–500 mVs−1 on the anodic current (Ipa)
and cathodic current (Ipc) at the modified CA-AgNPs/MWCNT electrode was studied for the same
probe using cyclic voltammetry experiments. Both the anodic current (Ipa) and cathodic current (Ipc)
increased with increase in scan rates as shown in Figure 6a. The plot of anodic and cathodic peak
current (Ipa) varies linearly with the increase in scan rates (25–500 mVs−1, Figure 6b), with regression
values of R2 = 0.998 and 0.995 for anodic and cathodic plots respectively, confirming a diffusion
controlled process.

In addition, the peak potential moved to more positive values as the scan rate increased. This is
shown in the linear correlation of the graph of peak potential (Ep) against the logarithm of scan rate
(log v). The slope of Ep vs. log v for the modified electrode CA-AgNPs/MWCNT was 0.10 V. From the
slope obtained, the Tafel value (b) was estimated by using the expression presented in Equation (1) [49].
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EP = (
b
2
) log (v/mVs−1) + constant (1)

From the equation, the value of b for this electrode was calculated as 200 mVdec−1. This value is
higher than the theoretical 118 mVdec−1 for a one-electron process involved in the rate-determining
step. Therefore the high Tafel values suggest adsorption of reactants or intermediates on the electrode
surfaces and/or reactions occurring within a porous electrode structure [50]. This process at the
modified CA-AgNPs/MWCNT electrode can be linked with the porous CNT layer [49].Molecules 2017, 22, 701 8 of 20 
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Figure 6. Cyclic voltammograms obtained for (a) GCE/CA-AgNPs/MWCNT in FECN solution prepared
in 0.1 M PBS (scan rate: 25–500 mVs−1; inner to outer); (b) Linear plots of Ipa vs. V1/2 and Ipc vs. V1/2 for
GCE/CA-AgNPs/MWCNT in 5 mM Fe(CN)6]4−/[Fe(CN)6]3− solution prepared in 0.1 M PBS.

2.6. Electrochemical Impedance Spectroscopic (EIS) Studies

Further investigation on the electron transport phenomenon at the electrode-electrolyte interface
was carried out by using electrochemical impedance spectroscopic (EIS) techniques [51,52] in 5 mM
[Fe(CN)6]4−/[Fe(CN)6]3− solution at a fixed potential of 0.2 V. The Nyquist plots obtained from the
impedance experiment (at fixed potential of 0.2 V vs. Ag/AgCl, sat’d KCl) between 10 KHz and
0.1 Hz are presented in Figure 7a for the glassy carbon modified electrode CA-AgNPs/MWCNT,
CA-AgNPs, MWCNT and bare GCE, respectively. The fitting of the impedance data was done by
using circuit model in the Nova 1.6 Software presented in Figure 7b(i,ii). In this circuit model, Rs is
the solution resistance, Cdl represents the double layer capacitance, Q or CPE is the constant phase
element, and Rct is the charge transfer resistance. The circuit RQ ([RC]) Figure 7b(i) was used for
CA-AgNPs/MWCNT, MWCNT and CA-AgNPs, while R(Q[RW]) Figure 7b(ii) was used for the bare
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GCE electrode. The impedance parameters obtained from the fitting of the raw impedance spectra with
the circuits are presented in Table 1. The electron transfer resistance Rct value recorded for the modified
CA-AgNPs/MWCNT electrode had better electron transport with lower Rct values compared with
the bare and CA-AgNps electrodes, as shown in Table 1, and these results agreed with that from CV
where the conductive properties of the MWCNT influence the increase in current response recorded at
the modified CA-AgNPs/MWCNT electrode.
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solution prepared in 0.1 M PBS (pH 7) at a fixed potential of 0.2 V (vs. Ag|AgCl, saturated KCl)
(b(i,ii)) represent the circuits used in the fitting of the EIS data.

Table 1. Impedance data obtained for the bare GCE and the modified electrodes in 5 mM
Fe(CN)6]4−/[Fe(CN)6]3− solution at 0.2 V (vs. Ag|AgCl saturated KCl). All values were obtained
from the fitted impedance spectra. The values in parentheses are percent errors of data fitting.

Electrodes
Electrochemical Impedance Spectroscopy Data

Rs (Ω) Q (×106 nF) Rct (Ω) W × 102

GCE 116.10 (1.04) 4.53 (4.05) 1572.00 (1.14) 0.14 (10.97)

Electrodes
Electrochemical Impedance Spectroscopy Data

Rs (Ω) Q (×106 nF) Rct (Ω) Cdl (uF)

GCE/MWCNT 82.30 (0.59) 0.36 (3.33) 15.00 (27.05) 302.10 (23.24)
GCE/CA-AgNPs 72.20 (0.50) 0.66 (2.52) 76.50 (4.36) 399.00 (4.65)

GCE/CA-AgNPs/MWCNT 76.10 (2.37) 0.21 (5.46) 74.70 (11.74) 100.30 (9.79)

The Bodes plots (Figure 8a,b) show the capacitive (charge storage) or resistance to charge transfer
behaviour of some of the modified electrodes. The CA-AgNPs/MWCNT, CA-Ag and MWCNT-modified
electrodes have lower phase angles, 4.3◦, 4.6◦ and 1.3◦ respectively compared with the bare GCE
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(50.4◦). The results also agreed with the Rct values which imply a faster charge transfer process at the
CA-AgNPs/MWCNT-modified glassy carbon electrode. Thus, the lower the phase angle, the lower the
capacitive behaviour and the higher the conductive or charge transfer properties of the sensor [53].
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the GC electrode. The result was further supported by the higher current response recorded at 
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proves that functionalization of CA-AgNPs with conducting material such as MWCNT to improve 
its electrochemical properties established the fact that modified CA-AgNPs/MWCNT electrode can 
be used as potential electrochemical sensors for the detection of biological molecules. 

2.7. Antibacterial Studies 

One of the main objectives of bioinorganic and medicinal chemists is to develop substances 
with high therapeutic values [54]. The rising prevalence of multi-drug resistant bacterial infections 
in the past few decades has become a serious healthcare problem. A growing number of 
immuno-compromised patients (with immune responses attenuated by the administration of 
immunosuppressive drugs) as a result of cancer chemotherapy, organ transplantation and HIV 
infection are the major factors contributing to this increase [55]. Hence there will always be a vital 

Figure 8. Bode plots obtained for some of the electrodes, showing (a) the plots of phase angle/deg. vs.
log (f/Hz)) and (b) the plot of log |Z/Ω| vs. log (f/Hz).

The charge transfer resistance (Rct) values calculated after fitting the EIS data to the Randle's
equivalent circuit in Table 1 suggests the suitability of GCE/CA-AgNPs/MWCNT as a good
conducting platform for electrocatalysis. This behaviour may be due to the synergy between the
highly conducting silver nanoparticles and the porous conducting MWCNT with large surface area,
thus facilitating more charge flow (at lower charge transfer resistance) between the electrolyte and
the GC electrode. The result was further supported by the higher current response recorded at
GCE/CA-AgNPs/MWCNT electrode from the CV experiment. The electrochemical study therefore
proves that functionalization of CA-AgNPs with conducting material such as MWCNT to improve its
electrochemical properties established the fact that modified CA-AgNPs/MWCNT electrode can be
used as potential electrochemical sensors for the detection of biological molecules.

2.7. Antibacterial Studies

One of the main objectives of bioinorganic and medicinal chemists is to develop substances with
high therapeutic values [54]. The rising prevalence of multi-drug resistant bacterial infections in the
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past few decades has become a serious healthcare problem. A growing number of immuno-compromised
patients (with immune responses attenuated by the administration of immunosuppressive drugs) as
a result of cancer chemotherapy, organ transplantation and HIV infection are the major factors contributing
to this increase [55]. Hence there will always be a vital need to discover new chemotherapeutic agents
to avert the emergence of bacterial resistance and ideally shorten the duration of therapy [56,57].
Several green-mediated silver nanoparticles have been reported in literature as exhibiting antibacterial
activity [58–61]. Most often, the nanoparticles showed greater antibacterial activity compared to their
precursor plant extracts. Antibacterial evaluation of CA-AgNPs was carried out and the results are
presented in Figure 9 and Table 2.
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Table 2. Descriptive table for antibacterial studies.

Microbial Strains MIC
Mean Std. Deviation Sig

Bacterial Strains Samples

Staphylococcus aureus

CA-AgNPs 23.00 a 1.414 0
Plant extract (CA) 13.00 b 2.828

AgNO3 8.00 b,c 2.828
Gentamycin 21.50 a,d 0.707

DMSO 00.00 e 0

Escherichia coli

CA-AgNPs 20.50 a 0.707 0
Plant extract (CA) 10.50 b 0.707

AgNO3 12.00 b,c 1.414
Gentamycin 24.00 a,d 1.414

DMSO 00.00 e 0

Pseudomonas aeruginosa

CA-AgNPs 17.50 a 0.707 0
Plant extract (CA) 7.50 b 2.121

AgNO3 14.00 a,c 1.414
Gentamycin 20.00 a,d 0

DMSO 00.00 e 0

Klebsiella pneumoniae
CA-AgNPs 14.00a 1.414 0.001

Plant extract (CA) 11.00 a,b 4.243
AgNO3 4.00 b,c 0

Values (in mm) represent the mean of double replications and their standard deviation; Gentamycin; Standard
antibacterial drug used as positive control for antibacterial studies, Negative control DMSO and R = resistant.
Post Hoc analysis (Tukey HSD test): Mean values in the same column with similar super scripted alphabets were
not significantly different, while those with different alphabets are significantly different.
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The antibacterial results of the nanomaterial were compared to the metal free Costus afer extract and
gentamycin (as a control drug). At a concentration of 100 µg/mL in DMSO (as a diluent), the CA-AgNPs
were active to both the Gram negative (Escherichia coli, Klebsiella pneumonia, Pseudomonas aeruginosa)
and Gram positive (Bacillus subtilis and Staphylococcus aureus) pathogens used for the antibacterial
screening. The nanoparticles showed greater antibacterial activity compared to the plant extract of
Costus afer and also compared favourably with the observed antibacterial activity of Gentamycin.
The enhanced antibacterial activity of the CA-AgNPs could be attributed to their liposolubility. This is
because, according to Overtone’s concept of cell permeability, the lipid membrane that surrounds the
microbial cell favours the passage of only the lipid-soluble substances. Hence lipophilicity is a major
property for antibiotics. In addition, Tweedy’s chelation theory proposed that on chelation of metal ions
by ligands (constituent of plant extract) causes the polarity of the metal ion to be reduced to a greater
extent due to the orbital overlap (between the metal and ligand orbitals) and partial sharing of the
positive charge of the metal ion with donor groups of the ligands. This increases the delocalization
of π-electrons over the whole chelate ring and enhances the lipophilicity of the metal complexes.
The increased lipophilicity enhances the penetration of the metal complexes through lipid membranes
thereby blocking the metal binding sites in the enzymes of microorganisms. In addition, it disturbs the
respiration process of the cell and blocks the synthesis of the proteins, thereby, restricts further growth of
the organism [62]. The CA-AgNPs and the plant extract were most active against Staphylococcus aureus
with inhibitory zones of 24 and 15 mm, respectively. Furthermore, against Staphylococcus aureus, the
nanoparticles were more active than Gentamycin and also exhibited 85% of the antibacterial activity of
Gentamycin against Escherichia coli. The results clearly showed that the antibacterial activity of the
nanoparticles cannot be attributed to the nature of the plant extract and AgNO3 individually as the
CA-AgNPs showed greater activity compared to them. In addition, the antibacterial activity of the
silver nanoparticles could also be attributed to the presence of some phytochemical components of the
plant extract as shown by the FTIR spectra. Alkaloids are known to have antimicrobial, antifungal and
anti-inflammatory effect [63], flavonoids and tannin are used for the treatment of diabetes [64] and
antioxidant properties, while phenols are also known to exhibit antioxidant properties [65].

The antibacterial potentials of the CA-AgNPs were further investigated at different concentrations
in order to determine the minimum inhibitory concentration of the nanoparticles for the different
bacteria strains. The lowest concentration in which the nanoparticles remained active against a bacteria
strain is its minimum inhibitory concentration (MIC). From Table 3, the nanoparticles were most active
against Staphylococcus aureus and Escherichia coli compared to the other bacterial strains. They gave the
lowest MIC for the two bacterial strains. From the obtained results, the nanoparticles were not active
against Klebsiella pneumoniae beyond the concentration of 40 µg/mL.

Table 3. MIC values of silver nanoparticles (CA-AgNPs).

Staphylococcus aureus 10 µg/mL
Bacillus subtilis 25 µg/mL

Pseudomonas aeruginosa 25 µg/mL
Escherichia coli 10 µg/mL

Klebsiella pneumoniae 40 µg/mL

2.8. Statistical Analysis of the Antibacterial Results

The statistical analysis of the antibacterial data was carried out using one way ANOVA to
determine whether there were statistically significant differences between the groups mean values
obtained from the antimicrobial studies. The significance values were found to be below 0.05; therefore,
there are statistical significant differences in the different group means. Hence a post hoc test was
carried out using Tukey HSD test in order to ascertain which of the specific groups differed. The results
of the post hoc test were presented in Table 2 as superscript letters. Mean values in the same column
with similar superscripted alphabets were not significantly different, while those with different
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alphabets were significantly different. From the Table, we could infer that the silver nanoparticles
presented the best antimicrobial results and their mean values were significantly different from those
of AgNO3 and plant extract (CA) against the different microbes.

2.9. Antioxidant Studies

Oxidative metabolism is essential for the survival of cells, although side effects of oxidative
changes could lead to the production of free radicals and other reactive oxygen species. When an excess
of free radicals is formed, they can overwhelm protective enzymes such as superoxide dismutase,
catalase and peroxidase and cause destructive and lethal cellular effects (e.g., apoptosis) by oxidizing
membrane lipids, cellular proteins, DNA and enzymes, thus shutting down cellular respiration.
Oxidative stress has been implicated in illness like cancer, heart diseases, rheumatoid arthritis, etc. [66].
An antioxidant may be defined as “any substance that when present at low concentrations, compared
with those of the oxidizable substrate, significantly delays or inhibits oxidation of that substrate”.
DPPH radical scavenging assay is an efficient method that has been used to investigate the antioxidant
capacity of many antioxidants. DPPH is a stable paramagnetic free radical, which can accept an electron
or hydrogen radical in turn gets converted into a stable diamagnetic molecule [67].

The antioxidant potentials of CA-AgNPs were investigated and compared to that of the plant
extracts of Costus afer and ascorbic acid (an antioxidant used as a control). The results are presented
as a histogram in Figure 10. The CA-AgNPs exhibited good DPPH radical scavenging capacity.
The results also reflected the dose dependence of the antioxidant properties of the samples as there
was increase in percentage DPPH radical scavenging abilities as their concentrations (25–100 µg/mL)
increased. The silver nanoparticles were better DPPH radical scavengers compared to the plant extract.
The enhanced antioxidant capacity of CA-AgNPs can be attributed to the presence of some on the
phytochemicals of Costus afer in the nanoparticles as capping agents. Some of which are flavonoids
with several hydroxyl groups. The presence of these phytochemicals and silver ions could result to
antioxidant activities proceeding through hydrogen atom transfer (HAT) and single electron transfer
(SET) mechanisms simultaneously [68]. The antioxidant capacity of the CA-AgNPs was comparable to
that of ascorbic acid.
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2.10. Statistical Analysis of the Antioxidant Results

Table 4 shows the statistical analysis of the antioxidant results with the output of the ANOVA
analysis and Tukey HSD test results. The significance values obtained from one way ANOVA were
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below 0.05; therefore, there were significant differences in the different means. The Tukey HSD test
gave an insight to where those significant differences were found within different groups. Mean values
within a sample group with similar superscripted letters were not significantly different, while those
with different letters are significantly different. The antioxidant results obtained showed that there
were significant difference between the activity of the nanoparticles, leaf extract and ascorbic acid. The
nanoparticles showed greater antioxidant property than the leaf extract and compared favourably to
ascorbic acid.

Table 4. Antioxidant results.

Concentration (µg/mL) CA-AgNPs Sig Plant Extract (CA) Sig Ascorbic Acid Sig

25 39 ± 0.107 a 0.000 37 ± 0.154 a 0.027 48 ± 0.257 a 0.001
50 53 ± 0.134 a 48 ± 0.017 a,b 53 ± 0.035 a,b

75 70 ± 0.108 b 51 ± 0.058 a,b,c 75 ± 0.045 c

100 93 ± 0.068 c 67 ± 0.172 b,c 95 ± 0.003 d

Mean values are the percentage DPPH radical scavenging ability of the samples at different concentrations. Post
Hoc analysis (Tukey HSD test): Mean values in the same column with similar super scripted alphabets were not
significantly different, while those with different alphabets are significantly different.

3. Materials and Methods

3.1. Materials

Silver nitrate (AgNO3) was purchased from Merck SA (Modderfontein, South Africa), and the
pristine multiwalled carbon nanotubes (MWCNTs) were obtained from Sigma Aldrich (Johannesburg,
South Africa). A potential glassy carbon electrode (GCE, 3 mm diameter), Ag/AgCl, sat’d KCl reference
electrode, and a platinum disk counter electrode (99.999%) were purchased from CH Instrument Inc.
0.1 M Phosphate buffer solution of pH 7 (sodium hydrogen phosphate dihydrate (NaH2PO4·2H2O)
and disodium hydrogen phosphate dihydrate (Na2HPO4·2H2O)) was used. Ultrapure water of 18.2
MΩcm resistivity was obtained from a Milli-Q Water System (Millipore Corp., Bedford, MA, USA) and
was used throughout for the preparation of electrochemical solutions. All solutions were prepared
using double distilled deionized water and purged with pure nitrogen to eliminate oxygen and any
form of oxidation during experiment. The chemicals were analytical grades and were used as received.

3.2. Preparation of Plant Material

Fresh leaves of Costus afer were collected from Warri, in Delta State, Nigeria and washed several
times with distilled water to remove dust particles. The leaves were identified by a taxonomist from
the Department of Botany, Delta State University. The leaves were air dried and ground to powder
using mortar and pestle. About 2 g of the powdered plant material was weighed and macerated with
approximately 150 mL de-ionized water and heated at 90 ◦C for 1 h. The extract was separated by
filtration and used for the nanoparticle synthesis.

3.3. Synthesis of Silver Nanoparticles (CA-AgNPs)

In a typical synthetic procedure, 80 mL of aqueous extract of Costus afer leaves was added to
400 mL of 1 × 10−3 M silver nitrate solution. The resulting solution was heated at 90 ◦C with continuous
stirring for 120 min. The formation of AgNPs was accompanied by change in colour of the solution
from colourless to dark brown within 120 min of reaction time. The appearance of brownish colour
is a clear indication of the formation of AgNPs which was ascribed to surface plasmon resonance.
The progress of the nanoparticles synthesis was monitored by UV-vis spectroscopy. The AgNPs
suspension thus obtained was separated from water through repeated centrifugation at 4000 rpm for
1 h and oven-dried at 50 ◦C.
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3.4. Characterization of the CA-AgNPs

The size and morphology of AgNPs and CA-AgNPs/MWCNTs was determined by using a model
JEOL2100 TEM instrument (München, Germany) fitted with a LaB 6 electron gun at 5 kV, and the
images were captured using an Ultrascan digital camera (Gatan, München, Germany). Samples were
prepared after sonication for 1 h by placing a drop of fresh suspension on the TEM copper grids,
followed by solvent drying and evaporation. The surface morphology of the AgNPs was observed
using a Quanta FEG 250 Environmental Scanning electron microscope (ESEM, Hillsboro, OR, USA)
under an acceleration voltage of 30 kV. Powdered samples were placed on the sample stumps and
a thin gold layer was deposited on the samples to improve the electrical conductivity for better
imaging. Simultaneously, the energy dispersive spectrum (EDS) was also recorded. FTIR spectroscopy
measurements were carried out to identify the functional groups which are bound distinctively on the
AgNPs surface and involved in the synthesis of AgNPs. Samples for the FTIR analysis were recorded
using an alpha-P FT-IR spectrophotometer (Bruker, Bryanston, Sandton, Gauteng, South Africa.) in
the wavenumber range 400–4000 cm−1. Thermal analysis was performed using a TG/DSC SDT600
thermogravimetric analyzer (TA instruments, New Castle, DE, USA) under nitrogen flow.

3.5. Electrochemical Experiment

The electrochemical experiment was performed on a AUTOLAB Potentiostat PGSTAT 302
(Eco Chemie, Utrecht, The Netherlands) driven by the GPES software version 4.9 in an electrochemical
workstation consisting of three-electrode system, a glassy carbon electrode (GCE) of diameter 0.3 mm as
the working electrode, a silver-silver chloride electrode (SCE) as the reference electrode, and a platinum
(Pt) wire as the counter electrode. All the experiments were carried out at room temperature and the
working solutions properly de-aerated to avoid contamination. 5 mM of Fe(CN)6]4−/[Fe(CN)6]3−

prepared with 0.1 M PBS at pH 7 was used as probe. Data fitting was performed using Nova 1.6 Software
(Eco Chemie).

3.6. Preparation of Modified Electrodes

The GCE was first polished using 0.05 µm alumina slurry. The electrodes was then sonicated in
ethanol and double distilled water for 3 min and dried at room temperature. The modified electrodes
of GCE/CA-AgNPs, GCE/MWCNT and GCE/CA-AgNPs/MWCNT were prepared by casting 20 mL
of CA-AgNPs, MWCNT and CA-AgNPs/MWCNT suspension on the bare GCE surface and dried in
an oven at 50 ◦C for 5 min for the solvent to evaporate.

3.7. Antibacterial Analysis

Antimicrobial screening was carried out using disc diffusion method [69] Petri discs were prepared
with 20 mL of sterile Mueller–Hinton agar (MHA). The test cultures were swabbed on the top of the
solidified media and allowed to dry for 15 min. Specific amount (25 µL from 100 µg/mL) of CA-AgNPs,
Plant extract (CA) and AgNO3 were introduced individually into different discs. The loaded discs
were placed on the surface of the medium and left for 30 min at room temperature. The plates were
incubated for 24 h at 37 ◦C for bacteria growth. Zones of inhibition were recorded in millimeters and
the experiment was repeated twice. The bacteria strains were Gram negative (Escherichia coli, Klebsiella
pneumonia, Pseudomonas aeruginosa) and Gram positive (Bacillus subtilis and Staphylococcus aureus)
pathogens. Gentamycin was used as the positive control drug and DMSO was used as the negative
control for antibacterial screening. Experimental results were given as mean ± S.D. of the two parallel
measurements. Analysis of variance was performed by ANOVA procedures. Significant differences
between means were determined by Tukey’s HSD tests. p values of < 0.05 were regarded as significant.
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3.8. Minimum Inhibitory Concentration (MIC) Studies for CA-AgNPs

Minimum inhibitory concentration studies for CA-AgNPs was performed according to the
standard methods [70] Different concentrations (10–50 µg/mL) of the nanoparticles in DMSO were
prepared from the stock solution. They were added to each medium in different plates. An inoculum
of 100 µL from each plate was inoculated. The MIC of the CA-AgNPs for bacteria strains at different
concentrations was determined as the lowest concentration of the compound inhibiting the visual
growth of the test cultures on the agar plate.

3.9. Antioxidant Studies: 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Free-Radical Scavenging Assay

DPPH is a stable free radical that has been widely used as a tool to estimate the free-radical
scavenging activity of antioxidants [71–73]. The reduction capacity of the DPPH radical was determined
by the decrease in absorbance induced by antioxidants following the method of Brands-Williams et al. [74]
with few modifications. The reaction system consisted of 0.1 mL CA-AgNPs, plant extract (CA) and
standard (ascorbic acid) diluted to different concentrations (25, 50, 75 and 100 µg/mL) and 2.9 mL of
0.025 g/L DPPH in DMSO. The mixture was shaken vigorously and left to stand at room temperature in
the dark for 30 min. The absorbance was measured at 515 nm against a blank. The ability to scavenge
the DPPH radical was calculated using the following formula:

DPPH scavenging effect (%) =
A0 − A1

A0
× 100 (2)

where A0 is the absorbance of the control at 30 min and A1, the absorbance of the CA-AgNPs and plant
extract (CA) at 30 min.

3.10. Statistical Analysis

Statistical analysis was performed with one-way analysis of variance (ANOVA). For statistical
studies the SPSS 17.0 software (IBM cooperation, North Castle, NY, USA) was used. Three replications
for each of the experiments and assays were conducted (n = 3). A mean of the three values was reported
in each case. The values are expressed as Mean ± Standard deviation. A post Hoc test was performed
by the use of Tukey’s HSD test.

4. Conclusions

Monodispersed, stable, electrochemically and biological active AgNPs have been prepared using
Costus afer extract as a bioreductant and stabilizing agent in a simple, low cost and environment-friendly
biological approach. The plant extract demonstrated the ability to actively cap and produce
nanoparticles of controlled size and morphology. TEM results revealed spherically shaped CA-AgNPs
in a highly dispersed manner at low concentration of plant extract and perfect encapsulation in the
nanocomposites. The cyclic voltammetry comparative study at the glassy carbon modified electrodes for
doped and undoped nanocomposite of CA-AgNPs with MWCNT revealed that the presence of MWCNT
improved the electrochemical properties of the silver nanoparticles prepared from Costus afer extract.
This is evidenced by the improved current response of the glassy carbon electrode and the value of the
electron transfer resistance. The electrochemical studies suggest that the CA-AgNPs-MWCNT-modified
electrode may have application as a sensor for the assay of both biological and environmental samples.
The CA-AgNPs showed greater antibacterial and antioxidant activity compared to the precursor
plant extract. The nanoparticles were more active than Gentamycin against Staphylococcus aureus, and
compared favourably against other bacterial strains. This green AgNPs synthesis method may find
use in applications such as biomedical, electrochemical and environmental as they do not require the
use of any toxic reagent and therefore should be further explored.
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