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Abstract

Synthesis of nanoparticles using naturally occurring biomolecules has become the preferred method due to increased concerns
over environmental degradation. In this study, the biosynthesis of manganese dioxide nanoparticles (MnO,NPs) and silver
nanoparticles (AgNPs) using extracts and the biomolecule, aralia cerebroside, isolated from the medicinal plant species,
Cussonia zuluensis Strey, was investigated. The size and morphology of nanoparticles observed using microscopic techniques
indicated an average particle size of 7.43 nm (spherical and polydispersed) for AgNPs and a layer of thin film surrounding
the particles, confirming the capping by biomolecules. AgNPs exhibited better antibacterial activity than MnO,NPs and
were most active against Escherichia coli and Enterococcus faecalis. MnO,NPs presented as ultrathin nanoflakes with grainy
morphology ranging from 11 to 29 nm when capped with biomolecules from the extract, and presented as nanospheres sur-
rounded by nanosheets ranging from 6.99 to 16.57 nm when capped with aralia cerebroside. The radical scavenging activ-
ity was found to be MnO,NPs (extract) > MnO,NPs (cerebroside) > AgNPs (extract) > extract > cerebroside, and the ferric
reducing antioxidant power was found to be cerebroside > extract > MnO,NPs (cerebroside) > MnO,NPs (extract) > AgNPs
(extract). MnO,NPs exhibited better antioxidant activity than AgNPs with size and morphology of nanoparticles being
influenced by the capping agent, which, in turn, influenced antioxidant activity as seen with MnO,NPs. This study confirms
the significance of the metal or metal oxide core and capping biomolecules for targeted therapeutic activity of nanoparticles
using the plant-mediated synthesis route.
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Introduction

The synthesis of nanoparticles using biological materials
has been proposed to be a non-toxic and eco-friendly alter-
native to physical and chemical approaches (Parveen et al.
2016; Nasrollahzadeh et al. 2019). The biological materi-
als including DNA, proteins, peptides, bacteria, fungus and
plants have been successfully exploited for the synthesis of
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nanoparticles (Deljou and Goudarzi 2016; Leng et al. 2016;
Corraetal. 2017; Julin et al. 2018; Shen et al. 2018; Demir-
bas et al. 2019; Guilger-Casagrande et al. 2019). However,
plants and plant-derived extracts have gained substantially
more interest due to availability, cost-effectiveness and ease
of use for large-scale synthesis (Hazarika et al. 2017). More-
over, well-characterized and stable nanoparticles have been
reported to have been synthesized using plants more than
other organisms (Iravani 2011; Ahmed et al. 2016; Demir-
bas et al. 2019; Some et al. 2019). Plants are enriched with
various bioactive metabolites such as terpenoids, alkaloids,
flavonoids, sugars, proteins and steroids that act as reduc-
ing and stabilizing agents during nanoparticle synthesis
(Makarov et al. 2014; Ocsy et al. 2017).

Metal nanoparticles have gained popularity over the
years, with silver nanoparticles (AgNPs) being widely used
due to potential antimicrobial, anti-inflammatory and anti-
fungal activities (Elgorban et al. 2016; Kedi et al. 2018). The
reducing agent used for the synthesis of AGNPs influences
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their size, shape, surface chemistry and agglomeration,
which influences their biological activity (Singh and Kaur
2019). Several studies have been reported on the green syn-
thesis of AgNPs using plants and their enhanced antimicro-
bial activity (Dogru et al. 2017; Loo et al. 2018; Sana and
Dogiparthi 2018).

Manganese dioxide (MnQO,) is reported to be one of the
most attractive inorganic materials among the studied met-
als in nanotechnology, imparting both photocatalytic and
antimicrobial actions (Moon et al. 2015; Hoseinpour et al.
2018; Joshi et al. 2020). This is mainly due to its extensive
chemical and physical properties as well as its vast range of
applications in ion exchange, energy storage, imaging con-
trast and medicine (Jaganyi et al. 2013; Haneefa et al. 2017).
Previous studies have reported on the successful synthesis
of MnO, using chemical and physical methods (Moon et al.
2013; Kumar et al. 2014; Cherian et al. 2016), as well as the
plant-mediated synthesis route, which was found to be cost-
effective and eco-friendly, and allowed for ease of synthesis
at room temperature and pressure, and optimization of size
and shape (Malik et al. 2014).

In this study, we report on the green synthesis of Ag and
MnO, nanoparticles using Cussonia zuluensis for the first
time. The Cussonia genus, commonly known as the “cab-
bage tree,” belongs to the family Araliaceae. It is widely
distributed in the southern Cape and eastern parts of South
Africa, extending to Zimbabwe, Zambia and Mozambique
(Hankey 2005). Traditionally, Cussonia is used to treat
malaria, sexually transmitted infections, wounds, skin
rashes, rheumatism and cancer (Nitie-Kang et al. 2014;
Oladimeji et al. 2017). Cussonia species have also been
reported to possess potent antimicrobial and antimalarial
activity (De Villiers et al. 2010), immunomodulatory activi-
ties (Oladimeji et al. 2017) and antibacterial activity against
Staphylococcus aureus (Tetyana et al. 2002). However, to
the best of our knowledge, there have been no scientific
reports on the phytochemical constituents or biological
activity of C. zuluensis. Herein, we report also on the syn-
thesis of AgNPs and MnO,NPs using the crude methanol
extracts and isolates from C. zuluensis and their antimicro-
bial and antioxidant activities. The aim of this study was
to determine the effects of the metal or metal oxide core
and biosynthesizing agents on particle characteristics and
to evaluate the combined synergistic or antagonistic effects
of the biomolecules and nanoparticles on biological activity.

Materials and methods

Fresh storm uprooted tubers of C. zuluensis were col-
lected from Durban, South Africa. A voucher specimen
(Magura J2) was deposited in the ward herbarium, School
of Life Science (UKZN). Initially the samples (1.3 kg) were
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washed with double distilled water, air-dried and ground
using a mortar and pestle prior to analysis. NMR deuter-
ated solvents, potassium permanganate (KMnQO,), silver
nitrate (AgNO;), Mueller—Hinton agar, antibiotic disks and
all organic solvents used for extraction were supplied by
Sigma-Aldrich, Germany. Cultures for antimicrobial activity
were procured from the American Type Culture Collection
(ATCC), Manassas, Virginia, USA.

Extraction, isolation and characterization
of compounds

The ground plant material was exhaustively extracted with
methanol (MeOH) for 72 h, the extracts of which were con-
centrated using a rotary evaporator and dissolved in 300 mL
of water. The aqueous mixture was further portioned with
dichloromethane (DCM) followed by ethyl acetate (EtOAc)
in equal volumes. The obtained DCM fraction (12.5 g) and
EtOAc fraction (4.2 g) were separately subjected to col-
umn chromatography using silica gel (Merck Kieselgel 60,
0.063-0.200 mm, 70-230 mesh ASTM). The columns were
eluted using a step gradient (hexane: EtOAc) starting with
100% hexane that was stepped by 10% to 100% EtOAc. The
collected fractions were monitored by thin-layer chromatog-
raphy (TLC) (Merck silica gel 60, 20X 20 cm F,s, aluminum
sheets), and fractions with similar TLC profiles were com-
bined and crystallized. Fractions 1620 from the DCM frac-
tion afforded the isolation of compound 1 (25 mg) as a white
solid. Fractions 30-33 from the DCM fraction gave com-
pound 2 (11 mg). The elution of the EtOAc fraction using
hexane: EtOAc (6:4) solvent system yielded compound 3
(60 mg) as a yellow powder and compound 4 (100 mg).
Aralia cerebroside (4): off white solid, UV Amax(MeOH):
213, 255, 289 nm; IR v, 3231(OH), 2912, 2852 (CH),
1541 (NH), 1070, 1030 (C-O glucose), 719 ((CH,),); 'H-
NMR (400 MHz, CD;0D) 67.76 (1H, d, J=9.9 Hz, NH),
5.34 (1H, dt, J=5.4, 11.1 Hz, H-9), 5.29 (1H, dt, J=5.4,
11.1 Hz, H-8), 4.22 (1 H, d, J=7.7 Hz, H-1"), 4.19 (1H,
m, H-2), 4.00 (1H, m, H-1b), 3.96 (1H, m, H-4), 3.78 (1H,
dd, J=1.4,12.9 Hz, H-6"b), 3.74(1H, m, H-la), 3.63(1H,
m, H-3), 3.61 (1H, dd, J=3.3, 12.9 Hz, H6"a), 3.53 (1H,
m, H-2"), 3.29 (1H, m, H-3", 4"), 3.21 (1H, m, H-5"), 3.12
(1H, d, J=8.9 Hz, H-2"), 1.97 (2H, m, H-5), 1.90 (2H, m,
H-7), 1.66 (2H, m, H-3'b), 1.55 (4H, m, H-10, 3'a), 1.33 (2H,
m, H-4"), 1.26-1.21 [brs,(CH,)n, 11-17, 5'-15'], 0.82 (6H,
t-like, J=6.7 Hz, H-18, 16"); *C-NMR (400 MHz, CD,0D)
6177.1 (C-1"), 130.9 (C-9), 130.7 (C-8), 104.6(C-1"), 78.0
(C-5"),77.8 (C-3"),75.5 (C-3), 75.0 (C-2"), 73.0 (C-4, 2),
71.5 (C-4"), 69.9 (C-1), 62.6 (C-6"), 51.6 (C-2), 35.7 (C-3"),
33.8 (C-7), 33.7 (C-4"), 33.1 (C-10), 30.5 (C-4), 28.4(C-5),
28.3 (C-6), 30.8-23.7 (C-6, 11-17, 5'-15"), 14.4 (C-18, 16");
LC-MS m/z 733 [M+2H]*, 570 [M+2H - 162]*; positive
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TOF-MS m/z 754 [M+Na]*; 553 [M + Na-C¢H,O4] ", 310
[M+Na-C¢H,,04-243)]%, 239 [M +Na-C¢H, ;04 243-71)]*.

Nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Advance III 400 MHz spectrometer
(Germany) using deuterated chloroform (CDCl;), dime-
thyl sulfoxide (DMSO) or methanol (CD;0D) (Merck,
Germany). Fourier transform infrared (FT-IR) spectra
were recorded on a PerkinElmer Universal ATR spectrom-
eter (USA). Liquid chromatography—mass spectrometry
(LC-MS) data were obtained using an Agilent LC-MSD
apparatus (USA) equipped with a UV detector using a
mobile phase of 95% acetonitrile, 10% water and both con-
taining 1.1% formic acid at a flow rate of 1 mL min~'. Low-
resolution mass spectrometry was done on a Waters Micro-
mass LCT Premier TOF-MS instrument (USA).

Green synthesis of Ag nanoparticles

About 10 g of dried and crushed plant material was extracted
with 100 mL of MeOH using an orbital shaker at room tem-
perature then filtered. The filtrate (50 mL) was used for the
synthesis of AgNPs by adding to 100 mL of 50 mM AgNO;
(the only concentration that resulted in NP formation from
preliminary tests) dropwise, at room temperature. The mix-
ture was left to stand for 24 h.

Green synthesis of MnO, nanoparticles

The filtrate from the MeOH extract of C. zuluensis and com-
pound 4 were used for the synthesis of MnO, nanoparti-
cles. A 50 mL aliquot of the filtrate was added dropwise to
100 mL of freshly prepared 10 mM KMnO, solution (the
concentration that produced smaller NPs and gave a better
yield from preliminary tests) at room temperature which was
left to stand for 24 h. A color change from purple to dark
brown indicated the formation of the nanoparticles. For the
synthesis of nanoparticles using compound 4, 10 mg of the
compound was dissolved in 10 mL of MeOH and reacted
with 20 mL of 10 mM KMnO, for 24 h standing.

Characterization of the synthesized nanoparticles

The synthesized nanoparticles were purified by centrifugation
at 5000 rpm for 30 min and washed three times with double
distilled water. The purified pellet was oven-dried at 60 °C
to form a powder. The formation of the nanoparticles was
confirmed by UV-Vis spectroscopy (Shimadzu UV-1800
spectrophotometer, Japan) and FT-IR. The size and morphol-
ogy of the nanoparticles were obtained by high-resolution
transmission electron microscopy (HRTEM) images using a
JEOL 2100 operated at a voltage of 200 kV, and a drop of the
reaction mixture was loaded on the copper grid and allowed
to evaporate under infrared light. SEM measurements were

taken on the ultra plus field emission scanning electron micro-
scope (FESEM) (Carl Zeiss, Germany) with accelerating volt-
age of 5 kV. Elemental composition of the nanoparticles was
obtained using FESEM and analyzed using electron-dispersive
X-ray (EDX) (Aztec Analysis Software, England). Selected
area electron diffraction (SAED) was obtained on the HRTEM
to examine the crystallinity of the nanoparticles.

Antimicrobial activity

The antimicrobial activity of AgNPs and MnO,NPs was
tested against human pathogenic Enterococcus faecalis ATCC
29212, Escherichia coli ATCC 35218, ATCC 25922, Kleb-
siella pneumonia ATCC 700603 and Staphylococcus aureus
ATCC 43300 and ATCC 29213, using the standard well diffu-
sion method. Mueller—Hinton (MH) agar media were used to
culture bacterial strains at 37 °C, overnight. Freshly cultured
bacterial strains were spread onto the Mueller—Hinton agar
plates, and the wells were prepared using a 3 mm sterile borer.
Aliquots of 20 pL and 40 pL of the AgNPs prepared with
crude extract and MnO,NPs prepared with the crude extract
or phytocompound and distilled water (negative control) were
added to the wells and incubated at 37 °C, overnight. Ampi-
cillin disks served as a positive control (10 pg per disk), and
the antimicrobial activity was measured based on the average
diameter (mm) of the inhibition zone around the wells.

Antioxidant activity
DPPH assay

The filtrate from the MeOH extract of C. zuluensis and com-
pound 4 were used for the synthesis of MnO, nanoparticles. A
50 mL aliquot of the filtrate was added dropwise to 100 mL of
freshly prepared 10 mM KMnO, solution at room temperature
which was left to stand for 24 h. A color change from purple to
dark brown indicated the formation of the nanoparticles. For
the synthesis of nanoparticles using compound 4, 10 mg of
the compound was dissolved in 10 mL of MeOH and reacted
with 20 mL of 10 mM KMnO, for 24 h standing. Percentage
inhibition is calculated using Eq. (1):

o Ac —Ag
% Inhibition = x100 (D
Ac

where A, was the absorbance of the control and A, was the
absorbance of samples

Ferric reducing power assay
The reducing power of the plant extract, compound, nano-

particles or standard (ascorbic acid, a-tocopherol and BHT)
was determined as described previously (Sangaonkar and
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Pawar 2018). The absorbance was then measured at 700 nm
against a blank using a UV-Vis spectrophotometer (VWR
UV-1600 PC spectrophotometer, Leicestershire, UK).

Phosphomolybdenum assay

The total antioxidant activity of plant extract, compound,
nanoparticles or standard (ascorbic acid, a-tocopherol and
BHT) was measured as described previously (Saeed et al.
2012). The absorbance was measured at 765 nm against a
blank using a UV-Vis spectrophotometer.

Statistical analysis

The results were expressed as mean + standard deviation of
three independent experiments. One-way analysis of vari-
ance (ANOVA) was performed on the data to evaluate sig-
nificant difference between means followed by Tukey’s post
hoc test (p <0.05). All statistical analyses were performed
using GraphPad Prism 5.0 (GraphPad Software Inc., San
Diego, CA).

Results and discussion
Isolated compounds

Phytochemical analysis of C. zuluensis yielded compound
1 as white crystals with a molecular ion peak at m/z 393
[M-(H,O +H)]*. The '"HNMR spectrum showed character-
istic peaks at 6 5.02, 5.12 and 5.32 correlating with carbon
resonances at o 129.2, 138.3 and 121.7, respectively, in
the HSQC spectrum (Fig. S1a-S1e). The spectroscopic data
were consistent with that in the literature for stigmasterol
(Ahmed et al. 2013).

Compound 2 was isolated as a mixture with molecular ion
peaks at m/z 138 and 168 obtained by LC-MS corresponding
to the molecular formulae of C;HsO5 and CgHgO,, respec-
tively. The '"H NMR spectrum indicated a 1,4-disusbstituted
benzene ring with resonances at 6y 6.95 (2H, d, /=8.3 Hz,
H-3,5) and 7.99 (2H, d, J=8.3 Hz, H-2, 6) for compound
2A, and a 1,3,4-trisubstituted benzene ring with resonances
at 6;; 6.86 (1H, d, J=8.4 Hz, H-5), 7.56 (1H, d, J=1.9 Hz,
H-2) and 7.69 (1H, dd, J=1.9, 8.4 Hz, H-6) for compound
2B. The carbon resonance at 5 170.5 in the '*C NMR spec-
trum (Fig. S2a—S21) was attributed to the carbonyl that was
overlapping for both compounds. Two characteristic absorp-
tion peaks at 256 nm and 289 nm in the UV—Vis spectrum
were due to the non-symmetrical structure of compound 2B;
the intensity of the peak at 256 nm suggested the overlap of
peaks for the symmetrical compound 2A. Compound 2 was
identified as a mixture of p-hydroxybenzoic acid (2A) and
4-hydroxy-3-methoxybenzoic acid (2B) (vanillic acid) by
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comparison of spectroscopic data with that in the literature
(Lee et al. 2013).

Compound 3 was isolated as a white powder with molec-
ular formula of C;5sHsgOg. The 'H NMR spectrum was simi-
lar to that of stigmasterol with the exception of a characteris-
tic anomeric proton resonance at dy; 4.22 (1H, d, J="7.7 Hz,
H-1') and resonance at 6y 2.89-3.14 (sugar). This sugar
moiety was confirmed to be attached to C-3 of the agly-
cone using HMBC correlations (Fig. S3a—S3i). Compound 3
was confirmed to be stigmasterol-3-O-f-D-glucopyranoside
(Khatun et al. 2012).

The 'H NMR spectrum showed two single-proton reso-
nances at 6y 5.34 (1H, dt, J="7.7, 11.1 Hz) and 5.29 (1H, dt,
J=7.7, 11.1 Hz) which were assigned to H-8 and H-9 due to
one olefinic bond. The doublet at 6y; 4.22 (J=7.7 Hz) was
attributed to the anomeric proton (H-1") of the sugar moi-
ety. The '>*C NMR spectrum showed resonances at 5. 104.6,
75.0,77.8, 78.0, 71.5 and 62.6, confirming the presence of
the sugar moiety. The 'H and '3C NMR spectra also showed
an amide linkage at 6y 7.76 (d, J=9.9 Hz), an amidomethine
at 63 4.19 (6. 51.6, C-2), oxygenated methylene carbons at
0y 4.00 and 3.74 (5 69.9, C-1) and oxygenated methines at
0c 75.5 (C-3) and 73.0 (C-4 and 2'). The coupling constant
of H-8 and H-9 (/J=11.1 Hz) and the chemical shifts of C-7
(6¢ 33.8) and C-10 (6 33.1), next to the double bond, sug-
gested a trans (E) configuration (Ling et al. 2006; Zheng
et al. 2009; Ebede et al. 2019). The triplet at 6y 0.82 (6H)
that integrated to 6 protons was due to the terminal C-18 and
C-16 primary methyl protons. Based on these results, com-
pound 4 was identified as 1-O-f-D-glucopyranosy-(2S,3S,4-
R,8FE)-2-[(2'R)-2'-hydroxypalmitoylamino]-8-octadecene-
1,3,4-triol, commonly known as aralia cerebroside (Fig. 1)
(Kang et al. 1999). This compound has previously been iso-
lated from Aralia elata of the Araliaceae family. This is the
first report of its isolation from the Cussonia genus.

Characterization of Ag and MnO, nanoparticles
synthesized using the plant extract

The successful reduction of KMnO, was evidenced by a
color change from purple to brown within 30 min of the
reaction after the addition of the plant extract. A plausi-
ble mechanism for the formation of MnO,NPs is presented
in Fig. 2. An oxidation-reduction reaction initiated by
KMnO, (a strong oxidizing agent that cleaves the alkenes)
produces glycols and MnO,. Potassium permanganate can
further oxidize hydroxyl groups into ketones, aldehydes or
carboxylic acids (Shaabani et al. 2005). The hydroxyl and
carboxyl groups from the plant extract are then adsorbed
onto the surface of the MnO,NPs. The formation of AgNPs
and MnO,NPs was monitored by UV—Vis and IR spectros-
copy (Fig. 3). UV-Vis analysis of MnO,NPs showed a broad
peak in the 292-368 nm range characteristic of the surface
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Fig. 1 Structure of isolated compound, aralia cerebroside

Fig.2 a Plausible mechanism H H
for the formation of MnO,NPs .
and b illustration of the adsorp- |)

tion of hydroxyl and carboxylic R
groups onto MnO,NPs
H
/
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/
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plasmon resonance (SPR) for MnO,NPs (360-404 nm) (Luo
2007). Peak broadness indicated aggregation of synthesized
MnO,NPs. The FT-IR spectrum confirmed the presence of
MnO,NPs with an absorption band at 496 cm™' character-
istic of O—Mn-O stretching (Wang et al. 2007; Athar et al.
2012). Absorption bands observed at 3360 (O—H stretching),
1581 (C=C aromatic stretching), 1320 (C—O-C stretching)
and 1054 cm™! (C-OH stretching) were due to the func-
tional groups present in the extract including benzoic acids,
stigmasterol and stigmasterol-3-O-p-D-glucopyranoside,
capping the MnO,NPs. The IR spectra of the extract of
C. zuluensis and MnO,NPs showed the disappearance of
absorption bands at 716 and 800 cm™' (aromatic C—H out of
plane bend) as well as 2862 and 2927 cm™! (CH, stretching)
for MnO,NPs, suggesting coordinative interactions between
the molecules (benzoic acids, sterols and aralia cerebrosides)
and MnO,NPs (Hazarika et al. 2017).

The AgNPs were obtained by using the extract of C.
zuluensis as a reducing and stabilizing agent. The solu-
tion changed from yellow to cloudy immediately after the
addition of AgNO; with the formation of small yellowish
brown particles of AgNPs. The shape, width and shift of
the UV—Vis bands indicated its particle size, with shorter
wavelengths (blueshift) signifying smaller particles. A broad
peak at 301 nm was observed, which was slightly lower than

16'

[e]
-
o
-
N
-
I
-
[o)]
-
(o]

Ho A

C C +2KMnO4 + 4H,0 —= 3R— C C R +2MnO, + 2KOH
R purple solution HO/

L o~
e

OH dark brown
solid

previously reported SPRs for AgNPs (Kaczmarek et al.
2016; Khan et al. 2018). Previous studies indicate that UV
absorptions between 300 and 400 nm are due to oxidative
dissolution of AgNPs in the aqueous solution (Loza and
Epple 2018). Other techniques such as IR, EDX and SAED
were employed to further confirm the synthesis of AgNPs.
The IR spectrum indicated the disappearance of the O-H
(3360 cm™") and C-0 (1025 cm™") stretching bands for
AgNPs. This could be due to the reaction of compounds
in C. zuluensis containing hydroxyl and phenolic groups
with Ag™" ions, leading to the formation and stabilization of
AgNPs. Absorbance bands at 29272862 cm™' (CH, stretch-
ing), 1283 cm™!' (C—O-C stretching) and 800-716 cm™!
(aromatic C—H out of plane bend) can be attributed to the
compounds in C. zuluensis capping the AgNPs.

The HRTEM and SEM images, and SAED patterns
of AgNPs and MnO,NPs synthesized using the plant
extract as well as the particle size distribution histogram
of AgNPs are shown in Fig. 4. The size and morphol-
ogy of MnO,NPs examined through HRTEM revealed a
layered flake shape morphology that forms an intercon-
nected network (Fig. 4a and b). SEM images confirmed
the presence of ultrathin nanoflakes as shown by a grainy
morphology from the top view, with a diameter ranging
from 11 to 29 nm (Fig. 4c). The basic building block of

@ Springer



4258

Chemical Papers (2020) 74:4253-4265

----- Cussonia zuluensis
—— MnO;,NPs
259
7 —— AgNPs

Absorbance

14 - 292-368

300 400 500 600 700
Wavelength/nm

(b) 100 T T T T

1) 'L L
Cussonia zuluensis,

80

60

40

% Transmittance

20 1283~

100 |-

80 |-

60 |-

40 4

% Transmittance

100

80

60

40

% Transmittance

20 | -

4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber/cm

Fig.3 a UV-Vis spectra and b IR spectra of C. zuluensis, MnO,NPs and AgNPs synthesized using the plant extract

all phases of MnOg octahedra shares edges and corners to
form tunneled layers or structures (Birgisson et al. 2018).
The compounds in C. zuluensis capped the outer layers of
MnO,NPs, thereby resulting in blurry HRTEM images.
The SAED pattern for MnO,NPs displayed continuous
rings that were indicated poor crystallinity (Fig. 3b inset).
The characteristic interplanar spacing of 0.255 nm (301)
and 0.213 nm (202) was attributed to R-MnO, (ramsdel-
lite) (Zhai et al. 2013). Ramsdellite contains MnOg octa-
hedra connected at the edges to form a 2 X 1 channel.

The HRTEM image of AgNPs (Fig. 4d) showed spheres
that were polydispersed with a particle size range of
2.35-23.98 nm and average size of 7.43 nm, and a layer of
thin film surrounding the AgNPs, confirming the capping
by phytocompounds. After nucleation of Ag atoms, the
nuclei aggregate to form small nanoparticles that rapidly
aggregate to form larger nanoparticles, leading to poly-
dispersion (Seoudi et al. 2011). The SEM image indicated
the particles to be spherical in nature (Fig. 4f). The SAED
pattern for AgNPs showed intense concentric circles with
interplanar spacing of 0.23 nm (111) and 0.19 nm (200),
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which can be attributed to the face centered cubic structure
of AgNPs (Fig. 4d inset).

The EDX spectra of MnO,NPs and AgNPs are presented
in Fig. 5 with MnO,NPs showing an intense Mn signal at
5.9 keV (42%). Signals of oxygen (0.5 keV, 35%) and car-
bon (0.3 keV, 16%) were due to the compounds present in
the plant extract that capped the MnO,NPs. The potassium
signal was attributed to the KMnO, salt which was used in
the synthesis. The copper signal for all EDX spectra was
from the copper stub used in sample mounting. The EDX
spectrum of AgNPs showed an intense Ag signal (3.1 keV,
39%), confirming the presence of Ag; the carbon (33%) and
oxygen (21%) signals were from the extract and the nitrogen
(0.4 keV) signal was from the AgNOj salt, which was used
in the synthesis.

Characterization of MnO, nanoparticles synthesized
with cerebroside

The UV-Vis and IR spectra of MnO,NPs (cerebroside) are
shown in Fig. 6. The formation of MnO,NPs (cerebroside)
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ticle distribution histogram (e AgNPs) of synthesized nanoparticles using the plant extract
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Fig.5 EDX spectra of a MnO,NPs and b AgNPs synthesized using the plant extract

by UV-Vis was observed by the appearance of absorb-  confirming the formation of MnO,NPs (cerebroside)
ance peaks at 321-383 nm (Fig. 6a) (Luo 2007). The (Fig. 6b) (Bayoudh et al. 2016). The IR absorbance bands
UV-Vis absorbance range incorporates the characteris-  at 3937 cm~! (O-H stretching), 2922-2851 cm~! (CH,
tic peak of 374 nm for single-layered MnO, nanosheets  stretching), 1578 cm™!' (C=C stretching), 1424 cm™!
(Liu et al. 2015). The IR spectrum showed bands at 476 (methyl C—H bending) and 1042 cm™! (C-O stretch-
and 596 cm™!, which are due to O-Mn stretching and  ing) were due to cerebroside coating the NPs. The shift
Mn-O-Mn vibrations in the MnOg octahedral framework, in the wave numbers for C=C stretching (from 1615
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Fig.6 a UV-Vis spectra and b IR spectra of cerebroside and MnO,NPs (cerebroside)

to 1578 cm™!), methyl C-H bending (from 1470 to
1424 cm™") from cerebroside alone to MnO,NPs (cerebro-
side) was indicative of a coordinative interaction between
MnO, and cerebroside (Hazarika et al. 2017).

The HRTEM, SEM images, SAED pattern and EDX
spectrum of MnO,NPs (cerebroside) are presented in Fig. 7.
The HRTEM images show layered nanosheets surrounding
small spherical nanoparticles, similar to previous findings
(Chen and Luan 2017). At high magnification (Fig. 7b and
¢), a combination of nanospheres and nanosheets was clearly
visible. The size of MnO, nanospheres ranged from 6.99 to
16.57 nm (Fig. 7a—c). MnO, nanosheets are stacked layers of
edge-sharing MnOy octahedra with water molecules and K*
between the layers to balance the charge (Wang et al. 2017).

The SEM image also confirmed the presence of the inter-
connected nanosheets of MnO,NPs (cerebroside) (Fig. 7d).
The EDX spectrum confirmed the presence of Mn (56%)
as well as oxygen (30%) and carbon (6%) from cerebroside
(Fig. 7e). The presence of a potassium peak was also evi-
dent. The SAED pattern indicated polycrystalline material
(Fig. 7a inset). The interplanar spacings of 0.245 nm and
0.142 nm corresponded to (110) and (020) planes, respec-
tively, of 5-MnO, (birnessite) (Chen et al. 2017). The MnOg¢
octahedra connect via edges in two dimensions forming
sheets (Birgisson et al. 2018).

@ Springer

Antimicrobial activity

The antimicrobial activity of the plant extract, cerebroside
and synthesized NPs was determined by measuring the
zone of inhibition. No antimicrobial activity was observed
for the plant extract, cerebroside and any of the MnO,NPs.
Table 1 shows the zones of inhibition of AgNPs synthesized
using the plant extract and the positive control, ampicillin,
against E. faecalis, E. coli, K. pneumoniae and S. aureus.
An increase in the concentration (volume) of the AgNPs
resulted in an increase in antimicrobial activity, which was
consistent with previous studies (Guzman et al. 2012; Perni
et al. 2013; Logeswari et al. 2015). AgNPs had compara-
ble inhibitory action to ampicillin against E. faecalis ATCC
29212, but lower inhibition against E. coli ATCC 25922 and
S. aureus ATCC 29213. Though ampicillin had no inhibitory
action against E. coli ATCC 35218, K. pneumoniae ATCC
700603 and S. aureus ATCC 43300, AgNPs exhibited con-
siderable activity at 40 pL. Due to the smaller size, shape
and higher surface charge of AgNPs, they can attach and
penetrate the cell membrane of the microorganisms. The
AgNPs can then interact with the sulfur and phosphorus
containing compounds, thereby causing damage to bacte-
rial cells by interacting with the DNA, leading to cell death
(Sangaonkar and Pawar 2018). This study shows that AgNPs
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Fig.7 HRTEM images (at different magnifications: a 200 nm, b 50 nm and ¢ 20 nm) and corresponding SAED pattern (c inset), d SEM image

and e EDX spectrum of MnO,NPs (cerebroside)

Table 1 Zones of inhibition
(in mm) of AgNPs synthesized

Zone of inhibition/mm

using the extract of C. zuluensis AgNPs (extract) Ampicillin
(mean + SD) and ampicillin .
against E. faecalis, E. coli, K. 20 uL 40 pL (10 pg per disk)
pneumoniae and S.aureus Enteroccocus faecali ATCC 29212 12+0.6 16+1.5 19
Escherichia coli ATCC 25922 10+0.6 12+0.6 22
Escherichia coli ATCC 35218 5+0.6 10+0.6 0
Klebsiella pneumoniae ATCC 700603 0 12+1.5 0
Staphylococcus aureus ATCC 29213 0 11+0.6 21
Staphylococcus aureus ATCC 43300 0 13+1 0

capped with the biomolecules from the plant extract are most
active against E. faecalis and E. coli, even at low concen-
trations. Previous studies have shown freestanding AgNPs
as well as C. zuluensis to have no significant antimicrobial
activity against E. coli, similar to this study (Tetyana et al.
2002). This suggests that the biogenic synthesis of AgNPs
using C. zuluensis increases the antimicrobial potential of
both C. zuluensis and AgNPs, thereby confirming a syner-
gistic effect.

Antioxidant activity

The antioxidant capacity was determined by the DPPH radi-
cal scavenging activity (Fig. 8), ferric reducing antioxidant
power (Fig. 9) and phosphomolybdenum activity for C. zul-
uensis, cerebroside and the NPs.

The DPPH radical scavenging activity was observed to
be concentration dependent. Ascorbic acid and a-tocopherol
had high DPPH radical scavenging ability and were therefore
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omitted from the figure, for clarity. The radical scavenging
activity was found to be in decreasing order of ascorbic aci
d > a-tocopherol > BHT > MnO,NPs (extract) > MnO,NPs
(cerebroside) > AgNPs (extract) > extract > cerebroside. The
ferric reducing antioxidant power (ability to reduce Fe(IlI) to
Fe(II) ions by donor electrons) was found to be in decreasing
order of cerebroside > BHT ~ extract > a-tocopherol > ascor-
bic acid > MnO,NPs (cerebroside) > MnO,NPs
(extract) > AgNPs (extract). The results show the plant
extract and its isolate to be better than the controls for reduc-
ing power, but not antioxidant power. When the extract was
more active than cerebroside, which was least active for
radical scavenging activity, MnO,NPs synthesized by the
extract were more active than those synthesized by cer-
ebroside. Conversely, when cerebroside, which was most
active in reducing power, was more active than the extract,
MnO,NPs synthesized by cerebroside was more active than
those synthesized by the extract.

Fig.8 DPPH radical scavenging
activity of C. zuluensis, AgNPs,
MnO,NPs, cerebroside and
MnO,NPs (cerebroside). Values
represented as mean+SD, n=3,
different letters on graph indi-
cate mean separation by Tukey
post hoc test (p <0.05)

DPPH scavenging activity/%

Previous studies have shown morphology and type of
phytochemicals adsorbed onto MnO,NPs to affect radi-
cal scavenging ability (Sivanesan et al. 2017). Similarly,
our study shows that the phytocompounds adsorbed onto
MnO,NPs, by the plant-mediated synthesis route, influ-
ence its antioxidant potential, indicating that the capping
agent is crucial for activity. MnO,NPs (extract) was found
to have better antioxidant activity than AgNPs (extract),
which could be the result of the size and higher surface
area of MnO,NPs (Sivanesan et al. 2017).

The total antioxidant activity was also deter-
mined by the phosphomolybdenum method, which
showed antioxidant activity to be in decreasing
order of extract > a-tocopherol > ascorbic acid > cer-
ebroside > BHT > AgNPs (extract) ~MnO,NPs
(extract) > MnO,NPs (cerebroside), again confirming that
the activity is influenced by the synthesizing biomolecules.
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Conclusions

In this study, AgNPs and MnO,NPs were successfully syn-
thesized by the plant-mediated synthesis route, using the
extract and pure isolate (aralia cerebroside) from C. zuluen-
sis. AgNPs (extract) presented as spheres that were polydis-
persed with an average particle size of 7.43 nm and a layer
of thin film surrounding the AgNPs, confirming the capping
by biomolecules. The size and morphology of nanoparticles
were influenced by the capping agent as seen with MnO,NPs
capped with biomolecules from the extract that presented as
ultrathin nanoflakes with grainy morphology ranging from
11 to 29 nm, and MnO,NPs capped with cerebroside that
presented as nanospheres surrounded by nanosheets ranging
from 6.99 to 16.57 nm. AgNPs showed better antimicro-
bial activity than MnO,NPs and were most active against
Escherichia coli and Enterococcus faecalis, while MnO,NPs
had better antioxidant activity than AgNPs. In all cases for
MnO,NPs, the results showed the capping biomolecules to
affect the antioxidant capacity of the NPs, thereby confirm-
ing the importance of choice of plant material.
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