
Author’s Proof
Before checking your proof, please see the instructions below.

• Carefully read the entire proof and mark all corrections in the appropriate place, using the Adobe Reader commenting tools (Adobe
Help).
• Provide your corrections in a single PDF file or post your comments in the Production forum making sure to reference the relevant
query/line number. Upload or post all your corrections directly in the Production Forum to avoid any comments being missed.
• We do not accept corrections in the form of edited manuscripts nor via email.
• Before you submit your corrections, please make sure that you have checked your proof carefully as once you approve it, you won’t be
able to make any further corrections.
• To ensure the timely publication of your article, please submit the corrections within 48 hours. After submitting, do not email or query
asking for confirmation of receipt.

Do you need help? Visit our Production Help Center for more information. If you can’t find an answer to your
question, contact your Production team directly by posting in the Production Forum.

Quick Check-List

□ Author names - Complete, accurate and consistent with your previous publications

□ Affiliations - Complete and accurate. Follow this style when applicable: Department, Institute, University, City, Country

□ Tables - Make sure our formatting style did not change the meaning/alignment of your Tables.

□ Figures - Make sure we are using the latest versions.

□ Funding and Acknowledgments - List all relevant funders and acknowledgments.

□ Conflict of Interest - Ensure any relevant conflicts are declared.

□ Supplementary files - Ensure the latest files are published and that no line numbers and tracked changes are visible.
Also, the supplementary files should be cited in the article body text.

□ Queries - Reply to all typesetters queries below

□ Content - Read all content carefully and ensure any necessary corrections are made.

Author Queries Form

Query No. Details Required Author’s Response

Q1 Reduce running title to a maximum of five words.

Q2 Confirm whether the insertion of the article title is correct.

Q3 Please ask the following authors to register with Frontiers (at https://www.frontiersin.org/
Registration/Register.aspx) if they would like their names on the article abstract page to be linked to
a Frontiers profile. Please ensure to provide us with the profile link(s) when submitting the proof
corrections. Non-registered authors and authors with profiles set to private mode will have the
default profile image displayed.
Denis K. Byarugaba
Charles D. Kato
Wampande M. Eddie
Francis Ejobi
Jesca L. Nakavuma
Malik Maaza
Juliet Sackey
Edward Nxumalo
John Baptist Kirabira

https://helpx.adobe.com/acrobat/using/mark-text-edits.html
https://helpx.adobe.com/acrobat/using/mark-text-edits.html
https://zendesk.frontiersin.org/hc/en-us/categories/200397292-Article-Production-
https://www.frontiersin.org/Registration/Register.aspx
https://www.frontiersin.org/Registration/Register.aspx


Query No. Details Required Author’s Response

Q4 We have noticed a discrepancy between the author list in the submission system and in the
accepted manuscript (for authors Gaber El-Saber Batiha). For any authorship changes, Frontiers
requires that all authors complete and sign the ‘Authorship Change’ form which is available at this
link. Upload the file as a “Related Article” file type together with your Author’s Proof Corrections.

Q5 We have used [Denis K. Byarugaba], [Charles D. Kato], [Wampande M. Eddie], [Jesca L. Nakavuma]
and [Khalaf F. Alsharif] instead of [Denis K Byarugaba], [Charles D Kato], [Wampande M Eddie],
[Jesca L Nakavuma] and [Khalaf F Alsharif]. Please confirm that it is correct.

Q6 The citation and surnames of all of the authors have been highlighted. Check that they are correct
and consistent with the authors’ previous publications, and correct if need be. Please note that this
may affect the indexing of your article in repositories such as PubMed.

Q7 Confirm if the edit made in the affiliation is fine.

Q8 Provide the department details for Affiliation [5].

Q9 Confirm that the email address in your correspondence section is accurate.

Q10 Your article has been copyedited to ensure that we publish the highest quality work possible. Please
check it carefully tomake sure that it is correct and that themeaningwas not lost during the process.

Q11 Confirm that the keywords are correct and keep them to a maximum of eight and a minimum of five.
(Note: a keyword can be comprised of one or more words.) Note that we have used the keywords
provided at Submission. If this is not the latest version, please let us know.

Q12 Check if the section headers (i.e., section leveling) were correctly captured.

Q13 Ensure that all the figures, tables and captions are correct, and that all figures are of the highest
quality/resolution.

Q14 Verify that all the equations and special characters are displayed correctly.

Q15 Provide the complete details for reference “Chattopadhyay et al., 2013a”.

Q16 Confirm that the Data Availability statement is accurate. Note that we have used the statement
provided at Submission. If this is not the latest version, please let us know.

Q17 Confirm if the edit made in the “Author Contributions” section is correct.

Q18 Ensure to add all grant numbers and funding information, as after publication this will no longer be
possible. All funders should be credited and all grant numbers should be correctly included in this
section.

Q19 Confirm if the text included in the Conflict of Interest statement is correct.

Q20 Ensure that any supplementary material is correctly published at this link: https://
www.frontiersin.org/articles/10.3389/fnano.2021.697303/full#supplementarymaterial. Provide new
files if you have any corrections andmake sure all Supplementary files are cited. Please also provide
captions for these files, if relevant. Note that ALL supplementary files will be deposited to FigShare
and receive a DOI. Notify us of any previously deposited material.

Q21 Please provide the names of the remaining authors in Hamouda et al., 2019; Kayange et al., 2010;
Kelly et al., 2003; Kumari et al., 2020; Loo et al., 2018; Panáček et al., 2006; Singh et al., 2018;
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Antibiotics Q10have been the nucleus of chemotherapy since their discovery and introduction
into the healthcare system in the 1940s. They are routinely used to treat bacterial infections
and to prevent infections in patients with compromised immune systems and enhancing
growth in livestock. However, resistance to last-resort antibiotics used in the treatment of
multidrug-resistant infections has been reported worldwide. Therefore, this study aimed to
evaluate green synthesized nanomaterials such as silver nanoparticles (AgNPs) as
alternatives to antibiotics. UV-vis spectroscopy surface plasmon resonance peaks for
AgNPs were obtained between 417 and 475 nm. An X-ray diffraction analysis generated
four peaks for both Prunus africana extract (PAE) and Camellia sinensis extract (CSE)
biosynthesized AgNPs positioned at 2θ angles of 38.2°, 44.4°, 64.5°, and 77.4°

corresponding to crystal planes (111), (200), (220), and (311), respectively. A dynamic
light-scattering analysis registered the mean zeta potential of +6.3 mV and +0.9 mV for
PAE and CSE biosynthesized nanoparticles, respectively. Fourier transform infrared
spectroscopy spectra exhibited bands corresponding to different organic functional
groups confirming the capping of AgNPs by PAE and CSE phytochemicals. Field
emission scanning electron microscopy imaging showed that AgNPs were spherical
with average size distribution ranging from 10 to 19 nm. Biosynthesized AgNPs
exhibited maximum growth inhibitory zones of 21mm with minimum inhibitory
concentration and minimum bactericidal concentration of 125 and 250 μg/ml,
respectively, against carbapenem-resistant bacteria.
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INTRODUCTIONQ12

The greatest challenge of our generation and generations to come
is antimicrobial resistance as different pathogenic bacteria have
continuously evolved to become resistant to even the most
recently synthesized antibiotics. This scenario has complicated
treatment outcomes even to the commonest bacterial infections
(Livermore et al., 2011). The U.S. Centers for Disease Control and
Prevention (CDC) approximates that antibiotic resistance is
accountable for more than 2 million infections and 23,000
deaths each year in the United States, at a direct cost of $20
billion and extra output losses of $35 billion (CDC, 2013). In
Europe, an estimated 25,000 deaths are attributable to antibiotic-
resistant infections, costing €1.5 billion annually in direct and
indirect costs (ECDC, 2017). Even though there is no trustworthy
data on economic losses in third world countries, studies in India
(Laxminarayan et al., 2015), Tanzania, and Mozambique (Roca
et al., 2008; Kayange et al., 2010) pointed out that increased
deaths in neonates are attributed to antibiotic-resistant infections.
Carbapenems are among the restricted antibiotics that are
recommended to treat severe resistant bacterial infections only
when all other drugs have failed (Pakyz et al., 2009); however,
resistance to carbapenems has been reported worldwide
(Ssekatawa et al., 2021a; Ssekatawa et al., 2021b). Thus, the
novel, safe, and effective therapeutics for the treatment of
carbapenem-resistant infections are urgent.

Repeated attempts to develop alternative approaches such as
the use of herbal medicines, fish mucins, and nanotechnology
have been made. Of all, the most promising novel therapeutic
option in this present scenario is the application of nanoscale
materials as antimicrobial agents as they have exhibited a very
high surface area to volume ratio and exceptional chemical
complexities. The nanotechnology field is anticipated to be the
gateway in combating both infectious and noninfectious diseases
(Morones et al., 2005; Albrecht et al., 2006). For example, organic
nanomaterials such as chitosan and lipid nanoparticles and
inorganic nanoparticles such as gold have been used as nano-
drug delivery systems (Ssekatawa et al., 2020). The coronavirus-
19 messenger ribonucleic acid (mRNA) vaccines developed by
BioNTech/Pfizer and Moderna are encapsulated, protected, and
delivered to the cytosol of the target host cells by the lipid
nanoparticle system (Nanomedicine and the, 2020; Machhi
et al., 2021; Schoenmaker et al., 2021). Metallic nanoparticles
such as silver, copper, zinc, and gold have been reported to
possess potent antimicrobial activity (Ssekatawa et al., 2020).
Among the metallic nanoparticles, silver nanoparticles (AgNPs),
owing to their potent antimicrobial activity against multidrug-
resistant pathogens ranging from viruses to prokaryotes to
eukaryotes, have become the center of attention of robust
research (Gong et al., 2007). Silver nanoparticles exhibited
great antibacterial efficacy against Vibrio cholera, Salmonella
typhi Staphylococcus aureus, Escherichia coli, and Pseudomonas
aeruginosa in previous experiments (Morones et al., 2005; Li et al.,
2010). In the 1960s and 70s, a combination of silver nitrate and
sulfonamide to form silver sulfadiazine cream with broad-
spectrum antimicrobial activity was the first option for topical
treatment of burns as its efficacy against E. coli, S. aureus,

Klebsiella sp., and Pseudomonas sp. fungal and viral infections
was laudable (Moyer et al., 1965; Fox and Modak, 1974).
However, Nanoscale silver in comparison to non-nanoscale
one such as silver nitrate, presents a concurrently high
solubility, great chemical reactivity, and formidable broad-
spectrum bacterial growth inhibitory activity at very low
concentration (Panácěk et al., 2006; Bondarenko et al., 2013;
Agnihotri et al., 2013; Martinez-Gutierrez et al., 2013). Most
importantly, the bactericidal action of nanoparticles is reliant on
their physicochemical properties such as size and shape; hence,
variability in the mode of action of different forms of
nanoparticles may enlighten why resistance to this treatment
is yet to be reported (Kvítek et al., 2008; Marková et al., 2012). To
date, the bactericidal effect of nanoparticles is yet to be fully
clarified. However, it might reside within the capacity of
nanoparticles to discharge cations from nano-prearranged
surfaces, which irreversibly disorganize bacterial cell walls,
inactivate vital proteins, chelate DNA, and lead to the
generation of reactive oxygen species (ROS) known to have
high microbicidal activity (Rizzello et al., 2013; Durán et al.,
2016; Wang et al., 2017; Yin et al., 2020). Additionally, AgNPs
have been reported to possess potent anticancer activity. AgNPs
exhibited antitumor activity by reducing cell proliferation,
promoting intracellular reactive oxygen species, initiating DNA
damage, and apoptosis among cancerous tissues (Kumari et al.,
2020; Husain et al., 2021a). Thus, AgNPs possess extensive
applications in the biomedical field.

Furthermore, the conventional approaches employed to
fabricate nanoparticles such as chemical and physical methods
have limitations. Physical approaches are not cost-effective
because they regularly require extremely expensive equipment,
high temperature, and pressure in addition to high energy
consumption (Guzmán et al., 2009), hence, making them
unpopular in third world countries. Chemo nanoparticle
fabrication mainly entails the models of wet chemistry where
several chemical reducing agents are exploited to reduce metal
salts in solutions (Polavarapu and Liz-Marzán, 2013; Tahir et al.,
2013). The main drawbacks faced by chemical methods include
the use of costly metal salts in addition to hazardous solvents and
reducing agents. Therefore, nanoparticles synthesized by
chemical methods exhibit nonselective toxicity to both target
bacterial and host cells (Kawata et al., 2009). Additionally,
numerous stabilizers are also necessary to thwart the
aggregation of nanoparticles to make them physiologically
compatible and functional (Castro et al., 2014).

Due to challenges faced by conventional methods used in the
fabrication of nanoparticles, researchers have been motivated to
invent novel, cost-effective, uncomplicated, eco-friendly
biological approaches. Several biological approaches, such as
biosynthesis of nanoparticles using bacteria (Husain et al.,
2021b), fungi (Singh et al., 2018), and plant extracts (Singh
et al., 2018; Verma et al., 2018), have been reported. The most
robust and popular of all is the green synthesis of inorganic
nanoparticles exploiting green plant extracts with antioxidant
activity. At present, possible sources of phytochemicals have been
broadly studied in various plant species and plant parts, including
leaves, vegetables, fruits, oilseeds, herbs, barks, and roots, as well
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as in the extracts of entire plants (Castillo-Henríquez et al., 2020).
Moreover, phytochemicals effectively support the green
generation of nanoparticles by acting as reductants as well as
functionalizing the resultant nanoparticles. Furthermore, the
green-based synthesis and functionalization of nanoparticles
can be easily executed under normal physiological conditions
(Jameel et al., 2020). Without a doubt, due to the double effect of
phytomolecules, green-based synthesis meets the criteria of the
best approach for preparing nanoparticles for biological
applications because the resultant nanoparticles can be
instantly applied without any post-synthesis modification (Mie
et al., 2014).

Plant extracts possess a wide variety of active biomolecules
with antioxidant activity. The biomolecules include phenolic
acids, starch, sugars, terpenoids, phytosterols, alkaloids,
polyphenol, proteins, enzymes, coenzymes, and ferulic acid
esters that play an important part in this bio-reduction,
functionalization, and stabilization of nanoparticles (Verma
et al., 2019; Akintelu et al., 2020; Verma et al., 2020; Eram
et al., 2021). The antioxidant properties of phytochemicals are
mainly attributed to the reducing abilities that permit them to
operate as reducing agents and singlet oxygen scavengers,
therefore reducing metal salts to nanoscale by scavenging
electrons from them (Zhang et al., 2020). Thus, the
mechanism of green synthesis of silver nanoparticles is due to
the constituent phytochemicals donating electrons for the
reduction of Ag+ ions to Ag° ionsQ13 , Figure 1.

Several reaction parameters determine the size and shape of
silver nanoparticles. The reaction parameters include the
concentration of silver nitrate, volume/concentration of
plant extract, reaction temperature, the reaction period,
and pH of the reaction mixture. The properties of
biosynthesized AgNPs greatly depend on the optimization
of the reaction parameters (Usmani et al., 2018). Suitable pH
values for AgNPs biosynthesis range from 2 to 14; however, a
pH value of 7 has been documented as optimal for the
complete reduction of Ag+ to Ag0. Furthermore, green
synthesis of AgNPs can be attained at different
temperatures, though, 25°C (room temperature) has been
reported as the optimal temperature for the biosynthesis of
small-sized spherical AgNPs (Akintelu et al., 2020). Thus,
optimization of the conditions for green synthesis of AgNPs

can be achieved through varying plant extract concentration,
pH, reaction time, silver salt concentration, and
temperature. Furthermore, the constituent biomolecules
in the plant extract influence the properties of
nanoparticles and the biomolecules present depend on the
plant species. Prunus africana and Camellia sinensis are
medicinal plants with potent antioxidant activity, thus,
have the capacity to reduce metal ions to the nanoscale
level. This study examined the influence of plant species
(Camellia sinensis and Prunus africana), plant extract
concentration, and time of incubation on the properties
of biosynthesized AgNPs at constant silver nitrate
concentration, pH, and temperature. Additionally, the
efficacy of the green synthesized AgNPs against
carbapenem-resistant (CR) E. coli and K. pneumoniae was
evaluated. Figure 2 below is the schematic presentation
illustrating biosynthesis, characterization, and biomedical
application of AgNPs.

METHODS

Site Description and Source of Materials
This study was carried out at the Pharmacology andMicrobiology
Laboratories, College of Veterinary Medicine, Animal Resources
and Biosecurity, Makerere University; Materials Research
Department (MRD), iThemba LABs, Cape Town; and
Nanotechnology Unit, Department of Chemical Engineering,
University of South Africa, Florida Campus. Processing of
plant materials, phytochemical extraction, and green synthesis
of AgNPs were conducted from the pharmacology laboratory and
MRD, while AgNPs susceptibility assays were executed from the
microbiology laboratory. Characterization of nanoparticles was
accomplished from MRD and the Nanotechnology Unit.
Confirmation of the identity of Prunus africana was done
from the Department of Botany, Makerere University. Silver
nitrate (AgNO3) was obtained from Sigma-Aldrich,
United States, Camellia sinensis leaves were purchased from
Igara Tea Estates, Bushenyi, while Prunus africana bark and
leaves were acquired from Maramagambo forest, which covers
the southern part of Queen Elizabeth National park located in the
Bushenyi district, Uganda.
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FIGURE 1 | Schematic presentation of the probable mechanism of biosynthesis of silver nanoparticles.
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Extraction of Phytochemicals From
Camellia sinensis and Prunus africana
Leaves of Prunus africana were analyzed by a botanist at the
Department of Botany, Makerere University, to confirm its
identity. To obtain Camellia sinensis extract (CSE) and Prunus
africana extract (PAE), plant materials (leaves for CSE and the
bark for PAE) were washed, lichens scrapped off, and dried under
shade on clean drying tables. The plant materials were then
shredded into smaller particles of 1–2 cm2 using a knife and
pulverized into a powdered form using an electric laboratory
grinder. Four hundred grams (400 g) of each powdered plant
material were dissolved in 1.5 L of sterile distilled de-ionized
water in two different extraction bottles and left to stand for
5 days under darkness with daily occasional agitation for
homogeneous mixing and extraction. The crude extract was
sieved and the filtrate was concentrated by evaporation over
steel pans in an oven at 37°C. After evaporation, the dry solid

concentrate was scrapped off the pans, and then transferred into
clean top screw 50 ml falcon tubes labeled as CSE and PAE and
then stored at 4°C.

Synthesis of Silver Nanoparticles Using CSE
and PAE
The AgNPs were photosynthesized by adding 1 ml (2%) of CSE
concentrate into a round bottom flask containing a 49 ml aqueous
solution comprising 85 mg of silver nitrate (0.5 mM). The pH
value of the mixture was adjusted to 7. The experiment was
replicated to assess the effect of the concentration of plant extract
on the yield and characteristics of nanoparticles by using different
concentrations (4, 8, and 16%) of CSE. The above procedure was
repeated using PAE, Table 1. UV-vis absorbance was taken
immediately after mixing the plant extract and silver nitrate
solution. For further absorbance reading, 5 ml from each
sample was dispensed into 15 ml falcon tubes and kept in a
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FIGURE 2 | Schematic presentation for biosynthesis, characterization, and antibacterial assay of silver nanoparticles.
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dark cupboard. The round-bottomed flasks were placed in a dark
cabinet and left to stand for 24 h, after which each was equipped
with a magnetic stir bar and fixed with a cooling condenser. The
reaction mixture was left to stand for 2 h at 85°C, then left to cool
down at room temperature followed by centrifuging at 9,000 rpm
for 30 min. The sediment obtained was washed numerous times
with distilled de-ionized water after which the final precipitate
produced was dried at 80°C in an oven for 12 h.

Characterization of Silver Nanoparticles
UV-Vis Spectroscopy
This was achieved using a Cary 5000 UV Vis-NIR
Spectrophotometer, Agilent Technologies. The samples were
examined by UV-vis spectroscopy operating at a resolution of
1 nm between 190 and 800 nm ranges to analyze the optical
property of biosynthesized AgNPs. Absorbance was read at
0 min, 0.5, 1, 2, 3, 4, and 5 h for different concentrations of
CSE-AgNO3 solution and at 0 min, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 24,
and 72 h for PAE-AgNO3 mixtures.

X-Ray Diffraction Analysis
About 500 mg of green synthesized AgNPs powder were analyzed
with a powder X-ray diffraction (XRD) employing BRUKER AXS
diffractometer, D8 Advance (Germany) fitted with Cu-Ka
radiation (λKα1 � 1.5406 Å) from 2θ � 0.5°–130°, with
increment of Δ2ϑ: (0.034°), voltage of 40 kV, current of 40 mA,
power of 1.6 kW, and counting time of 0.5 s/step. Generated data
was analyzed by OriginPro and resultant peaks two theta values
were compared with the standard AgNPs values from the
International Center for Diffraction Data (ICDD) database.
The average crystal particle size was calculated using
Debye–Scherrer’s formula given as follows:

ϕ � 0.9 λ
β cos θ

,

where ø is the crystal particle size, β is full width at half maximum
(FWHM), λ is the X-ray wavelength, and θ is the angle subtended
in peak.Q14

Fourier Transform Infrared Spectroscopy
Fourier transform infrared spectroscopy with a PerkinElmer
Spectrum RX I Fourier transform IR system with a frequency
ranging from 400 to 4,000 cm−1 and a resolution of 4cm−1 and set
to perform at least 64 scans per sample was used to investigate
the organic functional groups of the plant extracts used in the

bio-reduction of silver nitrate to silver nanoparticles as follows:
2 mg of silver nanoparticles and 2 g of potassium bromide (KBr)
were desiccated at 200°C under reduced pressure overnight. The
dried silver nanoparticles were standardized with 100 mg of KBr
and then hard-pressed to form very thin transparent circular
pellets. The pellets were screened at 4,000–400 cm−1

Wavenumber range. A KBr pellet was used to plot the baseline.

Dynamic Light Scattering and Zeta Potential
Zetasizer Nano ZS, Malvern Panalytical, was used to evaluate the
size distribution and zeta potential of silver nanoparticles. The
Zetasizer Nano ZS instrument was set to perform 60 times per
scan for three times per sample to obtain the mean size
distribution of nanoparticles. The DLS technique was
employed to analyze the nanoparticle size distribution
according to the standard method with some modifications
(Chattopadhyay et al., 2013a). The concentration of silver
nanoparticles of 100 μg/ml was sonicated for 5 min to
disaggregate the nanoparticles, and dynamic particle sizes were
determined by suspending 0.5 µl of the sonicated nanoparticle
suspension in 1 ml of Millipore water in zetasizer cuvette followed
by scanning of the nanoparticle suspension by a DLS analyzer.
The zeta potential of silver nanoparticles was measured by
Zetasizer Nano ZS using the electrophoretic light-scattering
technology where 1 mg/ml of nanoparticle suspension was
prepared in Milli-Q water in a 900 µl zetasizer disposable cell.
The suspension was screened 60 times per scan for three scans to
compute the mean zeta potential of silver nanoparticles.

Scanning Electron Microscopy
The size and morphology of the biosynthesized AgNPs were
examined by field emission scanning electron microscopy
(FESEM), a Carl Zeiss SIGMA model operated at 5 kV.
Briefly, a thin film of AgNPs was prepared by spreading 1 mg
of each sample on carbon tape followed by coating it with carbon.
Surface images were captured at different magnifications. ImageJ
software was used to estimate the size distribution of AgNPs.

Silver Nanoparticles Susceptibility Bioassay
Antibacterial activity was assessed by the agar well diffusion
method. Carbapenem-resistant E. coli ATCC 96522 and K.
pneumoniae NTCT 9633 obtained from the archives of
Microbiology Department CHS, Makerere University, were
resuscitated in tryptone soy broth (TSB) and incubated at
37°C for 24 h, then subcultured on MacConkey agar plates at
37°C for overnight. The fresh all night grown cultures were used
to prepare a McFarland’s turbidity standard equivalent to 0.5
McFarland’s units. E. coli and K. pneumonia lawns were
inoculated on two separate sterile Muller Hinton Agar plates
with a sterile spreader according to the manufacturer Oxoid,
United Kingdom, using the adjusted McFarland’s turbidity
standard. Three wells labeled as positive control (+ve),
negative control (−ve), and AgNPs were bore into the agar
plates containing the bacterial lawns using a sterile cork borer.
Using a dilution factor of 1:2, AgNPs were diluted using DMSO in
bejou bottles and mixed thoroughly, and 50 µl of the resultant
diluent was pipetted into the well labeled as AgNPs. An imipenem
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TABLE 1 | Concentration of plant extract, volume of plant extract, and volume of
silver nitrate used to green synthesize AgNPs.

Concentration of
Prunus
africana extract (%)

Volume of plant
extract
(ml)

Volume of silver
nitrate
(ml)

Total
volume (ml)

2 1 49 50
4 2 48 50
8 4 46 50
16 8 42 50
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disk was used as positive control while distilled water in DMSO
was used as a negative control. The setup was left to set for a
minimum of 30 min and then incubated at 37°C for 24 h
anaerobically and then checked for antibacterial activity. The
zone of clearance for the positive control (+ve), negative control
(−ve), and AgNPs were measured and recorded in millimeters.
The experiment was replicated thrice to get the average
inhibitory zone.

Determination of Minimum Inhibitory
Concentration
To assess the MIC, 0.1 g of AgNPs was dissolved in 0.6 ml of
sterile distilled de-ionized water in a sterile Eppendorf tube and
mixed thoroughly by vortexing to form a solution. Then a setup of
eight wells of each extract on a microtiter plate was filled with
0.05 ml of sterile TSB. Two-fold serial dilution was carried out by
transfer of 0.05 ml of the AgNP solution from the first well to the
eighth well on the microtiter plate containing 0.05 ml of sterile
Tryptic soy broth (prepared according to the manufacturer,
Oxoid, United Kingdom). 0.5 µl of 0.5 McFarland’s turbidity
standard prepared by suspension of fresh bacterial culture of
E. coli and K. pneumoniae in separate test tubes were dispensed
into their corresponding wells containing diluted AgNPs and
incubated aerobically at 37°C for an overnight followed by plating
of samples from each well on MHA and left to all night at 37°C
under aerobic conditions. MIC was determined from the dilution
factor with minimum growth inhibition.

Determination of Minimum Bactericidal
Concentration
Minimum bactericidal concentration was determined by further
performing a tenfold serial dilution (1/10 and 1/100) for the
dilutions that did not show growth under MIC determinations on
the MHA plate. The two dilutions were further plated on MHA
plates that were incubated at 37°C. After incubation the plates
were observed for growth, and MBC was determined from the
dilution next to one which has growth.

Data Analysis
Data analysis was done using Origin version 2019b. Comparison
of the mean zone (diameter in millimeter) of inhibition for CSE-
AgNPs and PAE-AgNPs was computed by one-way ANOVA. A
p-value of ≤0.05 indicated substantial statistical variance.

RESULTS

Characterization of Green-Synthesized
Silver Nanoparticles
UV-Vis Spectroscopy
UV-vis absorbance spectra of PAE- and CSE-loaded silver
nanoparticles solutions were recorded at different time
intervals of 0, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 24, and 72 h and 0,
0.5, 1, 2, 3, 4, and 5 h for PAE and CSE, respectively. The typical
surface plasmon resonance (SPR) peaks for PAE- and

CSE-generated silver nanoparticles were obtained between 417
and 475 nm and from 430 to 456 nm, respectively. On the other
hand, no SPR peaks were registered for the plant extracts alone
throughout the experiment duration; at 0min, 0.5, 1, 2, and 3 h for all
PAE-AgNO3 treatments; at 0min for 2, 4, 8, and 16%CSE. An increase
in the plant extracts concentration resulted in gradual broadening and
shifting of the SPR peaks toward the long wavelength; there was a shift
of SPR peaks from 434 nm for 2% PAE to 472 nm for 8% PAE.
Likewise, a shift from 430 nm for 2% to 461 nm for 8 and 16%CSEwas
registered, but more prominently in PAE-photosynthesized
nanoparticles. Identical UV-vis absorbance spectra were observed for
8 and 16% CSE-synthesized nanoparticles, Supplementary Tables S1,
S2; Figures 3–5. Furthermore, it is worth noting that the SPR for
AgNPs was attained after 30min with a high absorbance of 3.10 arb.
units for CSE, and at 4, 6, and 8 hwith very low absorbance for 4, 8, and
2% PAE, respectively. However, 16% PAE had the highest absorbance
of 2.40 at 12 h (Supplementary Tables S1, S2). Furthermore, SPR
bands between 260 and 300 nm were registered (Figures 4, 5). PAE-
and CSE-mediated photosynthesis of AgNPs was additionally
confirmed by a transition from light brown to deep brown for PAE
and dark blue for CSE, while silver nitrate solution and plant extracts
remained colorless and light brown, respectively, throughout the
experiment (Figure 6).

X-Ray Diffraction Analysis
An X-ray diffraction analysis generated nine peaks for both PAE-
and CSE-biosynthesized AgNPs positioned at 2 θ angles of 27.9°,
32.2°, 38.2°, 44.4°, 46.3°, 54.8°, 57.6°, 64.5°, and 77.4°. However,
38.2°, 44.4°, 64.5°, and 77.4° corresponded to crystal planes (111),
(200), (220), and (311), respectively. Peak intensity ranged from
1,004 to 2,824 arb. units and from 313 to 1174 arb. units for CSE-
and PAE-mediated synthesized AgNPs. From XRD patterns, the
average crystallite size of the silver nanoparticles was computed
using the Debye–Scherrer formula. The average crystallite size of
PAE and CSE green-synthesized silver nanoparticles ranged from
9 to 32 nm (mean � 17 nm) and from 13 to 29 nm (mean �
21 nm), respectively, Table 2 and Figure 7.
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FIGURE 3 | UV-vis absorbance spectra comparing the rate of green
synthesis of AgNPs by different concentrations of CSE and PAE.
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Fourier Transform Infrared Spectrometry Analysis
FTIR spectra of PAE and CSE exhibited similar bands within
wavenumber ranges (cm−1) of 3,650–3,400, 2,960–2,850, 2,349,
2,140–1990, 1,650–1,550, 1,370–1,390, and 800–400.
Furthermore, AgNPs biosynthesized by CSE were also capped
by unique functional groups with spectra wavenumber ranges
(cm−1) of 1,390–1,370 and 1,250–1,020, while PAE green-
synthesized AgNPs exhibited distinctive organic functional
groups within wavenumber series (cm−1) of 4,000–3,700,
1,560–1,500, 1,440–1,395, 1,310–1,250, and 1,124–1,087,
Table 3 and Figure 8.

Size Distribution and Zeta Potential
Dynamic light scattering revealed that the size distribution of
silver nanoparticles biosynthesized by CSE ranged from 1 to
191 nm with a mean diameter of 51 nm and a mean zeta potential
of +0.9 mV. For PAE green-synthesized nanoparticles, size

distribution ranged from 1 to 220 nm with an average
diameter of 59 nm and mean zeta potential of +6.3 mV.

Surface Morphology Analysis
A surface morphology analysis by FESEM shows that PAE- and
CSE-biosynthesized AgNPs were mainly spherical and
aggregated in layers, Figure 9. As the concentration of the
plant extracts used increased from 2 to 16%, the level of
aggregation increased to form large clusters with slimy
material on the surface, and between individual nanoparticles
and aggregates, is more evident for PAE-photosynthesized
nanoparticles. Nanoparticle size computation by ImageJ
software from FESEM images showed that the nanoparticles
size distribution ranged from approximately 3–98 nm and
4–94 nm for CSE- and PAE-biosynthesized AgNPs,
respectively. The average size distribution of nanoparticles
increased from 10 to 16 nm and 13–19 nm for CSE-AgNPs
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FIGURE 4 | UV-vis absorbance spectra monitoring silver nanoparticles’ PAE-mediated biosynthesis and stability.
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and PAE-AgNPs, respectively, as the concentration of plant
extracts increased from 2 to 16%.

AgNPs Susceptibility Assay
PAE and CSE green-synthesized AgNPs demonstrated potent
antibacterial activity with statistically similar growth suppression
zones of up to 21 mm for carbapenem-resistant (CR) and
-sensitive E. coli and K. pneumoniae. Furthermore, low MICs
and MBCs were registered for the biosynthesized AgNPs,
Tables 4, 5.

DISCUSSION

The reduction process of silver ions to AgNPs was indicated by a
change in color of the reaction mixture from pale brown to dark
brown for PAE and dark blue for CSE which was observed

macroscopically. Additionally, AgNP synthesis was confirmed
and monitored with UV-vis spectrophotometry. UV-vis
spectroscopy is a valuable tool for basic characterization and
monitoring of the process of nanoparticle synthesis and stability.
This is due to the distinctive optical properties of nanoparticles that
enable them to intensely interact with specific wavelengths of UV-
visible light spectrum (Sastry et al., 1998; Kelly et al., 2003; Lee and El-
Sayed, 2006). Metal surfaces are comparable to plasma, hence possess
free electrons in the conductance region and positively charged nuclei.
In AgNPs, the forbidden gap between conduction and valence bands
is very minute which allows free movement of electrons. This free
movement of electrons generates a surface plasmon resonance (SPR)
absorption band, owing to the mutual oscillation of AgNPs electrons
in resonance with the light wave (Das et al., 2010; Tomaszewska et al.,
2013). In this study, the primary characterization and evaluation of
CSE- and PAE-mediated AgNPs green synthesis by UV-vis
absorbance spectral was successful. UV-vis spectroscopy registered
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FIGURE 5 | UV-vis absorbance spectra monitoring silver nanoparticles’ CSE-mediated biosynthesis and stability.
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sharp absorbance SPR band at wavelengths ranging from 436 to
475 nm for PAE and from 430 to 456 nm for CSE, which is a unique
optical property for AgNPs (Njagi et al., 2011). Comparable findings
were reported in other phytochemical-mediated AgNPs green
synthesis studies (Kagithoju et al., 2015; Sahni et al., 2015;
Anandalakshmi et al., 2016; Venugopal et al., 2017; Mohamed
et al., 2019). The effect of reaction time and plant extract
concentration on the green synthesis of nanoparticles was
analyzed. The absorption spectra exhibited that the SPR peak rises
with increasing extract concentration and time. Therefore, a high
concentration of PAE and CSE avail the time-dependent optimum
amount of bioactive ingredients required to reduce silver ions to silver
nanoparticles. Contrary to this, similar SPR peaks were observed for
both concentrations 8 and 16% of CSE used in this study.
Furthermore, broadening of the SPR peaks and shift from the blue
wavelength toward the long wavelength with increasing concentration
of the plant extracts was registered. This is attributed to an increase in
size and change in the shape of NPs, a decrease in the NPs interspace,
and agglomeration of NPs in colloidal dielectric solutions (Kelly et al.,
2003; Lee and El-Sayed, 2006). This specifies that highly concentrated
plant extracts, mostly PAE, synthesizes clustered and polydispersed

nanoparticles. SPR peaks were registered between 260 and 300 nm,
not within the optical range of silver nanoparticles. Shaik et al. (2018),
reported similar findings and attributed the SPR bands to absorbance
by compounds with benzene and aromatic rings. These bands are
associated with π→π* transition (Pongpiacha, 2012; Nasrollahzadeh
et al., 2014) and validate the binding of polyphenolics and antioxidant-
like compoundswith aromatic rings in the plant extracts to the surface
of silver nanoparticles (Shaik et al., 2018).

The XRD analysis agreed with UV-vis spectroscopy results.
Peaks of AgNPs were displayed in the XRD OriginPro plots
ratifying the presence of AgNPs. The XRD array showed four
strong peaks located at 2 θ values of 38.0°, 44.3°, 64.5°, and 77.4°. It
is worth noting that these values are identical for both PAE and
CSE green-synthesized NPs. These values harmonized well with
the cubic crystal lattice planes, (111), (200), (220), and (311),
respectively, of silver metal using the International Centre for
Diffraction Data (ICDD) database (PDF file number 004-0783).
However, AgNPs biosynthesized by CSE were of high crystallinity
in nature as demonstrated by peaks of higher intensity. Other
peaks are corresponding to impurities such as phytochemicals
used in the bio-fabrication of AgNPs.
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FIGURE 6 | Color transition from light brown at 0 min to dark blue for CSE-AgNO3 and dark brown for PAE-AgNO3 suspensions.

TABLE 2 | 2θ values with their corresponding miller’s incidences, peak intensity, and average crystal size of CSE and PAE biologically synthesized nanoparticlesQ26 .

2θ (Degree) Crystal plane Ag0-CSE
intensity
(arb. unit)

FWHM (Rad) Average crystal
particle
size (nm)

Ag0-PAE intensity
(arb. units)

FWHM (Rad) Average crystal
particle
size (nm)

38.2 (111) 2,824 0.01212 13 1,174 0.02004 9
44.4 (200) 1,004 0.01212 13 312 0.02004 10
64.5 (220) 1,077 0.01212 29 409 0.02004 16
77.4 (311) 1,159 0.01212 27 435 0.02004 32
Mean 21 17
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FTIR spectroscopy was employed to profile the
phytochemicals in PAE and CSE used in bio-reduction of
silver ions to nanoscale by identification of the possible
organic functional groups capping the AgNPs1,2 FTIR spectra
of PAE and CSE exhibited similar bands within wavenumber
ranges (cm−1) of 3,650–3,400, 2,960–2,850, 2,349, 2,140–1990,
1,650–1,550, 1,390–1,370, and 600–800 assigned to O-H

intermolecular stretching bonds found in alcohol or phenols,
C-H stretching vibrations in methyl groups alkanes, O�C�O
stretching bonds of carbon dioxide, N�C�S stretching bonds of
isothiocyanate, N-H bending oscillations of primary amines, C-H
bending bonds of gem dimethyl groups in alkanes, and C-Cl
stretching bond of halide alkyl correspondingly. However, AgNPs
biosynthesized by CSE were also capped by unique functional
groups with spectra wavenumber ranges (cm−1) of 1,390–1,370
and 1,250–1,020 associated stretching vibrations of the O-H
group in alcohols or phenols and C-N of amine, respectively.
Additionally, PAE green-synthesized AgNPs exhibited distinctive
organic functional groups within wavenumber series (cm−1) of
4,000–3,700, 1,560–1,500, 1,440–1,395, 1,310–1,250, and
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FIGURE 7 | XRD pattern for green-synthesized AgNPs.

1https://www.sigmaaldrich.com/technical-documents/articles/biology/ir-
spectrum-table.html, accessed on 30/05/2021.
2https://www.thermofisher.com/blog/materials/a-gift-for-you-an-ftir-basic-
organic-functional-group-reference-chart/
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1,124–1,087 associated with free OH probably due to water, N-H
stretching vibrations due to secondary amine, O-H bending
vibrations in the carboxylic acid group, and C-O stretching
vibrations of secondary alcohol, respectively. Similar to these
findings, green tea polyphenols catechins exhibited OH
intermolecular bonds linked to methyl functional groups of
the different constituent units (Botten et al., 2015).

Owing to its undisputed efficacy in sub-Saharan Africa, PAE
has been patented in France as antiprostate cancer and a benign
prostate hyperplasia (BPH) agent (Schleich et al., 2006). The
confirmed phytochemicals in PAE are: pentacyclic triterpenoids
(ursolic and oleanolic acids) which possess terminal OH and
COOH groups; phytosterols chiefly β-sitosterol and
β-sitostenone with OH, ethyl, and methyl as the main
functional groups (Carbin et al., 1990; Bin Sayeed et al., 2016);
and Ferulic acid esters (n-tetracosanol and n-docosanol) having
COOH, -CHO, -CH2OH, -CH3, and -COOC2H5 as their
terminal groups and aromatic rings (Yoshida and Niki, 2003;
Kampa et al., 2004). This is in agreement with the findings of this

study as all these functional groups were registered by using FTIR.
The three classes of phytochemicals possess synergistic effects
which thwart biochemical and morphological alterations
associated with prostate cancer and BPH. Moreover, these
phytochemicals possess potent antioxidant activity (Kikuzaki
et al., 2002; Nenadis et al., 2003; Bin Sayeed et al., 2016;
Ghante and Jamkhande, 2019). Camellia sinesis processed into
green tea contains polyphenols catechins containing OH groups
and methyl groups on benzene rings (Botten et al., 2015). They
are subdivided into (−)-epigallocatechin-3-gallate (EGCG),
(−)-epigallocatechin, (−)-epicatechin-3-gallate, and
(−)-epicatechin (EC). Formidable antioxidant activity of
catechins most importantly EGCG that affords them to
scavenge free radical, hence counteracting oxidative stress has
been documented (Forester and Lambert, 2011; Botten et al.,
2015; Pasrija and Anandharamakrishnan, 2015; Takahashi et al.,
2018). Due to its health benefits, green tea is a beverage to 66% of
the world’s population (Hajiaghaalipour et al., 2016). This is
supported by UV-vis spectroscopy results from this study. CSE
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TABLE 3 | AgNPs-CSE– and AgNPs-PAE–associated organic functional groups as revealed by the FTIR analysis.

Peak intensity CSE-AgNPs wavenumber
(cm−1)

PAE-AgNPs wavenumber
(cm−1)

Functional group
wavenumber range

(cm−1)

Bond Functional group

Low — 3846.8 3,700–4,000 O-H Water
Low — 3743.4 3,700–4,000 O-H Water
High 3428.9 3402.5 3,400–3,650 O-H Alcohol or phenols
Low 2925.2 — 2,960–2,850 C-H Alkane
Low 2360.0 2360.0 2,349 O�C�O Carbon dioxide
Low 2065.5 2065.5 2,140–1990 N�C�S Isothiocyanate
Medium 1629.8 1612.2 1,650–1,550 N-H Primary amine
Low — 1517.6 1,560–1,500 N-H Secondary amide
Low — 1438.0 1,440–1,395 O-H Carboxylic acid
Low 1376.8 1376.8 1,370–1,390 C-H Alkanes
Low — 1282.3 1,310–1,250 C-O Aromatic ester
Low 1211.9 — 1,250–1,020 C-N Amines
Medium 1090.9 — 1,250–1,020 C-N Amines
Medium — 1108.5 1,124–1,087 C-O Secondary alcohol
Medium 613.6 604.8 600–800 C-Cl Alkyl halide

FIGURE 8 | FTIR spectra for biosynthesized AgNPs.
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synthesized nanoparticles rapidly and at high intensity as
compared to PAE.

FESEM images exhibited that AgNPs green synthesized by
different concentrations of CSE and PAE were spherical. This is
in line with other studies which fabricated AgNPs using plant
extracts (Ajitha et al., 2015; Gholami et al., 2018; Hamouda et al.,
2019). The nanoparticles were highly aggregated with average size
distribution varying from approximately 3–19 nm. Clustering of
nanoparticles may be attributed to the interaction of concentrated
nanoparticles with the organic components of the plant extracts
used in biosynthesis. This is supported by the appearance of a

slime-like substance on the surface and in between nanoparticles
especially at high concentrations of plant extracts in FESEM images.
The procedure used in the preparation of the film of nanoparticles for
FESEM imaging also influences the level of nanoparticle
agglomeration. To characterize the particle size and nanostructure
using high-resolution scanning electron microscopy (SEM),
Chattopadhyay et al. (2013a) Q15recommended a method that
prepares films with disaggregated nanoparticles. The improved
method involves the suspension of nanoparticles in de-ionized
water at a concentration of 1mg/ml followed by sonication to
form a homogenous suspension. The homogenous suspension is
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FIGURE 9 | FESEM images of biosynthesized AgNPs. AgNPs represents silver nanoparticles, CSE: Camellia sinensis extract, and PAE: Prunus africana extract.

TABLE 4 | MIC and MBC values of AgNPs against Carbapenem-resistant E. coli and K. pneumoniae.

Bacteria type MIC (mg/ml) MBC (mg/ml)

PAE-AgNPs CSE-AgNPs PAE-AgNPs CSE-AgNPs

Carbapenem resistant E. coli 0.125 0.125 0.25 0.25
Carbapenem resistant K. pneumoniae 0.25 0.25 0.5 0.5

Notes: MIC: Minimum inhibitory concentration, MBC: Minimum bactericidal concentration, PAE-AgNPs: Prunus africana extract biosynthesized silver nanoparticles, and CSE-AgNPs
Camellia sinensis extract biosynthesized silver nanoparticles.

TABLE 5 | Sensitivity tests of AgNPs green-synthesized by PAE and CSE extract showing the inhibitory zone in millimeters.

Organism Distilled water inhibitory
zone (mm)

Imipenem disk inhibitory
zone (mm)

PAE-AgNPS inhibitory zone
(mm)

CSE-AgNPs inhibitory zone
(mm)

Carbapenem-resistant E. coli 0 10B 18D 21D

Carbapenem sensitive E. coli 0 40C 18D 21D

Carbapenem-resistant K. pneumoniae 0 8B 20D 20D

Carbapenem sensitive K. pneumoniae 0 40C 20D 19D

Notes: Mean values in each column accompanied by the same letter are not significantly different (p > 0.05) (TukeyMultiple Comparison) and values accompanied by letter (s) which are not
similar are significantly different (p < 0.05). PAE-AgNPs: Prunus africana extract biosynthesized silver nanoparticles and CSE-AgNPs: Camellia sinensis extract biosynthesized silver
nanoparticles.
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diluted using a 1–20 dilution factor and then 1 µl of the diluent is
spread onto a carbon tape, dried, gold/carbon-coated, and
images taken.

The antimicrobial activity of nanoparticles depends on size
and shape distribution. Nanoscale materials with a minute size
possess enhanced chemical reactivity, a high diffusion rate, and high
penetrative power while those with various form distribution offer
different modes of antimicrobial activity (Simon-Deckers et al., 2009;
Ssekatawa et al., 2020). PAE- and CSE-mediated biosynthesis attained
very small nanoparticles as revealed by FESEM, XRD, and DLS
analyses. However, only the spherical form was achieved by this
study. Zeta potential estimation using the DLS technique revealed that
PAE and CSE green-synthesized AgNPs were positively charged. This
promotes an electrostatic interface with the negatively charged
bacterial cell walls (Dickson and Koohmaraie, 1989). Thus, minute
and positively charged nanoparticles possess enhanced antibacterial
activity (Lu et al., 2013).

The antibacterial potential of the green-synthesized
AgNPs on human pathogenic CR E. coli and K.
pneumoniae was assessed using the growth inhibitory zone.
The NPs demonstrated efficient antibacterial activity with the
growth inhibitory zones larger than those achieved in other studies
(Raman et al., 2017; Pirtarighat et al., 2019). Furthermore, several
antimicrobial bactericide efficacies are dose-dependent (McKenzie,
2011; Verma et al., 2017). However, high concentrations exhibit
nonselective cytotoxicity. Therefore, therapeutic agents with very low
MIC and MBC are preferable. This study achieved significantly low
MIC and MBC of 125/250 and 250/500 μg/ml, respectively, compared
to the recommended NP nontoxic dose (100 μg/mg) to mammalian
cells and to bactericidal concentration reported byPaul et al. (2018), and
way belowMICs reported by other studies (Reithofer et al., 2014; Jafari
et al., 2018). However, Loo et al. attained extremely low MICs of
biosynthesized AgNPs ranging from 3.9 to 7.8 μg/mg (Loo et al., 2018).
The susceptibility patterns of both CR and sensitive E. coli and K.
pneumoniae to AgNPs (MIC � 125 μg/ml for E. coli and 250 μg/ml for
K. pneumoniae) were identical which is an indication of nomechanism
of resistance to AgNPs in carbapenemase-producing bacteria.
Furthermore, compared to CSE-AgNPs, statistically, PAE-AgNPs
exhibited smaller zones of bacterial growth inhibition. This may be
attributed to 1) bigger size of PAE-AgNPs as small-sized NPs exhibit
enhanced antimicrobial activity and 2) higher levels of the slimy PAE
materials (proteins and polysaccharides) as revealed by FESEM images
that might prevent high rate migration of the nanoparticles within
the agar.

CONCLUSION

The evolution of MDR pathogens presents a challenge to healthcare
systems and calls for speedy research to design alternative therapeutics
such as NPs without compromising the safety of consumers. Therefore,
this study employed an eco-friendly method termed green synthesis
using Camellia sinensis extract and Prunus africana extract to produce
AgNPs. The FTIR results confirm that the organic phytochemicals in the
CSE and PAE facilitate bio-reduction of Ag+ ion to Ago. UV-vis and
FESEM analyses revealed that the rate of green synthesis and size
distribution of nanoparticles increases with an increase in plant

extract concentration and time. PAE- and CSE-
biosynthesized AgNPs with different physicochemical
properties such as size distribution, degree of
agglomeration, charge, and polydispersity; thus,
nanoparticle properties are also influenced by the plant
species. The CSE- and PAE-photosynthesized AgNPs
exhibited potent antibacterial activity against CR clinical
isolates at every concentration comparable to the nontoxic
dose. The potent antimicrobial activity may be attributed to
the small-sized highly penetrative green-synthesized AgNPs
and electrostatic interaction between the positively charged
AgNPs and the negatively charged bacterial cell membrane.
In light of the above, we affirm that the biosynthesized AgNPs
are potential future therapeutic agents for treatments of
resistant bacterial infections.
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