
materials

Article

Reducing Efficiency of Fucoxanthin in Diatom Mediated
Biofabrication of Gold Nanoparticles
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Poznań University of Economics and Business, Niepodległości 10, 61-875 Poznań, Poland
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Abstract: In the present investigation, fucoxanthin—one of the major pigments in diatoms—has
been extracted from Nanofrustulum shiloi SZCZM1342, and its reducing efficiency in the biogenesis
of gold nanoparticles (GNPs) was checked. Fucoxanthin extracted from golden-brown cells of
N. shiloi was compared to the healthy, growing biomass of N. shiloi and standard fucoxanthin after
separate exposure to 25 mg L−1 aqueous hydrogen tetrachloroaurate solutions at room temperature.
Isolated and standard fucoxanthin were found to be able to reduce gold ions within 12 h whereas,
the whole biomass turned pink in color after 72 h of reaction. The synthesized particles were
characterized by UV-vis spectroscopy, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). UV–vis spectroscopy of purple-colored suspensions showed the absorption band
at approximately 520–545 nm, indicating a strong positive signal for GNP synthesis. The SEM study
revealed the deposition of GNPs on siliceous frustules of metal-treated diatom cells. The TEM
analysis confirmed the GNPs synthesized by whole biomass are triangular, spherical and hexagonal
in nature, whereas the particles produced by extracted and standard fucoxanthin are all spherical in
nature. This study demonstrates the involvement of fucoxanthin in the reduction of gold ions and
subsequent production of gold nanospheres.

Keywords: diatom; fucoxanthin; gold nanoparticle; Nanofrustulum shiloi

1. Introduction

Biogenesis of biocompatible noble metal nanoparticles, such as gold [1–5], silver [6–11],
platinum [12] and palladium [13], is a popular choice nowadays because it avoids the use
of toxic reducing agents required in traditional chemical synthesis approaches. The main
drawback in the green synthesis of nanoparticles is their resulting heterogeneity, i.e., the
formation of differently shaped nanoparticles of variable size. The formation of varying
shaped particles is very usual in green synthesis as different reducing agents, such as
proteins, polysaccharides and pigments [14], work together. Particles with different shapes
are not suitable in medical applications [15] because the heterogeneous products lead to
unacceptable (variable, unreliable) results. Biosynthesis of nanoparticles with a definite
shape is possible by using a single reducing agent [16]. Therefore, it is very important
to identify the reducing agents within a cell and to check their efficacy in synthesizing
nanoparticles in isolated conditions.

Microalgae have already been recognized as one of the best bioreagents for the biogenic
production of GNP due to their high metal uptake capacity and fast growth rate [17–19].
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Among the various microalgae, diatoms—the ‘Natural silica-nanofactories’—are an ex-
ceptional source of gold ions reduction since synthesized particles remain attached to the
frustules. Frustules are the hard, outer covering of diatom cells with specific ornamentation
and are made from nanosilica. Sometimes, the immobilization of metal nanoparticles on
silica is required to maintain their catalytic activity [20–23]. In diatom-mediated nanoparti-
cle production, nanosilica reduce particle aggregation, precipitation and can help to retain
the catalytic activity of synthesized particles.

The synthesis of GNPs by Nitzschia obtusa and Navicula minima was first studied
by Chakraborty et al. (2006) [17]. Composite nanoparticles, such as silica–gold and
polysaccharide–gold, were synthesized by employing Navicula atomus and Diadesmis gal-
lica [24]. The gold-silica [19] and silver-silica [25] nano-biocomposites produced by Ha-
lamphora sp. showed DNA binding affinity and fluorescent property, respectively. The
marine diatom Stephanopyxis turris [26] and freshwater diatom Eolimna minima [27] were
reported as potential strains to synthesize GNPs at the intracellular level. Biosilica obtained
from diatoms have already been decorated by different nanoparticles containing silver [28],
germanium [29], titanium dioxide [30] and iron oxide [31] to fabricate hybrid microparti-
cles, which are considered more stable and are also very useful in photothermal therapy
and multimodal imaging for cancer detection [24]. Therefore, diatoms are very attractive
resources for the synthesis of metal-silica nanoconjugates, and these hybrid nanoparticles
are very useful for applications ranging from bioelectronics to biomedicine.

The major light-harvesting pigments in diatoms are chlorophyll a, chlorophyll c and
fucoxanthin [32]. Diatoms are golden brown in color as the relative amount of carotenoids
is greater than the amount of chlorophyll [33]. Fucoxanthin is the main carotenoid that can
transfer up to 60% of the energy to chlorophyll a in diatoms [34]. Fucoxanthin has a strong
antioxidant property because of its unique structure [35,36]. The presence of epoxide, as
well as allenic bonds and hydroxyl, carbonyl and carboxyl groups, in the polyene chain
of fucoxanthin increases its electron-donating ability [37]. It is already reported by many
authors that functional groups such as hydroxyl, carbonyl and carboxyl are involved in the
reduction of metal ions [24]. Spherical-shaped silver nanoparticle production by extracted
fucoxanthin from Amphora sp. was observed by Jena et al. (2014) [38]. This indicates that
fucoxanthin is a very efficient reducing agent in synthesizing metal nanoparticles. No
published report is available regarding the synthesis of GNP by extracted fucoxanthin.

Here, we report, for the first time, biocompatible spherical-shaped GNP production
using extracted fucoxanthin from N. shiloi, one of the smallest diatom species known to
date, which can occur off marine coasts in masses and form natural blooms [39]. An
eco-friendly method has been described to synthesize triangle-shaped GNPs exploiting the
whole biomass of N. shiloi with detailed characterization employing UV-vis spectroscopy,
SEM, TEM and energy dispersive X-ray analysis (EDAX).

2. Materials and Methods
2.1. Extraction of Fucoxanthin

The chain diatom, Nanofrustulum shiloi (strain number SZCZM1342), was procured
from the Diatom Culture Collection, University of Szczecin, Poland, and was grown at
a salinity of 35‰ in the f/2 culture medium [40] at 18 ◦C under a 16:8 light: dark cycle,
illuminated with 50 µmol photons m−2 s−1 of white light. The healthy cells of N. shiloi
were centrifuged at 5000 rpm for 5 min, then rinsed with ddH2O and recollected by
centrifugation.

Pellets (20 mg) were suspended in 1.5 mL of 70% ethanol for fucoxanthin extraction
following the protocol of Wang et al. (2018) [41]. The mixture was incubated at 40 ◦C for
2 h in a thermo-mixer. Finally, the yellow-colored extract was separated by centrifugation
at 8000 rpm for 10 min. The yellow extract was stored at −20 ◦C for further use. The whole
procedure was conducted under dark conditions.
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2.2. Biofabrication of GNP

In total, 1 mL ethanol extract (~12 µg of fucoxanthin) of N. shiloi was added to a 50 mL
aqueous solution of 25 mg L−1 (pH 6) hydrogen tetrachloroaurate (HAuCl4.xH2O; SRL,
MW 339.79). Then, 0.5 mg of standard fucoxanthin (Sigma-Aldrich) was dissolved in 5 mL
of 70% ethanol. A total of 100 µL of a solution of standard fucoxanthin was also added to
the 50 mL, 25 mg L−1 (pH 6) HAuCl4 solution separately to check the reducing efficacy of
fucoxanthin. The experimental sets were kept under dark conditions as fucoxanthin is very
light sensitive.

The selected strain, N. shiloi (100 mg fresh weight), was exposed to 100 mL of 25 mg L−1

Au3+ solution pH 4 for 72 h. A series of background experiments using different concentra-
tions (5, 15, 25 and 35 mg L−1) and pH range (4, 7 and 8) of Au3+ solutions were performed
to select the best concentration and pH combination for rapid GNP synthesis. The extrac-
tion of GNPs was performed by sonication of nanoparticle-loaded biomass with 7.5 mM
sodium citrate solution using a Hielscher UP100H ultrasonic processor (Teltow, Germany)
for 15 min at 60% amplitude, followed by centrifugation at 3000 rpm for 5 min according to
the protocol of Parial et al. (2012) [5]. The extracted suspension was subsequently utilized
for the characterization of GNPs.

2.3. Characterizations of GNPs

The maximum absorbance of synthesized GNPs was analyzed with a Hach DR6000
Benchtop UV-visible spectrophotometer (Hach, Loveland, CO, USA) in the wavelength
range 300–1100 nm. A drop of GNP suspension was dried on a carbon-coated copper
grid, and the size-shape analysis was carried out by a Hitachi STEM S5500 (Hitachi, Tokyo,
Japan). The EDAX study was performed using the same grid and the same microscope
(Hitachi STEM S5500) attached with EDAX to understand the purity of the particles.

2.4. Microscopic Examination of GNP Loaded N. shiloi

The appropriately dried GNP-loaded cells of N. shiloi were chromium coated, and the
surface of the diatom cells was scanned using a Hitachi SU8020 (Hitachi, Tokyo, Japan)
scanning electron microscope. The change of fluorescent property of gold-loaded cells was
observed by an Axioscope A1 Zeiss fluorescence microscope (excitation: 450–490 nm and
emission: 515 nm).

2.5. Quantification of Chlorophyll, Carotenoids and Fucoxanthin

Different biochemical parameters such as chlorophyll, total carotenoids and fucox-
anthin were measured following the standard methods of Arnon (1949) [42], Carreto
(1977) [43] and Wang et al. (2018) [41], respectively, in gold-treated N. shiloi at different time
intervals (30 min, 1 h, 3 h, 12 h and 24 h). The bioactive compounds, chlorophyll and total
carotenoids were extracted from 500 mg of fresh weight of N. shiloi using 80% pre-chilled
analytical grade acetone. Fucoxanthin was extracted from the same amount of N. shiloi
using 70% analytical grade ethanol as ethanol showed best result in fucoxanthin extraction.
All the experiments were performed in triplicates. A control set was maintained for each
experiment.

3. Results
3.1. Diatom Assisted Biogenesis of GNP

The brown biomass of N. shiloi showed a time-dependent color change due to reaction
with 25 mg L−1 (pH 4) Au3+ solution. The brown-colored cells (Figure 1a) turned green in
color after 30 min of reaction due to excess production of chlorophyll (Figure 1b). The initial
increase in chlorophyll production indicated the hormetic response of N. shiloi against gold
stress. After 24 h of exposure, the appearance of pink color in diatom cells was observed
(Figure 1c). The whole biomass turned pink in color after 72 h of reaction (Figure 1d). The
rapid synthesis of nanoparticles was observed in reaction with 25 mg L−1 Au3+ solution at
pH 4, and this condition was further used for characterization. The other concentrations (5
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and 15 mg L−1) and higher pH (7 and 8) also showed positive responses in the synthesis of
gold particles, but the reaction procedure took a much longer time (15–25 days) (Table 1).
Higher concentration (35 mg L−1) showed lethality. Acid-washed frustules from dead cells
of diatoms did not show any response in Au3+ reduction.

Figure 1. Images of a control (a) and gold-treated N. shiloi captured after 30 min (b), 24 h (c) and
72 h (d) of the reaction with HAuCl4. Fluorescent images of control (e) and GNP-loaded (f) N. shiloi
captured in the blue light region (~450–490 nm) (Scale bars 10 µm).

Table 1. The reaction time of GNP formation in different concentrations and pH combinations of the Au3+ solution.

Reducing Agents Concentration of Au3+

Solution (mg L−1)
pH Reaction Time Maximum Absorbance

(nm)

Whole biomass of N. shiloi

5
4 20 days ~550

7 25 days ~550

8 22 days ~550

15
4 7 days ~536

7 15 days ~550

8 10 days ~540

25
4 3 days ~530 and ~966

7 7 days ~535

8 5 days ~539

Extracted fucoxanthin from
N. shiloi 25 6 12 h ~535

Standard fucoxanthin 25 6 12 h ~537
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3.2. Morphological Changes in Gold Exposed N. shiloi

The associated morphological changes in N. shiloi due to gold stress were documented
(Figure 1a–f). During GNP production in diatom cells, the loss of chlorophyll and a high
rate of cell division was observed. Under a fluorescent microscope in the blue light region
(450–490 nm), gold-loaded cells of N. shiloi showed green fluorescence after 3 h of Au3+

exposure in contrast to the red fluorescent property of control cells. After 24 h, only the
green fluorescence remained with greater intensity (Figure 1e,f). The SEM micrographs
revealed the surface topography of control (Figure 2a,b) and gold-treated diatom frustules
(Figure 2c–f). The surfaces of metal-treated frustules were fully covered with nanoparticles,
which contrasts the smooth surface topography of control frustules with normal structural
ornamentation. The formation of triangular and spherical-shaped GNPs was identified by
SEM microphotographs (Figure 2c–f).

Figure 2. SEM images showing smooth surface topography of control cells of N. shiloi (a,b) and
deposition of GNPs on Au3+-treated diatom cell surface (c–f). Arrows showing the formation of
spherical (c,d) and triangular (e,f) GNPs.
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3.3. Confirmation of Au3+ Reduction by Isolated Fucoxanthin

The presence of fucoxanthin in ethanol extracts of N. shiloi was confirmed by recording
the same peak positions with standard fucoxanthin in UV-vis spectroscopy (Figure 3). In
UV-vis spectroscopy, the ethanol extracts of N. shiloi showed three distinct peaks at 331,
445 and 468 nm, respectively, as also exhibited by standard fucoxanthin. The light yellow-
colored solution of HAuCl4 (25 mg L−1) turned pink in color within 12 h of reaction
with fucoxanthin extracted from N. shiloi (Table 1). The appearance of pink color in
HAuCl4 solution corroborated the ability of isolated fucoxanthin in Au3+ reduction and
the consequent production of GNPs. The standard fucoxanthin solution also showed the
same result while used as a reducing agent. Fucoxanthin showed maximum efficiency in
the biofabrication of GNPs under dark conditions at pH 6 as it is sensitive to low pH and
light exposure.

Figure 3. UV-vis spectroscopy of extracted fucoxanthin from N. shiloi and standard fucoxanthin.

3.4. Characterization of Biogenic GNPs

The pink suspensions synthesized by extracted and standard fucoxanthin showed
distinct plasmon bands at ~525–535 and ~529–540 nm, respectively, in UV-vis spectroscopy
(Figure 4a). The optical absorptions of GNPs synthesized by whole biomass of N. shiloi at
25 mg L−1 concentration and pH 4 of HAuCl4 solutions were recorded at 540 and 966 nm
(Table 1, Figure 4b). Two significant bands in UV-vis spectroscopy revealed the presence of
differently shaped particles. The GNPs, produced by the whole biomass of N. shiloi and
extracted fucoxanthin did not show any measurable peak shift in UV-vis spectroscopy up
to one month. The TEM studies represent a clear picture regarding the shape and size
of GNPs produced by the experimental taxa. TEM micrographs of diatom cell assisted
biogenic GNPs showed the synthesis of triangular-, spherical- and hexagonal-shaped parti-
cles, with triangular being the most common. The size of the particles ranged from 5 to
55 nm (Figure 5). TEM images of GNPs synthesized by extracted fucoxanthin confirmed
the production of spherical-shaped particles with a 2–35 nm diameter range (Figure 6b–d).
TEM micrograph revealed that GNPs synthesized by standard fucoxanthin are also spher-
ical in nature with a 5–20 nm size range (Figure 6a). EDAX study confirmed that the
GNPs synthesized by the whole biomass of N. shiloi are mixed with silica nanoparticles
(Figure 7a), whereas the fucoxanthin-mediated biogenic particles are pure without any
contamination.
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Figure 4. UV-vis spectroscopy of GNP synthesized by extracted fucoxanthin from N. shiloi and standard fucoxanthin (a).
UV-vis spectroscopy of GNP synthesized by the whole biomass of N. shiloi using different concentrations and pH of HAuCl4
solutions (b).

Figure 5. Triangular-, spherical- and hexagonal-shaped GNP synthesized by N. shiloi. TEM images
(a–d) confirming the production of variable shaped GNPs by the whole biomass of N. shiloi.

Figure 6. Spherical-shaped GNP synthesized by standard fucoxanthin (a) and extracted fucoxanthin
(b–d) from N. shiloi.
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Figure 7. EDAX study of GNPs biofabricated by the whole biomass of N. shiloi, showing the presence of silica with biogenic
GNPs (a). EDAX study of GNP produced by extracted fucoxanthin from N. shiloi, showing only Au signals and confirmed
the absence of silica particle (b).

3.5. Variation in Chlorophyll, Carotenoids and Fucoxanthin Content in GNP Loaded N. shiloi

During the synthesis of GNP, N. shiloi showed a significant increase in chlorophyll,
carotenoid and fucoxanthin content within 1 h of reaction in comparison to control (Figure 8).
The chlorophyll content in gold treated N. shiloi increased up to ~two times than the control
after 30 min of reaction and gradually decreased thereafter (Figure 8a) (Table 2). After 72 h
of reaction, there was no chlorophyll content in metal-treated N. shiloi. Similarly, a two-fold
increase in the total carotenoids and fucoxanthin content in gold-treated N. shiloi were also
recorded after 1 h of reaction in relation to the control sample (Figure 8b,c) (Table 2).

Figure 8. Variations in chlorophyll (a), carotenoids (b) and fucoxanthin (c) content in gold-treated
N. shiloi at different time points such as 30 min, 1 h, 3 h, 12 h and 24 h.
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Table 2. The variation in chlorophyll, carotenoids and fucoxanthin content (µg mL−1) in 25 mg L−1 Au3+ treated N. shiloi in
different exposure times as compared to control (Maximum values (mean ± SE) are indicated as bold and italic).

Parameters Experimental Condition
Time of Exposure

30 min 1 h 3 h 12 h 24 h

Chlorophyll
(µg mL−1)

Control 7.333 ± 0.202 7.543 ± 0.223 8.066 ± 0.132 8.01 ± 0.223 8.48 ± 0.245

25 mg L−1 Au3+ treated 17.759 ± 0.329 13.354 ± 0.057 8.682 ± 0.045 7.554 ± 0.040 3.847 ± 0.083

Carotenoids
(µg mL−1)

Control 14.296 ± 0.169 14.396 ± 0.078 14.55 ± 0.101 14.626 ± 0.172 14.643 ± 0.189

25 mg L−1 Au3+ treated 14.762 ± 0.048 27.683 ± 0.386 15.66 ± 0.069 9.305 ± 0.071 5.194 ± 0.042

Fucoxanthin
(µg mL−1)

Control 12.628 ± 0.022 12.680 ± 0.038 12.748 ± 0.104 12.767 ± 0.123 12.771 ± 0.126

25 mg L−1 Au3+ treated 12.94 ± 0.039 24.099 ± 0.430 13.878 ± 0.040 8.175 ± 0.043 4.481 ± 0.014

4. Discussion

It is well known that the color of the nanogold varies from light pink to purple
depending upon the concentration and shape of the particles [24]. Initially, the ability of
fucoxanthin in GNP production was confirmed by observing the color change of auric
chloride (HAuCl4) solution from light yellow to pink [38]. Similarly, the pink coloration
in the brown mass of N. shiloi was observed due to the reduction of Au3+ to Au0 and
subsequent production of Au particles at the intracellular level [14]. Fucoxanthin-mediated
GNP synthesis offers the benefit of producing large quantities of nanomaterials within a
short time (12 h) and in a comparatively pure state. There was no contamination of silica
particles, as confirmed by the EDAX study. Moreover, the extraction step can be skipped
in pigment-based GNP production, whereas nanoparticles synthesized inside/surface of
the cell must be isolated using additional steps such as ultrasonication [44,45]. Therefore,
fucoxanthin can easily convert the downstream processing of the biofabrication of GNPs
into a simple, cheap and time-saving technique.

Gold particles exhibit optical properties due to surface plasmon resonance of conduc-
tion electrons, and the color may vary from rich red to blue, depending upon the shape
and size of the particles. The surface plasmon band for spherical-shaped GNPs usually has
a range of 500–550 nm in aqueous solutions [46]. In our study, the red-colored GNP suspen-
sion synthesized by fucoxanthin provided a significant spectroscopic absorbance band at
~525–535 nm, indicating a nearly spherical-shaped GNP production, also confirmed by the
TEM study. It was observed by Altaf and Jaganyi in 2015 [47] that triangular nanoparticles
of gold exhibit two characteristic absorption bands in UV-vis spectroscopy at 540 and
966 nm attributed to plasmon resonance of the transverse and longitudinal surfaces. In
the present investigation, GNP biofabricated by Nanofrustulum shiloi also exhibited two
distinct peaks at 540 and 966 nm in UV-vis spectroscopy and indicated the presence of
triangular-shaped GNP within the nanosuspension. This was also confirmed by TEM
micrographs. No notable peak shift of GNPs produced by the whole biomass of N. shiloi
and extracted fucoxanthin in UV-vis spectroscopy confirmed the stability of nanoparticles.

It is reported by many authors that carotenoids are degraded easily by environmental
factors such as temperature, light radiation and oxidizing agents [48,49]. Fucoxanthin is
sensitive to heat, light exposure and low pH [49]. Factors such as light promote trans-cis
isomerization reactions and eventually lead to the fading color of the pigment [49]. Besides,
it might also be accompanied by the formation of new compounds due to oxidation,
which could give rise to the loss of color [50] and, in some cases, the formation of aroma
compounds as well [48]. According to Arita et al. (2005) [50], light is a potential reason
for the degradation of carotenoids during storage, as the photostability of the pigment
is very much affected by its structure. Therefore, the dark conditions were maintained
throughout the experiment to complete the reduction process. Fucoxanthin is less stable
in acidic conditions compared to neutral and alkaline conditions [49]. Thus, pH 6 of the
experimental media was maintained while using fucoxanthin as a bioreagent during GNP
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production. However, pH 4 gave the best result while using whole biomass as a reducing
agent. Silica nanoparticles are continuously formed from monosilicic and disilicic acid
within a diatom cell in silica deposition vesicles, which are acidic in nature [51]. It can be
hypothesized that under acidic conditions, diatom cells produce more extracellular proteins,
polysaccharides and organic acids that are able to reduce reaction time. In our experiments,
a pH of 4 also showed a faster reduction of Au3+ and the consequent production of GNPs.

The TEM studies revealed heterogenous GNP formation by the whole biomass of
N. shiloi due to the collective action of different reducing agents [14]. The formation
of different shapes such as triangular, spherical and hexagonal are because of different
reducing agents such as proteins, polysaccharides, carotenoids present in whole biomass.
Production of variable shapes and sizes during biogenesis is very common as all reducing
agents work together. In this study, it was observed that the production of only spherical-
shaped particles is possible by using extracted fucoxanthin as a bioreagent.

The frustules of diatoms have specific sizes and shapes, as well as a unique ultra-
structural pattern, by which the taxonomic enumeration of diatoms is also possible. The
perforations of frustules are used for the transportation of water and minerals, by which
intracellular GNPs are also transported and deposited on the surface, as observed in SEM
images [19]. In gold-treated cells of N. shiloi, the absence of red fluorescence confirmed
the non-existence of chlorophyll, whereas the presence of green fluorescence emission
corroborated the green fluorescent property of nanosilica under the blue excitation at
~450–490 nm [25].

The initial increase in chlorophyll content in gold-treated N. shiloi was a hormetic
response against gold stress, which is a common stress response in diatoms. A gradual
decrease in chlorophyll content indicated no chlorophyll production. The inhibition of
chlorophyll biosynthesis by metal treatment was well described by De Filippis and Pallaghy
(1976) [52] and De Filippis et al. (1981) [53]. Metals interfere with the SH group of the
enzymes in the chlorophyll biosynthetic pathway. Two key enzymes, d-aminolevulinic
acid (ALA)-dehydratase (EC 4.2.1.24) and protochlorophyllide reductase of the chlorophyll
biosynthetic pathway, were sensitive to metals. For these reasons, metal-induced inhibition
of chlorophyll synthesis was reported by many authors. Gold-induced chlorophyll loss
was observed in this study as well [54]. A significant increase in the total carotenoid
content during metal treatment indicated active protection against Au3+ stress. Carotenoids
serve as antioxidants against free radicals and photochemical damage [55], therefore
more active against oxidative stress. It is known that there are a number of carotenoid
fractions present in algal cells that are either primary or secondarily synthesized to give
protection to the cells against stressed conditions [55]. Fucoxanthin—a major group of
carotenoids—is responsible for energy transfer to chlorophyll a in diatoms [33]. Sliwka et al.
(2007) [56] reported that in the presence of water, the hydrophilic nature of fucoxanthin
enhances its electron transferability. In our study, the total experiment was performed in an
aqueous-based medium that also helped fucoxanthin in transferring electrons to Au3+. The
antioxidant- and electron-donating properties of fucoxanthin make it suitable for prompt
Au3+ reduction and subsequent GNP production [38].

5. Conclusions

It can be concluded that, in this study, an eco-friendly, cost-effective, simple and rapid
technique has been described to synthesize diatom-assisted GNPs. One of the smallest
diatom species, N. shiloi, has been characterized as a potential bioreagent for the production
of biocompatible, triangular GNPs within 72 h of reaction with Au3+ solution. The biogenic
triangular particles are associated with nanosilica and can be used in cancer hyperthermia in
future. The GNP decorated frustules of N. shiloi would be useful for label-free visualization
in imaging, as nanosilica has its own fluorescent property. Brown-colored N. shiloi showed
a hormetic response against Au3+ stress by producing excessive chlorophyll. It can be
said that N. shiloi can easily interact with metals, and this strain can be used for water
purification and water quality assessment. The extracted fucoxanthin from N. shiloi showed
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efficacy in synthesizing spherical shaped nanogold in isolated conditions. In this study, the
accessory photosynthetic pigment, fucoxanthin, mostly available in brown algae, has been
identified as a significant reducing agent in the diatom-based production of nanoparticles.

Author Contributions: Conceptualization, P.R.; methodology, P.R., P.D., A.G., M.G., K.K. and R.D.;
writing—original draft preparation, P.R.; writing—review and editing, P.R., P.D., R.D., K.K. and A.W.;
supervision, A.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research work was funded by the project “Advanced biocomposites for tomorrow’s
economy BIOG-NET” financed by the Foundation for Polish Science from the European Regional
Development Fund within the Intelligent Development Operational Program 2014–2020 (OP IE).

Acknowledgments: The authors would like to thank Rafał Wróbel, Cyryl Przybyszewski and Patrick
Groves for their immense help during this research work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nair, B.; Pradeep, T. Coalescence of nanoclusters and formation of submicron crystallites assisted by Lactobacillus strains. Cryst.

Growth Des. 2002, 2, 293–298. [CrossRef]
2. Ahmad, M.; Senapati, S.; Khan, M.I.; Kumar, R.; Ramani, R.; Srinivas, V.; Sastry, M. Intracellular synthesis of gold nanoparticles

by a novel alkalotolerant actinomycete, Rhodococcus species. Nanotechnology 2003, 14, 824–828. [CrossRef]
3. Lengke, M.F.; Southam, G. The effect of thiosulfate-oxidizing bacteria on the stability of the gold-thiosulfate complex. Geochim. Et

Cosmochim. Acta 2005, 69, 3759–3772. [CrossRef]
4. Lengke, M.F.; Fleet, M.E.; Southam, G. Morphology of gold nanoparticles synthesized by filamentous cyanobacteria from

gold(I)-thiosulfate and gold (III)-chloride complexes. Langmuir 2006, 22, 2780–2787. [CrossRef]
5. Parial, D.; Patra, H.K.; Roychoudhury, P.; Dasgupta, A.K.; Pal, R. Gold nanorod production by cyanobacteria- a green chemistry

approach. J. Appl. Phycol. 2012, 27, 3–10. [CrossRef]
6. Klaus, T.; Joerger, R.; Olsson, E.; Granqvist, C.G. Silver based crystalline nanoparticles, microbially fabricated. Proc. Natl. Acad.

Sci. USA 1999, 96, 13611–13614. [CrossRef] [PubMed]
7. Minaeian, S.; Shahverdi, A.R.; Nohi, A.S.; Shahverdi, H.R. Extracellular biosynthesis of silver nanoparticles by some bacteria.

JSIAU 2008, 17, 1–4.
8. Govindaraju, K.; Kiruthiga, V.; Kumar, V.G.; Singaravelu, G. Extracellular Synthesis of Silver Nanoparticles by a Marine Alga,

Sargassum Wightii Grevilli and Their Antibacterial Effects. J. Nanosci. Nanotechnol. 2009, 9, 5497–5501. [CrossRef] [PubMed]
9. Ingle, A.; Rai, M.; Gade, A.; Bawaskar, M. Fusarium solani: A novel biological agent for the extracellular synthesis of silver

nanoparticles. J. Nanoparticle Res. 2009, 11, 2079–2085. [CrossRef]
10. Mohseniazar, M.; Barin, M.; Zarredar, H.; Alizadeh, S.; Shanehbandi, D. Potential of microalgae and Lactobacilli in biosynthesis

of silver nanoparticles. BioImpacts 2011, 1, 149–152.
11. MubarakAli, D.; Sasikala, M.; Gunasekaran, M.; Thajuddin, N. Biosynthesis and characterization of silver nanoparticles using

marine cyanobacterium, Oscillatoria willei NTDM01. Dig. J. Nanomater. Biostructures 2011, 6, 385–390.
12. Sheny, D.S.; Philip, D.; Mathew, J. Synthesis of platinum nanoparticles using dried Anacardium occidentale leaf and its catalytic and

thermal applications. Spectrochim. Spectrochim. Acta Part A 2013, 114, 267–271. [CrossRef] [PubMed]
13. Dauthal, P.; Mukhopadhyay, M. Biosynthesis of Palladium Nanoparticles Using Delonix regia Leaf Extract and Its Catalytic

Activity for Nitro-aromatics Hydrogenation. Ind. Eng. Chem. Res. 2013, 52, 18131–18139. [CrossRef]
14. Roychoudhury, P.; Bhattacharya, A.; Dasgupta, A.; Pal, R. Biogenic synthesis of gold nanoparticle using fractioned cellular

components from eukaryotic algae and cyanobacteria. Phycol. Res. 2016, 64, 133–140. [CrossRef]
15. Tomaszewska, E.; Soliwoda, K.; Kadziola, K. Detection limits of DLS and UV–vis spectroscopy in characterization of polydisperse

nanoparticles colloids. J. Nanomater. 2013, 2013, 1–10. [CrossRef]
16. Das, S.K.; Dickinson, C.; Lafir, F.; Brougham, D.F.; Marsili, E. Synthesis, characterization and catalytic activity of gold nanoparticles

biosynthesized with Rhizopus oryzae protein extract. Green Chem. 2012, 14, 1322–1334. [CrossRef]
17. Chakraborty, N.; Pal, R.; Ramaswami, A.; Nayak, D.; Lahiri, S. Diatom: A potential bioaccumulator of gold. J. Radioanal. Nucl.

Chem. 2006, 270, 645–649. [CrossRef]
18. Abdel-Raouf, N.; Al-Enazi, N.M.; Ibraheem, I.B.M. Green biosynthesis of gold nanoparticles using Galaxaura elongata and

characterization of their antibacterial activity. Arab. J. Chem. 2017, 10, S3029–S3039. [CrossRef]
19. Roychoudhury, P.; Nandi, C.; Pal, R. Diatom-based biosynthesis of gold-silica nanocomposite and their DNA binding affinity. J.

Appl. Phycol. 2016, 28, 2857–2863. [CrossRef]
20. Budroni, G.; Corma, A. Gold-organic-inorganic high surface-area materials as precursors of highly active catalysts. Angew. Chem.

Int. Ed. 2006, 45, 3328–3331. [CrossRef]
21. Bus, E.; Miller, J.T.; van Bokhoven, J.A. Hydrogen chemisorptions on Al2O3-supported gold catalysts. J. Phys. Chem. B 2005, 109,

14581–14587. [CrossRef]

http://doi.org/10.1021/cg0255164
http://doi.org/10.1088/0957-4484/14/7/323
http://doi.org/10.1016/j.gca.2005.03.012
http://doi.org/10.1021/la052652c
http://doi.org/10.1007/s10811-010-9645-0
http://doi.org/10.1073/pnas.96.24.13611
http://www.ncbi.nlm.nih.gov/pubmed/10570120
http://doi.org/10.1166/jnn.2009.1199
http://www.ncbi.nlm.nih.gov/pubmed/19928252
http://doi.org/10.1007/s11051-008-9573-y
http://doi.org/10.1016/j.saa.2013.05.028
http://www.ncbi.nlm.nih.gov/pubmed/23786970
http://doi.org/10.1021/ie403410z
http://doi.org/10.1111/pre.12127
http://doi.org/10.1155/2013/313081
http://doi.org/10.1039/c2gc16676c
http://doi.org/10.1007/s10967-006-0475-0
http://doi.org/10.1016/j.arabjc.2013.11.044
http://doi.org/10.1007/s10811-016-0809-4
http://doi.org/10.1002/anie.200600552
http://doi.org/10.1021/jp051660z


Materials 2021, 14, 4094 12 of 13

22. Mallick, K.; Witcomb, M.J.; Scurrell, M.S. Supported gold catalysts prepared by in situ reduction technique: Preparation,
characterization and catalytic activity measurements. Appl. Catal. A Gen. 2004, 259, 163–168. [CrossRef]

23. Kim, J.H.; Bryan, W.W.; Lee, T.R. Preparation, characterization, and optical properties of gold, silver, and gold-silver alloy
nanoshells having silica cores. Langmuir 2008, 24, 11147–11152. [CrossRef] [PubMed]

24. Schrofel, A.; Kratosova, G.; Bohunicka, M.; Dobrocka, E.; Vavra, I. Biosynthesis of gold nanoparticles using diatoms—silica-gold
and EPS-gold bionanocomposite formation. J. Nanoparticle Res. 2011, 13, 3207–3216. [CrossRef]

25. Bose, R.; Roychoudhury, P.; Pal, R. In-situ green synthesis of fluorescent silica–silver conjugate nanodendrites using nanoporous
frustules of diatoms: An unprecedented approach. Bioprocess Biosyst. Eng. 2021, 44, 1263–1273. [CrossRef]

26. Pytlik, N.; Kaden, J.; Finger, M.; Naumann, J.; Wanke, S.; Machill, S.; Brunner, E. Biological synthesis of gold nanoparticles by the
diatom Stephanopyxis turris and in vivo SERS analyses. Algal Res. 2017, 28, 9–15. [CrossRef]

27. Feurtet-Mazel, A.; Mornet, S.; Charron, L.; Mesmer-Dudons, N.; Maury-Brachet, R.; Baudrimont, M. Biosynthesis of gold
nanoparticles by the living freshwater diatom Eolimna minima, a species developed in river biofilms. Environ. Sci. Pollut. Res.
2016, 23, 4334–4339. [CrossRef]

28. Vona, D.; Cicco, S.; Ragni, R.; Leone, G.; Lo Presti, M.; Farinola, G. Biosilica/polydopamine/silver nanoparticles composites:
New hybrid multifunctional heterostructures obtained by chemical modification of Thalassiosira weissflogii silica shells. MRS
Commun. 2018, 8, 911–917. [CrossRef]

29. Jeffryes, C.; Gutu, T.; Jiao, J.; Rorrer, G.L. Two-stage photobioreactor process for the metabolic insertion of nanostructured
germanium into the silica microstructure of the diatom Pinnularia sp. Mater. Sci. Eng. C 2008, 28, 107–118. [CrossRef]

30. Jeffryes, C.; Gutu, T.; Jiao, J.; Rorrer, G.L. Metabolic insertion of nanostructured TiO2 into the patterned biosilica of the diatom
Pinnularia sp. by a two-stage bioreactor cultivation process. ACS Nano 2008, 2, 2103–2112. [CrossRef] [PubMed]

31. Kaden, J.; Brückner, S.I.; Machill, S.; Krafft, C.; Pöppl, A.; Brunner, E. Iron incorporation in biosilica of the marine diatom
Stephanopyxis turris: Dispersed or clustered? Biometals 2017, 30, 71–82. [CrossRef]

32. Tomoyo katayama, A.M.; Satoru, T. Responses of pigment composition of the marine diatom Thalassiosira weissflogii to silicate
availability during dark survival and recovery. Plankton Benthos Res. 2011, 6, 1–11. [CrossRef]

33. Papagiannakis, E.; van Stokkum, I.H.; Fey, H.; Büchel, C.; van Grondelle, R. Spectroscopic characterization of the excitation
energy transfer in the fucoxanthin-chlorophyll protein of diatoms. Photosynth. Res. 2005, 86, 241–250. [CrossRef] [PubMed]

34. Heo, S.J.; Jeon, Y.J. Protective effect of fucoxanthin isolated from Sargassum siliquastrum on UV-B induced cell damage. J. Photochem.
Photobiol. B Biol. 2009, 95, 101–107. [CrossRef]

35. Sies, H. Oxidative stress: Oxidants and antioxidants. Exp. Physiol. 1997, 82, 291–295. [CrossRef]
36. Flora, S.J.S. Structural, chemical and biological aspects of antioxidants for strategies against metal and metalloid exposure.

Oxidative Med. Cell. Longev. 2009, 2, 191–206. [CrossRef]
37. Hu, T.; Liu, D.; Chen, Y.; Wu, J.; Wang, S. Antioxidant activity of sulfated polysaccharide fractions extracted from Undaria

pinnitafida in vitro. Int. J. Biol. Macromol. 2010, 46, 193–198. [CrossRef] [PubMed]
38. Jena, J.; Pradhan, N.; Dash, B.P.; Panda, P.K.; Mishra, B.K. Pigment mediated biogenic synthesis of silver nanoparticles using

diatom Amphora sp. and its antimicrobial activity. J. Saudi Chem. Soc. 2015, 19, 661–666. [CrossRef]
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