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ABSTRACT

Phytosynthesis of silver nanoparticles (AgNPs) is not only affordable and eco-
friendly but provides a means of synthesizing phytochemical capped AgNPs with
predefined characteristics. The objective of this study was the green synthesis of
AgNPs that possess antimicrobial and catalytic activities using aqueous extract
of Euphorbia graminea. Reactions parameters critical to the yield, size and mor-
phology of the biosynthesized AgNPs were optimized using UV spectroscopy. The
UV-visible spectra analysis of the biosynthesized AgNPs showed surface plasmon
resonance occurred at 462 nm. Scanning Electron Microscopy with Energy dis-
persive X-ray analysis revealed the characteristic absorption band of AgNPs at 3
KeV and confirmed 73.66% composition of particles as metallic silver. The AgNPs
appeared as well-separated, quasi-spherical particles with narrow size distribution
of 6.77+0.89 nm when examined with Transmission electron microscopy. X-ray
diffraction confirmed the crystallinity of the AgNPs with mean crystallite size of
7.65 nm. The biosynthesized AgNPs showed broad-spectrum antimicrobial activ-
ity against bacteria and fungi. The rate constant of the degradation of methylene
blue in the presence of as-synthesized AgNPs was increased several folds to sec™
from sec™in its absence. The prepared AgNPs could find applications as therapeu-
tic coats in medical devices and in effluent treatment of chemical industries.
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INTRODUCTION

Nanotechnology involves the manufacture, control of characteristics and ap-
plications of structures with nanoscale dimensions, typically between 1-100nm
', Nanoparticles are broadly of two types, which are the carbon-incorporated
organic structures, and the more varied inorganic nanoparticles that include
semi-conductor, metallic and magnetic nanoparticles. Metal nanoparticles be-
cause of their increased surface-to-volume ratio exhibit significantly altered
physical, chemical and biological characteristics. Silver nanoparticles (AgNPs)
for example, have substantial surface zone that show improved chemical sta-
bility, electrical conductivity, biochemical and catalytic activities when com-
pared with larger-than-nanoscale structures of similar composition 2. Silver
nanoparticles have therefore found potential applications as functional units
of electronic sensors and optical devices, antimicrobial agents, biological sen-
sors and industrial catalysts "34. The catalytic activity of AgNPs have been em-
ployed in the degradation of organic dyes used in industries such as the phar-
maceutical, food, textile, paper and print 5°. Organic dyes when discharged
into wastewater without proper or adequate treatment persist in the ecosystem
and can constitute, in addition to severe ecological disruption, health hazards
to human. Majority of conventional wastewater treatment methods that have
been employed such as flocculation, coagulation, electrochemical degradation,
precipitation, adsorption and reverse osmosis remain expensive and often
lead to secondary pollution because of excessive use of reagents required to
destroy the aromatic stability of the dye °. Nanocatalysts, which lower the ac-
tivation energy required for the breakdown of the organic dyes, will be useful
in the safe, efficient and affordable disposal of these environmental chemi-
cal hazards. In this regard, several studies have demonstrated the potential
application of AgNPs in the degradation of synthetic dyes including methy-
lene blue and methyl orange 578. Silver nanoparticles are unique in nanoscale
system due to the ease in its synthesis and chemical modifications. Chemical
reduction of silver ions remains the most viable means of synthesizing AgNPs
with the use of a variety of organic and inorganic reducing agents reported
in literature 9. However, the green synthesis of AgNPs using microorganisms
and plants is preferred because the approach is eco-friendly, energy saving
and easily scalable. In addition, the presence of plants metabolites as capping
agents allow the synthesis of nanoparticles with predefined characteristics 4.
Silver nanoparticles have therefore been successfully biosynthesized using mi-
croorganisms including Ganoderma enigmaticum *°, Oscillatoria limnetica *
as well as parts from plants such as Phyllanthus emblica **, Cucumis propheta-
rum 4, Salvia spinosa 3.
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Euphorbia graminea Jacq (Euphorbiaceae) is an annual plant in Nigeria mea-
suring 15-30 cm from the base with leaves that are alternate and may be ovate
or oblong, elliptic to linear 4. The plant which has been previously described
as a potentially invasive herbaceous plant in Nigeria has been documented to
possess antioxidant activity as well as antiproliferative potential against hu-
man breast (MCF-7) cancer cell lines ''°, Antimicrobial screening of chromato-
graphic fractions of the plant showed mild inhibitory activity against Staphy-
lococcus aureus, E. coli and Candida albicans . The phytochemicals obtained
from the plant include alkaloids, anthraquinones, flavonoids, tannins and ter-
penes. Biomolecules containing hydroxyl and carbonyl functional groups can
serve as reducing and stabilizing agents in the synthesis of AgNPs from ions.

The objective of this study was therefore to employ the aqueous extract of the
whole plant of Euphorbia graminea in the green synthesis of AgNPs that pos-
sess antimicrobial and catalytic activities.

METHODOLOGY
Materials

Euphorbia graminea was collected from the botanical garden of the University
of Ibadan, Ibadan. A trained botanist authenticated the collected plant sample,
and a voucher specimen (UIH-23130) was deposited for future reference. Sil-
ver nitrate was sourced from Sigma Aldrich while methylene blue and sodium
borohydride were products of BDH UK.

Preparation of E. graminea extract

The stem and leaves of E. graminea were thoroughly washed with distilled
water and then cut into small pieces with the aid of a steel knife. A quantity
of the plant parts equal to 40 g was heated with 400 mL of distilled water in a
beaker at 60 for 30 minutes 2. On cooling, the mixture was filtered using What-
man filter paper No.1 and the filtrate stored in amber-colored bottles at 4 until
required.

Phytochemical screening of extract E. graminea

Preliminary phytochemical screening was carried out on freshly prepared
plant extract to determine presence of phenols, tannins, flavonoids, triterpe-
noids, and alkaloids using standard procedures 4.

Synthesis of Ag-NP using aqueous E. graminea

The optimized procedure involved the addition of 10 mL of the aqueous ex-
tract to 90 mL of 1 mM AgNO, in a conical flask covered with aluminum foil.
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The reaction mixture was then continuously stirred at about 1000 rpm using a
magnetic stirrer for 24 hours. The reduction of silver ions to AgNPs was moni-
tored by acquiring UV-visible data of aliquots taken from the reaction mixtures
at regular intervals. Preliminary visual check of color change from light green
to brownish-red in the reaction mixture was also used to monitor reduction *.

After completion of the reaction, nanoparticles were purified by first centri-
fuging the mixture at 15,000 rpm for 5 minutes to obtain pellets. The pellet
was re-dispersed in distilled water using a vortex mixer and then centrifuged.
Washing with water was done thrice and then with ethanol.

Optimization of AgNO, concentration

While keeping the ratio of volumes of the extract to silver nitrate solution as 1:9,
the effect of the concentration of silver nitrate solution on formation of nanopar-
ticles was investigated by varying its concentration (0.25, 0.5 and 1mM).

Optimization of ratio of volumes of AgNO, and extract

Extract-to-silver nitrate volume ratios of 1:9; 3:7 and 5:5 were differently em-
ployed for nanosynthesis in order to determine the ratio of volumes optimal
for nanoparticle formation.

Characterization of synthesized AgNPs

UV-visible spectroscopic data of the reaction mixture were acquired at regular
intervals using a Perkin Elmer Lambda 250 Model in the range of 200-800 nm
and 1 nm resolution. The functional groups present in the phytoconstituents of
the plant that were responsible for the reduction and capping of nanoparticles
were analyzed by FT-IR measurements using a Nicolet iS10 FT-IR spectropho-
tometer. The size and morphology of the AgNPs were determined by Transmis-
sion Electron Microscope (NanoMill 1040 model) while the elemental composi-
tion was analyzed using scanning electron microscope integrated with energy
dispersive X-ray analysis. Dynamic light scattering (DLS) data were acquired at
25°C using Malvern Zetasizer NanoS9o (UK) with a detector set at right angles 2.

The crystallinity of the biosynthesized AgNPs was confirmed by XRD analysis
using Cu K alpha radiation set at 40kV and 20mA.

Antimicrobial Assay of phytosynthesized AgNPs

The antimicrobial screening of the phytosynthesized AgNPs was carried out by
determining the minimum inhibitory and bactericidal/fungicidal concentra-
tions against seven test microorganisms including: one Gram-positive (Staph-
ylococcus aureus — ATCC 29213), five Gram-negative bacteria (Klebsiella
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pneumoniae — ATCC 7006303, Clostridium faecalis — ATCC 8090, Escherich-
ia coli - 2348, Salmonella typhi — ATCC 14028 and Pseudomonas aeruginosa
— ATCC 27853) and one fungi (Candida albicans). The minimum inhibitory
concentration of the as-synthesized AgNPs against the test microorganisms
was carried out as described by Mogana et al., 2020" with some modifications
using broth micro-dilution method in 96-well microtiter plates. Bacteria and
fungi stock suspensions were diluted using Mueller Hinton broth and tryptic
Soy broth respectively to give 0.5 McFarland standard. To each of the well con-
taining graded concentrations of AgNPs corresponding to 500, 250, 125, 62.5,
31.25,15.63, 7.81, 3.91, 1.95 and 0.98 pug/mL, 20 of the standardized microbial
suspension were added and incubated at 37°C for 24 hours for bacteria and at
25°C for up to 48 — 72 hours for fungi. A check for microbial growth in each
well was done. The minimum bactericidal/fungicidal concentration (MBC/
MFC) for the test samples was determined by swabbing broth from the 96-well
plates that did not show any visible growth on the surface of freshly prepared
Mueller Hinton (for bacteria) and Sabouraud dextrose (for fungi) agar plates
by surface spreading method using sterile cotton swabs. The plates were there-
after incubated at 37°C for up to 72 hours. The lowest concentration of the test
sample from the MIC assay that that did not show any microbial growth on the
agar plates were taken as the MBC/MFC for that organism®™.

Catalytic activity of as-synthesized AgNPs

The biocatalytic efficiency of synthesized AgNPs in the borohydride-reduction
of methylene blue was investigated by monitoring the degradation of the dye
with time 3°. Reaction variables including the concentrations of sodium bo-
rohydride, methylene blue and AgNPs were optimized. In the final optimized
procedure, 5mL of 10mM methylene blue was added to 2mL of 0.2M sodium
borohydride and the volume made up to 50 mL with distilled water after which
10 mg AgNPs was added. The absorption spectra of aliquots periodically drawn
from the reaction mixture was then acquired. A blank set up without the nano-
catalyst was similarly prepared and analyzed.

RESULTS AND DISCUSSION
Phytochemical Analysis

The phytochemical analysis of the plant extract revealed the presence of sev-
eral phytoconstituents as shown in Table 1. Similar phytochemical composi-
tion of the plant has been previously reported 4. These secondary metabolites
mediate the reduction of silver ions and capping of resultant AgNPs.
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Table 1. Phytochemical constituents of aqueous extract of E. graminea

Secondary metabolite Quantitative presence
Tannins +
Flavonoids +
Cardiac glycosides ++
Saponins ++
Terpenoids ++
Phenol +
Alkaloids ++

Synthesis and optimization of reaction variables

The bioreduction of silver ions to AgNPs was associated with a color change
from greenish yellow of the plant extract to deep red as the AgNPs were formed.
The color of colloidal solutions of AgNPs have been reported to vary depending
on their particle size and morphology 8. This in turn often depends on the con-
ditions of synthesis. UV spectroscopy was therefore utilized to monitor biosyn-
thesis as AgNPs can interact with light of specific wavelengths thereby causing
the conduction electrons on the surface of the metal to collectively oscillate in
a phenomenon known as surface plasmon resonance. As depicted in Figure 1,
the surface plasmon resonance of AgNPs biosynthesized using aqueous extract
of E. graminea occurred at 462 nm, suggestive of a particle size of about 70
nm . However, the actual particle size will be determined using TEM and
XRD analyses. The use of 1mM silver nitrate solution was critical to formation
of small-sized AgNPs in high yields as the use of lower concentrations resulted
either in lower yields or bathochromic shifts of the surface plasmon resonance
that is indicative of the formation of larger-sized nanoparticles.
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Figure 1. Optimization of critical reaction parameters including (a) concentration of AgNO, (b)
extract-to-AgNO, volume ratios and (c) temperature

Similarly, an extract-to-silver nitrate volume ratio of 1:9 was found optimal
in the biosynthesis of smaller-sized AgNPs in high yields as shown in Figure
1b. As depicted in Figure 1c, no advantage, as regard the particle size or yields,

were observed when the reaction was conducted at higher temperatures and as
such 30 was adopted for the synthesis.

Characterization of biosynthesized AgNPs
FT-IR Measurement
FTIR analysis was carried out to identify the likely phytochemicals involved in

the bioreduction of silver ions to Ag and capping of the AgNPs biosynthesized

from the aqueous extract of E. graminea. The FTIR spectra of the AgNPs is
depicted in Figure 2 below.
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Figure 2. FTIR spectrum of biosynthesized AgNPs using E. graminea aqueous extract

Broad and strong peaks at 3451cm™ can be attributed to the O-H stretch of phe-
nolic compounds. This could also be attributed to hydrogen-bonded O-H stretch
of alcohols or N-H stretch of amine salts. The bands at 2925.40 and 1634.20
cm™ have been assigned to C-H stretching and bending vibrations respectively
of conjugated alkenes. The latter frequency could also designate N-H bending
vibrations of amines or their salts which characteristically are found between
1650 and 1580 cm™ depending on their chemical environments. The medium
bands at 2862.84 cm™ corresponds to C-H stretch frequencies in sp? hybridized
hydrocarbons. Thus, the biosynthesized AgNPs are surrounded by metabolites
such as terpenoids and flavonoids with functional groups of alcohols, alkanes,
alkenes, and amines. These functional residues showed the capability to stabi-
lize and prevent further agglomeration of biosynthesized AgNPs .

SEM and EDX analyses

When the green-synthesized nanoparticles were examined using SEM, they ap-
peared as highly aggregated polymorphs with shapes mostly irregularly granu-
lated as shown in Figure 3a. Similar results were obtained with the biosynthesis
of AgNPs using Cucumis prophetarum .

The characterization of the biosynthesized AgNPs by EDX analysis revealed the
presence of the characteristic peak of elemental silver as depicted in Figure 3b.
The as-synthesized AgNPs displayed an absorption band at 3KeV which is typical
of metallic silver nanoparticles as a result of their surface plasmon resonance®°.
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Figure 3. SEM (a) and EDX (b) Analyses of AgNPs biosynthesized using E. graminea

The elemental analysis of the biosynthesized AgNPs revealed the predomi-
nance (73.66%) of elemental silver particles confirming the high efficiency of
E. graminea as a reductant of silver ions. In addition to silver, other elements
including oxygen, iron, silicon etc. were also present.

Determination of AgNPs size and morphology by TEM

The TEM micrograph as depicted in Figure 4 revealed well-separated, quasi-
spherical shaped AgNPs. The average particle size of the AgNPs as determined
by TEM was 6.77+0.89 nm. When compared with previously reported AgNPs
size ranges of 12-36, 11-83 and 10-180 nm that were obtained using Ficus panda,
Terminalia mentaly and Clinacanthus nutans respectively, our new method suc-
cessfully produced small sized nanoparticles with narrower size distribution 2192,

T

b

20nm

Figure 4. Transmission electron microscopy of biosynthesized AgNPs
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Dynamic light scattering analysis

Dynamic light scattering (DLS) measures the correlation coefficient of inten-
sity functions which can be mathematically converted to intensity, volume, or
number size distribution #-22. The technique is very useful for estimating par-
ticle size via the analysis of the modulation of the intensity of laser light passing
through a colloidal solution. The particle size distribution of the biosynthesized
nanoparticles was therefore determined using DLS with the size distribution
by intensity depicted in Figure 5. The DLS data showed that the Z-average size
of the particles was 43.14 nm with a polydispersity index of 0.467. The poly-
dispersity index (values o to 1) describes the width of particle size distribution
with scale ranging from monodisperse to polydisperse particles. Monodispersi-
ty arises from zeta potential values that are more negative than -30 mV or more
positive than 30 mV and is thus indicative of nanoparticles colloid stability
421 The particle size estimated by DLS was expectedly larger than the nominal
size by TEM23. This is because DLS measure the hydrodynamic size which is
dependent on particle morphology. In particular, intensity-sized distribution
can be strongly influenced by the presence of a few large particles, aggregates
or dust®4. In addition, the hydration layer around the nanoparticles and the
phytochemicals of the extract may contribute to the hydrodynamic size 4.
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Figure 5. Size distribution of biosynthesized AgNPs by intensity

Crystallinity of AgNPs using XRD

As depicted in Figure 6, the XRD pattern of the biosynthesized AgNPs revealed
four intense peaks at 2= 38.21, 44.43, 64.79 and 777.86 which corresponds to
(111), (200), (220) and (311) lattice planes. The observed lattice planes were in-
dexed based on the face centered cubic structure of silver as found in standard
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data file JCPDS No. 04-0783. The XRD pattern thus clearly confirmed the
crystallinity of the AgNPs synthesized in this study. The maximum intensity
was observed with the (111) plane indicating the AgNPs were predominantly
distributed in the (111) plane.

The average crystallite size of the AgNPs was calculated using the Debye-
Scherrer formula below

0.914
- Lcos6 ( 1)

where, d is the mean crystallite diameter, is the X-ray wavelength,
The mean crystallite size of the silver nanoparticles was determined to be 7.65 nm.
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Figure 6. XRD pattern of biosynthesized AgNPs

Antimicrobial assay

The antimicrobial activities of the green-synthesized AgNPs against the vari-
ous test organisms are shown in Table 2. The AgNPs exhibited broad-spectrum
activity against both Gram positive and negative bacteria as well as fungi.
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Table 2. Minimum Inhibitory and bactericidal/fungicidal concentrations of green-synthesized
AgNPs against test organisms

mm;::g:n Minimum Bactericidal/
Test organisms v Fungicidal Concentration
Concentration (ng/mL)
(ng/mL) ha

Klebsiella pneumonia — ATCC 7006303 125 250
Pseudomonas aeruginosa — ATCC 27853 31.25 500
Staphylococcus aureus — ATCC 29213 125 125
Escherichia coli - 2348 31.25 125
Salmonella typhi — ATCC 14028 62.5 125
Clostridium faecalis — ATCC 8090 31.25 250
Candida albicans 62.5 >500

The antimicrobial activity of the biogenic AgNPs were more pronounced
against Gram-negative bacteria including P. aeruginosa, E. coli and C. fae-
calis (MIC 31.25 /mL) than Gram-positive S. aureus with MIC of 125 ug/mL.
This pattern can be attributed to the mechanism of antibacterial activity of Ag-
NPs that involves the electrostatic attraction and transfer of silver ions to the
negatively charged bacteria cell wall leading to a change in its composition and
permeability 2. The combined effect of the subsequent loss in the ability of the
organism’s DNA to replicate and the inactivation of enzymes required for ATP
production will eventually lead to bacterial death. Gram-negative bacteria with
a single layer of peptidoglycan in their cell wall membrane are therefore more
susceptible to the inactivating action of silver ions than Gram-positive bacteria
with multiple layered peptidoglycan cell membrane 4. Many previous works
have only reported inhibitory activity of biosynthesized AgNPs against only
two to four microorganisms. In contrast, the as-synthesized AgNPs reported
in this study exhibited a broader range of activity against microorganisms in-
cluding fungi. A survey of the MIC values reported for AgNPs synthesized us-
ing different plant extracts against the more commonly tested S. aureus and P
aeruginosa is depicted in Table 3. The results showed the considerable inhibi-
tory effect of AgNPs synthesized using E. graminea and the potential of the
nanoparticles for future antibacterial applications.
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Table 3. A comparison of the antibacterial activity of different plant-mediated AgNPs

Plant used parl':,::T:l;ize MiC Reference
S. aureus P aeruginosa
Camellia sinensis 3.9+1.6 250 30 26
Crocus sativus 12-20 No inhibition 250 27
Crocus Haussknechtii Bois 10-25 26.9 20.2 28
Terminalia mentaly 11-83 12.5 Not reported 20
Euphorbia graminea 6.77+0.89 125 31.25 This study

AgNP-catalysed degradation of methylene blue

The biocatalytic activity of as-synthesized AgNPs in the redox reaction between
methylene blue and borohydride ions was also investigated. The progressive deg-
radation of methylene blue characterized by loss of its intense blue color was moni-
tored by acquisition of the UV —visible spectra data of the reaction mixture at regular
time intervals. The changes in the UV-visible spectra of methylene blue in the pres-
ence and absence of the nanocatalyst are depicted in Figure 7a and 7b respectively.
Both reactions fitted a pseudo first order kinetics model as shown in Figure 7c.
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Figure 7. Successive acquisition of UV-visible spectra at specified time intervals showing
reduction of methylene blue by NABH4 at ambient temperature: (a) with nanocatalyst, (b)
without nanocatalyst and (c) plots of against time
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Rate constants were estimated from the regression of relative absorbances
of the dye with time. The rate constant of the degradation of methylene blue
in the presence of nanocatalyst was sec™ compared to sec™ in the absence
of the nanocatalyst. The rate of degradation of the dye was therefore several
folds faster in the presence of nanocatalyst with more than 90% degradation
achieved within 15 minutes. In contrast, less than 6% degradation was achieved
in that time without the inclusion of AgNPs as catalyst.

Degradation of methylene blue requires an electron transfer from borohydride
ions to the dye. The nanocatalyst serve as an intermediate in the electron trans-
fer process between the acceptor and donor molecules . The mechanism of
catalysis by AgNPs therefore involve an improvement in the efficiency of elec-
tron transfer as well as the lowering of the bond dissociation energy during the
chemical reaction between the dye and borohydride ions that is required for
breaking/forming of bonds. As depicted in Table 4, when compared with other
studies, AgNPs biosynthesized using E. graminea exhibited excellent catalytic
efficiency. The enhanced catalytic efficiency can be attributed to the nanopar-
ticles’ quasi-spherical shape and small size that have been reported to improve
catalytic efficiency. Similarly, the presence of hetero atoms such as oxygen,
which is the next most abundant element (20.40% in EDX analysis) in the phy-
tochemical-capped nanoparticles, have been reported to improve the access of
the dye molecules to the catalytic sites leading to accelerated degradation °.

Table 4. A comparison of catalytic efficiency of biosynthesized AgNPs

Mean Time of
. . Rate degradation
Plant used part(lzlnt:)sue constant (at least Reference
90%)
50
Alstonia scholaris 0.0007 sec™ 29
Not specified

Caulerpa racemosa 25 0.0011 sec™ 30 min 30
Imperata cylindrica 31 0.137 min” 14 min 31
Euphorbia graminea 6.8 0.0025 sec™ 15 min This study

In conclusion, a facile, eco-friendly process involving the use of aqueous extract
of E. graminea for the green synthesis of stable silver nanoparticles has been
developed. The nanoparticles were crystalline, predominantly quasi-spherical
shaped and with an average particle size of 6.77+0.89 nm. The prepared AgNPs
showed good catalytic activity in the sodium borohydride-degradation of meth-
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ylene blue as well broad-spectrum antimicrobial activity against bacteria and
fungi. The nanoparticles can therefore find useful applications in the effluent
treatment of chemical industries and as therapeutic coats in medical devices.
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