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The application of nanobiotechnology is an emerging area of nanoscience and nanotechnology. Nanodi-
amond has been a potent antibacterial, antifungal, antioxidant, and antiplatelet agent. In the present
study, nanodiamonds were reduced by green synthesis and characterization was done through SEM, TEM,
FTIR, and XRD. Further they were tested for their biological applications. The antimicrobial activity was
investigated/studied/examined? through well diffusion method. The best activity was observed against
Trichoderma reesei (16 mm) at 140 pg/ml. The antioxidant activity was investigated through DPPH and
FRAPS method. It was observed that the biologically reduced nanodiamonds reduce the Fe3* ions to Fe2+
ions at 600 mM/l/g concentration. In DPPH assay, inhibitory concentration was found to be 4.58 pg/ml.
Further the antiplatelet activity was investigated by prothrombin time (PT) and activated partial throm-
boplastin time (APTT) assay, and it was observed that biologically reduced nanodiamonds have potent an-

tiplatelet activity.
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1. INTRODUCTION

Nanodiamonds (NDs) are derived components of
nanocarbons having diverse varieties based on condi-
tions of synthesis, processes that are done after synthe-
sis, and various other modifications. NDs have now
attracted global attention due to their therapeutic bio-
efficacy in a variety of uses, including antimicrobial
treatments, probes in diagnostic industries and even as
delivery vehicles for anticancer drugs. Just like metal
nanoparticles, quantum dots and carbon nanoparticles,
NDs also have attractive properties that can be ex-
ploited in the similar manner [1-3].

When compared to microbial or chemical-based syn-
thesis, green synthesis of nanoparticles is easier and
much more efficient, and plant extracts can be a good
alternative to chemical methods because they are
cleaner and less toxic [4-7].

Moringa oleifera Lam. belongs to Moringaceae fami-
ly with 14 species. Out of these 14, M. oleifera is the
one which is most commonly found. In India, this plant
is also called as ‘Sahanjana’. Pods and leaves of this
plant contain about 2.5 and 6.7 g protein/100 g, respec-
tively [8]. All the parts of this plant have their own
medicinal values and are used in local remedies for
different ailments ranging from cold and conjunctivitis
to skin diseases [9-14]. It is also used as an ingredient
in many Asian foods and has many traditional uses in
medicine [15].

In both developing and developed countries, emer-
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gence and spread of antibacterial resistance is a grow-
ing problem which can become global crises. These
include Gram-negative microbes which can cause en-
teric infections [16]. A strategy for the containment of
resistance needs to be developed, applied, and evaluat-
ed. Such a strategy should focus on improving rational
use of antimicrobials and reducing opportunities for
spread of resistant organisms [17]. According to
Gutierrez et al. [18], metallic nanoparticles are being
explored as potential antimicrobials as they have been
shown to have a function of the surface area in contact
with microbes. They have been shown to have applica-
tions in textile industries, wastewater treatment, med-
ical devices, food processing, packaging etc.

In living beings, free-radical synthesis is main-
tained by various molecules which could have endoge-
nous origin, like catalase, glutathione peroxide as well
as superoxide dismutase, [19] which significantly re-
duces the oxidation of the substrate [20]. They have
different mechanisms, like inhibition of free radicals
and complexation of metals [21].

The key advantage of natural antioxidants is that
their intake is associated with reduced risks of cardio-
vascular diseases (CVD), diabetes, cancer, and other
diseases associated with ageing [22]. Hence, in the
current scenario, interest has increased considerably in
finding naturally occurring antioxidants for use in
foods or as medicinal compounds to replace synthetic
antioxidants [23].

The results were presented at the International Conference on Multifunctional Nanomaterials (ICMN2020)
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Complex diseases like atherosclerosis can be cured
by antioxidant-based nanodrug formulations [24], in-
cluding many diseases ranging from diabetes to Alz-
heimer’s and cancer [25-28].

Arterial thrombosis initiated by aggregation of
platelets may result in angina and reclusion which can
be life-threatening in nature. Therefore, inhibition of
platelet aggregation is central in prevention and/or
treatment of CVD [29]. Safety of synthetic drugs is not
guaranteed but they have been shown to be potent in
preventing the occurrence of CVD. At the initial stages
of thrombosis (at the wound site), there is synthesis of
von Willebrand factors and collagen which are adhesive
proteins along with ADP and thrombin, which are sol-
uble agonists that initiate platelet adhesion, activation,
and aggregation leading to platelet-rich thrombus [30].

Melissa and Linhardt [31] explained that encapsu-
lated nanoparticle-biomolecule composites are of inter-
est due to their synergistic properties. For example,
conjugated heparin (HP) has been investigated for both
biological and chemical properties. The composite has a
variety of enhanced biological activities.

2. MATERIALS AND METHODS
2.1 Green Synthesis for Reduction of NDs

The chemically prepared NDs were reduced biologi-
cally by using the fresh leaves of Moringa oleifera
which were washed properly with distilled water.

10 mg NDs were suspended in 100 ml distilled wa-
ter and stirred on a magnetic stirrer. 5 g of Moringa
leaves were grinded for 15 min and centrifuged at 4 °C,
1000 rpm for 5 min. After centrifugation, the superna-
tant was collected and added to the flask containing
the nanodiamond. Change in the solution was observed
after overnight incubation indicating reduction of NDs.

2.2 Antibacterial Activity

Pure cultures of Staphylococcus aureus (MTCC
No. 3381), Pseudomonas aeruginosa (MTCC No. 1688),
E. coli MTCC No. 443) and Bacillus subtilis (MTCC
No. 10619) obtained were used as indicator organisms.

Antibacterial activity of the reduced NDs was inves-
tigated by agar well diffusion method [1-3]. The sam-
ples were loaded at different concentrations (prepared
from stock solution of 1 mg/ml) 60 pg/ml, 80 pg/ml,
100 pg/ml, 120 pg/ml, 140 pg/ml, 160 pg/ml Standard
(40 pg/ml) with positive control as streptomycin. Zone of
inhibition was measured by measuring the diameter of
the zone after 24 h incubation at 37 °C.

2.3 Antifungal Activity

Microorganisms used: clinical laboratory bacterial
isolates of Trichoderma reesei (ATCC 13631), Aspergil-
lus niger (ATCC 9029), Penicillium funiculosum (ATCC
11797) and Fusarium oxysporum (ATCC 62506) were
collected from the stock cultures of Microbiology La-
boratory, SMS Medical College, Jaipur India.

Antifungal activity of the biologically reduced NDs
was investigated by agar well diffusion method [4]. The
samples at concentrations ranging from 60 to 160 ug/ml
(prepared from stock solution of 1 mg/ml) were loaded
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with Standard (40 pg/ml) with positive control as keto-
conazole. Zone of inhibition was measured by measur-
ing the diameter of the zone after 48 h incubation at
37 °C and calculated by the formula:

Activity Index = Zone of inhibition of sample / Zone
of standard.

2.4 Antioxidant Activity

2.4.1 DPPH (2,2-diphenyl-1-picrylhydrazyl)
Radical Scavenging Assay

DPPH 1is used to evaluate antioxidant activity. It
has also been used to quantify antioxidants in complex
biological systems in recent years. The DPPH method
can be used for solid or liquid samples and is not specif-
ic to any particular antioxidant component, but applies
to the overall antioxidant capacity of the sample.

2.4.2 FRAP (Ferric Reducing Antioxidant
Power) Assay

FRAP assay is based on antioxidant activity when
Fe3* is reduced to Fe?*. Interaction with TPTZ gives a
strong absorbance at 593 nm [5].

2.5 Antiplatelet Activity

Blood samples collected from SMS Medical College,
Jaipur were centrifuged at 10.000 rpm for 5 min, from
the centrifuged sample 200 ul of platelet containing
plasma was dissolved in isotonic CaClz, and hemostatic
parameters like prothrombin time (PT) and activated
partial thromboplastin time (APTT) were measured [6].

Determination of PT and APTT: the blood clotting
time was calculated, which gets triggered by incubation
of plasma with the optimum amount of thromboplastin
and calcium [7].

3. RESULTS
3.1 Green Synthesis of NDs

The plant extract of Moringa oleifera was prepared
for the green synthesis of NDs using established proto-
cols. The change in color from light green (a) to dark
green (b) after the addition of NDs to the plant leaf
extract indicated the formation of reduced nanoparti-
cles (see Fig. 1).

b

Fig. 1 — Reduction of NDs as shown by a slight change in color
from light green (a) to dark green (b)

d
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3.2 Characterization

SEM and TEM were used initially. SEM image ex-
hibited that the biosynthesized NDs were mostly spher-
ical in shape. The average size of nanoparticles was
confirmed by TEM to be around 100 nm which was in
good agreement with SEM data (Fig. 2, Fig. 3).

Fig. 2 — Scanning electron micrograph showing morphological
appearance of reduced NDs

Fig. 3 — Transmission electron macrograph of reduced NDs

To identify the possible functional groups and other
biomolecules involved in capping and reduction of new-
ly doped NDs, FTIR was done. Fig. 4 shows the absorp-
tion bands at 3357, 1577, 1395, 1306, 1108, 1002, 975,
923, 861, 810, 769, 612, and 406 cm ~1. The strong peak
at 3357 cm ~1 corresponds to N—H stretch 1°, 2° amines
and amides. The band at 1577 cm -1 was attributed to
N-H bend 1° amines. The peak at 1395 cm~1 corre-
sponds to C—C stretch (in-ring) aromatics and the peak
at 1306 cm—! corresponds to C—O stretch alcohols,
carboxylic acids, esters, ethers.

Further, peaks assigned at 1108 and 1002 cm-!
were due to =C—H bend alkene. Other intense bands at
975 and 923 cm ~ ! belong to O—H bend carboxylic acids.
Further peaks at 861 and 810 cm ~ ! correspond to C—Cl
stretch alkyl halides. Further peaks at 769, 612 and
406 cm ~ 1! also corresponded to alkyl halides.

To confirm the synthesis of NDs and to characterize
their crystallinity and the phase pattern, XRD studies
were carried out. The 26 (in degrees) were in the range
of 28.4° to 66.5°. Four peaks at 26 values of 29.76°,
38.76°, 45.69° and 55.48° in counts per second were
observed. The values of 26 (in degrees) were in the range
of 20.5-40.6°, which confirms the reduction of NDs.
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Fig. 4 - FTIR spectra of reduced NDs

These were compared with the JCPDS, Cu file no.
04-0836 which was in accordance with JCPDS stand-
ard. The XRD study confirms that the resultant parti-
cles were NDs. The nanopowder was found to be free of
impurities because no other characteristic XRD peaks
were observed. The formula used to calculate the aver-
age grain size of newly synthesized nanoparticles was
based on the Debye-Scherrer formula

D=K 1/ cosé,

where D is the average crystalline diameter size (A), K
is a constant (0.9), 1 is the wavelength of X-ray used
(k=1.54 A), B1is the angular line width at the half max-
imum intensity (radians) and € is the Bragg's angle (in
degrees) (see Fig. 5).
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Fig. 5 — X-ray spectra of reduced NDs

3.3 Antimicrobial Activity

The reduced NDs showed potent antifungal activity
at concentration ranging from 60 to 160 pg/ml on dif-
ferent species viz. Fusarium oxysporum, Penicillium
funiculosum, Trichoderma reesei and Aspergillus niger.
However, they did not show any antibacterial activity.

It was observed that with an increase in concentra-
tion of NDs, the size of the zone of inhibition in
Trichoderma reesei increased, but in Penicillium fu-
niculosum the scenario was the opposite. In case of
Fusarium oxysporum NDs showed the zone of inhibi-
tion only at 60 and 120 pg/ml. The maximum inhibi-
tion zone was observed at 120 pg/ml (16 mm) against
P. funiculosum, which was at par of 160 ug/ml against
T. reesei, and the minimum zone was observed against
A. niger at 120 pg/ml.

3.4 Antioxidant Activity

In FRAP assay, the O.D. obtained on a spectrophoto-
meter was then correlated with the standard FRAP curve.
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Table 1 — Antimicrobial (fungal) activity of biologically re-
duced NDs

Concentration T . . P. funic-| F. oxys-
. . reesei | A. niger
in (ug/ml) ulosum | porum
1Z-4

60 - - - AL-0.13

30 1Z-10 1Z-6 1Z-8 3
AI-0.27 |AI-0.23 |AI-0.23

100 — — —

120 1Z-12 1Z-4 1Z-16 1Z-10
AI-0.33 |AI-0.15 |AI-0.47 |AI-0.33
1Z-14 1Z-12

140 JAro3s | AL-0.35 |~
1Z-16 1Z-10

160 Al-0.44 | AL-0.29 |

Standard 40 [36 26 34 30

Table 2 — Antioxidant activity of biologically reduced NDs
through FRAP assay

Samples Concentration required for reduction
P of ferrous (Fe3* to Fe2")
1 700 uM/l/g

The FRAP value was found to be 700 uM/l/g. The
percent of DPPH decoloration of the sample was calcu-
lated according to the formula:

% Decoloration = [1 — (Abs sampLE/Abs conTrOL)] % 100.

The decoloration was plotted against the sample ex-
tract concentration, and a logarithmic regression curve
was established in order to calculate ICso (inhibitory
concentration 50, which is the amount of sample neces-
sary to decrease by 50 % the absorbance of DPPH). ICso
value in DPPH assay was found to be 4.58 ug/ml.

Table 3 — Antioxidant activity of NDs using DPPH assay

IC50 Value l 4.58 ng/ml

3.5 Antiplatelet Activity

Prothrombin time (PT) assay.

When compared to control, all the extracts of NDs
were able to prolong the clotting time. At 1 pgml-1
(5 times of control and 12.33 times as compared to stan-

Table 4 — Antiplatelet activity of NDs using PT assay. Control
— 37 sec. Standard (plasma + PT reagent) — 15 sec. *denotes
potency of a sample at different concentration when compared
with standard and control

Concentration of| Time in Control| Standard
sample (ug/ml) seconds

1 185 5.0 12.33
2 58 1.56 3.86
3 761 20.56 50.73
4 48 1.29 3.2
5 105 2.83 7

6 874 23.62 58.26
7 165 4.45 11
8 1740 47.02 116
9 58 1.56 3.86
10 67 1.81 4.46
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Table 5 — Antiplatelet activity of NDs using APTT assay.
Control — 47 sec. Standard (plasma + CaCls) — 40 sec. *denotes
potency of a sample at different concentration when compared
with standard and control

Concentration of Time in Control| Standard
sample (ug/ml) seconds

1 185 5.0 12.33
2 58 1.56 3.86
3 761 20.56 50.73
4 48 1.29 3.2
5 105 2.83 7

6 874 23.62 58.26
7 165 4.45 11
8 1740 47.02 116
9 58 1.56 3.86
10 67 1.81 4.46

dard) good activity was observed. It increased slowly
but at 10 pgml-1 (1.81 times of control and 4.46 times
of standard) was maximum. This was highly significant
over both standard and control in all the cases.

Activated partial thromboplastin time (APTT) assay.
When compared to control, all the extracts of NDs were
able to prolong the clotting time. At 1 pugml-1
(3.40 times of control and 4.05 times as compared to
standard) good activity was observed. It increased slow-
ly but at 10 pgml -1 (0.40 times of control and 0.47 times
of standard) was maximum. This was highly significant
over both standard and control in all the cases.

4. DISCUSSION

Antibacterial activity of both silver nanoparticles
and aqueous leaf extract was confirmed for Pseudomo-
nas aeruginosa, Klebsiella spp, Staphylococcus aureus
and Salmonella typhi by Kalaiselvi et al. [8]. The dif-
ference is thought to be due to difference in chemical
behavior of diamonds. Kandile et al. [9] reported that
the nanoparticles had effect on antimicrobial and anti-
fungal activity of new heterocycles. These activities
were investigated using the disk diffusion method. The
strongest antifungal activity was seen against Aspergil-
lus flavus. Galli et al. [10] showed that the NDs have
the most disparate origins and reported stability, struc-
tural and electronic properties of NDs.

During oxidation, reactive oxygen species (ROS) are
produced but excessive accumulation of ROS results in
damage to cells, proteins and DNA [11]. These cause a
variety of diseases including cellular aging, mutagene-
sis, carcinogenesis, hepatopathies, diabetes, and neu-
rodegeneration [12]. Therefore, cellular antioxidant
defense systems play important roles in counteracting
these deleterious effects of ROS.

ROS are continuously produced in cells as a conse-
quence of biochemical oxidative reactions or external
factors [43]. These include free radicals, as the superox-
ide anion (O2) and the hydroxyl radical (-OH), and free
non-radical species, as H202 and singlet oxygen (1O2)
[44]. Oxidative stress induced by oxygen radicals pro-
motes damage to essential biomolecules such as carbo-
hydrates, proteins, amino acids, lipids, nucleic acids
among other oxidative substances [45], thus contrib-
uting to aging and installation of chronic-degeneration
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diseases, such as cancer, CVD, arthritis, gastric ulcer,
among others [46, 47].

Kalaiselvi et al. [38] reported synthesis and charac-
terization of silver nanoparticles from leaf extract of
Parthenium hysterophorus and its antioxidant activity.
The antioxidant property was determined using DPPH
(1, 1-diphenyl-2-picrylhydrazyl) assay and hydrogen
peroxidase assay. The antioxidant property was found
to be better for the aqueous leaf extract and the extract
containing metal particles which was also observed in
case of NDs in our present investigation.

The antioxidant power is counted in “Trolox equiva-
lents”; the antioxidant power appears as the ability to
prevent induced damage to fluorescein [48]. The ferric
reducing antioxidant power (FRAP) assay is another
method of wide suitability for assay of antioxidants in
vitro as well as in organisms [49]. This assay is based
on the reduction of Fe3* to Fe2* due to the action of
antioxidants present. Subsequently, the Fe2+ formed
may interact with 2, 4, 6-tris (2pyridyl)-s-triazine
(TPTZ) providing a strong absorbance at 593 nm [50].
Some earlier reports on evaluation of antioxidant po-
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tential using FRAP assay includes [51, 52]. In our pre-
sent investigation, significant antioxidant activity was
observed in terms of FRAP assay.

Natural anticoagulants without any side effects are
gaining increasing attention. Hong et al. [53] also ad-
vocates for new approaches that can be used to analyze
and evaluate the drug-receptor binding under laborato-
ry settings. Inhibition of both the platelet aggregation
and anticoagulants by using phytoceuticals and nutra-
ceuticals can be used for the prevention of thrombosis.

To the best of our knowledge, this is the first com-
prehensive report on various biological parameters of
reduced NDs.
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3acTocyBaHHsA HAHOOIO0TEXHOJIOTIH € HOBOW cdepor HAHOHAYKM Ta HaHoTexHoJorii. HaHoanmas e mory-
JKHUM aHTHOAKTeplaJbHUM, IIPOTUTPUOKOBAM, AHTHOKCHIAHTHUM Ta AHTUTPOMOOIIMTAPHUM Marepiaaom. ¥
JIOCTIIPKeHH] HaHOAIMAa3u OyJIM BIIHOBJIEH] IIJISIXOM 3€JIEHOTO CHHTEe3Y, a XapaKTepHU3yBaHHS IIPOBOIUIIOCS
3a goromoroo SEM, TEM, FTIR ta XRD. Jlami HaHOaIMa3u IIepeBipsiv JJIs BUKOPUCTAHHA y 010JI0TTIHAX
momatkax. [IpoTUMIKpOoOHY aKTUBHICTE BUBYAJIN METOIOM Audy3iitHol cBepasioBnan. Halikpalna akTUBHICTE
crrocrepiranacs momo Trichoderma reesei (16 mv) mipu 140 MKI/MiI. AHTHOKCHIAHTHY AKTUBHICTD JTOCIILINKY -
Basu 3a momomoroo meroxmie DPPH ta FRAPS. Bysio momideno, 1mio 6i0JIOTiYHO BiIHOBJIEHI HAHOAJIMA3HU
BITHOBJIIOIOTE 10HU Fe3* mo iomis Fe?t mpu xommentparii 600 mM/i/r. Anamis DPPH BusiBus, 110 KOHIIEHT-
paiiis iHridiTopa CTaHOBUTH 4,58 MKI/MJI. AHTHUTPOMOOIUTAPHY AKTUBHICTD IOCIIIMKYBAJIH 34 IOTIOMOTOIO
aHaJtiay mmporpoM6GiHoBoro dacy (PT) ta aktuBoBamoro yactkosoro TpomoomaactuaoBoro dacy (APTT) i cmoc-
Tepirasiu, 1o 010JIOTIYHO BITHOBJIEH] HAHOAIMA3N MAIOTh IIOTYKHY aHTHTPOMOOITUTAPHY aKTHUBHICTD.

Knrouogsi cinosa: Hanoanvas, Autumikpoouuii, 3esienuii cuares, BiocymicHl arenTy, AHTHOKCUIAHTH.
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