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Abstract

The demand for eco-friendly silver nanoparticles continues to rise due to their relative safety, cost-effectiveness and low
toxicity compared to conventional nanoparticles. An issue regarding the use of the green method for producing silver
nanoparticles is the potential depletion of scarce bio resources due to the continuous harvesting of plant products for
each synthesis cycle. In a previous study, we utilized Cyperus esculentus tubers as an efficient source of bio-reductant
for synthesizing silver nanoparticles (CpE-AgNPs) multiple times, which helps to conserve bio-resources, save costs, and
protect biodiversity. In this current study, the antioxidant, cytotoxicity, and surface-enhanced Raman scattering (SERS)
properties of the silver nanoparticles produced using this method were investigated. The CpE-AgNPs could reduce ABTS
(2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) and DPPH (1, 1-diphenyl-2-2-picrylhydrazyl) radicals by 72% and
42%, at a concentration of 1 mg/mL, respectively, an indication of strong scavenging ability. In addition, they were found to
be cytotoxic to cancerous prostate cancer cells (PC3 cell lines) at a minimum concentration of 6.25 ug/mL. The SERS studies
revealed that the CpE-AgNPs are active sensors and could enhance the intensity of 4-Aminothiohenol probe molecule by a
factor of 10*, with a detection limit as low as 1x10-° M. The present study shows that CoE-AgNPs have adequate antioxidant

properties and can serve as platform for SERS based detection of molecules.
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Introduction

The unique characteristics exhibited by silver at the nanoscale
have led to its widespread utilization in various scientific fields
(Stark et al., 2015). Due to its high surface-to-volume ratio,
silver nanoparticle is particularly effective in catalysis (Zhang
and Wang, 2014), sensing (Gomez-Grana et al., 2015), and as
an antimicrobial agent (Ankudze et al., 2023). The production
of silver nanoparticles can be achieved through several differ-
ent techniques, ranging from complex and expensive meth-
ods like electron beam lithography (Corbierre et al., 2005),
chemical vapor deposition (McNally et al., 2019), gas-phase
synthesis (Sotiriou et al., 2012), and laser ablation (Galembeck
et al., 2010), to more affordable approaches such as microwave
synthesis (Si et al., 2009), chemical reduction (Ankudze and
Samlafo, 2022), co-precipitation (Lépez et al., 2010), and
green synthesis (Zhang et al., 2020).

The techniques employed in producing silver nanoparticles
can result in the formation of either environmentally safe or
harmful nanoparticles. In the conventional synthesis of metal
nanoparticles, metal ions are transformed into metal atoms
through the use of various agents such as chemicals (Mehr
et al., 2015), light (Galembeck et al., 2010), electric current
(Jabtorska et al., 2021), or microorganisms (Gajbhiye et al.,
2009). Furthermore, to prevent the aggregation of nanoparti-
cles, they are stabilized by either electrostatic or steric means
due to their high surface energy. The agents utilized to reduce

and stabilize the metal nanoparticles have a significant impact
on their overall characteristics and functionality as they can
alter the surface properties of the particles (Zhang et al., 2020).
Research is now focused on the development of eco-friendly
silver nanoparticles due to the increasing concern for the envi-
ronment. This is achieved through a process known as green
synthesis, which involves the use of phytochemicals sourced
from plants (Mo et al., 2015), as well as extracts from ani-
mals, bacteria, and fungi (Gajbhiye et al., 2009), to reduce and
stabilize silver nanoparticles. Several edible plants including
cabbage (Tamileswari et al., 2015), pepper (Vatandost et al.,
2016), tomatoes (Zia et al., 2017), and grape (Zia et al., 2017)
have been utilized in the green synthesis of silver nanoparticles.
The use of bio materials in the green synthesis of nanopar-
ticles can also incorporate other desirable features, such as
antioxidant properties, since many plant products contain high
levels of antioxidants (Bamigboye et al., 2020).

There is an increased use of environmentally friendly silver
nanoparticles, particularly in the field of nanomedicine (Fayaz
et al., 2010). These nanoparticles are extensively studied and
utilized as antimicrobial agents because of their ability to
interact strongly with microbial cells (Ashraf et al., 2019).
By actively interacting with microbes and infiltrating internal
structures, they can release silver ions that induce cell death
(Deng et al., 2016). Additionally, they exhibit synergistic ef-
fects that increase the effectiveness of standard antimicrobial
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agents, and they are efficient in reducing microbial biofilm
formation (Deng et al., 2016). As a result, eco-friendly silver
nanoparticles have the potential to be an effective therapeutic
option in addressing the issue of antimicrobial resistance.
The utilization of silver nanoparticles produced via environ-
mentally friendly means has proven advantageous in the area
of sensing, specifically as a substrate for surface-enhanced
Raman scattering (SERS) (Palanco et al., 2016). The SERS
method capitalizes on the powerful electromagnetic field cre-
ated by metal nanoparticles via plasmonic coupling to intensify
the weak Raman active modes of molecules (Sharma et al.,
2012). This technique is remarkably sensitive and can even
detect single molecules. Typically, a fresh substrate is required
for each SERS measurement and then discarded, which can
pose an environmental issue if the substrate is made from
non-eco-friendly nanoparticles. Therefore, the use of green-
synthesized nanoparticles promotes the development and ap-
plication of environmentally benign silver nanoparticles for
SERS-based purposes.

The common practice in green synthesis of silver nanoparti-
cles is continual harvesting of bio resources for each synthesis
cycle. If the demand for green nanoparticles continues to in-
crease, this practice may lead to a scarcity of these resources.
In our previous study (Ankudze and Samlafo, 2022), Cyperus
esculentus tubers were used to synthesize silver nanoparticles
multiple times in an attempt conserve bio-resources, save costs,
and protect biodiversity. In this work, the antioxidant prop-
erties, cytotoxicity, and surface-enhanced Raman scattering
properties of the silver nanoparticles were investigated. Our re-
sults indicate that the silver nanoparticles obtained from Cype-
rus esculentus tubers can act as radical scavengers, destroy
cancerous cells, and detect molecules at low concentrations.

Materials and Methods

Chemicals

Silver nanoparticles were synthesized using silver nitrate (Ag
NOs3, Merck, > 99%) as a precursor. The Cyperus esculentus
tubers were obtained from the local market in Winneba, lo-
cated in the central region of Ghana. The antioxidant property
of the silver nanoparticles was assessed by using ABTS (2,
2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid), DPPH
(1, 1-diphenyl-2-2-picrylhydrazyl), and potassium persulphate.
To investigate the cytotoxicity of the silver nanoparticles, MTT
(3-(4, 5-dimethylthiazole-2-yl)-2, 5-diphenyltetrazolium bro-
mide, 0.1%, w/v, Sigma Aldrich) was employed.

Synthesis of silver nanoparticles

To synthesize silver nanoparticles (CpE-AgNPs), the method
detailed by (Ankudze and Samlafo, 2022) was followed. In
brief, 7.0 g of Cyperus esculentus tubers were first washed
with hypochlorite solution and rinsed severally with deionized
water. They were then placed in 40 mL of deionized and left
for 24 hours. The resultant extract was then used to synthesize
silver nanoparticles. A mixture was formed by adding 2 mL of
0.01M AgNOs; to 40 mL the extract solution, which was then

exposed to sunlight. The development of the CpE-AgNPs was
indicated by a colour shift from transparent to ruby red. After
centrifugation, the CpE-AgNPs were gathered and stored for
later use.

Characterization

The Hitachi S-4800 FE-SEM (field emission scanning elec-
tron microscope) was used to observe the morphology of the
CpE-AgNPs. To analyze the elements present in the CpE-
AgNPs, an energy dispersive X-ray spectrometer (EDS) op-
erating on a Noran system six (NSS) software was utilized.
The plasmonic absorption of the CpE-AgNPs was evaluated
with a Shimadzu UV-1800 UV-VIS Spectrophotometer. To
obtain the P-XRD pattern of the CpE-AgNPs, a PANalytical
Empyrean X-Ray Diffractometer was employed. The SERS
spectra of the 4-Aminothiophenol on the CpE-AgNPs were
recorded using a Renishaw® inVia Raman microscope with
wireTM 3.4 software, with a 785 nm excitation laser at a power
of approximately 3mW and an integrating time of 10s.

Antioxidant activity

Two main assays, the ABTS and DPPH free radicals scaveng-
ing activity were used in the determination of the antioxidant
activity of the CpE-AgNPs.

ABTS radical scavenging activity

The ABTS assay was conducted following the protocol re-
ported by Vigbedor et al. (2023a) with slight modification. In
brief, in the production of the ABTS free radical (ABTS.+),
a solution comprising of potassium persulfate (2.4 mM, 10
mL) and ABTS (7 mM, 10 mL each) was combined in dis-
tilled water. The resulting mixture was then left to incubate in
the dark at room temperature for 12 hours until the reaction
occurred. Next, an ABTS working solution was created by
diluting 1 mL of the ABTS stock in 9 mL of distilled water.
For the test, 40 uL of each 1mg/mL sample was pipetted in
duplicate into microplates, and the same was done for ascorbic
acid. Subsequently, 160 uL of ABTS working solution was
added to each plate, and the plate was placed in the dark for 30
minutes before the absorbance was recorded at 734 nm using a
Drawell DNM-9602 microplate reader. The percentage of the
control sample’s radical scavenging activity was determined
using a formula:

AoC —Abs of CpE —AgNPs o

%RS =
? AoC

100 (1)

where RS - Radical scavenging; AoC - Abs of control.

DPPH(1, 1-diphenyl-2-2-picrylhydrazyl) radical scaveng-
ing activity assay

In the DPPH assay, the protocol reported by Dickson et al.
(2006) was followed with slight modification. To prepare a 0.1
nM DPPH working solution, ImL of a ImM DPPH stock was
diluted using 9 mL of methanol. Then, 160 uL of the DPPH
working solution was dispensed into a 96 well microplate. In
triplicate, 40 pL of each 1.0 mg/mL sample, as well as the
ascorbic acid standard, were pipetted into three wells. The
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microplate was then incubated in the dark for 30 minutes, and
an absorbance reading at 517 nm was obtained using a Drawell
DNM-9602 microplate reader. The radical scavenging ability
was calculated as a percentage of the control sample using the
formula below:

AoC —Abs of CpE —AgNPs o
AoC
where RS - Radical scavenging; AoC - Abs of control.

JDRS =

100 2)

Cytotoxicity testing

The prostate cancer cells (PC3) were cultured in Roswell Park
Memorial Institute Medium (RPMI-1640) that contained 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin, and
maintained in a humidified incubator at 37° C in the presence
of 5% CO,. To evaluate the cytotoxicity, the PC3 cells were
seeded in a 96-well plate at a concentration of 1x10° cells/mL
and exposed to varying concentrations of CpE-AgNPs (rang-
ing from O to 1000 pg/mL) using a method similar to that
described by Appiah-Opong et al. (2022) with minor adjust-
ments. Curcumin was used as a positive control alongside.
The treated cells were then incubated as mentioned above
for 72 hours. Subsequently, MTT solution (2.5 mg/mL in
Phosphate-Buffered Saline, (PBS)) was added to each well,
followed by a four-hour incubation. To dissolve any formazan
crystals formed, acidified isopropanol containing 1% Triton-X
was added to each well, and the plates were kept in the dark at
room temperature. The optical densities of the wells were read
at 570 nm using a microplate reader and the experiments were
performed in triplicate. Cytotoxicity was determined by calcu-
lating the percentage of live cells relative to the control culture,
and the ICsq of the CpE-AgNPs effect on the mammalian cells
was determined.

Results and Discussion

Structural characterization of the CpE-AgNPs

The colloidal solution of CpE-AgNPs exhibited a plasmonic
absorption maximum at approximately 440 nm in the visible
range of the electromagnetic spectrum, which is typical of sil-
ver nanoparticles, as shown in Figure 1(a). The quasi-spherical
silver nanoparticles were found to be approximately 50 nm in
size through the FE-SEM imaging, and the EDS spectrum con-
firmed the presence of silver in the synthesized nanostructure.
The XRD patterns of the silver nanoparticles displayed peaks
at 20 angles of 38°, 44°, 64°, 78° and 81°, corresponding
to the (111), (200), (220), (311) and (222) diffraction planes
of an FCC silver nanoparticle, as illustrated in Figure 1(b).
Additionally, the diffraction spectrum revealed other peaks
marked with a star (*), which may have originated from the
crystallization of other biomolecules in the extract solution on
the surface of the silver nanoparticles, as previously reported
by Shankar et al. (2003).

Antioxidant properties of the CpE-AgNPs
Many plants naturally contain antioxidants because of the exis-
tence of plant-based components like polyphenols, carotenoids,
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Figure 1. (a) UV-Vis plasmonic absorption spectrum of CpE-
AgNPs with maximum wavelength around 440 nm in the visi-
ble region of the electromagnetic spectrum. (b) PXRD spec-
trum CpE-AgNPs. (c) SEM image of the CpE-AgNPs. (d)
EDS spectrum of CpE-AgNPs.

and vitamins (Xu et al., 2017). Consequently, when plant ma-
terials are utilized to create nanoparticles, the particles can
acquire antioxidant properties. Antioxidants refer to molecules
that seek out and neutralize free radicals (Zimmerman et al.,
2015). Free radicals can be detrimental to the cells of the
body if present in high amount. Studies have found that they
can be responsible for disease such as cancer, diabetes mi-
lieus, cataracts, brain disfunction and cardiovascular problems
(Jenab et al., 2006; Li et al., 2014; Manach et al., 2004). In this
study, the antioxidant properties of the CpE-AgNps were stud-
ied to observe their potency in scavenging free radicals. Two
different assays namely, ABTS and DPPH radical scavenging
were used, each of them was performed within a concentration
range of 0.01 — 1 mg/mL. The dose-response graph of the
ABTS and DPPH free radical scavenging activity of the CpE-
AgNPs and Vitamin C (standard antioxidant) are presented in
Figure 2. The results show that the CpE-AgNPs are potential
free radical scavengers, the highest scavenging activity of 72%
towards ABTS free radicals was observed at the maximum
concentration of 1 mg/mL. As illustrated in Figure 2, the re-
ducing power decrease with decreasing concentration and the
1C5 of the test samples were determined from the non-linear
regression curve of the plot of % inhibition against concen-
tration. The ICsq value of the CpE-AgNPs towards inhibiting
ABTS free radical under the current experimental condition
were 0.426 mg/mL. This value is significantly high compared
to around 0.003 mg/mL commonly reported for Vitamin C of
the same assay (Vigbedor et al., 2023b). In the DPPH assay for
CpE-AgNPs the reducing effect also follows a dose-dependent
manner, at a concentration of 1 mg/mL, the reducing power
was 42%. The obtained value is high compared to the scaveng-
ing potential of vitamin C standard which is mostly observed
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around 0.007 mg/mL (Vigbedor et al., 2023b). Although
the antioxidant properties of the CpE-AgNPs can largely be
attributed to the phytochemicals from the extract solution con-
jugated to the surface of the AgNPs, the effect of the silver
nanoparticles itself cannot be ignored.
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Figure 2. The scavenging activity of CpE-AgNPs against (a)
ABTS free radicals, (b) DPPH free radicals.

Cytotoxic effect of the CpE-AgNPs

Prostate cancer is a common type of tumor that affects the
reproductive organs in men. Silver nanoparticles are being
increasingly explored for their high selectivity in targeting can-
cer cells (Tak4c et al., 2023). The effects of CpE-AgNPs on
prostate cancer cells (PC3 cell lines) was investigated by treat-
ing the cells with concentrations of CpE-AgNPs ranging from
0-1000 pg/mL. Results show that the percentage of viable
cells decreased as the concentration of CpE-AgNPs increased,
with an ICsg value of 60 ug/mL compared to 7.3 pug/mL for
standard curcumin. The plot illustrated in Figure 3 indicates
that higher concentrations of CpE-AgNPs had a significant
impact on the viability of PC3 cells. The cytotoxic effect of
the prepared silver nanoparticles may follow the mechanism al-
ready reported in literature. The prepared silver nanoparticles
and an anticancer agent can induce reactive oxygen species
(ROS) production. This ROS can damage the mitochondrion,
fragment the nucleus and eventually lead to cell apoptosis
(Bethu et al., 2018).
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Figure 3. Cell viability of PC3 cells with different concentra-
tion of (a), CpE-AgNPs and (b) Curcumin (a natural anticancer
agent).

Surface-enhanced Raman scattering properties of the CpE
-AgNPs

The SERS properties of the CpE-AgNPs was studied with

4-Aminothiophenol as a probe molecule. The 4-Aminothiophe-
nol molecule is widely used as probe molecule to study the
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Figure 4. Surface-enhanced Raman scattering spectra, (a)
CpE-AgNPs, (b) 1x10~* M 4-Aminothiophenol on CpE-
AgNPs, (c) 1x1073 M 4-Aminothiophenol on CpE-AgNPs,
(d) 1x10~% M 4-Aminothiophenol on CpE-AgNPs.

sensitivity of SERS platform due to their strong interaction
through the thiol group unto metal nanoparticles. In addition,
the peaks that is detected can also indicate the main mechanism
giving rise to the SERS enhancement (Sharma et al., 2012).
In this study, different concentrations of 4-Aminothiophenol
in methanol was dropped on the CpE-AgNPs substrate prior to
spectral measurement. It worth noting that, the tested concen-
trations did not show any characteristic peak of 4-Aminothioph-
enol in the absence of the CpE-AgNPs. Figure 4 shows the
Raman spectra of 4-Aminothiophenol recorded at different
concentrations. In Figure 4(a) no prominent peak was recorded
on the fresh CpE-AgNPs without the addition of the probe
molecule. When 4-aminothiophenol was added to the CpE-
AgNPs, the characteristic peaks around 1080 cm ™! and 1592
cm~! within the spectral range of 1000 — 1700 cm~! were
observed. The peaks at 1080 cm~! and 1592 cm™~! can be as-
signed to C—S and C—C stretching (in — ring) of 4-Aminothio-
phenol, respectively (Ankudze et al., 2016). These are al type
vibrational modes and are characteristic of 4-aminothiophenol
(Hu et al., 2007). The peak observed around 1143 cm !,
1263 cm™! and 1439 cm~! are known to be as a result of
dimerization of the 4-Aminothiophenol molecule due to laser
light exposure (Alessandri, 2022). As presented in Figure 4,
the CpE-AgNPs could detect 4-Aminothiophenol molecule
at a concentration at low as 1x10~7 M yielding an analyti-
cal enhancement factor in the order of 10*. The sensitivity
of the CpE-AgNPs to detect low concentrations of the probe
molecule could greatly be attributed to electromagnetic en-
hancement mechanism (Le Ru et al., 2007). It is reported that
the 4-amonithiophenol peaks at 1080 and 1592 recorded on
noble metal nanoparticle can be attributed to electromagnetic
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mechanism (Hu et al., 2007). The plasmonic properties of the
CpE-AgNPs means that it can excite localized surface plas-
mon (Sugawa et al., 2015). This localized surface plasmon
can induce strong electromagnetic field around the vicinity
of the CpE-AgNPs which can enhance the weak Raman scat-
tered light of the 4-Aminothiophenol. It is reported that the
electromagnetic enhancement mechanism is influenced by
factors such as size and shape of the nanoparticles (Sugawa
et al., 2015). In general, noble metal nanoparticles with size
in the range of 30 — 100 nm are considered optimal for SERS
(Sharma et al., 2012). Thus, the optimal size of the CpE-
AgNPs may have resulted in the strong electromagnetic field
for the detection of 4-Aminothiophenol at low concentration.

Conclusion

This study investigated the antioxidant, cytotoxicity, and surface-
enhanced Raman scattering (SERS) properties of biogenically
produced silver nanoparticles using a bioresource-conserving
approach. The antioxidant activity of the silver nanoparticles
(CpE-AgNPs) was evaluated by assessing their ability to scav-
enge ABTS and DPPH free radicals in solution. The results
demonstrated that CpE-AgNPs were capable of reducing 72%
and 42% of ABTS and DPPH free radicals, at a concentration
of 1 mg/mL, respectively, indicating their potential as effective
free radical scavengers. To assess cytotoxicity, CpE-AgNPs
were tested on prostate cancer cells (PC3) and were found
to exhibit dose-dependent cytotoxicity against these cancer-
ous cells. Additionally, the SERS properties of the nanopar-
ticles were evaluated using 4-Aminothiophenol as a probe
molecule. The results revealed that CpE-AgNPs were able to
detect 4-Aminothiophenol molecules at a low concentration
of 1x10~° M, with an analytical enhancement factor on the or-
der of 10*. Overall, this study demonstrates that CpE-AgNPs
possess antioxidant properties and can serve as an effective
SERS platform for chemical fingerprinting.
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