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ABSTRACT: Due to biochemically active secondary metabolites that assist in the
reduction, stabilization, and capping of nanoparticles, plant-mediated nanoparticle
synthesis is becoming more and more popular. This is because it allows for ecologically
friendly, feasible, sustainable, and cost-effective green synthesis techniques. This study
describes the biosynthesis of silver nanoparticles (AgNPs) functionalized with histidine
and phenylalanine using the Lippia abyssinica (locally called koseret) plant leaf extract.
The functionalization with amino acids was meant to enhance the biological activities
of the AgNPs. The synthesized nanoparticles were characterized using UV−Visible
absorption (UV−Vis), powder X-ray diffraction (pXRD), scanning electron
microscopy (SEM), energy-dispersive X-ray (EDX) spectroscopy, transmission
electron microscopy (TEM), and Fourier transform infrared (FTIR) spectroscopy.
The surface plasmonic resonance (SPR) peak at about 433 nm confirmed the
biosynthesis of the AgNPs. FTIR spectra also revealed that the phytochemicals in the
plant extract were responsible for the capping of the biogenically synthesized AgNPs. On the other hand, the TEM micrograph
revealed that the morphology of AgNP-His had diameters ranging from 5 to 14 nm. The antibacterial activities of the synthesized
nanoparticles against Gram-positive and Gram-negative bacteria showed a growth inhibition of 8.67 ± 1.25 and 11.00 ± 0.82 mm
against Escherichia coli and Staphylococcus aureus, respectively, at a concentration of 62.5 μg/mL AgNP-His. Moreover, the
nanoparticle has an antioxidant activity potential of 63.76 ± 1.25% at 250 μg/mL. The results showed that the green-synthesized
AgNPs possess promising antioxidant and antibacterial activities with the potential for biological applications.

1. INTRODUCTION
The scientific community has paid special attention to the
development of metal-based nanoparticles due to their
exceptional biological and physicochemical properties and
their potential use in a variety of applications for the
betterment of human life.1−3 Among several metal nano-
particles, silver nanoparticles (AgNPs) are the most dynamic
and interesting nanomaterials that have gained significant focus
in the area of nanotechnology.4 These particular interests are
associated with their unique chemical, physical, and biological
characteristics in comparison to bulk size.5 They possess high
thermal and electrical conductivity,6 surface-enhanced Raman
scattering properties, chemical stability, catalytic activity,7

nonlinear optical behavior,8 drug delivery, and antimicrobial
effects.9 Owing to their unique properties, AgNPs have been
widely applied in many fields, such as shampoos, soaps,
detergents,10 cosmetics,11 toothpastes, electronics, optics, and
medical and pharmaceutical products.12

In addition, these materials also have several advantages,
including their high surface-area-to-volume ratio, which allows
them to attach ligands with different functionalities to develop
materials with custom-tailored properties that enhance their

toxicity toward pathogens, capacity to kill cancer cells, and
efficient catalytic properties.13 However, the synthesis methods
and the materials used for the synthesis of nanoparticles
determine the acceptance and utility of the nanoparticles for
different applications.14 The synthesis of metal nanoparticles
involves either chemical or biogenic/biological methods,
mainly for reducing and capping the metal into nano-
particles/materials.15 Chemical methods using toxic, hazard-
ous, and expensive organic solvents like citrate (HOC-
(CH2CO2H)2), borohydride [BH4]−, thioglycerol, and 2-
mercaptoethanol to prepare the nanoparticles were reported.16

However, the use of toxic chemicals during chemical synthesis
posed a major concern as they have adverse effects on the
environment as well as on living beings.17 As a result, the need
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for technologies that produce nanoparticles using safe and
benign processes has increased, shifting focus to biological
techniques.18

Biogenic synthesis of metal NPs using simple amino acids,
sugars, biodegradable polymers, vitamins, and plant phyto-
chemicals has been reported.19 The biological resources can be
used to prepare nanoparticles that are safe for the environment,
recyclable, feasible, and useful in both food technology and
medicine.20 Consequently, metabolites, such as terpenoids,
alkaloids, polyphenols, phenolic acids, proteins, and sugars, are
well known for their reductive activity and hence are
responsible for stabilizing and reducing metal ions.13,21 Related
to this, coordination bonding and selective capping agent
adsorption on the surface of NPs might cause the NPs to
create a bond with the phytocomponents of the plant extract,
which helps to prevent nanoparticle aggregation through
electrostatic stabilization.22

Nowadays, finding an effective formulation to treat microbial
infections has become a critical issue due to the emergence of
multidrug-resistant bacterial strains, the drugs’ low efficiency,
and the adverse side effects of conventional antibiotic drugs.23

As such, the functionalization of nanoparticles through various
capping agents is believed to be among the methods leading to
the development of new effective drug molecules. The most
commonly used agents for the surface functionalization of
metal nanoparticles are amino acids.24,25 The surface
functionalization provides additional sites, such as amino or
carboxyl groups, to act as a coupling agent between the
nanoparticles and biomolecules. This enhances the stability of
the nanoparticles and improves their activities.2,26 Related to
this, it has been reported that histidine has the highest
antioxidant activity and phenylalanine has a moderate
antioxidant activity as compared to other 20 amino acids.27

Moreover, histidine was also reported to be the most reducing
and capping agent,13,19 whereas tyrosine, tryptophan, and
phenylalanine are moderately reducing and stabilizing agents
for the synthesis of AgNPs.28

In this study, the leaf extract from Lippia abyssinica was used
as a reducing and capping agent for the green synthesis of
AgNPs. In Ethiopia, L. abyssinica (Koseret) has been
traditionally used as a spice and traditional medicine for

analgesic, antipyretic, and antioxidant activities.29 L. abyssinica
is rich in flavonoids and has higher free radical scavenging
activities than other spices like Nigella sativa (Thikur azmud),
Piper capense (Timiz), Thymus schimperi (Tosign), and
Trachyspermum ammi (Netch azmud).29 Hence, we hereby
report a novel green synthesis of silver nanoparticles using a
traditional medicinal plant L. abyssinica leaf extract (LALE) as
the reducing and capping agent. The synthesized silver
nanoparticles were further functionalized with amino acids of
different polarities (phenylalanine and histidine) to enhance
the bioactivities by decreasing the size of the nanoparticles.
The obtained AgNPs were characterized using transmission
electron microscopy (TEM), Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), and UV−Vis
spectroscopy and were tested for their antibacterial and
antioxidant activities.

2. MATERIALS AND METHODS
2.1. Reagents. All of the chemicals and reagents used in

this research were of analytical grade. Silver nitrate (AgNO3,
99.8%, India), ferric chloride (FeCl3, 99% from Loba Chemie,
India), Muller-Hinton Agar (MHA, Merck chemical com-
pany), chloroform (CHCl3, 99.9%, Fisher Scientific U.K.
Limited, U.K.), sulfuric acid (H2SO4, 98%), sodium hydroxide
(NaOH, 98%), ascorbic acid (C6H8O6, 99.9%, Loba Chemie,
India), hydrochloric acid (HCl, 37% India), DPPH
(C18H12N5O6, 99%, Sigma-Aldrich, Germany), L-phenylalanine
(C9H11NO2, 98.5%, Loba Chemie, India), and L-histidine
(C6H9N3O2, 1.449 g/cm3 Loba Chemie, India) were used. L.
abyssinica plant leaves were collected from the Guto Gida
district, East Wollega Zone, Oromia, Ethiopia, located 335 km
from Addis Ababa at latitude: 9° 04′ 60.00″ N and longitude:
36° 32′ 59.99″ E.

2.2. Plant Material Collection and Preparation. The
preparation of L. abyssinica extract was conducted using
reported procedures with slight modifications.30 The fresh
leaves of L. abyssinica were collected and washed with tap
water several times, followed by rinsing with double distilled
water to remove any dust particles. To get rid of the moisture
content in the leaves, it was air-dried in a shadowy
environment at room temperature. The dried leaves were

Figure 1. Schematic representation for LALE-mediated biosynthesis of AgNPs.
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ground into a fine powder using an electric blender. For further
use, the powder was packaged and kept at an ambient
temperature in a dark space. The extraction was carried out by
taking 20 g of the powdered plant leaves in a 500 mL conical
flask containing 400 mL of distilled water. It was covered with
aluminum foil to prevent the effect of light on the solution.
The mixture was stirred for 30 min and then heated at 60 °C
with continuous stirring on a hot plate for 1 h. After cooling
down to room temperature, the solution was filtered with
Whatman No. 1 filter paper to get a clear extract solution, as
shown in Figure 1. The filtrate was stored at 4 °C for further
experiments.

2.3. Phytochemical Screening. A preliminary phyto-
chemical screening of the aqueous leaf extracts was performed
using reported techniques.31−33

2.3.1. Phenolic Test. The ferric chloride test method, which
involves adding 2 mL of a 5% solution of FeCl3 to 1 mL of L.
abyssinica leaf extract in a test tube and shaking them together
before standing the test tube upright in a rack of test tubes, was
the technique used to determine phenol qualitatively. The
reaction mixture had a black color, indicating that phenol was
indeed present.31,32

2.3.2. Alkaloids Test: Mayer’s Test. A mixture of 3 mL of L.
abyssinica leaf extract and 3 mL of 1% HCl solution was heated
for 20 min in a water bath. Mayer’s test was run using the
reaction mixture that resulted after being cooled to room
temperature. Drop by drop, 1 mL of Mayer’s reagent (1.36%
HgCl2 and 5% KI) was added to the reaction mixture after
cooling. Alkaloids were present as evidenced by the
precipitation of a greenish-colored cream precipitate.31−33

2.3.3. Flavonoid Test: Alkaline Reagent Test. 3 mL of
LALE was added to 1 mL of a 10% NaOH solution in the test
tube. A bright yellow hue was developed, which supports the
presence of flavonoids. By dropping diluted HCl, the color
gradually vanished.31,32

2.3.4. Terpenoid and Steroid Salkowski Test. The test tube
was filled with 5 mL of LALE, 2 mL of chloroform, and 3 mL
of concentrated sulfuric acid, and it was thoroughly shaken to
create a layer. The interface took on a reddish-brown color,
indicating the presence of terpenoids. The lower surface is red,
indicating the presence of steroids.31,32

2.3.5. Tannin Test. 2.3.5.1. Ferric Chloride Test. When 1
mL of distilled water and 2 drops of ferric chloride solution
were added to 0.5 mL of LALE in a test tube, a blue-black
coloration was noticed, indicating the presence of tannins.31,32

2.3.5.2. Lead Acetate Test. When 0.5 mL of LALE in the
test tube solution was added to a 10% lead acetate solution,
white precipitation was observed, confirming the presence of
tannins.
2.3.6. Saponins-Frothing Test. In a test tube, 0.2 mL of the

LALE was shaken with 5 mL of distilled water. Saponin was
detected through foaming.31−33

2.4. Green Synthesis of Silver Nanoparticles. In a
typical reaction system, L. abyssinica leaf extract (LALE) was
added dropwise to a solution of AgNO3 (as a precursor). In a
50 mL volumetric flask, an optimized concentration of the
aqueous solution of AgNO3 (2, 4, 8, 12, 16 mM) was made
and used for the synthesis of silver nanoparticles. The
formation of AgNPs was studied in relation to concentration,
reaction time, LALE volume ratio, temperature, and pH. The
optimal volume of LALE (1/20 w/v) was combined with the
optimal concentration of the AgNO3 solution for the reduction
of Ag ions at an optimized temperature and reaction time (80
°C and 2 h). The reaction was carried out in a dark place by
using aluminum foil to cover it. The solution was continuously
homogenized while being stirred at 10,000 rpm and at a
desired temperature. The completion of the reaction was
confirmed by the color change observed.34 A double-beam
UV−Vis spectrophotometer was used to measure the reaction
progress to optimize the AgNO3 solution concentrations,
reaction time, volume ratio of AgNO3 to plant leaves, reaction
mixture temperatures, and pH effects. Following the
optimization of the reaction conditions, a color change from
colorless to brown was noticed, which indicated the formation
of silver nanoparticles. The product was separated from the
mixture using a high-speed centrifugation for 20 min at 10,000
rpm. Then, the synthesized AgNP pellets were rinsed with 20
mL of distilled water and dried at 105 °C for further
characterizations.30

2.5. Green Synthesis of Silver Nanoparticles Func-
tionalized with Histidine and Phenylalanine. The
synthesis of functionalized silver nanoparticles (f-AgNPs) was

Scheme 1. Proposed Mechanism for the Formation of Functionalized Silver Nanoparticle Using Histidine and Flavonoids
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conducted using the reported procedure with slight mod-
ification.35 Briefly, 10 mL of aqueous LALE was added to 2
mM of aqueous solution of AgNO3 in 50 mL of a volumetric
flask. Subsequently, histidine or phenylalanine as a surface-
modifying agent was added to the reaction mixture slowly drop
by drop while stirring on a hot plate, as shown in Scheme 1.
The pH of the solution was adjusted to 12.01 using 1 M of
NaOH solution. The reaction proceeded for 2 h at 80 °C
under constant stirring. Finally, the f-AgNPs were separated
from the mixture by high-speed centrifugation at 10,000 rpm
for 20 min. After centrifugation, the synthesized f-AgNP pellets
were rinsed with 20 mL of distilled water and dried in an oven
at 105 °C for further characterizations. Therefore, in the study,
two categories of AgNPs were synthesized, namely, non-
functionalized AgNPs and amino acid-functionalized AgNPs
(f-AgNPs, AgNP-his, and AgNP-phen).

2.6. Characterization of Silver Nanoparticles.
2.6.1. UV−Visible Spectrophotometer Analysis. Using a
double-beam UV−Vis spectrophotometer (Shanghai Drawell
Scientific Instrument), the initial physicochemical character-
ization of the biosynthesized AgNPs, the reduction of silver
ions using LALE, and the functionalization with histidine and
phenylalanine were examined by UV−Vis in the range of 200−
800 nm.
2.6.2. Fourier Transform Infrared Spectroscopy (FTIR)

Analysis. FTIR spectrometer (PerkinElmer Spectrum 65 FTIR
Spectrometer) was used to conduct the FTIR spectral analysis.
The FTIR spectra were collected at the standard spatial
resolution in the transmission mode between 4000 and 400
cm−1. The samples were made using the KBr pellet technique,
and they were examined to see if the organic functional groups
were connected to the surface of AgNPs, which are the agents
for reduction, stabilization, and capping.36

2.6.3. X-ray Diffractometer (XRD) Analysis. An X-ray
diffractometer (Shimadzu Corporation (Japan); XRD-7000 X-
ray diffractometer) was used for the XRD analysis to study the
crystallographic nature of the biosynthesized AgNPs. The Cu
Kα radiation source was used with a wavelength of 1.5406 Å
and a scanning angle of 2θ in the scattering range of 10−90°
on an instrument operating at a voltage of 45 kV and a current
of 40 mA.
2.6.4. Scanning Electron Microscope (SEM) with Energy-

Dispersive X-ray (EDX) Analysis. The oven-dried AgNP-his
was loaded onto the stub with a carbon tape fixed and coated
by sputtering with gold. The prepared sample was investigated
to determine the morphology of AgNP-his and characteristics
of the elemental analysis of AgNP-his with the help of a
scanning electron microscope (SEM) EVO18 (CARL ZEISS)
and an energy-dispersive X-ray-spectrometer Quanta 200 with
X Flash 6130.
2.6.5. Transmission Electron Microscope (TEM) Analysis.

Transmission electron microscopy (TEM, HF5000, Hitachi
High-Technologies, Japan), which operates at 200 kV and is
equipped with an energy-dispersive system (EDS), was used.
High-resolution transmission electron microscopy (HR-TEM)
technology, resolution: 0.14 nm lattice, 0.12 nm point-to-point,
magnification range: 4000×−15,000,000×, high dispersion
diffraction camera length range: 4−80 m. Specimen tilt range:
+/−20° (for UHR configuration), +/−30° (for HR and HC
configurations). TEM images of AgNPs were processed with
the ImageJ software to obtain the diameter size distribution of
the particles.

2.7. Biological Activities of the Biosynthesized
AgNPs. 2.7.1. Antibacterial Study. Antibacterial activities of
biosynthesized AgNPs were conducted on Mueller Hinton
agar media by agar-well diffusion method adapting a reported
procedure.37 1 mL of actively growing clinically strains of
Staphylococcus aureus ATCC 25926 and Escherichia coli ATCC
25922 (obtained from Ethiopian Public Health Institute, which
contain approx. 1 × 107 CFU mL−1, 0.5 McFarland Standard)
were uniformly spread plate on agar media using cotton swabs.
Wells were made in each agar culture media using a sterile cork
borer (6 mm in diameter) and were filled with 100 mL of
AgNPs (62.5 μg/mL, 2 mM of the green-synthesized AgNP,
AgNP-his, and AgNP-phen), dimethyl sulfoxide (DMSO as a
negative control), and gentamicin (positive control) in
triplicate. After preserving it in the refrigerator for 30 min,
the culture media were incubated at 37 °C for 24 h. Finally, the
zones of inhibition were recorded as the diameter of the
growth-free zones measured in mm using a Vernier caliper.38

2.7.2. Antioxidant Activity Study. A standard procedure
was followed to test the antioxidant activity of the biogenically
synthesized AgNPs.39 From a 50 mg/mL stock solution,
separate test tubes containing various concentrations of
synthesized AgNPs and standard ascorbic acids (50, 100,
150, 200, and 250 μg/mL) were prepared. 3 mL of a 0.1 mM
methanolic solution DPPH was then added to each prepared
solution, and the test tubes were left to incubate for 20 min in
the dark. After incubation, the absorbance of the solutions was
measured at 517 nm against methanol as a blank using a
double-beam UV−Vis spectrophotometer. 0.2−1.0 mg/mL of
ascorbic acid in methanol was used as the standard. During
analysis, the experiment was performed in triplicate for
statistical analysis. The following formula eq 1 was used to
calculate the antioxidant activity in terms of the percent
activity

= [ ] ×A A Apercent activity (%) ( )/ 100c s c (1)

where Ac is the absorbance of control and As is the absorbance
of the silver nanoparticle solution (AgNP).

2.8. Statistical Data Analysis. One-way analysis of
variance (ANOVA) was used to compare the mean
antimicrobial and antioxidant properties of the synthesized
AgNPs using the Statistical Analysis Software (SAS 14.1) at a
5% probability.

3. RESULTS AND DISCUSSION
3.1. Phytochemical Analysis of the Plant Leaf Extract.

In this study, a biogenic synthesis of nanoparticles employing a
bottom-up method has been carried out using phytochemicals
extracted from L. abyssinica that might act as reducing and

Table 1. Preliminary Phytochemical Screening Profile of the
LALEa

s.n metabolites test response methods

1 phenol + ferric chloride test
2 flavonoids + alkaline reagent test
3 saponins + frothing test
4 tannins + ferric chloride test

lead acetate test
5 terpenoids and steroid + Salkowski test
6 alkaloids + Mayer’s reagent test

a+ Present.
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stabilizing agents in the process.40 The phytochemical
composition of LALE was analyzed qualitatively using the
standard procedure to determine the presence of some
phytoconstituents in the leaf extract of the medicinal plant.
The confirmatory test, which involves color changes,
precipitate formation, and others, was used to determine the
presence or absence of useful bioactive ingredients such as
alkaloids, tannins, flavonoids, flavones, terpenoids, phenols,
and saponins in leaf extracts. The phytoconstituents’ character-
istics of the LALE are summarized in Figure S1 and Table 1.
According to the findings, phenols, terpenoids, flavonoids,
alkaloids, terpenoids, steroids, and saponins were present in
the aqueous extract of the leaves of L. abyssinica. The results
are in agreement with previously reported results.41−43 The
synthesis of the nanoparticles was significantly influenced by
the presence of these bioactive components, which potentially
serve to reduce, cap, and stabilize them, minimizing the
chances of agglomeration.

3.2. Silver Nanoparticle Synthesis. The syntheses of
AgNPs were carried out under optimized conditions using
LALE as a reducing and capping agent. On adding the leaf
extract, the colorless silver nitrate solution turned into a deep
brown solution as shown in Figure 1. This is in agreement with
previous studies on silver nanoparticles synthesized using
different plant extracts.15,34,44 The reaction mixture’s change in
color was considered the strongest indication that AgNPs had
been formed. Additionally, the optical characteristics of AgNPs
contributed to color variations. This was due to surface
plasmon resonance (SPR) peaks, the unique characteristic
property observed when free-moving electrons of AgNPs
interact with UV or visible radiation.70

The mechanism of the AgNP synthesis could be explained
by the electron-donating capacity of the plant extract’s
biomolecule content (polyphenols, alkaloids, saponins, tannins,
terpenoids, and flavonoids) resulting in the reduction of Ag+
ions to the Ag metal. In addition, the synthesized AgNPs were
stabilized by the bioactive compounds’ functional groups like
carbonyl or hydroxyl (alcohol) that keep them from
agglomeration. For example, the hydroxyl groups in saponins
interact with the Ag+ ions to form AgNPs and provide stability
for the newly formed nanoparticles. Saponins present in the
plant extract might also interact with the Ag+ ions through
their hydroxyl groups.45 By interacting with the metallic ions

through the extract’s carbonyl functional groups, flavonoids
release reactive hydrogen, which then changes the flavonoid’s
enol into keto form, resulting in the formation of Ag0.46 The
illustration in Figure S2 shows some proposed bioreduction
mechanisms of AgNPs by phytochemicals.

3.3. Characterization of Synthesized Silver Nano-
particles. 3.3.1. UV−Vis Spectroscopy. UV−Vis spectroscopy
was used to monitor the bioreduction of silver ions to AgNPs.
The size, shape, and production of the AgNPs in aqueous
suspensions can be determined using UV−Vis spectroscopy.47
The absorbance in the scanning range of 200−800 nm was
measured to track the formation and determine the optimized
parameters for the synthesis of the AgNPs. Metallic nano-
particles have characteristic optical absorption spectra in the
UV−Vis region. Electrons are limited to specific vibration
modes by the particle’s size and shape. The dispersions of
silver nanoparticles showed an intense band due to the SPR
absorption. The surface of a metal is like plasma, having free
electrons in the conduction band48 and positively charged
nuclei. SPR is a collective excitation of the electrons in the
conduction band near the surface of the nanoparticles. The
band gap of the synthesized silver nanoparticle from (Figure 2)
was estimated to be about 2.45 eV, which is comparable to
previously reported results.49

The appearance of a typical SPR peak between 400 and 500
nm50 further supported the color change, indicating that
AgNPs were formed. As shown in Figure 2, the SPR peaks of
AgNO3, LALE, and AgNP were 275, 301, and 433 nm,
respectively. These results are also in good agreement with
literature reports confirming that AgNP was formed.51 The
absorbance band maxima of AgNP appeared in the range of
400−450 nm due to the surface resonance of AgNPs.52 This is
also in good agreement with previously reported results using
different plants, for instance, AgNP synthesis with Solanum
trilobatum (430 nm),53 Cinnamomum tamala (416 nm),54 and
Eichhornia Crassipes (450 nm).
Various variables, including time, temperature, pH, the

volume of LALE, and silver nitrate concentration influenced
the biosynthesis of AgNPs during optimization. Accordingly,
LALE, which was employed as a capping and reducing agent,
helped to make it possible to observe the peak of the AgNP
formed at a red shift (bathochromic) compared to the
precursors (AgNO3 and LALE in Figure 2A). Related results

Figure 2. UV−Visible spectra of (A) AgNO3, LALE, and AgNP formed using LALE and (B) band gap of the biosynthesized AgNP.
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were also reported using Abelmoschus esculentus plant extract as
a bioreduction agent for the synthesis of silver nanoparticle.55

3.3.2. Optimization Parameters Using UV−Vis Spectros-
copy for the Synthesis of AgNPs. 3.3.2.1. Influence of AgNO3

Figure 3. Surface plasmon resonance spectra of biosynthesized AgNPs recorded as a function of (A) time, (B) concentration of AgNO3 solution,
(C) concentration of extract, (D) temperature, and (E) pH effect.
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Concentration on the Biosynthesis of AgNPs. The silver ion
concentration optimization was done by taking 2, 4, 8, 12, and
16 mM. The changes in the reactions were monitored by UV−
Vis spectroscopic scanning, and the spectra were recorded
(Figure 3B). The production rate increased with a decrease in
the AgNO3 concentration. The UV−Vis spectral data revealed
that the optimum concentration of AgNO3 was 2 mM, above
which the product quantity started to decline; hence, at a
higher concentration of AgNO3, the absorbance was found to
decrease and shift to blue (from 416 to 397 nm), in agreement
with a previous study.56

3.3.2.2. Effects of Volume Ratio of AgNO3 to LALE. In the
case of AgNO3 to LALE ratio optimization (Figure 3C), the
absorption spectra of AgNPs obtained changed with the
volume of LALE as 2, 4, 6, 8, and 10 mL extracts. With the
increase in the concentration of LALE in the reaction mixture
(1:5), the peak intensity increases abruptly, indicating an
enhancement in the production of AgNPs.57 Additionally, as
LALE volume increased, the absorption spectrum slightly
shifted toward a longer wavelength region (from 414 to 434
nm), indicating that AgNP size had increased as the spectra
shifted to red.57

3.3.2.3. Effects of Temperature on the Synthesis of AgNPs.
To optimize the reaction temperature, each reaction was run
independently for 2 h at various temperatures (10, 20, 50, 80,
and 100 °C). UV−Vis spectroscopy was used to measure the
absorbance of the resulting solutions as shown in Figure 3D. At

a temperature of 80 °C, nanoparticles of good stability and
high yield were obtained. As a result, in this study, the
optimum temperature for the AgNP synthesis was 80 °C.
3.3.2.4. Reaction Time Influences on the Synthesis of

AgNPs. The reactions for the phytomediated synthesis of
nanoparticles were carried out at various time intervals ranging
from 0 to 4 h. As shown in Figure 3A, the absorption spectra
were scanned after 0, 30 min, 1, 2, and 4 h. At 2 h, the
maximum absorbance was recorded. The results showed that
lower absorption peaks at 0, 30 min, and 1 h indicate lower
AgNP yields, reaction rates, and stability. With increasing time,
the absorbance has increased, which suggests that the
formation of AgNPs has improved. As a result, 2 h was
considered as the ideal time for the AgNP synthesis, which
served as the foundation for additional optimization.
3.3.2.5. Influence of pH on the Green Synthesis of AgNPs.

The effect of pH on the reaction for the biosynthesis of silver
nanoparticles has been studied at pH values of 2.99, 5.58, 6.99,
8.34, 10.34, and 12.01 at 2 h using UV−Vis spectroscopy
(Figure 3E).
The biosynthesis of nanoparticles at pH 2.99, 5.58, 6.99, and

8.34 was slower, as depicted in the absorption spectra. At pH
12.01, high absorption spectra were recorded, indicating that
the formation of AgNP was successful and the AgNP was
stable, resulting in high yield. The synthesis of the AgNPs was
carried out under optimized conditions of 2 mM of AgNO3, a
1:5 metal salt to LALE concentration ratio, a temperature of 80

Figure 4. Optimization of the volume of 0.01 M of (A) histidine and (B) phenylalanine for functionalization of the green AgNP synthesis and (C)
comparison of f-AgNP with others.
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°C, a time of reaction of 2 h, and a pH of 12.01. These
conditions were considered suitable for the biosynthesis of the
AgNPs.
3.3.2.6. Functionalization of the Biosynthesized AgNPs

Using Amino Acids. The use of NPs for drug design systems
(DDSs) can improve the side effects observed in existing
pharmacological treatments through the functionalization of
NPs for specific targets.58 The physicochemical features of
NPs, such as size, shape, surface charge, surface properties, and
conjugation with specific biological molecules, are used to
improve the delivery of drugs to the target tissue in two diverse
ways: passive and active targeting.59 In this research, we have
functionalized the biosynthesized AgNP with histidine and
phenylalanine amino acids. The optimization was done for
0.01 M histidine and/or phenylalanine volume by taking 2, 4,
8, and 10 mL for both amino acids. The UV−Vis spectral data
were recorded for each volume at 2 h, a 1:5 volume ratio of
AgNO3 to LALE, 80 °C, and pH 12.01. As seen in Figure 4A,B,
the 4 and 6 mL of histidine and phenylalanine, respectively,
displayed significant absorption peaks, confirming the for-
mation of stable functionalized AgNPs. The biosynthesized
AgNPs functionalized with the amino acid absorbance peak

shifted to blue, indicating that it increased the surface area and
decreased the size of the biosynthesized AgNP (Figure 4C).
3.3.3. Fourier Transform Infrared (FTIR) Spectroscopy

Analysis of the AgNPs. FTIR analysis was carried out to
obtain information about functional groups present in the
AgNPs and understand the transformation of functional groups
due to the reducing process. FTIR scanning data were
collected between 4000 and 400 cm−1.60 The functional
groups present in biogenically synthesized AgNP and function-
alized histidine and phenylalanine were evaluated using FTIR,
and the FTIR spectra are presented in Figure 5 and Table 2.
The spectrum of LALE shows absorbance peaks at 3850,

3715, 3560, and 3260 (O−H stretching),61 2673, 2295, 2087,
1902, and 1628 (C�O, flavonoids), and 1369, 1068, 941, and
700 cm−1 (flavonoids).62 The spectrum of nonfunctionalized
AgNP showed absorbance peaks at 3376, 2417, 2282, 1653,
1395, 960, 868, 785, 682, 613, and 573 cm−1. On the other
hand, the spectrum of functionalized AgNP-his showed
absorbance peaks at 3846, 3718, 3491, 3308, 2785, 2320,
2193, 1680, 1475, 1384, 1286, 1169, 988, 910, 850, 771, 731,
659, and 575 cm−1, whereas functionalized AgNP-phen
showed absorbance peaks at 3873, 3441, 2432, 2280, 1647,

Figure 5. FTIR spectra of L. abyssinica leaf extract (LALE (A)), biosynthesis of AgNP (B), biosynthesis of AgNP functionalization of histidine
amino acid (AgNP-Hist (C)), and biosynthesis of AgNP functionalization of phenylalanine amino acid (AgNP-Phen (D)).
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1408, 1292, 954, 840, 615, 567, and 447 cm−1. The spectrum
data showed the presence of the biomolecules, and there is
some peak shifting between LALE and the synthesized
nanoparticles, indicating that LALE served as a capping

agent and stabilizer for the synthesis of AgNPs. When
compared to the FTIR spectrum of LALE, significant shifts
for AgNPs were seen in the regions 1700−1500 and 3600−
3100 cm−1, indicating the presence of carbonyl, carboxyl,
hydroxyl, and amino groups at their surface, which served to
reduce Ag+ to AgNPs because of their oxidation−reduction
potentials. New peaks in a region 600−400 cm−1 were also
observed due to the formation of AgNP new bonds with
oxygen of carbonyl or carboxyl functional groups as a result of
the presence of the biomolecules.63

3.3.4. X-ray Diffraction Pattern Analysis. Analysis of the
crystalline nature of the silver nanoparticle was performed
using powder X-ray diffraction spectroscopy. For the measure-
ments, a small amount of dried powder was glued to the nylon
loop using highly viscous oil and placed in the center of the
pXRD goniometer. The recorded diffractograms are presented
in Figure 6. Three crystallographic systems for nonfunction-
alized silver nanoparticles (AgNPs), silver nanoparticle-
functionalized histidine (AgNP-his), and silver nanoparticle-
functionalized phenylalanine (AgNP-phen) were obtained.
The pXRD diffraction peaks of the NPs were almost the
same as the AgNP diffraction peaks with 2θ values of 32.84,
38.18; 44.34; 54.92, 64.46, and 77.38°, which correspond to

Table 2. FTIR Data Interpretation for Silver Nanoparticles Synthesized

LALE (cm−1) AgNP (cm−1) AgNP-hist (cm−1) AgNP-phen (cm−1) tentative interpretation of the functional group

3850 3846 3873 medium O−H stretching alcohol
3715 3718 medium O−H stretching alcohol
3560 3376 3491 3441 aromatic secondary amine, NH stretch
3260 3308 O−H stretching alcohol

2785 methylamino, N−CH3, C−H stretch
2673 2417 2432 thiols (SH stretch)
2295 2282 2320 2280 C�C C� N
2087 2193 C�C C� N

1680 amide
1628 1653 1647 alkenyl C�C stretch, aryl-substituted CC, conjugated CC, secondary amine, NH bend,

CO flavonoid
1475 1408 methyl C−H asyn./sym-bend, aromatic ring stretch

1369 1384 C−H di, tri, tetramethyl multiplate
1292 Ar. primary amine, C−N stretch, C−O alcohol, phenol

1169 C−N stretch, C−O alcohol
1068 cyclohexane ring vibration, C−O alcohol
941 960 988, 911 954 vinyl −CH�CH2

868 850 840 aromatic C−H out-of-plane bend
700 785 771, 731 aromatic C−H out-of-plane bend

682 659 O bonding with metal (with AgNP)
613 615 O bonding with metal (with AgNP)
573 575 567 O bonding with metal (with AgNP)

Figure 6. pXRD analysis of biosynthesized and phenylalanine-
functionalized AgNP-phen (A), biosynthesized and histidine-
functionalized AgNP-his (B), and biosynthesized AgNP (C) without
amino acids.

Table 3. Average Crystal Size of the AgNPs Was Calculated
from XRD Spectra

major peak of
AgNPs

2θ
(deg)

FWHM
(radian) D (nm)

average D
(nm)

major peaks of
AgNP

1 32.85 0.3093 26.7774 26. 64
2 38.14 0.3052 27.5414
3 44.32 0.3350 25.6059

major peaks of
AgNP-hist

1 38.19 0.3160 26.6029 25.63
2 44.34 0.4356 19.6938
3 64.51 0.3072 30.5796

major peak of
AgNP-phen

1 38.19 0.2450 34.3134 34.29
2 44.37 0.2651 32.3625
3 64.51 0.2596 36.1870
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the planes’ hkl according to the Miller nomenclature: (110)
(111), (200), (220), and (311). The pXRD data closely
matched JCPDS No. 00-041-1104 and JCPDS Card No. 04-
0783, which describe the cubic structural system of Ag/
Ag2ONPs.

64,68 The AgNP-hist diffraction peaks were identified
at the angle values 38.18; 44.34; 64.46, and 77.5°, which is
equivalent to the following planes’ hkl: (111), (200), (220),
and (311), and the AgNP-phen diffraction peaks were
identified at the angle values 38.16; 44.34, 64.48, and 77.44°,
which corresponds to the following planes’ hkl: (111), (200),
(220), and (311). These closely resemble JCPDS card No. 04-
0783, which defines the cubic structural system of AgNPs.52

According to the pXRD diffractogram analysis, AgNPs were
found to be crystalline and contain silver ions. Besides, the
peak near 32.85° (110) implied the possible existence of
Ag2O.

64,65 Ag ions (salt) were converted to silver(I) oxide,
whereas by significantly increasing the pH of the medium
during the biosynthesis of silver nanoparticles, Ag+ can be
converted to silver(I) oxide due to NaOH (aq) used for the
pH adjustment. The use of NaOH to produce a solid Ag2O
phase was previously reported66,67 that silver ions in the
presence of OH ions form AgOH (aq), which quickly
decompose when heated and precipitate to form the desired
Ag2O,

68 as shown in the following chemical reaction eq 2.
Conversely, the use of amino acids (phenylalanine and

Figure 7. SEM micrograph images of synthesized AgNP-H at different magnification scales (A) 5 μm, (B) 2 μm, (C) 200 nm, and (D and E)
EDAX graph and elemental composition.
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histidine) as reducing and capping agents has significantly
supported the Ag+ to Ag° reduction (Figure 6A,B)

+ ++2Ag(aq) 2OH(aq) Ag O(s) H O(l)2 2 (2)

The average crystal size of the nanoparticles was computed
from selected major peaks using the Debye−Scherrer’s formula
(D = (kλ/β cos θ)), where D represents the crystalline size
(nm), λ indicates the wavelength of X-rays (0.1541 nm), β
specifies the angular line full width at half-maximum (FWHM)
of the peak (in radians), and θ displays the Braggs angle (in
degrees).69 The crystalline size of the biosynthesized AgNPs
was found to be 26.64, 25.63, and 34.29 nm for the green
synthesis of AgNP, AgNP-his, and AgNP-phen, respectively
(Table 3).
3.3.5. Scanning Electron Microscopy and Energy-Dis-

persive X-ray Analysis. The surface morphology of the
biosynthesized AgNPs was examined using scanning electron
microscopy (SEM). A spherical-like shape of AgNPs was
obtained using LALE and histidine (Figure 7C). The results of
the energy-dispersive X-ray (EDX) analysis are shown in
Figure 7D,E. Figure 7E illustrates the presence of elements
including Ag, O, C, and N, with the amount of Ag being the
highest (79.1%). The synthesized silver nanoparticles exhibited
strong absorption in the 2.5−4 keV range. Metallic silver
nanoparticles showed a typically strong signal peak at about 3
keV due to surface plasmon.70 These results are in agreement
with previously reported results using Pedalium nurex,70 Aloe
vera, and Curcumin sativus leaf extracts.37

3.3.6. Transmission Electron Microscopy (TEM) and HR-
TEM Analysis. Transmission electron microscopy (TEM) was
employed to characterize the shape, size, and morphology of
the biosynthesized silver nanoparticle functionalized using
histidine (AgNP-his). The TEM images of AgNP-his

synthesized by LALE are shown in Figure 8A−D. The
morphology of AgNP-his is spherical, as confirmed by the
SEM. AgNP-his sizes ranged from 5 to 14 nm. The difference
in particle size revealed by TEM may be due to aggregation
during sample preparation. The crystalline nature of AgNP-his
was confirmed by the SAED pattern, which consisted of bright
circular spots (Figure 8D). Spots inside the circles correspond
to the interplanar distances related to the 111, 200, 220, and
311 planes of the face-centered cubic crystalline structure of
the silver nanoparticles, which were confirmed by pXRD
results in this study and related results previously
reported.71−73 Also, the lattice space was computed using
HR-TEM, and the d-space value was about 0.382 nm, as
shown in Figure 9.

3.4. Biological Activities of the Biosynthesized
AgNPs. 3.4.1. Antibacterial Studies of the Green-Synthe-
sized AgNPs. As shown in Table 4, the biosynthesized silver
nanoparticle and its histidine- and phenylalanine amino acid-
functionalized AgNPs showed inhibition against both the
Gram-positive and Gram-negative bacterial pathogens. Partic-
ularly, AgNP-his showed the maximum zone of inhibition
(11.00 ± 0.82 mm) against E. coli ATCC 25922, which was
significantly higher as compared to the other nanoparticles
(Table 4).
The green-synthesized AgNPs were proven to have different

applications including antibacterial properties, although the
antibacterial activities of the nanoparticle functionalized with
histidine and phenylalanine are not yet reported. Silver
nanoparticles synthesized with extracts ofEucalyptus camaldu-
lensis andTerminalia arjuna showed a zone of inhibition with
16 mm in diameter. The inhibition was significantly higher on
Gram-positive bacteria than on Gram-negative bacteria.74

However, the present results showed that AgNP functionalized

Figure 8. TEM micrograph images of synthesized AgNP-his at different magnification scales (A) 50 nm, (B) 20 nm, (C) 50 nm, and (D) SAED
pattern.
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with histidine was the highest and showed significantly higher
activity against the Gram-negative bacteria (E. coli). Of course,
the antibacterial activity and mechanism of inhibition depend
on the type of the species/strain of bacteria, the nanoparticles,
concentration, method of synthesis, particle size, shape, and
specific surface area.75

3.4.2. Antioxidant Studies of Green-Synthesized and
Functionalized AgNPs. The green-synthesized AgNP, AgNP-

his, and AgNP-phen have shown DPPH free-radical scavenging
activity (antioxidant properties). The maximum scavenging
activity was for AgNP-his (63.76 ± 1.25%) at a concentration
of 250 μg/mL followed by AgNP-phen and AgNP with 54.32
± 1.21 and 50.29 ± 1.79%, respectively, at the same
concentration (Table 4). The results also revealed that the
antioxidant activity of the green-synthesized AgNP, AgNP-his,
and AgNP-phen increased with an increase in concentration.
However, the nanoparticles showed lower activity than
ascorbic acid (the positive control) (Figure 10). Previous
reports also showed the antioxidant potential of Ag nano-
particles and the enhancement of the properties with amino
acid functionalization, particularly with histidine.76

4. CONCLUSIONS
A novel green synthetic approach was used to biosynthesize
AgNPs using theL. abyssinica leaf extract. The biosynthesized
AgNPs were further functionalized with histidine and phenyl-
alanine to enhance the biological activities of the nanoparticles.
The UV−Vis analysis supports the distinctive peak obtained
for the synthesized AgNPs in the 400−450 nm range. FTIR
analysis identified the biologically significant active ingredients
in theL. abyssinica leaf extract and the amino acids responsible
for reducing the silver ion. The pXRD analysis corroborated
the crystalline nature of the particles, and the average crystallite
sizes of AgNP, AgNP-his, and AgNP-phen were found to be
26.64, 25.63, and 34.24 nm, respectively, with a face-centered
cubic crystal structure of the silver nanoparticle. The pXRD

Figure 9. HR-TEM micrograph images of synthesized AgNP-his grain bounder (A), lattice spacing (B), number of peak selected (C).

Table 4. Antimicrobial and Antioxidant Activities of 62.5
μg/mL of 2 mM AgNO3 of Green-Synthesized Silver
Nanoparticles and Functionalized with Histidine and
Phenylalaninea

antibacterial activities (zone
inhibition diameter, mm)

treatments
S. aureus

ATCC 25926
E. coli ATCC
25922

antioxidant
absorbance (%)
250 μg/mL

AgNP 8.00 ± 0.82e 8.67 ± 0.47e 50.29 ± 1.79
AgNP-his 8.67 ± 1.25e 11.00 ± 0.82d 63.76 ± 1.25
AgNP-phen 8.33 ± 0.47e 8.33 ± 1.25e 54.32 ± 1.21
gentamycin
(positive
control)

22.33 ± 0.47a 20.67 ± 0.47ab

DMSO
(negative
control)

nd nd

aInhibition zones (mm) designated by the different letters across rows
and columns are significantly different from each other at α = 0.05 for
antibacterial activities.
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analysis of the nonfunctionalized AgNP revealed that it is
composed of Ag/Ag2O nanocrystals. The antibacterial and
antioxidant activities of the biosynthesized AgNPs were also
studied. AgNP-his showed potentially effective antibacterial
activities at incredibly low dosages (62.5 μg/mL) against
Gram-negativeE. coli and Gram-positive S. aureus, indicating
unique physicochemical properties of the AgNP-his. The order
of their antioxidant and antibacterial activities was found to be
AgNP < AgNP-phen < AgNP-hist. The findings of this study
could greatly advance our knowledge about the interaction of
AgNP with microbes and further encourage the use of amino
acid functionalization as a new tool to design a new generation
of potential antibacterial and antioxidant agents.
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Figure 10. Antioxidant activity of the green-synthesized AgNP, AgNP-his, and AgNP-phen using DPPH. AgNP_Scv% refers to the green silver
nanoparticle scavenge percentage, AgNP-His_Scv% refers to the green silver nanoparticle functionalized with the histidine scavenge percentage,
and AgNP-Phen_Scv% refers to the green silver nanoparticle functionalized with the phenylalanine scavenge percentage.
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