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Abstract

Senecio madagascariensis leaf extract was used to synthesize silver/chlorargyrite nanoparticles. XRD diffraction patterns
confirmed the nanocrystalline phase with a face-centered crystal structure of metallic silver. The TEM revealed that the silver
and silver chloride nanoparticles were spherical and polydisperse with a decreasing size with respect to the concentration
of the silver salt and an average size in the range 1325 nm. The optical band gaps for Ag/AgCl are 2.71, 2.73, and 2.66 eV
for nanoparticles prepared with 20 mM, 50 mM, and 100 mM, respectively. The SEM—-EDX confirmed the presence of
elemental Cl and Ag. The results show that S. madagascariensis could be used to prepare environmentally friendly bioac-
tive silver nanoparticles. Fluorescence data indicated that static quenching played a role in the formation of the complex

between AgNPs and BSA.

Introduction

Silver and silver chloride nanoparticles (Ag/AgCl NPs) have
been explored for different biomedical applications such as
antimicrobial and photothermal therapy (PTT) [1]. Chemi-
cal synthesis of Ag/AgCl NPs poses different challenges
some of which could be overcome by using the green syn-
thesis methods that are biocompatible and environmentally
friendly [2]. Interest in silver nanoparticles (AgNPs) are due
to their potential applications such as in biological assays
[3]. They are biologically significant due to their nanometer
size, which enables them to interact with vital biomolecules
like DNA, proteins, and viruses as well as penetrate cellular
membranes [4]. They also have unique optical properties
that set them apart from their bulk counterparts.
Challenges posed by the chemical synthesis of silver nan-
oparticles include agglomeration, stability, environmental
concerns, reproducibility, and the ability to control their size
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and shape [5, 6]. Biosynthesis of silver nanoparticles using
plant extracts [7, 8] and microbes like bacteria [9, 10] and
algae [11] are receiving considerable attention. Chandhi-
rasekar et.al., reported the successful green synthesis of Ag/
AgCI NPs using the Asteraceae family [12]. Stachys specta-
bilis leaves have been used for the synthesis of spherical
silver nanoparticles with an average particle size of 10.8 nm
[13]. Some species of Senecio genus, including S. vulgaris,
S. inaequidens, S. stabianus, and S. tenuifolius, have been
shown to have anti-proliferative effects in cancer-derived
cells more recently [14]. To the best of our knowledge, there
are no known or published instances of green synthesis of
AgNPs using S. madagascariensis (S. mada). S.mada is a
native plant to Southern Africa [15] that has been used as a
medicinal plant since ancient times. Around the globe, tra-
ditional medicine is currently being re-examined, and more
studies on the medicinal qualities of plant species are being
done [16, 17].

The most prevalent protein in the plasma is bovine
serum albumin (BSA). This protein performs a wide range
of physiological tasks, such as binding and transporting
compounds like fatty acids, drugs, and other molecules
[18]. Knowledge of how BSA interacts with nanoparticles
is required to understand how the particles are absorbed
and distributed in the biological systems which is crucial
for pharmacological and pharmacodynamics understand-
ing of the compounds [19, 20]. AgNPs are exposed to a
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variety of proteins in various quantities as they enter bio-
logical systems. AgNPs are easily protein-coated, creating
an arrangement known as the protein ‘corona’ [21]. The
biological identity of AgNPs, which differs from their syn-
thetic identity, is altered by the protein corona, which also
affects the particle size, aggregation state, and interfacial
features of the AgNPs [22, 23]. This determines the fate
of the AgNPs in biological media in vivo [24]. Therefore,
it is important to study the interactions between proteins
and AgNPs to better understand their biological effects
and safety. In the present study, AgNPs were biosynthe-
sized and capped using S. mada. leaves for potential use
as a PTT agent. The binding mechanism and kinetics of
the as-synthesized AgNPs with BSA were also studied to
elucidate the biological response and interaction of the
AgNPs with biological media.

Materials and methods
Materials

Silver nitrate (AgNOs;), bovine serum albumin (BSA, MW
66 kDa), phosphate buffered saline (PBS), and dimethyl
sulfoxide (DMSO) were obtained from Sigma Aldrich with
no further purification. Ultrapure water was used to make
the required dilutions from the stock of BSA and PBS. The
stock solution of BSA was prepared in 10 mM of PBS at
pH 7.2. The plant extract Senecio madagarensis was iden-
tified and obtained from Lesotho. All the solvents used
were analytical grade.

Energy-dispersive X-ray spectroscopy along with scan-
ning electron microscopy (SEM) and EDX spectra have
been obtained using a ZEISS EVOLS 15 scanning electron
microscope. On a Bruker D8 Advance apparatus, powder
X-ray diffraction (p-XRD) was carried out utilizing mono-
chromatic Cu K (41=1.5406 ;A, nickel filter) radiation in
the 26 scale range of 20°-80°. A Perkin-Elmer Lambda 25
UV-Vis spectrophotometer was used to collect UV—Vis
spectra, and a JEOL JEM 1400 TEM was used to capture
TEM images.

Preparation of the plants

Plants were milled using a coffee machine and sequentially
extracted after 24 h at room temperature. Extraction of S.
madagascariensis is done using the infusion method, the
powdered leaf extracts were placed in a beaker containing
200 mL of distilled water and boiled for 30 min [11] The
extracts were filtered after cooling using a Biichner funnel
on Whatman No. 1 filter paper for further use.

Synthesis of AgNPs using S. madagascariensis

The preparation of AgNPs was done using a method
adopted from previous study [12]. Different concentrations
(20, 50, and 100 mM) of AgNO; were prepared. A (10 mL)
extract of S. mada. was mixed for 10 min with 100 mL
of AgNOj; using a stirrer. The mixture was then heated
for 2 h at 80 °C and cooled. The solution was placed in a
dark ambient for 24 h at room temperature. The color of
the solution changed from colorless to green then eventu-
ally to brown to indicate the reduction of Ag(I) ions to
Ag(0) nanoparticles. The obtained NPs were centrifuged
at 5000 rpm for 20 min and washed with water and ethanol
three times to remove impurities formed from the extract
(Table S-1).

The interaction of BSA with AgNPs

The interaction of BSA and AgNPs was studied through
steady-state fluorescence. The fluorescence spectra of BSA
were recorded in the presence and absence of increasing
concentrations of AgNPs. The BSA-PBS solution was
made up of a phosphate-buffered saline (PBS) solution
(pH 7.2). The AgNP stock solution was prepared in dime-
thyl sulfoxide (DMSO). The fluorescence emission spectra
were recorded in the range 250-450 nm by exciting the
solution at 280 nm with the excitation and emission slit
width of 10. The fluorescence quenching constant was cal-
culated using Eq. (1)

FolF=1+Ksw[0] =1 +kqTo[0] ey

where £, is the fluorescence intensity of the enzyme, F is the
enzyme fluorescence intensity in the presence of the metal,
Kgy 1s Stern—Volmer quenching constant. [Q] is concentra-
tion of the quencher (metal complex). K is bimolecular
quenching constant of the enzyme. T, is the average lifetime
of biomolecules in the absence of the quencher.

The Kgy values are obtained from the slope of the
graph Fy/F vs [AgNP]. The quenching rate constant
kq=Ksv/To (To = 10°%. Average lifetime of BSA-PBS with-
out quencher). The data related to static and dynamic
quenching mechanisms can be fitted into Eq. (5)

Fo/F = (1+ Kp[Q)(1 +Kg[Q1) = 1 + (Kp + K)[Q] + KpKs[Q?].
2

where K, and K are the dynamic and static quenching.
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Fig. 1 Powder XRD diffraction patterns of S. mada synthesized Ag/
AgCl nanoparticles

Results and discussion

Powder X-ray diffraction (XRD)

Powder X-ray diffraction was used to study the crystalline
nature of the Ag/AgCl NPs (Fig. 1). Four distinct 260 dif-
fraction peaks observed at 38.05°, 44.9°, 64.9°, and 77.08°
indexed at (111), (200), (220), and (311) indicated the
formation of face-centered crystalline (FCC) structure of
metallic silver (JCPDS 870597) [25]. In addition, strong
diffraction peaks were observed at 32.7°, 52.15°, 54.63°,
and 68.16° corresponding to crystalline planes of (200),
(311), (222), and (400) of silver chloride, respectively
[26]. The peaks show the FCC structure of silver chloride
nanoparticles (AgCIl NPs) and AgNPs for nanoparticles
synthesized using 50 and 100 mM of the salt, however,
nanoparticles synthesized using 20 mM comprised of the
AgCl phase than the pure silver FCC crystalline phase.
These findings are in correlation with reports documented
by other researchers which were elucidated by Okaiyeto
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Fig.2 TEM images of Ag/AgCl NPs synthesized using a 20 mM
AgNO;(aq), b 50 mM AgNO;(aq), and ¢ 100 mM AgNOs(aq) and
particle size distribution histrogram

[13]. The initial stages of the synthesis of AgNPs involve
the formation of AgCl. The reaction happens at room tem-
perature, this is the reaction between Ag* from AgNO, and
CI” from phytochemical compounds in the leaf extract. After
the formation of AgCl, Ag* ions were reduced to metal-
lic silver (Ag) by phytochemical compounds. Ag* was then
combined with OH groups of phenolic compounds in the
extract to probably produce an intermediate complex, which
subsequently oxidized and reduced Ag* to Ag® [27]. The
concentration (AgNO;) may have influenced the nucleation
and development of crystal nuclei, resulting in smaller silver
nanoparticles. This idea appears to be supported by wider
peaks for AgNPs but narrower sharper peaks for AgCl.

Morphological studies

The size and shape of the silver nanoparticles synthesized
under various concentrations of AgNO; were examined
using TEM microscopy. The results show that the prepared
nanoparticles were spherical and quasi-spheroidal (non-uni-
form morphology), as depicted in Fig. 2. The average size
measured from the TEM images was 23, 13, and 22 nm for
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the AgNPs synthesized using 20, 50, and 100 mM of silver
nitrate, respectively. The size of the nanoparticles decreased
with the increase in the concentration of AgNO;. A higher
concentration of silver nitrate results in a decreased ratio
of the reducing agent to silver, which reduces the amount
of plant molecules that cap the surface of the nanoparticle.
Given that the plant molecules stop the nanoparticles from
growing and aggregating, this results in smaller particle
sizes. The biosynthesized nanoparticles were also evenly
dispersed and showed no significant aggregation or mor-
phological variations.

The SEM images (Fig. S-1) of the nanoparticles show
rough surfaces morphologies for AgNP1 and AgNP2 with
some hollow sphere in AgNP2 while AgNP3 surface mor-
phology is smoother with some white patches. The presence
of elemental carbon, oxygen, and chlorine peaks, as well
as elemental silver metal, was seen in the EDX spectra of
synthesized silver nanoparticles. Furthermore, the prominent
peak at 3 keV verified the presence of characteristic peaks of
metallic silver nanocrystals. The presence of both Ag and ClI
confirms the synthesis of Ag/AgCl NPs as seen in Fig. S-1.
Carbon, oxygen, and chlorine observed are assumed to be
from the secondary metabolites of the plant. The percentage
of Ag was in the range of 64.0, 69.5, and 72.5% for AgNP1,
AgNP1, and AgNP3 nanoparticles synthesized with 20, 50,
and 100 mM. The results show that increase in the salt con-
centration also resulted in increase in the percentage of silver
in the nanoparticles.

Optical studies of the plant-mediated Ag/AgCI
nanoparticles

Figure S-2 shows the UV-Vis of Ag/AgCl NPs synthesized
using 20, 50, and 100 mM of the silver salt. The results
indicates that when the concentration of AgNO; increases,
the absorption intensity increases, resulting in the synthesis
of more Ag nanoparticles. The absorption spectra indicated
that as the concentration of the silver salt increased from 20
to 100 mM, the absorption band edges of the nanoparticles
shifted from 415 to 411 nm which could be ascribed to the
formation of smaller nanoparticles as the concentrations of
the metal salt increases. This may mean that at higher con-
centrations, the reactants nucleate slower with slower growth
rates which results in the formation of smaller nanoparti-
cles. The interaction between the biomolecules in the green
synthesis method and the silver ions drives the nucleation
of silver nanoparticles and this is not universal but rather
depends on the secondary molecules in the plant extract.
The results are in agreement with a study conducted using
an aloe vera extract where an increase in the concentration of
AgNO; resulted in smaller and monodisperse nanoparticles
[28]. The optimum concentration of AgNO; for the synthesis
of the nanoparticles was deemed to be 50 mM showing a

characteristic SPR band for Ag/AgCl NPs with monodisper-
sity. The appearance of bands at 665 and 668 is due to the
formation of other shapes of nanoparticles which absorb at
higher wavelengths.

These results suggest that, on average, the number of syn-
thesized Ag nanoparticles reduces as the energy band gap
of silver nanoparticles increases Fig. S-2b. This effect is a
result of quantum mechanics; as materials size increases, the
outer electronic orbitals of the participated atoms overlap
with the conduction band and hence possess more energy.
As aresult of this occurrence, the gap between the valence
band and conduction decreases. The band gap energy using
20 mM silver nitrate is 2.71 eV, for nanoparticles synthe-
sized with 50 mM AgNO;, 2.73 eV and at 100 mM of
AgNO;, 2.66 eV. The band gap energy of the nanoparticles
increased with increased silver salt concentration. However,
the decrease at higher concentration (100 mM) may be due
to the increase particle size of the nanoparticles observed on
the TEM images (Fig. 2). Consequently, it is observed that
the band gap energy decreased with Ag/AgCl particle size.

FTIR was utilized to identify the involvement of biomol-
ecules in the bioreduction of the silver(I) and the stability
of the as-synthesized Ag/AgCl NPs (Fig. S-3). The FTIR
spectra of S. mada-AgNPs shows a broad peak at 3315 cm™!
which is characteristic of the O—H stretching for alcohols in
the phenols. The prominent peaks at 3057 cm™' are attrib-
uted to the N—H asymmetric stretching vibration of the
amide groups from the plant extract. The absorption bands
at 1705 cm™! are due to the amide C=0 of carbonyls while
the band at 1079 cm™! is assigned to the C—O stretching
vibrations. The strong band at 731 cm™! is assigned to the
C—Cl stretching of the alkyl chloride. The dual significance
of biological molecules in the synthesis and stability of the
AgNPs is confirmed by the FTIR (Fig. S-3).

Interaction of BSA in the presence of AgNPs The
binding studies of AgNP with BSA

A comprehensive tool to study proteins and nanoparti-
cles binding is the fluorescence emission spectroscopic
approach. The results could be used to understand the
polarity shifts around the fluorophores. The aromatic fluo-
rophores that produce spectra are the residues of the amino
acids tyrosine (Tyr), tryptophan (Trp), and phenylaniline
(Phe). Among these residues, tryptophan (Trp) is the most
sensitive to changes in the microenvironment and exhibits
the highest fluorescence intensity [29]. The fluorescence
emission spectral analysis was done to study the effect of
increase in concentrations of AgNPs on the BSA emission
intensity. The fluorescence spectra are shown in Fig. 3.
The emission spectra show the quenching of the inten-
sity of BSA with increase in concentration of the AgNPs.
The gradual quenching in fluorescence intensity indicates

) springer



834

N. Hlapisi et al.

Fig.3 a The Fluorescence
quenching spectra of BSA

in the presence and absence
of varying concentrations of
AgNP, b Stern—Volmer plot
of BSA and AgNPs and ¢

a plot of Log(F,, — F/F) vs
Log[Q]. Equation 3 was used
to compute the Stern—Volmer
quenching constant (Kgy) and
various quenching mechanism
parameters
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the formation of a complex between BSA and AgNPs.
Numerous mechanisms, including molecular interactions,
molecular arrangements, complex formation, and energy
transfer, are involved in quenching [30]. The change in
the intrinsic emission intensity of bio-macromolecules is
correlated with interactions between nanoparticles and
proteins, and AgNPs are known to have strong quench-
ing potential toward numerous chromophores [31]. The
excitation wavelength of the compounds was set to 280 nm
with an emission from 250 to 450 nm. The maximum
emission from the spectra was 432.52 nm with a slight
redshift as the concentrations of AgNP increased. Fluo-
rescence quenching can be divided into dynamical and
static mechanisms; the former includes the collision of the
fluorophore and the quencher in the fluorophore’s excited
state, while the latter results from the synthesis of the fluo-
rophore—quencher complex in the ground state [32].

Fo/lF=1+Ksv[0] =1 +kq To[Q] 3

where F, and F are fluorescence intensities of BSA in
the absence and presence of a quencher respectively.
Kgy is the Stern—Volmer constant, [Q] is the concentra-
tion of the quencher, k, is the quenching rate constant T,
is the average fluorescence lifetime of the protein fluoro-
phores in the absence of the quencher. Figure 3b shows the
Stern—Volmer plot between Fy/F and [AgNP1]. The Kgy
value obtained from the slope of the Stern—Volmer plot
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was 1.4309% 10° L mol™". In addition, kq was obtained as
1.43x 10" L mol™" s7!, this suggests that the silver nanopar-
ticle quenching of the fluorophore of the BSA was through a
static quenching mechanism. The results demonstrated that
AgNPs had a strong ability to quench BSA’s fluorescence
intensity.

The estimation of binding parameters and binding
energy

Further analysis of the fluorescence quenching data allowed
for the determination of other binding characteristics, such
as binding constants (K,) and the number of binding sites
(n), using Eq. (4).

logF, — F/F = logK,, + nlog[Q], 4)

The values of K, and n were obtained from the plot of
log(Fy — F/F) vs log[Q] in Fig. 3c. At room temperature,
the BSA—NPs interaction’s n value is close to 1, which sug-
gests that there is just one binding site for NPs on BSA. The
computed value K, is in the range of 10°, which supports the
existence of AgNPs and BSA’s strong binding interaction.
Equation 5 was used to calculate the value of AG.

AG = —RTInK,,. 5)

The spontaneity of the binding process is shown by the
negative value of AG (Table S-2).
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Conclusion

A facile method to prepare Ag/AgCl NPs using S. mada-
gascariensis plant extracts (leaf) and the binding interac-
tions between the nanoparticles and BSA is presented in this
study. Increase in the concentration of AgNO; resulted in a
decrease in the particle size of the as-synthesized nanoparti-
cles. The silver nanoparticles were well dispersed, spherical
in shape, and ranged in size from 13 to 25 nm. The band
gaps of the nanoparticles increased with an increase in
the concentration of the salt from 2.71 eV for the smallest
concentration to 2.73 eV in higher concentrations. Powder
XRD diffraction patterns confirmed silver nanoparticles
with a face-centered cubic lattice crystal structure of Ag and
AgCl. FTIR analysis of the S. mada. shows interactions of
the hydroxyl, carbonyl, and amine groups with the Ag/AgCl
NPs as capping and stabilizing agents. The nanoparticles
synthesized using 50 mM of AgNO; showed monodispersed
and smaller particles and were hence deemed to be the ideal
concentration for the preparation of Ag/AgCl NPs using S.
madagascariensis. The findings suggested that the interac-
tion of AgNPs with BSA may be a static quenching process
and that the process is spontaneous with hydrogen bonding
and hydrophobic interactions functioning as the main active
forces with one binding site. Due to the negative sign of the
AG, this indicated that the binding was spontaneous.
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