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Abstract The problem of chemically synthesized
nanoproducts motivated scientific community to explore
ecofriendly methods of nanosynthesis. Diatoms belong to a
group of aquatic, unicellular, photosynthetic microalgae
have been scarcely investigated as a source of reducing and
capping agents for nanosynthesis of pesticides and antibi-
otics. The present study reports a novel ecofriendly method
for the fabrication of bioactive gold nanoparticles using
locally isolated Nitzschia diatoms. The diatom-fabricated
gold nanoparticles show characteristic ruby red colored
with sharp absorbance peak at 529 nm. Electron micro-
scopy confirmed irregular shape of gold nanoparticles, with
average size of 43 nm and zeta potential of —16.8 mV. The
effects of gold nanoparticles on diatom viability were
investigated using light and electron microscopy. The
mechanistic approach to shed light on how diatoms reacted
after exposure to gold metal salt revealed that exposure to
gold chloride triggers elevated levels of catalase and per-
oxidase (12.76 and 14.43 unit/mg protein, respectively) to
relieve reactive oxygen species (ROS) stress induced by
gold salt exposure. Investigation studies on mechanisms
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behind Nitzschia-mediated gold nanoparticles fabrication
outlined the role of diatom proteins, polysaccharides in
reduction, and stabilization of nanoparticles as confirmed
by FT-IR analysis. Bioactivity of gold nanoparticles was
accessed by coupling them with antibiotics (penicillin and
streptomycin), which increased their antibacterial activity
compared to individual nanoparticles and antibiotics
(Escherichia coli, Pseudomonas aeruginosa, and Staphy-
lococcus aureus). Overall, the present novel phyco-nan-
otechnological approach is a promising tool to be used as
sustainable strategy in green nanotechnology as well as to
reduce use of antibiotics in microbial control.

Keywords Catalase - Green nanosynthesis - Peroxidase -
Reactive oxygen species - Antibacterial activity

Introduction

Diatoms belong to a group of aquatic, unicellular, photo-
synthetic microalgae found in river biofilms and have
unique structural features [1]. Cell wall of diatoms is made
up of nanostructured amorphous polymerized silicic acid
termed “frustule” generated by bio-mineralization of silica
[2]. Nitzschia is dominant genus of diatom found in colder
(fresh) water, as well as in marine environments, including
tropical areas are also observed in water bodies with heavy
organic pollution. Diatoms are found to be useful in several
areas such as ecological monitoring, biofuel, and CO,
sequestration [3].

Gold nanoparticles (AuNPs/GNP) possess peculiar
properties such as small size, high surface-to-volume ratio,
biocompatibility, and ability to attach different molecules
on its surface (i.e., functionalization), biocidal potential,
and low toxicity [4, 5]. Above properties made gold
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nanoparticles an ideal candidate in many areas of medicine,
environment, and agriculture [6, 7] may be due to this
reason; gold nanoparticles are among the six most traded
nanomaterials in different consumer applications [8].

The use of hazardous chemicals upsurges the concern to
exploit chemically synthesized nanoproducts in area of
human health and environment. This problem motivated
scientific community to explore ecofriendly methods of
nanosynthesis [9]. Biological synthesis of gold and silver
nanoparticles from bacteria, plant extracts, and algae had
reported in the literature [9—11].

To the best of our knowledge, there is no report avail-
able on nanogold synthesis using diatoms of Nitzschia
species [1, 12]. Trace elements, such as lead (Pb), copper
(Cu), aluminium (Al), cadmium (Cd), boron (B), and
selenium (Se), are required for growth of diatom culture,
but can be toxic at higher concentration with direct influ-
ence on physiological, biochemical processes, and also on
bioaccumulation [13].

There are many reports on biological synthesis and
applications of gold nanoparticles [14—16], but rarely tried
to elucidate the mechanism of synthesis. The present
investigation is a true effort to shed light on diatom-me-
diated nanosynthesis, how diatoms reacted after exposure
to gold metal salt by monitoring the level of two important
enzymes (i.e., catalase and peroxidase) in control and gold
exposed diatoms, as both enzymes play a vital role in
relieving metal-induced reactive oxygen species stress in
plant and algae. Beside, the gold bioaccumulation by dia-
toms was also studied.

Furthermore, microbial pathogens adopted diverse
strategies to overcome lethal effects of antibiotics such as
mutations in target site, enzyme modification, etc. [6, 17].
The uses of antibiotics have their own several disadvan-
tages, such as side effects and emergence of microbial
resistance. This scenario demands more research on natural
products useful in microbial control and combinational
therapy using multiple compounds to enhance activity
spectrum. Nanoparticles appeared to be potent antimicro-
bial agent due to their multiple mode of action against
microorganisms and efficacy at low doses. These properties
demand detailed studies on antimicrobial nano-formula-
tions, including novel nano-sized platforms for clinical and
biomedical applications.

In this framework, this research has the following
objectives: (1) to analyze the potential of diatom culture of
Nitzschia species useful for gold nanoparticles synthesis;
(2) to investigate consequences of metal stress on diatom
viability and changes in antioxidative enzymes profile; and
(3) to test the potential of nanoantibiotics (diatom fabri-
cates gold nanoparticles + antibiotics) to inhibit patho-
genic bacteria. The study reveled that diatom
extracellularly fabricated gold nanoparticles on outer cell
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wall. The most interesting fact is that when bacterial spe-
cies (E. coli, P. aeruginosa, and S. aureus) exposed to the
mixture of gold nanoparticles with antibiotics, there was
drastic increase in inhibition spectrum if compared to
inhibition caused by gold nanoparticles and antibiotics
alone. Both the above-discussed aspects (nanosynthesis
and nanoantibiotics) added novelty and significance to the
present study.

Materials and methods
Chemicals

Gold (IIT) chloride trihydrate was purchased from Sigma-
Aldrich (St. Louis, USA). Chemicals required for the
preparation of F/2 modified media, Luria—Bertani (LB)
broth, and agar were obtained from HiMedia Ltd. (Mum-
bai, India). Antibiotics (penicillin and streptomycin) were
procured from HiMedia Ltd. (Mumbai, India). Chemicals
required for enzymatic assay were purchased from Sisco
Research Laboratories Pvt. Ltd. (SRL, Mumbai, India) and
S D Fine Chem Ltd. (Mumbai, India).

Isolation and maintenance of diatom culture

Water samples were obtained from river and pond biofilm
near Jalgoan, India (210 00'24.5”"N, 750 29'45.5"E, and
elevation 218 msl) and diluted with sterile F/2 modified
media (S1) and allowed to grow for two weeks. The grown
biomass was serially diluted and streaked on F/2 modified
agar medium (S1). The isolated colonies were purified and
maintained in liquid medium to use for further study. The
growth condition provided was as follows: temperature
21 °C and 16/8 h L/D cycle. Microscopic observation
confirmed that isolated diatom belongs to Nitzschia spe-
cies. Diatoms were allowed to grow for 2 weeks before
initiating nanosynthesis experiment.

Diatom-mediated gold nanoparticles synthesis

Early stage diving culture of diatoms was centrifuged at
1042g pellet which was redispersed in the 50 ml distilled
water followed by the incubation of 24 h. After incubation,
gold chloride salt was added in such an amount that its
concentration in medium will be 0.1 mM followed by
further incubation for 24 h. The controls included separate
bottles of gold solution and diatoms.

Extraction and purification of GNPs from diatoms

The extraction was done by slight modified method of
Kroger et al. [18]. The gold chloride challenged cells were
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harvested by centrifugation and suspended in 2 ml buffer
solution containing EDTA (0.1 M) and SDS (0.2%) pH 8.0
followed by incubation in water bath at 80 °C for 10 min,
and then, the whole sample was sonicated for 10 min. The
mixture was centrifuged at 1000 rpm for 10 min and col-
ored supernatant was collected. The procedure was repe-
ated thrice. Then, 1 ml of hexane was added and mixed
thoroughly using vortex mixture and 2 ml of distilled water
was added and further incubated for 10 min at 30 °C. After
incubation, hexane layer was removed using pasture pip-
ette. Then, colored supernatants containing GNP were
collected and lyophilized for further use of experiments.

Characterization of diatom synthesized gold
nanoparticles

Visual observation of control and test diatoms was done for
transformation of yellow color gold salt solution to ruby
red color as it is the preliminary indication of nanosyn-
thesis. The test bottle showing ruby red color was used for
further nanocharacterization [7, 10, 11].

UV-Visible spectroscopy

UV-Vis spectroscopy is a common tool for preliminary
confirmation of gold nanoparticles synthesis. For UV-Vis
spectrum measurement, diatom cells containing gold
nanoparticles were sonicated for 10 min. To remove cell
debris, the solution was centrifuged at 2000g for 10 min.
Ruby red color supernatant containing gold nanoparticles
was studied for measurement of absorption maxima between
300 and 700 nm at resolution of 1 nm (Shimadzu 1601) [9].

Transmission electron microscopy (TEM)

Morphology (shape and size) of Nitzschia—synthesized
gold nanoparticles—was analyzed on TEM (Philips Mor-
gagni (268D) operated at 100 kV. For TEM analysis,
samples were prepared by inoculating a drop of aqueous
solution of gold nanoparticles over the carbon coated
copper grids [7]. The presence of elemental gold in sample
was analyzed using energy-dispersive spectroscopy (EDX)
(Bruker, Germany).

Fourier transform infrared (FT-IR) spectroscopy,
particle size distribution (PSD) analysis, and zeta
potential

FTIR analysis (IR Prestige 21) was performed to understand
the involvement of different diatom metabolites in synthesis
and stabilization of gold nanoparticles. PSD revealed per-
centage of different size nanoparticles in solution and
depicted result as average size of nanoparticles, while zeta

potential gives information about stability of nanoparticles in
solution (Zeta sizer nano S90).

Extraction of enzymes and enzyme assays

With the purpose of throwing light on mechanism adopted
by diatoms after exposure to gold metal salt solution,
diatom culture was incubated with gold chloride salt
(0.001 mM) for different time periods, i.e., 5, 10, 15, and
30 days (test solution), while in control diatoms were
grown in F/2 medium without gold salt. Both test and
control diatoms were collected by centrifugation at
1042g for 10 min at 4 °C, and 10 mg of biomass from
pellet was resuspended in 1 ml of 0.1 M sodium phosphate
buffer (pH 7.0) followed by sonication (VCX130, Sonics
Material Inc, USA) for 5 min and centrifugation at
2000g for 10 min at 4 °C. The centrifugation process was
repeated thrice and collected supernatant was used as
enzyme extract for enzyme assays.

Catalase activity was estimated by tracking the reduc-
tion of H,O, at wavelength of 240 nm at 20 °C [19]. The
reaction mixture contained enzyme extract along with
200 uM H,0, in 50 mM of pH 7.5 potassium phosphate
buffer. One unit of enzymatic activity was defined as the
amount of enzymes that catalyses the conversion of
1 pmole of substrate per min.

Peroxidase activity was evaluated by analyzing the
increase in absorbance at 436 nm of guaiacol (20 mM)
substrate in a reaction mixture composed of 0.1 ml enzyme
extract, 0.05 ml of guaiacol (20 mM) in 3 ml 50 mM of pH
7.0 phosphate buffer, and 0.03 ml of H,O, (12.3 mM).
Increase in absorbance was measured at 25 °C. One unit of
enzymatic activity was calculated using extension coeffi-
cient of guaiacol dehydrogenation product at
436¢ = 6.69 um/cm and time required for increase in
absorbance [20]. Each experiment was carried out in trip-
licates and results were analyzed with student ¢ test for
statistical significance (P < 0.05).

Antibacterial assay to evaluate combined effect
of gold nanoparticles and antibiotics

For assessment of antibacterial potential of diatom-fabri-
cated gold nanoparticles and its combination (gold
nanoparticles + antibiotics), microbial cultures of Gram-
negative (Pseudomonas aeruginosa NCIM 5029 and
Escherichia coli NCIM 2931) and Gram-positive (Sta-
phylococcus aureus NCIM 5021) bacteria were purchased
from National Collection of

Industrial Microorganisms (NCIM) (Pune, India) were
maintained on Luria—Bertani (LB) agar slants. Cultures
were grown in LB broth at 37 °C at 120 rpm for 24 h
before using for antibacterial assay [21].
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Gold chloride solution (100 pg/ml), gold nanoparticles
(100 pg/ml), and standard antibiotics (penicillin, strepto-
mycin) of a known concentration (100 pg/ml) were taken
as controls, whereas in test, the gold nanoparticles were
impregnated with individual antibiotics at a ratio of 1:10
%v/v and were allowed to incubate for 1 h. All test and
control solutions were dipped in sterilized Whatman filter
paper (Grade 1) discs (4 mm) for 3 h and dried in oven at
55 °C. Both control and gold nanoparticle-treated antibi-
otics discs were put on LB agar Petri dishes which spread
with 0.1 ml 24-h-old cultures of Gram-negative and Gram-
positive organisms. Assays were performed in triplicate to
obtain mean value. The diameter of the zone of inhibition
caused by control and test compounds was measured, and
an increase in the fold area was calculated [22, 23].

Increase in fold area was calculated by formula =
[(RB? — RD?)J/[(RA? — RD?) + (RC?> — RD?)], where
RA, RB, RC, and RD are zone inhibition radius in mm for
antibiotic alone, antibiotic + nanoparticles, nanoparticles
alone, and blank discs, respectively.

Results

Microscopic analysis of Nitzschia in nano-
environment (diatoms—gold interactions)

Nitzschia culture was examined under light and electron
microscope. Shape of diatom was found to be bilaterally
symmetrical with narrow ends at both sides (Fig. 1).

Fig. 1 a Light microscope
images of diatoms of Nitzschia
sp. (inset: I diatoms grown in
F/2 medium (Motic BA210
Trino, Germany), 2 diatoms
exposed to 0.05 mM gold
chloride solution and 3 diatoms
exposed to 1 mM gold chloride
solution). b SEM micrograph of
diatoms: without gold chloride
exposure ¢ diatoms exposure to
0.05 mM gold chloride solution
showing adherence of gold
nanoparticles on body surface
and d Individual diatom cell
surrounded with gold
nanoparticles

@ Springer

Normally, grown diatoms (without exposure to gold
nanoparticles) were showed greenish appearance due to the
presence of chlorophyll, while test diatoms (diatoms
expose to gold chloride solution and synthesize gold
nanoparticles) appeared to be ruby red (Fig. 1a). This color
change indicated gold nanoparticles biosynthesis by dia-
toms. Interestingly, the intensity of ruby red colored diatom
cells increased with increase in concentration of gold salt
(Figs. 1a, 3). Scanning electron microscopy showed diatom
size ranged from 18 to 25 um in length and 2-4 pm in
width (Fig. 1b—d). Adherence of nanoparticles on outer
surface of diatom cell was confirmed by electron micro-
copy (Fig. 1b—d).

Diatom-mediated gold nanoparticle synthesis
Visual observation

Approximately after 8 h of challenging the diatom cell
mass with gold chloride solution, the yellow color gold
chloride solution transformed into ruby red color (Fig. 2b,
d). Formation of ruby red color is primary indication of
gold nanoparticles synthesis. However, in the control set,
i.e., gold chloride solution without diatoms and diatoms
without gold solution did not show ruby red coloration
after incubation at similar conditions (Figs. 2a, c, 3c). It
was observed that although diatoms synthesized gold
nanoparticles, but the ruby red color of the solution was
observed only after vigorous shaking and when we put
down the bottle containing diatom cell with gold
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Fig. 2 a Glass bottle showing
Nitzschia cells at 00 h after
addition of gold salt solution.

b Ruby red color formation after
08 h incubation of gold salt
solution with diatoms cells.

¢ Light microscopic observation
of diatoms grown in absence of
gold salt, and d after
synthesizing gold nanoparticles

(At o hrs)

nanoparticles for stabilizing the content, the supernatant
remains colorless, and ruby red precipitation at the bottom
was observed (Fig. 3a); this gives a hint that the gold
nanoparticles synthesized by diatom remain adhered on
proximate surrounding of the diatom cells and are not
released in solution. This preliminary visual result was
further confirmed by light microscopy observations show-
ing deep ruby red diatom cells exposed to gold chloride as
compared to normally grown diatoms showing the absence
of ruby red color (Fig. 2c, d). The colloidal solution of ruby
red color gold nanoparticles along with controls (gold
chloride salt solution and diatom cells) is shown in Fig. 3.

UV-Visible spectroscopy

It was observed that gold nanoparticles exhibit character-
istic absorption maxima peak centered at 529 nm in UV-
Vis spectroscopy (Fig. 4a). While this characteristic peak
was not observed in 0.1 mM gold salt solution (Data not
shown). This typical absorption maxima is arising due to
property of metal nanoparticles termed ‘surface plasmon
resonance’. The gold nanoparticle solution was further

Nitzschia in gold
chloride solution

Nitzschia in gold
chloride solution
(After 8 hrs)

transferred in screw cap glass tube and kept for 30 days to
check stability; after this period, there was no nanoparticles
aggregation and the color intensity remains the same.
Stability studies were performed by UV—Vis spectroscopy
(S2). The stable gold nanoparticle solution was lyophilized
and used for further analysis.

FT-IR of gold nanoparticles

FT-IR spectrum of gold nanoparticles suggested involve-
ment of different metabolites produced by Nitzschia sp. in
reduction and stabilization of nanoparticles. Peaks at
3254 cm™' for N-H- stretch vibration in peptide linkages,
while the peak at 2956 cm ™' for C—H stretch vibration in
aliphatic and alicyclic rings and peak at 1367 cm ™" for C—
O-C ether linkages present in polysaccharides. Other peaks
at 1447, 814 cm ™! indicated presence of aromatic bending
vibrations (Fig. 4b). Besides the peak at 1259, 1128 cm™'
for Si—O-Si linkage present in Nitzschia sp. fabricated
nanoparticles, indicating the formation of gold-silica
nanoconjugates. Earlier reports the proposed sugar and
proteins as important biomolecules in diatom-mediated
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Fig. 3 a Ruby red color diatoms cell mass due to gold nanosynthesis
b purified gold nanoparticles solution from diatoms, and ¢ gold
chloride solution (control)

nanosynthesis [12, 24]. Flavonoids, polyphenol, carboxylic
acid, aldehyde, ketone, and other biomolecules have car-
bonyl groups playing an important role in reducing bulk
gold salt into nanogold, while proteins were showed to be
attached over the surface of nanoparticles and maintain
them in stable colloidal form. There are several mecha-
nisms proposed behind diatom-mediated nanosynthesis
such as oxidation of OH, SH groups by polysaccharides,
and fucoxanthins present abundantly in cell wall [1, 25].

Biofunctionalization refers to the binding of organic moi-
eties on nanosurface leading to stabilization against
aggregation forces.

Electron microscopy

In TEM, irregular shape nanoparticles (grain shape, trian-
gular, and spherical) were visualized with varying size
around range from 15 to 90 nm. The nanoparticles were in
stable, colloidal state without any sign of aggregation
(Fig. 4c).

Energy-dispersive X-ray spectroscopy (EDS),
particle size distribution (PSD), and zeta potential
(ZP) of gold nanoparticles

In the EDS spectrum of gold nanoparticles, characteristic
peaks indicating the presence of gold in nanoparticles
solution were found (Fig. 4d). Interestingly, it was
observed that along with peak of gold, there is peak of
silica. From the EDS results, we could hypothesize syn-
thesis of gold-silica nanoconjugate. Schrofel et al. (2011)
[12] also pointed out similar observation of nanocomposite
formation with diatom species N. atomus and D. gallica.
In particle size distribution analysis, the average size of
gold nanoparticles fabricated by Nitzschia sp. was found to
be around 43 nm (Fig. 5). ZP value of gold nanoparticles

Fig. 4 a UV-Vis absorption al™ b
spectra of Nitzschia sp. 3.51
fabricated gold nanoparticles 3.0\ —— Gold nanoparticles
(Inset: test tube showing ruby - 90
red color gold nanoparticles <251
solution). b FT-IR spectrum of §2‘o.
gold nanoparticles _§ L 80 A
¢ representative TEM image of 5 184 % T
Nitzschia sp. fabricated gold 2104
nanoparticles and d EDS < 701
. 0.5 4
spectrum gold nanoparticles
0.0 4
T T T 1 60
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before extraction was found to be —4.92 and —16.8 mV
after extraction (S2).

Enzyme-mediated mechanism in gold nanoparticle
synthesis by Nitzschia sp

Diatoms are also known to have a range of antioxidative
enzymes such as catalase, ascorbate peroxidase, and glu-
tathione peroxidase and some nonenzymatic oxidants such
as beta-carotene and a-tocopherol, which can breakdown
H,O, [26]. It was previously identified that metal elements
at elevated level affect variety of biochemical changes in
diatoms and plants [27, 28]. Vital consequences of metal
exposure are the enhanced synthesis of reactive oxygen
species (ROS), which could damage cell membranes,
nucleic acids, and chloroplast [29]. The higher production
of ROS may be lead to further induction of the antiox-
idative activity, which is majorly composed of enzymatic
antioxidants such as catalase, peroxidase, and superoxide
dismutase [30] and several nonenzymatic scavengers such
as glutathione, carotenoids, and ascorbates [31]. During
study on diatom-mediated synthesis of gold nanoparticles,
diatoms were exposed to gold salt at different time inter-
vals and it was found that 15-day-old gold salt exposed
culture showed high synthesis of gold nanoparticles as
evidenced from high absorbance at 529 nm (Fig. 6a).
Similarly, when we analyzed peroxidase and catalase level
in diatoms as a function of time with gold salt containing
medium and without gold salt medium (diatoms grown in
F/2 medium only), it revealed that cell mass of 15-day-old
gold salt exposed culture had high catalase and peroxidase
level (12.76 and 14.43 unit/mg), while as compared to
15-day culture, low level of these enzymes was found in 5,
10, and 30 day gold salt exposed diatoms (Fig. 6a). Dia-
toms without gold salt exposure (control) exhibited low
level of peroxidase and catalase during entire study period
with complete absence of gold nanoparticles (Fig. 6b). The
results were statistically significant (P < 0.001 for Fig. 6a
and P < 0.008 for Fig. 6b) when analyzed for student

40———

w
(=]

Number (%)
N
(=]

[y
=]

Ry |

Size (d.nm)

|i Mean with +/- Standard deviation error bar |

Fig. 5 Particle size distribution histogram Nitzschia sp. fabricated
gold nanoparticles

t test. Hence, it is possible that the presence of gold salt
may induce ROS stress which leads to activation of the
antioxidant defense strategies, i.e., induction of catalases
and peroxidases enzymes. Such conditions correlate with
previous observation by Asada et al. [32] which reported
that in stress condition, the free radical species of active
oxygen increased, which enhances the activities of these
enzymes involved in antioxidant mechanism, while in
normal circumstances, the concentration of these antiox-
idative enzymes remains low [32].

Antibacterial assay

Emergence of microbial resistance to antibiotics has neg-
ative effects on human health such as decreased in effec-
tiveness of drug molecules, side effects due to intake of
higher doses, prolonged illness period, etc. Green synthe-
sized nanoparticles from plant extract, microbial, and
marine organisms were postulated as promising solution in
drug resistance management [5, 6, 9]. In the present study,
it was found that diatom-fabricated gold nanoparticles
inhibited E. coli and S. aureus with zone of inhibition 6.10
and 6.03 mm, respectively, while it is ineffective against P.
aeruginosa. Gold chloride solution did not have any inhi-
bitory effect on tested bacterial species. Penicillin had zone
of inhibition of 6.33, 13.2 mm on E. coli and S. aureus with
no effect against P. aeruginosa, while streptomycin had
12.4, 13.16, and 14.45 mm zone of inhibition against
E. coli, P. aeruginosa, and S. aureus, respectively. The
most interesting part of study is drastic increase in inhibi-
tory spectrum of antibiotics (penicillin and streptomycin)
when they were applied by mixing with gold nanoparticles
(nanoantibiotics). Gold nanoparticle-penicillin complex
showed 17.16, 9.20, and 16.16 mm zone corresponding to
3.81, 5.29, and 1.24 increase in fold area against E. coli, P.
aeruginosa, and S. aureus, respectively (Fig. 7 and S3).
Similar synergistic increase in biocidal potential was
obtained with gold nanoparticle-streptomycin complex
with 1.43, 1.38, and 1.28 fold area increments (Fig. 7 and
S3). The results found to be statistically significant with
two-way ANOVA (P < 0.0001)

Nanoparticles reported to be act as mediators of drug
release for enhancing the selectivity and efficiency of drugs.
Moreover, because of their extremely small size and high
surface-to-area ratio, their surfaces can be modified with
different chemical moieties for targeted drug delivery [17].

Discussion
In the era of nanotechnology, green synthesis of nanopar-

ticles having its own importance and many researchers
tried different biological sources for the synthesis of metal
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Fig. 7 Zone of inhibition of gold nanoparticles and antibiotics in the
presence and absence of gold nanoparticles against Gram-positive and
Gram-negative bacterial species

nanoparticles and its applications in diver fields [14-16].
Biological systems are a source of complex biomolecules
which affect synthesis of metal nanoparticles. The com-
plete understanding of mechanism of synthesis with bio-
logical sources will facilitate the control synthesis of metal
nanoparticles and also helpful for its application in over-
look areas. Hence, the present study explored novel diatom
Nitzschia species-mediated gold nanoparticles synthesis, its
mechanistic study, and biomedical application.
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Microscopic analysis of Nitzschia in nano-
environment (diatom—gold interactions)

Results obtained in the present investigation on gold
nanoparticle synthesis from Nifzschia species can be cor-
roborated with earlier reports of nanosynthesis using dia-
toms [1, 12]. According to Feurtet-Mazel et al. [2015],
after exposure of lower concentration of gold chloride
solution (20 pg/ml) to diatom species Eolimna minima, the
gold nanoparticles were found in frustules, while after
exposure to higher concentration (100 pg/ml), nanoparti-
cles occupied intracellular space including vital internal
organs of diatoms. Conversion (reduction) of macro (bulk)
gold salt to nanoparticles of gold appeared to be a pro-
tection mechanism to detoxify toxic effects of gold salt as
gold salt reported to cause defects in metabolism [33].
Similarly in our investigation, it was observed that diatoms
remain viable after fabricating nanoparticles at 0.1 mM
gold salt concentration. A report suggested that an expo-
sure to gold ions decreased level of chlorophyll, protein
and carbohydrate in green alga Rhizoclonium fontinale,
pointing toxicity to algal cells due to gold exposure. On the
other hand, there was an elevation in stress-related
enzymes such as catalase, ascorbate peroxidase, and
superoxide dismutase indicating enzyme-mediated action
by algae to relieve metal-induced toxicity [34]. Liang et al.
[2016] also observed perturbations of antioxidant enzyme
activities (superoxide dismutase, catalase) and reactive
oxygen species (ROS) after exposing earthworm Eisenia
fetida to nanoscale zerovalent iron (nZVI) and concluded
that ROS (antioxidant enzyme) is most profound strategy
to tackle nZVI stress and could be utilized as biomarkers in
ecotoxicity studies [35].
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Mode of action of antibiotic-gold nanoparticles
complex against bacteria

Potential of antibiotic-gold nanoparticles complex as
promising biocidal agent is evaluated first time in the
present report and a drastic synergistic increase in
antibacterial potential of antibiotic-nanoparticle complex
was observed as compare to nanoparticles and antibiotics
alone. Antibiotics have different mode of action on bacteria
such as inactivation of enzymes, cell wall inhibition, etc.
On the other hand, nanoparticles known to inhibit patho-
gens by binding and inhibition of various enzymes, DNA,
electrostatic attraction, formation of pits in the cell wall,
change in membrane permeability, and cytoplasmic leak-
age [21]. Nanoparticles have protective effect toward
antimicrobial drugs and also ability to overcome resistance
in conjugation with antibiotics [36]. From above multiple
biological targets of both candidates (antibiotics and gold
nanoparticles), it is interesting to study in depth regarding
actual mechanism taking place leading to inhibition of
bacteria as such a type of study can lead to development of
new and more potent drug agent capable of tacking new
threats display by pathogenic microbes such as resistance
to antibiotics.

Currently, very few reports are available on nanoparti-
cles synthesis using marine organisms. They include Nav-
icula atomus [12], Diadesmis gallica and Eolimna minima
[1]. In the present study, an increase in antibacterial effect
of gold nanoparticles after antibiotics combination sug-
gested synergistic mode of action. The possible mechanism
for the increase activity of antibiotic with gold nanoparti-
cles might be easy entry of antibiotic due to pit formation
in the cell wall and increase in cell permeability facilitated
by gold nanoparticles but it needs to be confirmed with
further detailed study. Present approach of combining
nanoparticles with drug molecules present itself as an
approach to tackle resistance problem due to the fact that
nanoparticles and antibiotics have different and diverse
mode of action against pathogenic bacteria. However tox-
icity studies merits further research.

Conclusion

Diatoms mediated nanosynthesis is advantageous over
chemico-physical methods due to simple nanosynthesis
protocol, easy mass scale production of diatoms, no use of
toxic chemicals and biocompatibility. In present study,
potential of natural resources (diatom) in nanobiotechnol-
ogy and microbial control is put forward for the first time.
Present study fulfills ecofriendly nanosynthesis protocol
which is major demand and current trend in nanotechnol-
ogy. It was found that diatoms synthesize and accumulates

gold nanoparticles while maintaining cellular viability.
This is of particular interest in ecological point of view as
they can behave as storage hub of nanoparticles and can
enter in food chain. Elevated level of catalase and perox-
idase found to play role in metal-induced ROS stress. In the
other aspect of study, it was found that diatoms fabricated
gold nanoparticle-antibiotics complex showed promising
inhibitory action against pathogenic bacteria. Study on
chemical aspects behind diatoms mediated nanoparticles
synthesis and mode of action of nanoantibiotics complex
on pathogens will be an interesting research path with
future applications in area of nanosynthesis and its appli-
cations in diverse areas of science, engineering, medicine
to name a few.
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