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Abstract

Background: The emergence of antibiotic resistance and the continuing evolution of resistance even to newer drugs have always
been a global challenge. In the pursuit of innovative solutions, there is growing interest in using nanomaterials with antibacterial
potentials to combat this menace.

Objectives: In this study, plant extract cocktail-mediated silver nanoparticles (PAgNPs) was used to stimulate the antibacterial effect
of ampicillin (AMP) against multidrug-resistant (MDR) bacterial pathogens.

Methods: The agar well diffusion technique was used to investigate the potentials of PAgNPs in activating the antibacterial activity
of AMP in MDR bacteria, including Escherichia coli, Klebsiella pnuemoniae, Micrococcus luteus, and Clostridium difficile. Plant extract
cocktail-mediated silver nanoparticles were synthesized by reacting 9 mL of 1 mM of silver nitrate with 0.5 mL each of Citrus limon
juice and aqueous Newbouldia laevis extract under bright sunlight for 10 minutes. Plant extract cocktail-mediated silver nanopar-
ticles were characterized using UV-visible spectroscopy (UV-Vis) and higher resolution transmission electron microscopy (HRTEM)
with energy dispersive x-ray spectroscopy (EDS).

Results: Plant extract cocktail-mediated silver nanoparticles colloidal solution was reddish-brown with a 441-nm surface plasmon
resonance (SPR) absorption peak. The HRTEM micrograph showed the varied shaped silver nanoparticles (AgNPs) with the average
size 0f 23.49 +10.49 nm. Similarly, EDS showed a strong typical metallic silver nanocrystallites absorption peakat 3.0 keV.The PAgNPs
activate the AMP activity in MDR E. coli, M. luteus, K. pnuemoniae, and C. difficile.

Conclusions: The present findings suggest that PAgNPs can be considered a suitable candidate for developing novel antibacterial
drugs to combat the growing threat of antibiotic resistance.
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1. Background

Multidrug-resistant bacteria (MDRB) are dreadfully
dangerous and pose a serious threat to the treatment of in-
fectious diseases as they can survive the effect of many an-
tibiotics (1, 2). However, the number of pathogens present-
ing multidrug resistance has increased exponentially, and
this is considered a major public health concern (3, 4). The
MDRB infections pose high management costs as affected
individuals spend more time in hospitals and require ther-
apies involving two or more antibiotics, highlighting the
need for the development of novel and/or new antimicro-
bials (5).

Although the broad-spectrum antimicrobial activity of
silver has long been established (6-8), its use as a ther-
apy declined with the advent of antibiotics and their as-
sociated toxicity (9). Nowadays, the widespread use and
in-depth studies of biogenic nanomaterial, particularly
nanosilver (AgNPs) (10), presents a paradigm shift in using
silver as a therapeutic agent (1, 11).

Chemical and physical methods have been successfully
employed for the synthesis of AgNPs worldwide. These
methods are often environmentally unsafe, laborious, and
expensive (12). Accordingly, biosynthesis or bio-based syn-
thesis using plants, microorganisms, and enzymes have
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emerged as alternatives (13). In general, plant-mediated
nano synthesis is cost-effective and pro-environmental
with a simple nanoparticle biosynthesis process that can
be used for human therapeutic and food-based applica-
tions (14).

Plants encompass biomolecules that can reduce and
stabilize metal ions to nanoparticles. They include co-
enzymes and diverse water-soluble metabolites such as al-
kaloids, phenolic compounds, and terpeniods (14). Citrus
limon belongs to the family Rutaceae (15). It is an ellipti-
cally shaped berry fruit, and its juice exhibits a range of
protective health benefits, including antioxidative, anti-
inflammatory, antitumor, and antimicrobial (15-17). New-
bouldia laevis is a ubiquitous angiosperm in the family
Bignoniaceae (18). In Nigeria, it is popularly known as the
tree of life or fertility tree owing to its wide uses in tradi-
tional folklore (19, 20). The decoction of leaves, stem, bark,
and root are used to treat diarrhea, dysmenorrhoea con-
vulsions, chest pains, constipation piles, dysentery, oph-
thalmia, and conjunctivitis (19-22).

Thus far, the use of diverse species of plants in the syn-
thesis of AgNPs has been well documented (23-26). How-
ever, the combination of two plants which may provide a
myriad of bioactive components to further decrease the
stability potentials of individual plants has not been ad-
dressed in previous research.

2. Objectives

The present study examined the synergistic effect of C.
limon juice,and N. laevis leave extracts in nanosilver synthe-
sis. The effect of the PAgNPs and the combinatorial effect of
AMP on the MDR bacteria were also investigated.

3. Methods

3.1. Collection and Identification of Plant Material

Fresh C.limon fruits (lemon)were purchased from Kure
Market, Minna, Nigeria, while N. laevis leaves were col-
lected from Maikunkele, Minna, Niger State. Both plant
materials were taken to the Department of Plant Biology,
Federal University of Technology Minna, Nigeria, for fur-
ther examination by botanists. A Voucher speciman num-
ber (FUTMIN_M107) was given, and the specimen was de-
posited in the herbarium.

3.2. Processing and Extraction of Plant Materials

The fresh C. limon fruits were rinsed compeletly with
distilled water and were cut into halves. The juice was
extracted from the fruits using a juice extractor. The ex-
tracted juice was then subjected to double filtration with

Whatman No. 1 (Germany) filter paper (pore size 25 ym).
The leaves of N. laevis were carefully washed with distilled
water and air-dried at 28 £ 2°C for seven days. The dried
leaves were then pulverized using an electric blender. Five
grams (5g) of the powdered N. laevis leaves were added to
100 mL of deionized water in a conical flask and placed in a
water bath at 60°C for 30 minutes. The mixture was filtered
with Whatman No. 1 (Germany) filter paper (pore size 25
pm). The filtrate of N. laevis and C. limon fruits extracts was
centrifuged at 8000 rpm for 10 minutes. The supernatants
were decanted and stored at -4°C for further usage (14).

3.3. Qualitative Determination of Phytochemicals Present in Cit-
rus limon Juice and Newbouldia laevis Extracts

Citrus limon juice and N. laevis extracts were screened
using the standard methods described by Kuta et al. to de-
tect the presence or absence of various secondary metabo-
lites such as saponins, flavonoids, alkaloids, steroids, an-
thraquinones, cardiac glycosides, tannins, phenols, ter-
penes, and resins (27).

3.4. Biosynthesis of Silver Nanoparticles

Nine milliliters (9 mL) of 102 M silver nitrate solution
were added to four separate 20 mL specimen bottles la-
belled A - C. One milliliter (1 mL) of both C. limon juice ex-
tract and N. laevis was added to A and B; however, a cocktail
(0.5 mL of both C. limon juice and N. laevis leaf extract) was
added to C.In this study, 9 mL 0f 103 M of silver nitrite solu-
tion was only used as a control (28). The resulting solutions
were kept under sunlight. The experiment was visually ob-
served for possible colour.

3.5. Characterization of Biosynthesized Nanoparticles

The synthesis of the AgNPs was evaluated using a UV-
Vis spectrophotometer to determine the absorption spec-
tra of synthesized AgNPs. The size, shape, crystal, and lat-
tice structure of the biosynthesized silver nanoparticles
were measured using a high-resolution transmission elec-
tron microscope (Carl Zeiss AG, Germany). The elemental
composition of the synthesized AgNPs was determined by
energy-dispersive x-ray spectroscopy (EDS) attached to the
HR-SEM. The sample size was determined by transmission
electron micrographs using the Image] software (Version
2.0).

3.6. Source of Bacterial Cultures

Six multidrug-resistant bacterial pathogens from the
diarrheic and wound swabs of patients attending the Gen-
eral Hospital, Minna, Nigeria, were collected to investigate
the antibacterial effect of biosynthesized AgNPs. The bac-
teria isolates, including Escherichia coli, Salmonella typhi,
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Micrococcus luteus, and Clostridium difficile, were obtained
from the stock culture in the Microbiology Laboratory Gen-
eral Hospital, Minna, Nigeria. A biochemical test was then
carried out to confirm the identity of the isolates using
methods described by Cheesebrough (29).

3.7. Antibiotic Susceptibility Test

Kirby Bauer’s agar disc diffusion method was used for
the antibiotic susceptibility test described in the Clinical
and Laboratory Standards Institute (CLSI) guidelines (30).
The discs of antibiotics (Oxoid) commonly used for treat-
ing bacterial infection (Gram-negative and positive) were
tested. Individual colonies were suspended in normal
saline to 0.5 McFarland standards and using sterile swabs.
The suspensions were inoculated on Muller Hinton agar
for 24 hours at 37°C. Sterile 6 mm Whatman filter paper No.
3 (Germany) impregnated with sterile distilled water was
used as a control.

3.8. Antibacterial Activity of Biosynthesized Silver Nanoparti-
cles

The agar well diffusion method was used as described
in the guidelines of the Clinical and Laboratory Standards
Institute (30) to determine the antibacterial effect of the
AgNPs. Twenty milliliters (20 mL) of sterilized Muller agar
was dispensed into petri dishes. The agar was allowed to
set,and 5 mm wells were bored on each plate using a sterile
cork borer (29). Each of the test isolates was suspended in
normal saline to 0.5 McFarland standards. A swab stick was
used to inoculate culture suspension on the Muller Hinton
agar plates. Accordingly, the wells were filled with 160 pL of
lemon juice, and N. laevis leaf extract, a mixture of the two
plantextract (0.5 mL each of both lemon juice and N. laevis
extract), cocktail mediated AgNPs,and AMP mixed with the
cocktail mediated AgNPs using microtiter-pipette. This al-
lowed to diffuse at room temperature for one hour. All the
plates were incubated at 37°C for 24 hours aerobically, ex-
cept for C. difficile, which was incubated anaerobically (31).
All tests were conducted in triplicate.

3.9. Data Analysis

Data were analyzed with statistical analysis software
(SAS) (Version: SAS 9.4, SAS Institute Inc., Cary, NC, USA) and
presented as means + standard error of the mean. The
mean values of the inhibition zones were comparied using
one-way analysis of variance (ANOVA) and Duncan’s Multi-
ple Range Test (DMRT). In this study, P < 0.05 was set as the
significance level.
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4. Results

4.1. Phytochemical Constituents of Citrus limon Juice and New-
bouldia laevis Extracts

The phytochemical analyses showed the presence of
saponins, resins, glycosides, cardiac steroids, steroids, tan-
nins, phenols, and terpenes in C. limon juice and N. lae-
vis leave extracts. Moreover, flavonoids, alkaloids, volatile
oils, anthraquinone, and reduced sugar were detected in
C. limon juice extract (Table 1).

Table 1. Phytochemical Constituent of Citrus limon Juice and Newbouldia laevis Ex-
tracts?

Newbouldia laevis
Leaves

Phytochemicals Citrus limon Juice

Extract

Flavonoids +
Phenols + +
Alkaloids +
Tannins + +
Steroids + +
Cardiac steroids + +
Glycosides + +
Volatile oil +
Anthraquinone +
Resins 4 +
Saponins + +
Terpenes + +
Reducing sugar +

2 +, Positive; -, negative

4.2. Biosynthesis of Silver Nanoparticles

The biosynthesis of AgNPs was indicated by gradually
emerging a reddish-brown colour in the reaction solution
after 10 minutes of incubation under solar irradiation, fol-
lowed by an increase in color intensity in the course of the
reaction.

4.3. Characterization of Silver Nanoparticles

Figure 1 shows the UV-Vis spectra of the N. laevis sil-
ver nanoparticles (NAgNPs), C. limon juice extract silver
nanoparticles (CAgNPs), and C. limon juice-N. laevis silver
nanoparticles (CNAgNPs). The absorbance peaks (421, 435,
and 441 nm) indexed as different colours indicated the re-
duction of AgNO; by N. laevis leave extract, C. limon juice
extract, and C. limon juice-N. laevis leave extract within 10
minutes under solar irradiation (Figure 1).
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Figure 1. UV-visible spectroscopy absorption spectrum of AgNO; and biosynthesized silver nanoparticles; A, AgNO, solution; B, Newbouldia laevis extract nanosilver (NAgNPs);
C, Citrus limon juice extract nanosilver (CAgNPs); D, C. limon juice and N. laevis extract nanosilver (PAgNPs)

4.4. Morphology of Synthesized Plant Extract Cocktail-Mediated
Silver Nanoparticles

The HRTEM micrograph of NAgNPs and CAgNPs reveals
the formation of aggregated and partially-distributed
spherical particles with an average size of 30.50 & 8.6 and
17.5 £ 4.31 nm, respectively (Figures 2 and 3). The PAg-
NPs HRTEM image shows uneven-shaped aggregate parti-
cles with an average size of 23.49 + 10.49 nm (Figure 3).
The SAED patterns for NAgNPs, CAgNPs, and PAgNPs show
a clear circular ring, suggesting the polycrystalline nature
of the AgNPs (Figure 2B, 3B and 4B). The EDS spectra con-
firmed that AgNPs were composed of silver with a strong
typical metallic silver nanocrystallites absorption.

Peak at 3.0 keV (Figure 2C, 3C and 4C).

4.5. Biochemical Characteristics of the Test Isolates

The bacterial isolates were identified biochemically, as
presented in Table 2.

4.6. Antibiotic Susceptibility Profile of Test Bacterial Pathogens

Escherichia coli, Klebsiella pnuemoniae, M. luteus, and C.
difficile were resistant to ciprofloxacin; however, K. pneumo-
niae, M. luteus, and C. difficile showed resistance to AMP, ery-
thromycin, and ofloxacin. Similarly, E. coli, K. pneumoniae,
and M. luteus were susceptible to augmentin, cefalexin, and
nalidixic acid (Table 3).

4.7. Antibacterial Susceptibility Pattern of Multidrug-Resistant
Pathogens to Newbouldia laevis Silver Nanoparticles, Citrus
limon Juice Extract Silver Nanoparticles, and Plant Extract
Cocktail-Mediated Silver Nanoparticles Singly and in Combina-
tion with Ampicillin

The NAgNPs induced the lowest zones of inhibition
against E. coli, M. luteus, K. pnuemoniae, and C. difficile, and
the highest zones of inhibition against these isolates were
produced by CAgNPs. The synergistic effect of biosynthe-
sized AgNPs was the largest when PAgNPs were combined
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Figure 2. Characteristics of synthesized Newbouldia laevis silver nanoparticles (NAgNPs); A, transmission electron microscopy image of NAgNPs; B, selected area electron
diffraction of NAgNPs; C, energy-dispersive x-ray analysis of silver nanoparticles
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Figure 3. Characteristics of synthesized Citrus limon juice extract silver nanoparticles (CAgNPs); A, transmission electron microscopy image of CAgNPs; B, selected area electron
diffraction of CAgNPs; C, energy-dispersive x-ray analysis of CAgNPs
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Figure 4. Characteristics of synthesized plant extract cocktail-mediated silver nanoparticles (PAgNPs); A, transmission electron microscopy image of PAgNPs; B, selected area
electron diffraction of PAgNPs; C, energy-dispersive x-ray analysis of PAgNPs
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Table 2. Biochemical Test Results Obtained for the Test Isolates

GR Sh Cat Cit Pig Glu Man Indole Urease MR VP Lactose H,S Slant Butt Inference
Rod + + NA + + - + + + - NC NC Klebsiella pnuemoniae

+ Cocci + + Yellow - - - + NA + - - NA NA Micrococcus luteus

+ Rod - NA + NA - - NA NA NA Clostridium difficile
Rod + - NA + + + + - + Acid Acid Escherichia coli

Abbreviations: Sh, shape; Cat, catalase; pig, pigment; Glu, glucose, Man, manitol, MR, methylred, VP, voges proskreur

Table 3. Antibiotic Susceptibility Test of the Test Isolate

Antibiotic (ug) Escherichia coli Klebsiella pnuemoniae Micrococcus luteus Clostridium difficile

Ciprofloxacin (10) ++ ++ ++ ++

Gentamycin (10) + ++ ++

Streptomycin (30) - + ++

Nalidixic acid (30) + ++

Ampicillin (30) - ++ ++ ++

Erythromycin (30) - ++ ++ ++

Cefalexin (10) ++

Ofloxacin (5) + ++ ++ ++

Augmentin (30) ++

Reflacine (10) - ++ +

? ++, resistance; +, intermediate; -, sensitive

with AMP, and the inhibition zones produced ranged from
26.0 + 1.4 t0 40.5 & 0.71 (Table 4).

5. Discussion

Plant extract-mediated nanoparticles are undoubtedly
the most explored route in the biosynthesis of nanometals
due to their simplicity and the wide availability of species
to be explored (32). The reddish-brown appearance of the
reaction solution (Figure1, inset) signaled the formation of
AgNPs in the reaction mixture within 10 minutes. A similar
conclusion was made by some other researchers (24, 33-37).

The surface plasmon resonance (SPR) absorption max-
imum peaks of 421, 435, and 441 nm for NAgNPs, CAgNPs,
and CNAgNPs revealed by UV-Vis spectral analysis match
the characteristic AgNPs SPR at 400 - 480 nm wavelengths
(24, 36, 37). An increase in the abundance of bioactive
metabolites in the extract of both plants (Table 1) increased
the intensity and wavelength of the absorption (421 - 441
nm). The observed variation in the values of absorbance
peaks shows a change in the particle size and shape (24, 37),
confirming the findings described in a previous study (32).
This is in line with the HRTEM micrograph, as presented in
Figures 2A, 3A and 4A.

The HRTEM analysis revealed the surface morphology
of the biogenic AgNps (Figures 24, 3A and 4A). The com-
parison of the findings showed that the diameter of pre-
pared nanoparticles in the solution was about 18 - 31 nm
(Figures 2A, 3A and 4A). This might be associated with the
difference in the compositions of bioactive metabolites in
both plant extracts, as presented in Table 1. The unevenly
or irregularly -shaped particle obtained for CNAgNPs com-
pared to NAgNPs and CAgNPs singly could be due to the in-
teraction of the myriads of bioactive metabolites offered
by both C. limon juice, and N. laevis extracts with silver ion.
Different plant extracts with different bioactive metabo-
lites have demonstrated different potentials in preparing
AgNPs (25, 37-39); hence, the result of the present study is
comparable with previous reports.

Recently, the optimization of nanomaterial surface
chemistries has received serious attention due to the in-
creasing demand of stable and target-specific nanomateri-
als for biological applications (9, 16). The size and shape of
AgNPs play a significant role in their antibacterial activity
(40); hence, our study offers an ecofriendly method for syn-
thesizing nanosilver with varied physical properties (e.g.,
shape and size) for possible use in a biological system.

The EDS spectrum revealed the elemental composition
of the biogenic AgNps (Figures 2C, 3C and 4C). The synthe-
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Table 4. Zones of Inhibition Produced by Each of Newbouldia laevis Silver Nanoparticles, Citrus limon Juice Extract Silver Nanoparticles, Plant Extract Cocktail-mediated Silver

Nanoparticles in Combination with Ampicillin ** b

Zones of Inhibition (mm) (n=3)

Isolates CAgNPs NAgNPs PAgNPs CAgNPs +A NAgNPs +A PAgNPs +A AgNO; C-N Extract
Escherichia coli 265% +£354  220%4000 2454354  30°+141  240°4000 340°+141  190F+000 0.0FF0.00
Micrococcus luteus 2305 +424 220%4000 240°4+141 205 F+0m 2504000 405°F+o07m  180°F000 0.0F£o0.00
Klebsiella pnuemoniae ~ 28.0° £141 210" £0.00 a5 +o07 2704141 230°4+000 200°+141  200F4+000 0.0FF0.00
Clostridium difficile 28.0" £28 200" +000 180°+£566 310°+141  240°4+000 30°+£141  180°4000 0.0"+0.00

Abbreviations: CAgNPs, Citrus limon juice extract nanosilver; NAgNPs, Newbouldia laevis extract nanosilver; PAgNPs, C. limon juice and N. laevis extract nanosilver; CAgNPs
+A, C. limon juice extract nanosilver + ampicillin; NAgNPs + A, N. laevis extract nanosilver + AMP; PAgNPs + A, C. limon juice and N. laevis extract nanosilver + AMP; C-N, C.

limon juice + N. laevis extract; n, number of replicates

# Means with different capital letters (A - H) in superscript differ significantly according to the Duncan Multiple Range Test (DMRT) P < 0.05.

® Values are X" SEM of duplicate determinations.

sized AgNPs were crystalline due to reduced silver ions, as
shown by a strong typical metallic silver nanocrystallites
absorption peak at 3.0 keV 30 (Figures 2C, 3C and 4C). Com-
parable results (25, 37-39) for EDS analysis of biosynthe-
sized AgNPs have been reported; therefore, our finding is
in line with previous reports.

The size of AgNPs has been linked to significant
nanoparticle antibacterial activities (40); CAgNPs synthe-
sized by C.limon juice extra (17.5 == 4.31nm in size) exhibited
higher antibacterial activity against MDR bacterial clinical
isolates when compared to 30.50 =+ 8.6- and 23.49 4-10.49-
nm NAgNPs and PAgNPs, respectively (Table 4).

Consistent with the findings of Rai et al. (41), Potara et
al. (42), and Panacek et al. (43), this study showed that the
combination of AMP with AgNPs stimulated its antibacte-
rial effect (Table 4). This finding reiterates the multi-level
mode of antibacterial action of AgNPs (41, 44). Since the
AMP mode of action is the obstruction of cell wall synthe-
sis, the stimulation of AMP sensitivity against the test bac-
teria isolates upon its combination with PAgNPs may lead
to severe damage to their cell walls (41). Furthermore, PAg-
NPs may facilitate the transport of AMP to the cell surface
resulting in the increased permeability of the membrane
AMP into the cells more easily (41).

One possible explanation for the high susceptibility of
E. coli to AgNPs + AMP is the susceptibility of the test E. coli
strain to AMP (Table 1). Furthermore, all AMP -resistant-
MDR bacteria in this study were susceptible to biogenic Ag-
NPs (Table 4). The high sensitivity of these bacteria strains
to AgNPs explained their stronger synergistic effects.

5.1. Conclusions

The combination of bioactive metabolites offered by C.
limon juice enhanced the reduction and stability potential
of N. laevis extracts and resulted in varied shaped AgNPs.
The combination of AMP with AgNPs reinstates its antibac-
terial effect against MDR of E. coli, M. luteus, K. pnuemoniae,

Zahedan ] Res Med Sci. 2022; 24(3):e108020.

and C. difficile. Accordingly, our synthesis protocol should
be optimized to synthesize the varied shaped AgNPs of su-
perior physicochemical properties for downstream appli-
cations such as the delivery of antibiotics to target sites to
combat the menace of antibiotic resistance.
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