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Ruthenium nanoparticles (Ru NPs) of different sizes
prepared using leaf extracts of fishtail fern (Nephrole-
pis biserrata), sago palm (Cycas revoluta), rosy
periwinkle (Catharanthus roseus) and holy basil (Oci-
mum tenuiflorum) in methanol exhibited pronounced
antifungal (against Aspergillus flavus) and antioxidant
activity (DPPH, ABTS, SO, OH). The synthesized
Ru NPs were characterized using FTIR, UV-visible
spectra, fluorescence and XRD. A tentative synthetic
mechanism of NPs has been hypothesized via redox
mechanism. A correlation between size of nano-
particles and plant groups has also been established.
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GREEN synthesis of nanoparticles (NPs) has attracted
attention owing to its environment friendly protocol3.
Synthesis of novel NPs of Ag, Au, Pt, Pd and Ru with
special chemical and biological functions, tuned shape
and size and dispersity, has been quite interesting. It is
demanding to avoid the use of toxic chemicals®. In this
context, plant extracts have turned out to be the best
alternatives to synthesize NPs in view of their good yield
and significant biological activity. In this direction, many
plant extracts had been used for synthesis of metal and
metal-oxide NPs%°,

Among the metals, ruthenium (Ru), being a low cost
material as compared to Pd and Pt, has been exhaustively
used in catalytic dehydrogenation', diesel fuel genera-
tion'!, azo dye degradation'?, antiorgano-pollutants®?
and redox catalysis'*. Ru NPs have been synthesized
using different chemical methods including reduction of
Ru salts in aqueous medium by a strong chemical reduc-
ing agent, or by thermolysis in refluxing alcohols®®. The
Ru NPs developed on various supports have been used in
hydrogen evolution reaction and hydrogenation reactions,
dye degradationst¢-1°,

*For correspondence. (e-mail: Imishrabhu@yahoo.co.in)
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However, these methods have been reported to dump
toxic chemicals and solvents imposing a threat to envi-
ronment and human lives. Hence, development of a new
and ‘green’ protocol for synthesis of NPs is an alterna-
tive. Hydrothermal synthesis provides higher yields and
monodispersity?® in comparison with microwave assisted
and other protocols. These methods although ‘greener and
applicable’, required energy, chemicals and consumed
power, and hence were expensive.

Plant extract mediated metal NPs synthesis is studied
and exploited for biological activity?'. However, only few
reports are available regarding microbe mediated synthe-
sis of Ru NPs using Pseudomonas aeruginosa SM1%2,
Dictyota dichotoma?3; and plant extract mediated synthe-
sis of Ru and RuO, NPs by using Gloriosa superba?,
Acalypha indica®. Bimetallic Ru-Pt nano-catalysts em-
ploying Diospyros kaki leaf extract has also been synthe-
sized?. The antifungal and antioxidant properties of
Ru NPs have not yet been reported to the best of our
knowledge.

In the present study, Ocimum sanctum Linn (common
name: holy basil, tulsi), also called Ocimum teniflorum, a
member of Angiosperm?’; Catharanthus roseus Linn.
(common name: rosy periwinkle, Sadabahar) also called
Vinca rosea, a member of Angiosperm?8; Cycas revoluta
(common name: sago palm), a gymnosperm?®; Nephrole-
pis biserrata Sw. Furcans (common name: fishtail fern),
a member of pteridophyta®, were selected for the synthe-
sis of RuNPs, followed by chemical and biological
characterization of these NPs. These selected plants are
well established in chemical compositions and have sig-
nificant therapeutic properties?” 30, An attempt has
also been made to formulate a tentative, redox type,
mechanism in the synthesis of Ru NPs. As a surmise,
NPs with more surface are a must show enhanced biolog-
ical activity which varies amongst plants, specially
plants known for better disease enduring abilities and gen-
erating more stress-tolerant NPs than others, irrespective
of their particle size or any other biophysical
factor. Moreover, particle size versus biological activity
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Figure 1.

Illustration of synthesis of Ru NPs. a, Synthetic strategy for Ru NPs. b, Ru NPs synthesized from plant

extracts. The synthesized NPs showed pale yellow colour which could be distinguished from that of 2.4 mM RuCl;
solution. In the figure, each of the synthesized NPs (RMCLL, RMNBL, RMCRL and RMOTL) were preceded by their

respective plant extracts (MCLL, MNBL, MCRL and MOTL).

plots or nanoparticle-plant group (NP-Pg) correlation
plots are also developed in the present study.

Synthesis protocol

Ruthenium chloride [RuCls-xH,Q], procured from Sigma-
Aldrich was directly used without further purification.
Leaves of plants (Catharanthus roseus, Ocimum tenuiflo-
rum, Cycas revoluta (male) and Nephrolepis biserrata)
were collected from Botanical Garden, Department of
Botany, Banaras Hindu University, Varanasi, India. The
collected leaves were thoroughly washed with double dis-
tilled water for about three times and then air dried. Fresh
and finely cut leaves (=5.0 g) of each of the plants name-
ly, Catharanthus roseus (MCRL), Ocimum tenuiflorum
(MOTL), Cycas revoluta (MCLL) and Nephrolepis
biserrata (MNBL), were boiled in an autoclaved 100 ml
Erlenmeyer flask with 40 ml methanol, at 50°C, for about
10 min. The extracts were then filtered separately, first
through a muslin cloth and then through Whatmann No. 1
filter paper. The filtrates were collected in a separate
autoclaved flask and stored in refrigerator at 4°C for
further experiments and investigations. Fresh plant
extracts were employed, for each synthesis.
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About 40 ml, 2.4 mM, wine red methanolic solution
of ruthenium chloride (RuCls-xH20), was instantly
prepared for the synthesis of each of the Ru NPs, in four
different Erlenmeyer flasks (250 ml) and each of them
were stirred at 1200 rpm, at 50°C, for 5 min, on a sand
bath. After 5 min, 500 pl of MCRL, MCLL, MNBL and
MOTL plant extracts were added separately to each flask.
The reaction was continued for all under similar condi-
tions for about 30 min. The synthesis of Ru NPs
was marked by a visible colour change of the reaction
from wine red to light yellow and further monitored by
UV-Visible spectroscopy. These four solutions were
vortexed and then the synthesized NPs were collected by
centrifugation at 17,800 rpm for 15 min. The NPs were
then collected under minimum methanol and stored at
room temperature. The four different Ru NPs so synthe-
sized were labelled as RMCRL, RMCLL, RMNBL
and RMOTL and their general synthesis is shown in
Figure 1.

Characterization

The synthesis of Ru NPs was confirmed (in liquid media
itself) by UV-Visible spectroscopy, in the wavelength
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range of 200-800 nm, using Shimadzu spectrophotometer
(model UV-1800) operated at a resolution of 1 nm. The
methanolic solutions of RuNPs were dried using
rota-vapour and vibration spectroscopic studies were
performed, using Varian 3300 Fourier Transform Infrared
Spectroscopy (FTIR) carried in the wavelength range of
400-4000 cm*. The fluorescence studies were carried out
using the liquid samples of Ru NPs, through Elico SL 174
spectrofluorometer, within  400-500 nm  wavelength
range. X-Ray diffraction patterns were recorded from
drop coated films of RuNPs on glass substrate, using
Cu K, radiation (4 =0.154060 nm), with Ni monochro-
matic, within 10° to 80°, 260 range. Various crystal pa-
rameters were calculated and average crystallite size was
accurately calculated by Debye Scherrer’s formula®l.
Size, composition and morphology of Ru NPs were fur-
ther analysed by scanning electron microscopy (SEM).
Energy dispersive X-ray spectroscopy (EDX) was per-
formed by preparing a thin film of Ru NPs by spin coat-
ing (1500 rpm) method, applied on a clean aluminium
foil (1 cm x 1 cm) and dropping approximately 100 ul of
sample that was allowed to dry for 30-40 min, at room
temperature, and subjecting it to SEM instrument (model:
FEI Quanta 250). Particle size was accurately determined
using a JOEL 1200 EX-2010 transmission electron
microscope (TEM) operating at 200 kV. This was pre-
equipped with SAED analyser Cu grid which was coated
by Ru NPs and then TEM was done.

Biological activities of biosynthesized Ru NPs were
investigated by performing antifungal assays as well as
antioxidative studies such as 2,2'-diphenyl-1-picryl-
hydrazyl (DPPH), 2,2’-azino-bis-(3-ethylbenzthiazoline-
6-sulphonic acid) (ABTS), superoxide (SO) and hydroxyl
(OH) scavenging assays.

The antifungal activity (AFA) of Ru NPs was studied
against Aspergillus flavus employing food poisoning
technique as stated by Balouiri®?, with some modifica-
tions. Fungal strain was provided with food bearing
Ru NPs to check their growth. Furthermore, the results
were compared with a similar set-up containing plant
extracts instead of Ru NPs. Under sterilized conditions of
horizontal flow laminar cabinet, disks of freshly cultured
fungus were placed at the centre of 10 ml PDA (potato
dextrose agar) plates, each bearing different amounts of
Ru NPs ranging between 200, 400, 600 and 800 ul. The
same strategy was employed for all different Ru NPs as
well as for plant extracts (amount ranging between 100,
500 and 1000 pl). The culture plates were allowed to
incubate at 27°C, for seven days in a biological oxygen
demand (BOD) incubator.

DPPH radical scavenging assay was employed to
investigate the antioxidant activity of plant extracts, as
well as biosynthesized NPs following the protocol similar
to that of Blois and team3. About 500 ul of 0.2 mM meth-
anolic DPPH solution was added to 500 ul of each of the
methanolic  biosynthesized Ru NPs (0.1-1.0 mg/ml),

1310

500 pl of methanol (as control), and to 500 ul of each of
methanolic ascorbic acid solution (0.1-1.0 mg/ml) (as
standard). After 30 min, absorbance of these solutions
was measured at 517 nm. On the basis of the absorbance
data of Ru NPs (Arunps) and of control (Acontral), the per-
centage of DPPH scavenging (%DPPH) was estimated,
using the equation

Abomrol - ARu NPs

ontrol

%DPPHS = (1)

The antioxidant activity was further estimated by a more
sensitive ABTS radical scavenging assay following pro-
tocol of Re et al.**. The 7 mM ABTS and 2.4 mM potassi-
um persulphate stock solutions were prepared separately,
and equal volumes of both solutions, were mixed to pre-
pare working solution. This was allowed to react for 12 h
at room temperature in dark. The solution was then diluted
by mixing its 1.0 ml with 60 ml methanol to obtain an
absorbance of 0.706 + 0.001 units at 734 nm using spec-
trophotometer. Fresh ABTS solution was prepared for
each assay. Ru NPs solutions (2.0 ml) were allowed to
react with 2 ml of the ABTS solution and the absorbance
was taken at 734 nm after 7 min using spectrophotometer.
The scavenging activity of each of the Ru NPs was inves-
tigated over a solution range of 0.1-1.0 mg/ml. The ABTS
scavenging capacity of Ru NPs were compared with that
of butylated hydroxytoluene (over the range of 0.1-
1.0 mg/ml), as standard, and per cent ABTS scavenging
(%ABTSS) calculated from the absorbance data of bu-
tylated hydroxytoluene as control (without Ru NPs), and
of RUNPs, i.e. Arunpes and Acontror respectively, with the
equation

A:ontrol - ARu NPs

ontrol

%ABTSS = 2

The Superoxide Radical Scavenging (SORS) activity was
tested by performing the superoxide radical scavenging
assay following Robak and Gryglewski®. The reduction
occurred in the presence of NBT (4-nitro blue tetrazolium
chloride) with non-enzymatic phenazine methosulphate-
nicotinamide adenine dinucleotide (PMS/NADH) gener-
ated superoxide radicals that reduced the blue coloured
NBT to purple red colour. Different concentrations of
each of 500 pl methanolic Ru NPs (0.5-1.0 mg/ml), and
500 pl of water (as control), were added to 500 pl of nic-
otinamide adenine dinucleotide (NADH) (156 pM) and
500 pl of NBT (630 uM) in 1.3 ml of 0.1 M phosphate
buffer (pH 7.4). The reference solution contained querce-
tin, 500 pl of NBT (630 uM) in 2.3 ul of 0.1 M phos-
phate buffer (pH 7.4). The reaction was started after
addition of 500 ul methylphenazonium methosulphate
(PMS) (30 uM) to all mixtures. After 5 min, absorption
was measured at 560 nm. Thereafter, per cent inhibition
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Figure 2.

Absorption and emission spectra of Ru NPs. a, Represents the combined UV-Visible spectra of all the

plant extracts and their respective NPs. b, Represents the combined fluorescence spectra of the plant extracts and their
respective Ru NPs. ¢, Represents the combined fluorescence spectra of all Ru NPs.

of superoxide radical (%ISA) was calculated from the
absorbance data of mannitol as control (without Ru NPs),
and of RuNPs, i.e. Arunes and Acontrol respectively, by
using the equation

'A\:ontrol - ARu NPs

ontrol

%SORS = ©)

The OH™ scavenging activity (HSA) was measured using
Fenton’s reaction®®. Reaction mixture contained 60 pl of
1.0mM FeCl;, 90wl of 1 mM 1,10-phenanthroline,
2.4 ml of 0.2 M phosphate buffer (pH 7.8), 150 ul of
0.17 M H,0,, and 1.5 ml of each of Ru NPs at different
concentrations (0.1-1.0 mg/ml). The aliquots were incu-
bated at room temperature for 5 min, after which their
absorbance was recorded at 560 nm. The per cent inhibi-
tion of hydroxyl radicals (%IHR) was calculated from the
absorbance data of control (without Ru NPs), and of
Ru NPs, i.e. Arunps and Acontrol respectively, using the fol-
lowing equation and compared with mannitol as standard

A:ontrol - ARu NPs

ontrol

%HSA = (4)

The reduction of RuCls in the presence of different
extracts was identified by visible colour changes from
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wine red colour (of RuCls) to dim yellow at 50°C, after
30 min of stirring at 1200 rpm, indicating the formation
of Ru NPs of size ~25 nm. The prepared NPs were highly
stable over two months.

Results and discussion

The preliminary confirmation of Ru NPs has been done
by UV-Visible spectroscopy, within 250-700 hm wave-
length range at Amax of 240 nm. Four Ru NPs solutions,
along with four plant extracts and one RuClsz solution
were diluted over a decade using methanol and their ab-
sorption peaks were recorded. Figure 2 a, shows the com-
bined UV-Visible spectra of all the nine samples. RuCls
solution shows a broad peak at 391 nm and a narrow one
at 524 nm. Colloidal suspension of Ru NPs depicts char-
acteristic exponential decay pattern, without any absorp-
tion peak®’. Similar absorption patterns were observed for
all four plant extracts, with absorption maxima of chloro-
phyll (338 nm, 665 nm), and carotenoids such as lutein
and p-carotene (~415nm, 438 nm, 468 nm)®. UV-
Visible spectra of Ru NPs showed no peaks of RuCls;
(390 nm, 524 nm). However, low intensity peaks (~338,
665 nm) of carotenoids (~415nm, 438 nm, 468 nm)
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Figure 3. The images (a), (c), (¢) and (g) are SEM images of RMCRL, RMCLL, RMNBL and RMOTL respectively,
performed over the scale of 1-2 um. The images (b), (d), (f) and (h) are the EDX images of RMCRL, RMCLL, RMNBL
and RMOTL respectively, performed over a range of 1-10 KeV.

and chlorophyll (~665 nm) were noticed and thus sup-
porting the stoichiometric reduction of Ru*® to Ru NPs.
Further, the synthesized Ru NPs were characterized
using fluorescence spectroscopy, to study fluorescence
offered by them. Combined fluorescence spectrum of
plant extracts and their NPs are shown in Figure 2 b. Re-
markably, plant extracts showed fluorescence peaks in
green (~561 nm, 585nm) and red region (~612 nm,
673.5 nm) owing to fluorescence from f-carotene deriva-
tives and chlorophyll, respectively. The fluorescence
intensity from plant extracts was reduced on the for-
mation of Ru NPs. However, this decrease is minimum in
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red region (673 nm), but prominent in green region,
hence supporting the tentative role of chlorophyll.
Figure 2c, depicts serrated patterns spectra of RuCls
unlike the spectra of plant extracts. These serrations are
due to capping of some phyto-organic molecules from the
plant extracts on the surface of Ru NPs®°.

Infrared spectroscopic (FTIR) studies showed peaks of
asymmetric —OH stretching vibration at 3500-3400 cm.
The absorption peaks at (cm™) 2845-2950, 1600-1800,
1590-1620, 1250 and at 1050-1000 were assigned to
stretching vibrations due to v(C-H), v(C=C), v(C=N),
v(C-0) and v(C-O-C) respectively. Peak at ~830 cm™

CURRENT SCIENCE, VOL. 117, NO. 8, 25 OCTOBER 2019
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corresponds to v(C—H) bending vibration. FTIR spectra
of Ru NPs displayed similar peaks but v(C=N) vibration
shifted to higher frequency. An additional peak at 479-
590 cm™ was obtained for metallic Ru?*. These results
(Supplementary Figure 1) support the reduction of Ru*®
to Ru® via oxidation of imine moieties, present in chloro-
phyll.

Powder XRD studies were done using Ru NPs-coated
cover-slips. All four Ru NPs depicted major peaks
(Supplementary Figure 2) at 12.71° (111), 26.69° (320),
34.38° (332) and 40.50° (521). The lattice of Ru NPs
were found to be simple cubic in nature, and lattice
constants (d-spacing, a, b, ¢, «, B, yand c/a ratio) were
deduced to be 8.55 nm, 14.81 nm, 14.81 nm, 14.81 nm,
90°, 90°, 90° and 1.00 respectively. Size of Ru NPs was
calculated using Debye Scherrer equation“°

K2
Bcosd’

(5)

where 7 is the particle size (nm), K=0.9, A the standard
X-ray wavelength equal to 1.5406 A, g the full width at
half of the maximum (radian) and & is the Bragg’s angle.
Broad and low intensity peaks of XRD supported the
formation of nanosized Ru NPs, and their sizes were in
the range of 10-30 nm. Additional unassigned peaks, as
observed for Ag/Au NPs*, may be attributed to deposi-
tion of some phyto-inorganic substance on the surface of
NPs.

A morphological and constituent related study of
Ru NPs was done by SEM and EDX. SEM images (Fig-
ure 34, ¢, e and g) showed Ru NPs of different morphol-
ogies, with particles size in the order of 30 nm. This may
be due to magnetically induced agglomerations. In addi-
tion, EDX shows abundance of metallic ruthenium as
displayed in Figure 3 b, d, f, h. EDX spectrum shows the
presence of expected elements such as C, O, Mg, Al, P, S,
Na along with Ru (at 2-3 KeV). The peaks are due to
bio-capping agents which played a role in the stabiliza-
tion of Ru NPs. Scanning of the glass slides poses a prob-
lem of a high intensity peak of silicon at 2.6 KeV.

Particle size and morphology of Ru NPs were further
confirmed by TEM studies as shown in Figure 4a, d, g
and j. Particle size was calculated using ImageJ**. Ru NPs
were non-uniform to spherical in morphology with a
narrow particle size ranging between 19.6 and 26.5 nm
(Table 1). RMCRL were of irregular morphology and
were less agglomerated, but RMCLL were spherical and
were non-agglomerated. RMOTL and RMNBL were
hexagonal in shape with no agglomeration and had small-
est particle size amongst all other Ru NPs. The SAED
analysis of NPs displayed dispersity (Figure 4h) and
others displayed crystallinity (Figure 4b, e and K).
RMNBL was amorphous, but RMCRL was found to be
crystalline. Unlike the other two RMCLL and RMOTL
were poly-nano-crystalline. Inter-planar distances (d)
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were calculated by using Crystbox*? and found to be in
the range of 14.5-14.8 nm, equivalent to the value calcu-
lated from XRD spectra.

The Ru NPs have been synthesized using several plant
extracts and their pharmaceutical and antibacterial activi-
ties have also been reported. To the best of our know-
ledge, no antifungal and antioxidant activities have been
reported so far. Chemical characterization done so far
supported the capping of Ru NPs by bioactive compounds
found in the plant extracts. Biological characterizations
were done to investigate antifungal and antioxidant prop-
erties of Ru NPs. Plant extracts showed significant
antifungal activity with complete growth inhibition at
2000 pl. However, biosynthesized Ru NPs showed
enhanced antifungal activity with complete growth inhi-
bition at ~1000 ul. RMNBL shows maximum antifungal
activity with complete growth inhibition at 800 pl
(Supplementary Figure 3). 50% inhibitory values of all
the Ru NPs were also calculated and compared (Table 2).

Antioxidant activity of Ru NPs was investigated by
performing DPPH, ABTS, SO and OH radical scavenging
assays. A series of solutions were prepared by adding
fixed amount of radical/radical generators to increasing
concentrations of Ru NPs and percent radical scavenging
activity of Ru NPs was estimated for each of the samples
and finally, value for a ICso particular Ru NPs was
evaluated (Table 3). DPPH radical scavenging activity
(Supplementary Figure 4a), although less than that of
ascorbic acid, was still significant. The scavenging activi-
ties of RMOTL and RMCRL were higher as compared to
RMCLL and RMNBL. A more sensitive ABTS radical
scavenging activity (Supplementary Figure 4 b) was ana-
lysed. The activity was less than that of butylated
hydroxyl toluene (BHT), but still significant. The scaveng-
ing activities of RMOTL and RMCRL were higher as
compared to RMCLL and RMNBL. Superoxide radical
scavenging activity (Supplementary Figure 4c) was less
than that of quercetin, but still significant. The SO radical
scavenging activities of RMCRL and RMOTL were higher
as compared to RMCLL and RMNBL. Hydroxyl radical
scavenging activity (Supplementary Figure 4 d) was com-
parable to that of quercetin. The OH radical scavenging
activities of RMOTL and RMNBL were higher compared
to RMCRL and RMCLL.

Tentative mechanism

The methanolic extract of the plant leaves used for the
study is known to have significant amounts of polyphe-
nols and aromatic conjugated hydrocarbons?”-%°, Leaf
extracts of Ocimum tenuiflorum consists of eugenol,
apigenin and rosmarinic acids*®. Tannins and terpenoids,
are present in leaves of fern and Cycas*. Leaf extracts of
Catharanthus roseus bear a variety of flavonoids and
alkaloids*. These compounds get transferred to solvent
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Table 1. The particle size and other physical parameters of ruthenium nanoparticles (Ru NPs)

Average particle

Ru NPs Morphology Lattice Nature Dispersity size (nm)
RMCRL Irregular Cubical Crystalline Mono dispersed 19.634
RMCLL Spherical Cubical Polynanocrystalline Mono dispersed 26.526
RMNBL Hexagonal Cubical Amorphous Mono dispersed 25.962
RMOTL Orthorhombic  Cubical Polynanocrystalline Mono dispersed 20.928
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Figure 4. TEM and SAED images of synthesized Ru NPs. Images (a), (d), (g) and (j) represent TEM images of
RMCRL, RMCLL, RMNBL and RMOTL respectively. (b), (e), (h) and (k) represent SAED images of RMCRL, RMCLL,
RMNBL and RMOTL respectively. The particle size distribution represented as bar diagram over 10 significant Ru NPs in
images of RMCRL, RMCLL, RMNBL and RMOTL are depicted in (c), (f), (i) and (I) respectively.
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phase during extract preparation and are responsible for
the formation of Ru NPs, and their stabilization. Ru®* ions
mediate oxidation of polyphenols to less stable ortho-
benzoquinone derivatives; gets reduced to Ru°
(Supplementary Figure 5) that nucleates into nano-
crystalline and amorphous NPs that are stabilized by var-
ious bioactive compounds. A significant decrease in the
v(O-H) stretching vibration supports this conclusion
(Supplementary Figure 1 a—d).

Correlation plots

The present study was initiated with an assumption that
the particle size and biological activity of the Ru NPs
could be correlated. Enhanced antibacterial and antioxi-
dant activity with a decrease in size of metal NPs have
already been reported*®. The reduced particle size and
increased surface area enhances surface activity, and the
increased surface area would offer more vacancy for
stabilization. If plant extract mediated synthesis approach
is followed, bioactive compounds of the extract would
cap over NPs surface. However, variation of plant species
can significantly affect this process, as a particular type
of biological activity of a plant is specific to itself and its
effectiveness varies from plant to plant. Irrespective of
their size and shape, NPs synthesized through a particular
plant extract will show similar stress enduring properties
as shown by the plant itself, which may not be shown by
other NPs synthesized by extracts of other plants. Moreo-
ver, this property would vary irrespective of NPs size and
surface.

Various plant groups are required for establishing a
strong correlation of their NPs particle size and biological
activity. This information would be useful for developing
new Ru NPs as per our desire. These biological properties
vary largely over diverse plant groups namely

Table 2. Antifungal activity of Ru NPs (compared with 50% inhibitory
(ml) value of 2.4 mM RuCl; = 2.0)

Plant extract 50% inhibitory (ml) Ru NPs 50% inhibitory (ml)

MCRL 1.5 RMCRL 0.8
MCLL 15 RMCLL 0.9
MNBL 1.5 RMNBL 0.6
MOTL 1.5 RMOTL 0.8
Table 3. ICs values of antioxidant activity

ICs values of antioxidant activities (mg/ml)

Ru NPs DPPHS ABTSS SORS HSA
RMCLL 0.692 0.886 1.165 2.391
RMCRL 0.395 0.676 0.569 1.456
RMNBL 0.986 0.852 1.265 1.389
RMOTL 0.389 0.626 0.936 1.246
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angiosperms (Catharanthus roseus and Ocimum tenuiflo-
rum), gymnosperms (Cycas revoluta) and pteridophytes
(Nephrolepis biserrata). Rare availability, excessive
labour and by-product generation are reasons for avoiding
thallophytes and bryophytes. Two angiosperms were
employed in order to represent the diversity of this plant
group. Ferns (pteridophytes) are more primitive to
angiosperms with more stress and infection enduring
properties due to their genetic ability to generate several
stress and infection enduring proteins and secondary
metabolites*’. Irrespective of pteridophytes and angio-
sperms, gymnosperms show less biological activity,
restricted only to some species and compounds such as
tannins found in them which are allergic in nature*®. The
species selected here have no specific biological activity,
and are more primitive compared to biologically im-
portant gymnosperms like Taxus and Ephedra.

Different biological activities were correlated to log of
particle size (in nm), biological activity parameter (50%
inhibitory and 1Cso values) and plant evolutionary line,
for better and comparative study (Supplementary Tables
1 and 2 respectively). These plots were collectively called
the NPs-Pg correlation plot (Supplementary Figure 5).
Broadly, two types of plots were obtained. According to
our expectation, NPs-Pg plots showed biological inactivi-
ty of RMCLL which was common, and much of the bio-
logical complexities were concerned only to RMCRL,
RMOTL and RMNBL. The NPs-Pg plot for antifungal
activity and HSA assay, i.e. (NPs-Pg@AFA/LDsy) and
(NPs-Pg@HSA/ICsp) respectively, support better antifun-
gal and hydroxide scavenging activity at lower particle
size. Plants such as Nephrolepis biserrata, are supposed
to have better LDso as compared to others, and so does
their nanoparticles. Notable antifungal activities were
also displayed by RMCRL and RMOTL (Supplementary
Figure 6 a, e respectively). The NPs-Pg plot for DPPHS,
ABTSS and SORS assays, i.e. (NPs-Pg@DPPHS/ICsp),
(NPs-Pg@ABTSS/ICsg) and  (NPs-Pg@SORS/ICso)
(Supplementary Figure 6 b-d) supported that RMCRL
and RMOTL were efficient in radical scavenging assays,
giving hint that better antioxidant properties can be
achieved through NPs synthesized by modern taxonomic
families. In these plots, a minimum value is obtained in
between RMCRL and RMOTL suggesting a scope of at-
taining better antioxidant properties through NPs synthe-
sized by plant species found in the families in between
apocynaceae and labiatae. Maintaining a standard synthe-
sis and characterization protocol is necessary for compar-
ison. Although this technique is crude, yet it develops
predictability for such a diverse mode of synthesis.

Conclusion

In the present study we have synthesized simple cubic
Ru NPs (monodispersed) through the green protocol
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using plant extracts. This protocol of green synthesis has
been established owing to multifunctional nature of
Ru NPs and being environment friendly. The present
study has utilized plants of medicinal importance in order
to establish significant bioactivity. The biological charac-
terizations of the NPs have been carried out under strict
sterilized conditions and the results have been compared
with each other. These NPs have been executed in antiox-
idative and antifungal activities. The studies on antifun-
gal and antioxidation was a new approach in the area of
Ru NPs that gave satisfactory results. However, the heart
of this study lies in the presumptions of a tentative corre-
lation amongst NPs size, biological activity and
phylogeny, which were further confirmed by novel NPs-
Pg plots devised for easy comparison and inference from
the obtained results. These plots were not only capable of
discussing this study, but also showed a way to predict
those plants that could give much promising results.
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Supplementary material: Images related to tentative re-
action mechanism (Supplementary Figure 1), infrared
spectra (Supplementary Figure 2), combined powder-
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Table 2) and data with correlation plots (Supplementary
Table 3, Figure 5) are presented as supplementary data.
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