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Abstract

In the present study, an aqueous leaf extract of Salvia officinalis was used to synthesize silver nanoparticles (AgNPs) and
characterized with different techniques such as UV—vis spectroscopy, Fourier transform infrared (FTIR), X-ray diffraction
(XRD), Scanning electron microscope (SEM), Energy dispersive X-ray spectroscopy (EDX), Transmission electron
microscope (TEM) and thermogravimetric analysis (TGA). Subsequently, its cytotoxic effect against human cervix ade-
nocarcinoma (HeLa) cells and antiplasmodial activity against Plasmodium falciparum were investigated. UV—vis spectrum
of AgNPs displayed an absorption peak at 323 nm and TEM result revealed it to be spherical in shape with average size of
41 nm. FTIR results highlighted the key bioactive compounds that could be responsible for the reduction and capping of
AgNPs and XRD analysis showed its crystalline nature with a face-centered cubic (fcc) structure. The synthesized AgNPs
was found to be less cytotoxic against HeLa cells line and demonstrated good antiplasmodial potential (ICsy = 3.6 pg/mL).
Findings from this study indicated that the AgNPs could serve as a template in the development of new drugs for the
control of malaria and hence, further study is needed to identify and characterize the potent molecules that suppress the
malaria parasite.
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Introduction

Nanotechnology has received global attention as an active
area of research in material science and engineering
because it explores a variety of promising techniques in
these areas on a molecular level to fabricate metallic
nanoparticles [1]. Among others, silver nanoparticles
(AgNPs) are of leading interest in the present scenario due
to their unique physicochemical properties such as

< Kunle Okaiyeto
kokaiyeto@uth.ac.za

South African Medical Research Council, Microbial Water
Quality Monitoring Centre, University of Fort Hare,
Alice 5700, South Africa

Applied and Environmental Microbiology Research Group
(AEMREG), Department of Biochemistry and Microbiology,
University of Fort Hare, Alice 5700, South Africa

Department of Biochemistry and Microbiology, Rhodes
University, Grahamstown 6140, South Africa

morphology structure, size distribution and surface charge,
high catalytic property, high conductivity and thermal
stability, and antibacterial effect [2]. In addition, their
significant biomedical applications such as anticancer [3],
antibacterial [4], mosquitocidal activity [5], antifungal [6],
anti-inflammatory [7], anti-viral [8] have put them in the
limelight in medicine.

Malaria is a life-threatening disease caused by parasites
that are transmitted to people through the bites of infected
female Anopheles mosquitoes [9]. In 2017, malaria cases
from 87 countries were estimated to be about 219 million
[10]. This parasitic disease is one of the leading causes of
death especially in Africa. Despite the advanced efforts of
WHO to eradicate malaria in the world, the disease con-
tinues to be one of the health problems facing people living
in the developing countries. The occurrence of this disease
is alarming, and compounding the problem is that parasitic
infection does not produce a sterilising immune response,
thus also leading to vaccination failure [11]. Malaria is a
public health problem that has reduced the quality of life of
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individuals in developing countries, especially in the sub-
Saharan Africa, and the only treatment option for this
parasitic infection is chemotherapy [12]. In addition,
despite the advances in research to understand the disease
etiology and to find a permanent solution to overcome this
disease, only a few antimalarial drugs have been developed
and approved in the past three decades.

Cancer is the leading cause of death worldwide,
responsible for an estimated value of about 9.6 million
deaths in 2018 and among which, cervical cancer has been
reported to be the fourth prevalence female cancer glob-
ally, which imposes serious threat to the public health
[13, 14]. Nearly about 90% of the 270 000 cervical cancer-
related death cases documented in 2015 occurred in mid-
dle-income and low-income nations of the world where
death rate is 18 times greater than the reported cases in the
developed countries [15]. High-risk subtypes of the human
papillomavirus (HPV) cause almost all cervix cancers and
HPV screening and vaccination programmes are effective
approaches in disease prevention [16]. Among the various
cervical cancers, adenocarcinoma are the prevalence sub-
types representing about 70% and 25% of all cervix can-
cers, respectively [17, 18]. Regardless of the global efforts
in improving its prevention and diagnosis, however, their
treatment in the past years has been challenging due to cost
and drug toxicity among other factors. Thus, the develop-
ment of potent and effective antineoplastic drugs is one of
the most swayed aims. Among the various approaches, the
exploitation of natural products is one of the most suc-
cessful methods to identify novel hits and leads [19].

Metallic nanomaterials can be synthesized via different
approaches such as physical [20], chemical [1], and bio-
logical methods [3, 21]. The biological mediated synthesis
of silver nanomaterials is eco-friendly, non-toxic, simple
and cost-effective as compared to the physical that required
high energy and pressure and chemical method involves
the use of toxic reagents that are toxic to human and
constituent nuisance to the environment [22]. The biolog-
ical substrates employed for fabricating metallic nanopar-
ticles include; bacteria, fungi, algae and plants and among
which, the latter appears to have gained more attention
recently because of its superiority over other sources [23].
Plant-based nanoparticles are now an emerging area of
research and have attracted high biotechnological consid-
eration due to their different applications and besides, it
does not involved complex protocols unlike microbes that
involve preserving of sterile microbial cultures [24]. In
addition, plants are widely distributed and easy availability,
coupled with the absence of gene mutation make plants a
resource of choice compared to microbes [25]. Thus, these
salient features have made plant-mediated synthesis of
nanoparticles to be propitious and promising compared to
other methods [26, 27]. However, the exact mechanism of
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plant-mediated nanoparticles synthesis is unclear and
ambiguous, although several studies in the literature have
reported that biomolecules in the plant extract such as
flavonoids, alkaloids, glycosides, protein, phenolics etc.
play a significant role in the reduction of metals ions to
their respective nanoparticles. Furthermore, these biomo-
lecules also act as capping and stabilizing agents for the
biosynthesized nanoparticles [28-30]. In the literature,
several plant extracts have been employed for the synthesis
of silver nanoparticles and these examples include;
Chrysanthemum indicum L. [31], Ceropegia thwaitesii
[32], Datura stramonium [33], Cleome viscosa L. [34],
Nepeta deflersiana [35] Berberis vulgaris [28], Myrtus
communis [36] Kleinia grandiflora [37], Phyllanthus pin-
natus [4].

For the time being, folkloric medicines have been the
major and cheapest treatment option for malaria for several
decades in Africa and the disease is often referred to as
“poverty disease” since it majorly affects the less-privi-
leged people in the society [38]. Hence, searching for new
antimalarial drugs has been considered an important area in
biotechnology. Folkloric herbs have been used for different
purposes, such as medicine, nutrition, fragrances, flavour-
ing, smoking, cosmetic, dying, repellents, charms, and
industrial uses because of the pharmacologically active
substances such as phenols, glycosides, alkaloids, ter-
penoids and flavonoids present in them [34]. Presently,
about 60% of prescription drugs are based on natural
compounds, particularly from plants [39]. Salvia officinalis
is an evergreen perennial shrub with some medicinal and
culinary [40]. The medicinal uses include; pain reliever,
antioxidant, anti-inflammatory, antimicrobial and antiviral
agents [41-43]. Some studies carried out by researchers
from other countries have reported on S. officinalis-medi-
ated silver nanoparticles synthesis [40, 41, 44].

To the best of our knowledge, this is the first study
reporting on antiplasmodial activity of AgNPs from S.
officinalis in South Africa. Therefore, in this present study,
an aqueous extract of S. officinalis was used to synthesize
AgNPs from AgNO; precursor and subsequently, several
techniques were used for its characterization and its cyto-
toxic effect on HeLa cells line was assessed prior to its
antiplasmodial activity determination.

Materials and Methods
Plant Identification and Extraction

Salvia officinalis leaves were collected around the vicinity
of University of Fort Hare, Alice campus in the Eastern
Cape Province, South Africa. The plant identification was
carried by Prof Christopher Cupido at the Department of
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Botany, University of Fort Hare and the plant was depos-
ited in their herbarium with a specimen voucher (No: UFH/
2019/001). The leaves were rinsed twice with tap water and
subsequently with distilled water. Thereafter, the extraction
was carried out as described by Bagherzade et al. [23] with
minor modification. The leaves (100 g) were cut into
smaller pieces and boiled in 100 mL of distilled water for
30 min at 60 °C. The extract was allowed to cool down at
room temperature, filtered through Whatman no. 1 filter
paper and the extract was stored at 4 °C for further use.

Biosynthesis of AgNPs

The biosynthesis of AgNPs was carried out as described by
Okaiyeto et al. [45] with a slight modification. Fifty
millilitres (50 mL) of aqueous leaf extract of S. officinalis
was added to 450 mL of 1 mM silver nitrate (AgNO3)
solution and the mixture was stirred in the dark at room
temperature for 1 h for complete synthesis. Thereafter, the
colloidal mixture was centrifuged at 10,000 rpm for
15 min, at 15 °C and the supernatant was collected for
UV-vis analysis and the pellet was dispersed in distilled
water, washed three times in order to remove any form of
impurities that precipitated with AgNPs. Subsequently,
purified AgNPs were oven-dried at 80 °C overnight and
pulverised with mortar and pestle to obtain the powder.

Characterization of Biosynthesized AgNPs

The formation of AgNPs was confirmed after 1 h of syn-
thesis by measuring its optical properties with UV-vis
spectroscopy (PerkinElmer, Lambda 365) in the range of
280 to 500 nm. Fourier transform infrared spectroscopy
(Perkin-Elmer Universal ATR 100) was carried out in the
range of 4000-400 cm ™' in order to determine the phyto-
chemical compounds involved in the reduction of AgNO;
to AgNPs as well as those involved in the stabilization of
AgNPs. The crystalline nature of AgNPs was determined
with Bruker D8 advanced X-ray diffractometer. The sur-
face morphology of AgNPs was elucidated with SEM
(JOEL JSM-6390 LVSEM). The purity of the AgNPs was
determined by EDX spectroscopy which was equipped
with SEM. The size and the shape of the synthesized
AgNPs was explored by TEM analysis (JOEL 12101). The
thermal stability of AgNPs was carried out with TGA
analyser.

Cytotoxicity Effect of AgNPs Against Hela Cells

The cytotoxic effect of both the aqueous extract of S.
officinalis and AgNPs was assessed on HeLa cells at 50 pg/

mL in 96-well plates for 48 h as described by Keusch et al.
[46]. Emetine was used as positive control drug and the
cells that survived AgNPs and extract exposure were
quantified by incubation with resazurin and measuring its
conversion to resorufin by fluorescence (Excseqr/Emsgg).
Percentage viability of treated cells was calculated relative
to fluorescence readings obtained with untreated control
cells.

Antiplasmodial Activity of AgNPs

Antiplasmodial activity of AgNPs against P. falciparum
(strain 3D7) was assessed in 96-well plates for 48 h fol-
lowing the description of Markler et al. [47] using parasite
lactate dehydrogenase (pLDH) activity as a biomarker.
Chloroquine, an antimalarial drug was used as a positive
control. Percentage parasite viability was calculated rela-
tive to the pLDH activity in wells containing untreated
control parasites.

Statistical Analysis

For the cytotoxicity assays, ICsy values were derived by
non-linear regression analysis using GraphPad Prism.

Results and Discussion
UV-Vis Spectroscopy Analysis

Plant-mediated AgNPs synthesis provides a rapid, flexible,
safe and economical synthesis route as compared to
physical or chemical methods of AgNPs synthesis. UV—vis
absorption spectroscopy analysis is one of the most sensi-
tive, efficient and simple techniques that is commonly used
at the preliminary stage to confirm the synthesis of AgNPs.
In this study, change in colour of the aqueous leaf extract
from pale yellow to dark brown was observed after its
addition to AgNOj; solution which confirmed AgNPs for-
mation after 1 h (Fig. 1). The colour change observed in
AgNOj could be due to the surface plasmon resonance
(SPR) excitation at 323 nm that indicates the formation of
AgNPs [45, 48, 49]. The appearance of dark-brown colour
ascribed to the surface plasmon could be as a result of the
collective oscillation of free electrons of the silver
nanoparticles in resonance with the frequency of the light
wave interactions causing the SPR band to appear in the
visible and infrared region [50, 51]. In the present study, it
was observed that the aqueous leaf extract of S. officinalis
contains some bioactive compounds that have the ability to
reduce AgNO; to AgNPs [52]. Hence, other characteriza-
tion techniques are also necessary to further confirm the
formation of AgNPs. Similarly, Shaik et al. [53] reported a
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Fig. 1 UV-vis spectroscopy
analysis of AgNPs synthesized
using aqueous leaf extract of S.
officinalis ([a—S. officinalis,
b—aqueous leaf extract of S.
officinalis, AgNO5; and AgNPs,
respectively])
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closely related result from AgNPs synthesized from aerial
extract of Origanum vulgare in which the absorbance peak
was at 320 nm.

TEM, SEM, EDX and TGA Analyses

Transmission electron microscope image of AgNPs
depicted in Fig. 2a reveals that the bulk of the AgNPs were
spherical in shape with average size of 41 nm without
agglomeration. Findings from this present study concur
with the sizes of other reported biosynthesized AgNPs from
some medicinal plants in previous studies [33, 36, 54].
Furthermore, TEM results from this study confirmed that
AgNPs were polydispersed with spherical shape [31]. SEM
image (Fig. 2b) of AgNPs showed irregular structures with
clusters. Report from previous studies highlighted that
spherical-shaped nanoparticles are more effective than rod-
like or hexagonally shaped nanoparticles [55]. Biological
activity of AgNPs mostly depends its size and surface area;
smaller nanoparticles have larger surface area than those
larger ones [56]. In addition, elemental compositions
analysis was carried out with EDX, and the three major
elements in the AgNPs is represented in Fig. 2c. The pre-
dominant elements include carbon, oxygen and silver and
our findings agree with the results of Mishra et al. [57]. The
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EDX analysis showed a strong signal for silver particles at
2.70 and 3.0 keV which further confirmed the presence of
Ag with percentage weight and atomic of 60.97 and
17.66%, respectively. Furthermore, intense peaks of carbon
and oxygen between 0.0 and 0.5 keV further confirmed that
phytochemical compounds stabilizing AgNPs originated
from aqueous extract of S. officinalis. Thermogravimetric
analysis reveals that AgNPs retained about 50% of its
initial weight after subjected to 900 °C (Fig. 2d). The ini-
tial weight loss at 350 °C could be to the moisture content
in AgNPs and further weight loss observed revealed the
decomposition of the organic compounds in AgNPs, which
indicates the thermo-sensitive (at high temperatures) nature
of the phytochemical compounds capping the AgNPs.

FTIR Analysis

In order to identify the phytochemical compounds from
S. officinalis extract responsible for the reduction of
AgNOj; and those involved in the capping and stabilizing
of AgNPs, FTIR analysis was carried out and the result is
depicted in Fig. 3. In this study, S. officinalis extract
showed several spectra that indicate the complex nature of
the plant extract and our findings corroborates with the
results of Al-Sheddi et al. [35]. The spectra of S. officinalis
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Fig. 2 TEM image (a), SEM image (b), EDX analysis (c) and TGA analysis (d) of AgNPs from S. officinalis

extracts displayed broad and strong absorbance peak at
3248 cm™! that corresponds to O—H vibration, which could
be arising from phenolic compounds or carboxylic group in
the extract [58]. The peak spectrum at 2918.9 cm™' is
assigned to the stretching vibration of CH, group [59],
vibration peak at 1683 cm™' indicates C=0 stretching or
C-N bending in the amide group respectively [35]. The
spectra peaks of AgNPs at 3895 cm™' 3739 cm™',
2842 cm™',  2312em™!,  2102cem”', 1900 cm™,
1683 cm™', 1566 cm ™', 1215 cm™' and 1006 cm™' indi-
cate a shift in absorption bands of the phytochemical
compounds from aqueous extract of S. officinalis stabiliz-
ing it. These observations agree with the reports of other
researchers in the literature [60, 61].

XRD Analysis

X-ray diffraction analysis represented in Fig. 4 revealed
the unique Bragg reflection values of AgNPs; 28.02°,
38.29°, 44.50°, 64.69° and 77.60° at 20 angle, which
matched to 110, 111, 200, 220 and 311, indicating the face-

centered cubic (FCC) crystalline structure of the AgNPs
synthesized using aqueous extract of S. officinalis as the
reducing and stabilizing agent. The strong peak at 38.29°
signifies a high level of crystallinity [62, 63]. According to
the report of Krishnaraj et al. [29], the high peaks at 32.51°
and 44.50° in the XRD spectra could be due to the presence
of phytochemical compounds in the aqueous extract of the
plant coating the surface of the synthesized AgNPs and
stabilizing it. Other unidentified peaks observed in the
XRD spectra could be to the presence of some organic
compounds originating from the aqueous extract of S.
officinalis [64]. Our findings are in agreement with the
results of Carmona et al. [58] and Kamaraj et al. [65] in
which the XRD peaks of the biosynthesized AgNPs were
corresponds to (111), (200), (220) and (311) of cubic
crystalline silver.

Cytotoxicity Effect of AgNPs on Hela Cells
Remarkable increase in the fabrication of metallic

nanoproducts over the years has made researchers in the
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Fig. 3 FTIR analysis of
aqueous leaf extract of S.
officinalis (a) and AgNPs (b)

Fig. 4 XRD pattern of AgNPs
from aqueous extract of S.
officinalis (x-denote
unidentified peaks that could be
resulting from the organic
compound from the aqueous
extract of the S. officinalis)
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Fig. 5 Percentage viability of HeLa cells incubated with 50 pg/mL
aqueous leaf extract of S. officinalis and AgNPs for 48 h. Error bars
indicate standard deviation of triplicate wells

field to be mindful about their safety. As emphasized by
Barabadi et al. [66], there are several factors that influence
cytotoxicity of silver nanoparticles and these factors
include among others, size distribution, morphology, sur-
face charge, surface chemistry, capping agents. The
potential of plant-mediated AgNPs in clinical marketability
needs to be assessed in order to ensure their toxicity to
mammalian cells. Previous studies have highlighted that
AgNPs have ability to induce reactive oxygen species
(ROS) that cause DNA damage and chromosomal frag-
mentation, interfere with protein normal function by
affecting the purine and pyrimidine bases, which conse-
quently lead to gene mutation and affect the gene expres-
sion profiles [67—69]. Therefore, it is highly imperative to

Fig. 6 Antiplasmodial activity

determine the toxicity level of the plant fabricated AgNPs
in the present study. Hence, prior to the antiplasmodial
assay, the cytotoxic effect of AgNPs on HeLa cells was
assessed and it was observed that at 50 pg/mL, both the
aqueous extract of S. officinalis and the AgNPs displayed
low cytotoxicity on HeLa cells, producing percentage cell
viabilities compared to untreated controls of 84 + 9 and
92 + 0.1, respectively (Fig. 5). Contrary to our findings,
the biosynthesized AgNPs from some medicinal plants
such as Melia azedarach [70], Moringa olifera [71],
Nepeta deflersiana [35] in the previous studies showed
high cytotoxic effect on HeLa cells.

Antiplasmodial Activity Assay

Nanoparticles have presented an innovative approach for
drug delivery efficiency because of their reduced size and
large surface area to volume ratio, which aids their ability
to penetrate the cell membrane [64]. The development of
effective and reliable drugs in the fight against malaria
represents a crucial challenge in modern parasitology [65].
Phytochemical compounds that demonstrate high
antiplasmodial activity could effective serve as alternative
to synthetic antimalarial drugs [72]. The results of the
antiplasmodial activity of both the aqueous extract S.
officinalis and AgNPs are depicted in Fig. 6. High parasite
viability was observed in the cells treated with 50 pg/mL
of the aqueous extract of S. officinalis which signifies low
antiplasmodial activity, compared to AgNPs that com-
pletely killed the parasites at this concentration. A dose—
response assay yielded an antiplasmodial 1Csy of 3.6 pg/
mL for the AgNPs. This knowledge of antiplasmodial
activity of AgNPs based on the reported LCs, values would
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be helpful in understanding their antimalarial properties as
well. The result obtained from our study is higher than
most antiplasmodial activity of plant-based silver
nanoparticles documented in the previous studies
[49, 73, 74]. Similarly, studies on the antiplasmodial
activity of AgNPs from some medicinal plants such as
Chrysanthemum indicum [31], Ceropegia thwaitesii [32],
Datura metel [75], Avicennia marina [76], Belosynapsis
kewensis [77], Murraya koenigii [65], Rubus ellipticus
[48], Holarrhena antidysenterica [64] have been
documented.

Conclusions

In this present study, a one-step, simple and reproducible
green approach was used for the synthesis of AgNPs using
the aqueous leaf extract of S. officinalis. The method was
found to be fast, cost-effective and environmentally
benign. Different spectroscopy analyses were used to
confirm the synthesis of AgNPs and TEM analysis revealed
its average size to be 41 nm and spherical-shaped with
some irregular structures. The XRD results showed that the
AgNPs were crystalline in nature and FTIR revealed some
key phytochemical compounds acting as capping and sta-
bilizing agent. AgNPs demonstrated good antiplasmodial
activity with a low micromolar ICsy, while cytotoxicity
against HeLa cells at 50 pg/mL was mild. Findings from
this study indicate that AgNPs could be a lead compound in
the development of a novel antimalarial drug and further
studies on the mechanism of action is highly imperative.
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