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Sciences des matériaux
Chimie du solide

1. Chimie & electrocéramiques
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Activités de recherche de l’équipe ‘Chimie des nanomatériaux’

Sélectivité des plans 
cristallographiques / 
contrôle de la forme

Assemblage par interactions contrôlées 
en clusters discrets ou réseaux étendus

Fonctionnalisation 
moléculaire en film 

continu ou en 
patchs

Nucléation et croissance 
de particules (in)organiques
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Activités de recherche de l’équipe ‘Fluides supercritiques’

Etudes des mécanismes thermo-hydro-bio-chimiques dans les milieux fluides réactifs sous P et en T



Les systèmes extrêmophiles permettent-ils de développer des bioprocédés innovants ?

Peut-on bénéficier des apports de la thermodynamique HP/HT dans les bioprocédés ? 

Etude in situ en conditions extrêmes



Bioproduction de nanoparticules

Plante, feuille, 
racine, tige

Champignon

Production intra- ou extra-cellulaire

inert, and harmless to the environment makes it a suitable method
for creating nanoparticles (Scala et al., 2022).

The synthesis process provides eco-friendly nanoparticles with
greater stability, clinical adaptability, and biocompatibility. Organisms
have developed the ability to survive in environments with high metal
concentrations. These organisms may alter their chemical nature and
reduce their toxicity. The fabrication of nanoparticles is an outcome of
a resistance mechanism of an organism to a certain metal (Dhuldhaj
and Pandya, 2021). The synthesis of biogenic metallic nanoparticles is
categorized into two types. 1) Biodegradation: Chemical reduction
through biological means can generate more stable metal ions, which
is achieved through dissimilatory metal reduction. The enzyme
undergoes oxidation, whereas the metal ion undergoes reduction.
The metallic nanoparticles obtained are extracted safely and subjected
to further evaluations. 2) Biosorption: The metal ions present in an
aqueous or soil sample become attached to the organism itself.
Peptides or cell walls bonded with metal ions are obtained by
some bacteria, fungi, and plants (Mittal et al., 2021). These
peptides stabilize the nanoparticles. Several variables influence the
selection of biological approaches for nanoparticle synthesis and
creation. The most crucial variable is the form of the metal
nanoparticle to be generated. The choice of organism remains
limited due to the occurrence of resistance against metals (Patil
et al. 2019a; Patil et al., 2017).

Recent advances in nanotechnology are expected to demonstrate
a considerable impact on the progress of novel therapeutic strategies.
The ability to obtain nanoparticles in the protein size domain results
in a variety of biomedical applications, as they can stimulate
response and improve desired therapeutic effects with minimum
undesirable effects (Gupta and Gupta, 2005). Therapy for various
diseases and disorders includes a variety of synthetic medicines that

have demonstrated promising effects. Synthetic drug usage is linked
to a variety of adverse effects, and scientists have taken a soft turn
toward the use of phytochemicals, which have few side effects
(BhattacharyaSoares et al., 2022). Despite various advantages,
green nanotechnology has some challenges. Scale-up is one of the
major challenges; currently, the production of green nanomaterials
is limited to laboratory-scale experiments, and it is difficult to
translate these findings into large-scale manufacturing processes
(Gacem et al., 2022). Identifying the most suitable bioresource for
producing the desired nanoparticles is the main challenge.
Purification of nanoparticles from raw biological components
after production is also a serious obstacle (Nethi et al., 2021).

This article will provide a better understanding of green
technology in the fabrication of nanoparticles using bacteria,
algae, fungi, yeasts, and plants for potential biomedical uses.

2 Sources for the synthesis of biogenic
nanoparticles

The synthesis of nanoplatforms by physical and chemical
methods demands highly toxic reducing agents, high radiation,
and stabilizing agents (Hebbalalu et al., 2013). These can be
harmful to nature as well as human life. Therefore, researchers
are now interested in green synthesis for sustained and eco-friendly
approaches for the synthesis of metallic and metal oxide
nanoparticles (Priya et al., 2021).

Fungi and bacteria can both have intracellular and extracellular
mechanisms of synthesis (Bhardwaj et al., 2020). Both mechanisms
take place through different pathways in different microorganisms.
In the intracellular synthesis mechanism, the transportation of
positively charged metal ions takes place through the cell wall
possessing a negative charge and are then internalized into the
cells through various mechanisms, e.g., the synthesis of gold
nanoparticles using Lactobacillus kimchicus (Mughal et al., 2021).
In the extracellular synthesis mechanism, metal ions aggregate on
the surface of a cell, e.g., the synthesis of gold nanoparticles using the
Paracoccus haeundaensis bacterium (Cherian et al., 2022).

Similarly, fungi also synthesize nanoparticles by two pathways,
but they are more prone to the extracellular type of synthesis. For
example, the synthesis of silver nanoparticles by Candida glabrata
(Ghosh et al., 2021). Among the available processes for the synthesis
of metallic and metal oxide nanoparticles, the use of plant extracts
for large-scale production instead of bacteria, fungi, and other
microorganisms is a comparatively convenient process. To
produce nanoparticles, plants are highly considered due to their
biodiversity and availability of phytochemicals (Singh et al., 2018;
Patil and Chandrasekaran, 2020). These phytochemicals show
seasonal variations in yield, and nanoparticles synthesized by this
method show a polydisperse nature. Phytofabrication is now
considered a less time-consuming, safe, and cost-effective
approach to constructing stable nanoparticles.

2.1 Plants

The plant is easily available and convenient to handle material
compared to microorganisms in the biogenic synthesis of

FIGURE 1
Salient features and properties of biogenic nanoparticles.
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Zoologie de nanoparticules
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Fig. S3). The cells showed negligible autofluorescence, so the
fluorescence in Fig. 3b can be convincingly attributed to the CdTe
quantum dots. This suggests that CdTe nanoparticles isolated
directly from the chloragogen tissues have associated biological
ligands that provide the required colloidal stability in this cell line.
Furthermore, these ligands can easily be exchanged for dithiol–
PEG to enhance the stability of the nanoparticle.

The sensitivity of the photophysical properties of simple thiol-
capped quantum dots to temperature, pH, presence and concen-
tration of salts in biological systems is well described26 and the
use of polyethylene glycol as a non-targeted surface stabilizer is
routine. Thus, the performance of the CdTe particles isolated
from chloragogen cells in cell-imaging studies is comparable to
many commercially available systems. This demonstrates that the
particles are suitable imaging agents and can undergo surface
exchange reactions for specific imaging applications.

We suggest that the chloragogen cells are ideally positioned
to allow the precursors to form luminescent CdTe quantum dots
in vivo, a process that is by no means trivial. The analogous
reaction ex vivo requires an additional reducing agent in the pres-
ence of a thiol-capping agent to form luminescent nanoparticulate
materials27, whereas this entirely biosynthetic strategy results in
the Te(IV) species being reduced to Te(II) in vivo using a previously
highlighted mechanism28. Notably, the worms remained alive
during the 11-day quantum dot production period, but were sub-
sequently killed for quantum dot harvesting.

In conclusion, we were able to generate luminescent, water-
soluble CdTe quantum dots in a living animal by highjacking its
intrinsic heavy-metal detoxification strategy. The resultant particles
were easy to harvest, demonstrated optical characteristics typical of
quantum-confined semiconductor materials and were utilized for
relevant cell imaging applications. These particles are comparable
to thiol-capped CdTe prepared by typical benchtop methods and,
if extended to other technically important semiconducting
materials, this method promises to be a convenient source of
biologically compatible luminescent probes.

100 µm14 µm

a b

Figure 3 | Cell imaging using the CdTe quantum dots isolated from the
chloragogenous tissues. a, Confocal laser scanning microscopic images of
live J774.1 murine macrophage-like cells after 20 min exposure to CdTe
quantum dots (green) modified with dithiolated polyethylene glycol.
b, Confocal microscope image of IGROV-1 cells incubated with untreated
CdTe particles for 3 h at 37 8C: green emission from quantum dots isolated
in the cellular cytoplasm, blue emission from the nuclear stain dye
4′,6-diamidino-2-phenylindole in the cell nucleus. The data confirm the
usefulness of the biosynthesized particles in imaging applications.
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Figure 2 | Microscopy analysis of the CdTe particles isolated from the chloragogenous cells. a, Dark-field microscopy of CdTe particles isolated from
chloragogen cells. b, Energy-dispersive X-ray spectroscopy analysis of CdTe quantum dots. c,d, High-resolution electron microscopy of CdTe quantum dots.
e, SAED pattern for CdTe and assigned Miller indices. These data confirm the nanocrystalline identity and structure of the particles as CdTe quantum dots.
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quantum dots. This suggests that CdTe nanoparticles isolated
directly from the chloragogen tissues have associated biological
ligands that provide the required colloidal stability in this cell line.
Furthermore, these ligands can easily be exchanged for dithiol–
PEG to enhance the stability of the nanoparticle.

The sensitivity of the photophysical properties of simple thiol-
capped quantum dots to temperature, pH, presence and concen-
tration of salts in biological systems is well described26 and the
use of polyethylene glycol as a non-targeted surface stabilizer is
routine. Thus, the performance of the CdTe particles isolated
from chloragogen cells in cell-imaging studies is comparable to
many commercially available systems. This demonstrates that the
particles are suitable imaging agents and can undergo surface
exchange reactions for specific imaging applications.

We suggest that the chloragogen cells are ideally positioned
to allow the precursors to form luminescent CdTe quantum dots
in vivo, a process that is by no means trivial. The analogous
reaction ex vivo requires an additional reducing agent in the pres-
ence of a thiol-capping agent to form luminescent nanoparticulate
materials27, whereas this entirely biosynthetic strategy results in
the Te(IV) species being reduced to Te(II) in vivo using a previously
highlighted mechanism28. Notably, the worms remained alive
during the 11-day quantum dot production period, but were sub-
sequently killed for quantum dot harvesting.

In conclusion, we were able to generate luminescent, water-
soluble CdTe quantum dots in a living animal by highjacking its
intrinsic heavy-metal detoxification strategy. The resultant particles
were easy to harvest, demonstrated optical characteristics typical of
quantum-confined semiconductor materials and were utilized for
relevant cell imaging applications. These particles are comparable
to thiol-capped CdTe prepared by typical benchtop methods and,
if extended to other technically important semiconducting
materials, this method promises to be a convenient source of
biologically compatible luminescent probes.
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live J774.1 murine macrophage-like cells after 20 min exposure to CdTe
quantum dots (green) modified with dithiolated polyethylene glycol.
b, Confocal microscope image of IGROV-1 cells incubated with untreated
CdTe particles for 3 h at 37 8C: green emission from quantum dots isolated
in the cellular cytoplasm, blue emission from the nuclear stain dye
4′,6-diamidino-2-phenylindole in the cell nucleus. The data confirm the
usefulness of the biosynthesized particles in imaging applications.
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(TEM, b) and scanning electron microscopy (SEM, c) images of E. coli and the
generated gold nanoparticles at the indicated culture time points. Dashed boxes
indicate the enlarged region. The red arrows indicate the biomineralized gold
nanoparticles. Scale bars: 1 µm (b, upper panels), 200nm (b, lower panels, 4 µm
(c, upper panels), 500nm (c, lower panels). d Ultrathin sections of E. coli after
incubation with HAuCl4 for 48 h imaging using scanning transmission electron
microscope (STEM). Red arrows indicate the bacterial compartment of Ausome

generation. Scale bars, 50nm. e SEM images of Ausomepresent on the surface of E.
coli after 48 h incubation. Yellow arrows indicate the thin coating onAusome. Scale
bar, 50nm. f,gUV-visible absorption spectra (f) and ICP-MS (g) quantification (n = 3
biologically independent samples) of secreted Ausome isolated from E. coli after
the indicated culture times. h Schematic illustration of the generation and isolation
of bacteria-generated Ausome. The numerical data in (g) are presented as the
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times independently with similar results. Source data are provided as a Source
Data file.
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Supplementary Table 2). The translocation of the inner membrane
protein, SecG, and the outer membrane protein assembly machinery,
BamA, has been used to distinguish between the inner and outer
membranes27,28. The presence of BamA, and the absence of SecG,
demonstrated that the Ausome surface coating comprisedmainly outer
membrane components (Supplementary Table 2).

We next investigated the physicochemical properties and biolo-
gical activities of Ausome. Gold-based nanomaterials exhibit localized

plasmon surface resonance and have been thoroughly studied as
photothermal agents29. We therefore verified and evaluated the pho-
tothermal conversion ability of Ausome. To guarantee efficient light
absorption, as well as sufficient tissue penetration depth, we chose a
laser wavelength of 660nm to irradiate the nanomaterial. Solutions of
different Ausome concentrations were exposed to the laser at the
same power density (1.5W/cm2) and the temperature was monitored
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Supplementary Table 2). The translocation of the inner membrane
protein, SecG, and the outer membrane protein assembly machinery,
BamA, has been used to distinguish between the inner and outer
membranes27,28. The presence of BamA, and the absence of SecG,
demonstrated that the Ausome surface coating comprisedmainly outer
membrane components (Supplementary Table 2).

We next investigated the physicochemical properties and biolo-
gical activities of Ausome. Gold-based nanomaterials exhibit localized

plasmon surface resonance and have been thoroughly studied as
photothermal agents29. We therefore verified and evaluated the pho-
tothermal conversion ability of Ausome. To guarantee efficient light
absorption, as well as sufficient tissue penetration depth, we chose a
laser wavelength of 660nm to irradiate the nanomaterial. Solutions of
different Ausome concentrations were exposed to the laser at the
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mean ± standard deviation (s.d.). These experiments (a–f) were repeated three
times independently with similar results. Source data are provided as a Source
Data file.

Article https://doi.org/10.1038/s41467-023-40851-4

Nature Communications | ��������(2023)�14:5178� 4

inert, and harmless to the environment makes it a suitable method
for creating nanoparticles (Scala et al., 2022).

The synthesis process provides eco-friendly nanoparticles with
greater stability, clinical adaptability, and biocompatibility. Organisms
have developed the ability to survive in environments with high metal
concentrations. These organisms may alter their chemical nature and
reduce their toxicity. The fabrication of nanoparticles is an outcome of
a resistance mechanism of an organism to a certain metal (Dhuldhaj
and Pandya, 2021). The synthesis of biogenic metallic nanoparticles is
categorized into two types. 1) Biodegradation: Chemical reduction
through biological means can generate more stable metal ions, which
is achieved through dissimilatory metal reduction. The enzyme
undergoes oxidation, whereas the metal ion undergoes reduction.
The metallic nanoparticles obtained are extracted safely and subjected
to further evaluations. 2) Biosorption: The metal ions present in an
aqueous or soil sample become attached to the organism itself.
Peptides or cell walls bonded with metal ions are obtained by
some bacteria, fungi, and plants (Mittal et al., 2021). These
peptides stabilize the nanoparticles. Several variables influence the
selection of biological approaches for nanoparticle synthesis and
creation. The most crucial variable is the form of the metal
nanoparticle to be generated. The choice of organism remains
limited due to the occurrence of resistance against metals (Patil
et al. 2019a; Patil et al., 2017).

Recent advances in nanotechnology are expected to demonstrate
a considerable impact on the progress of novel therapeutic strategies.
The ability to obtain nanoparticles in the protein size domain results
in a variety of biomedical applications, as they can stimulate
response and improve desired therapeutic effects with minimum
undesirable effects (Gupta and Gupta, 2005). Therapy for various
diseases and disorders includes a variety of synthetic medicines that

have demonstrated promising effects. Synthetic drug usage is linked
to a variety of adverse effects, and scientists have taken a soft turn
toward the use of phytochemicals, which have few side effects
(BhattacharyaSoares et al., 2022). Despite various advantages,
green nanotechnology has some challenges. Scale-up is one of the
major challenges; currently, the production of green nanomaterials
is limited to laboratory-scale experiments, and it is difficult to
translate these findings into large-scale manufacturing processes
(Gacem et al., 2022). Identifying the most suitable bioresource for
producing the desired nanoparticles is the main challenge.
Purification of nanoparticles from raw biological components
after production is also a serious obstacle (Nethi et al., 2021).

This article will provide a better understanding of green
technology in the fabrication of nanoparticles using bacteria,
algae, fungi, yeasts, and plants for potential biomedical uses.

2 Sources for the synthesis of biogenic
nanoparticles

The synthesis of nanoplatforms by physical and chemical
methods demands highly toxic reducing agents, high radiation,
and stabilizing agents (Hebbalalu et al., 2013). These can be
harmful to nature as well as human life. Therefore, researchers
are now interested in green synthesis for sustained and eco-friendly
approaches for the synthesis of metallic and metal oxide
nanoparticles (Priya et al., 2021).

Fungi and bacteria can both have intracellular and extracellular
mechanisms of synthesis (Bhardwaj et al., 2020). Both mechanisms
take place through different pathways in different microorganisms.
In the intracellular synthesis mechanism, the transportation of
positively charged metal ions takes place through the cell wall
possessing a negative charge and are then internalized into the
cells through various mechanisms, e.g., the synthesis of gold
nanoparticles using Lactobacillus kimchicus (Mughal et al., 2021).
In the extracellular synthesis mechanism, metal ions aggregate on
the surface of a cell, e.g., the synthesis of gold nanoparticles using the
Paracoccus haeundaensis bacterium (Cherian et al., 2022).

Similarly, fungi also synthesize nanoparticles by two pathways,
but they are more prone to the extracellular type of synthesis. For
example, the synthesis of silver nanoparticles by Candida glabrata
(Ghosh et al., 2021). Among the available processes for the synthesis
of metallic and metal oxide nanoparticles, the use of plant extracts
for large-scale production instead of bacteria, fungi, and other
microorganisms is a comparatively convenient process. To
produce nanoparticles, plants are highly considered due to their
biodiversity and availability of phytochemicals (Singh et al., 2018;
Patil and Chandrasekaran, 2020). These phytochemicals show
seasonal variations in yield, and nanoparticles synthesized by this
method show a polydisperse nature. Phytofabrication is now
considered a less time-consuming, safe, and cost-effective
approach to constructing stable nanoparticles.

2.1 Plants

The plant is easily available and convenient to handle material
compared to microorganisms in the biogenic synthesis of

FIGURE 1
Salient features and properties of biogenic nanoparticles.
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inert, and harmless to the environment makes it a suitable method
for creating nanoparticles (Scala et al., 2022).

The synthesis process provides eco-friendly nanoparticles with
greater stability, clinical adaptability, and biocompatibility. Organisms
have developed the ability to survive in environments with high metal
concentrations. These organisms may alter their chemical nature and
reduce their toxicity. The fabrication of nanoparticles is an outcome of
a resistance mechanism of an organism to a certain metal (Dhuldhaj
and Pandya, 2021). The synthesis of biogenic metallic nanoparticles is
categorized into two types. 1) Biodegradation: Chemical reduction
through biological means can generate more stable metal ions, which
is achieved through dissimilatory metal reduction. The enzyme
undergoes oxidation, whereas the metal ion undergoes reduction.
The metallic nanoparticles obtained are extracted safely and subjected
to further evaluations. 2) Biosorption: The metal ions present in an
aqueous or soil sample become attached to the organism itself.
Peptides or cell walls bonded with metal ions are obtained by
some bacteria, fungi, and plants (Mittal et al., 2021). These
peptides stabilize the nanoparticles. Several variables influence the
selection of biological approaches for nanoparticle synthesis and
creation. The most crucial variable is the form of the metal
nanoparticle to be generated. The choice of organism remains
limited due to the occurrence of resistance against metals (Patil
et al. 2019a; Patil et al., 2017).

Recent advances in nanotechnology are expected to demonstrate
a considerable impact on the progress of novel therapeutic strategies.
The ability to obtain nanoparticles in the protein size domain results
in a variety of biomedical applications, as they can stimulate
response and improve desired therapeutic effects with minimum
undesirable effects (Gupta and Gupta, 2005). Therapy for various
diseases and disorders includes a variety of synthetic medicines that

have demonstrated promising effects. Synthetic drug usage is linked
to a variety of adverse effects, and scientists have taken a soft turn
toward the use of phytochemicals, which have few side effects
(BhattacharyaSoares et al., 2022). Despite various advantages,
green nanotechnology has some challenges. Scale-up is one of the
major challenges; currently, the production of green nanomaterials
is limited to laboratory-scale experiments, and it is difficult to
translate these findings into large-scale manufacturing processes
(Gacem et al., 2022). Identifying the most suitable bioresource for
producing the desired nanoparticles is the main challenge.
Purification of nanoparticles from raw biological components
after production is also a serious obstacle (Nethi et al., 2021).

This article will provide a better understanding of green
technology in the fabrication of nanoparticles using bacteria,
algae, fungi, yeasts, and plants for potential biomedical uses.

2 Sources for the synthesis of biogenic
nanoparticles

The synthesis of nanoplatforms by physical and chemical
methods demands highly toxic reducing agents, high radiation,
and stabilizing agents (Hebbalalu et al., 2013). These can be
harmful to nature as well as human life. Therefore, researchers
are now interested in green synthesis for sustained and eco-friendly
approaches for the synthesis of metallic and metal oxide
nanoparticles (Priya et al., 2021).

Fungi and bacteria can both have intracellular and extracellular
mechanisms of synthesis (Bhardwaj et al., 2020). Both mechanisms
take place through different pathways in different microorganisms.
In the intracellular synthesis mechanism, the transportation of
positively charged metal ions takes place through the cell wall
possessing a negative charge and are then internalized into the
cells through various mechanisms, e.g., the synthesis of gold
nanoparticles using Lactobacillus kimchicus (Mughal et al., 2021).
In the extracellular synthesis mechanism, metal ions aggregate on
the surface of a cell, e.g., the synthesis of gold nanoparticles using the
Paracoccus haeundaensis bacterium (Cherian et al., 2022).

Similarly, fungi also synthesize nanoparticles by two pathways,
but they are more prone to the extracellular type of synthesis. For
example, the synthesis of silver nanoparticles by Candida glabrata
(Ghosh et al., 2021). Among the available processes for the synthesis
of metallic and metal oxide nanoparticles, the use of plant extracts
for large-scale production instead of bacteria, fungi, and other
microorganisms is a comparatively convenient process. To
produce nanoparticles, plants are highly considered due to their
biodiversity and availability of phytochemicals (Singh et al., 2018;
Patil and Chandrasekaran, 2020). These phytochemicals show
seasonal variations in yield, and nanoparticles synthesized by this
method show a polydisperse nature. Phytofabrication is now
considered a less time-consuming, safe, and cost-effective
approach to constructing stable nanoparticles.

2.1 Plants

The plant is easily available and convenient to handle material
compared to microorganisms in the biogenic synthesis of

FIGURE 1
Salient features and properties of biogenic nanoparticles.
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temperature. These factors control the nucleation, growth, aging, agglomeration, and stabilization of 
NPs, which in turn can alter the size, shape, and crystallinity of the synthesized NPs [16–19]. After 
synthesis  of NPs,  they  are  subjected  to  various microscopic  and  spectroscopic  characterization 
techniques  to  find  out  their  unique  physico‐chemical  characteristics. Determination  of  the  exact 
morphological (size, shape, and particle distribution) and physico‐chemical properties of NPs is very 
critical in their biomedical applications [20]. The most commonly employed microscopic techniques 
used  to  find  out  the  size  and  morphological  properties  of  NPs  include  transmission  electron 
microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy (AFM), and high‐
resolution transmission electron microscopy (HR‐TEM), and are employed to determine the size and 
morphological  features  of  NPs  [21,22];  whereas  to  analyze  the  structure,  composition,  and 
crystallinity of synthesized NPs, UV‐visible spectroscopy (UV‐Vis), energy dispersive spectroscopy 
(EDS), selected area electron diffraction (SAED), dynamic lights scattering (DLS), X‐ray diffraction 
(XRD), X‐ray photo‐electron spectroscopy (XPS), and fourier transform infrared spectroscopy (FTIR) 
are used [23,24]. 

For green synthesis, the shift towards the use of algae is increasing, as they are a rich source of 
secondary metabolites,  proteins,  peptides,  and  pigments, which  serve  as  nano‐biofactories  [25]. 
Moreover, they have fast growth rate, easy harvesting, and cost‐effective scale‐up, making them good 
candidates for biological synthesis of NPs [26]. Algae are the most primitive organisms inhabiting 
diverse ecosystems and dominant photosynthetic organisms on Earth [27]. Algae possess the ability 
to hyper‐accumulate metals and  transform them  into NPs, making  them the best choice  for green 
synthesis [9]. Many metallic and metal oxides NPs are synthesized from various classes of algae, such 
as blue‐green algae (Cyanophyceae), brown algae (Phaeophyceae), green algae (Chlorophyceae), and 
red algae (Rhodophyceae), as shown in Figure 2 [28,29]. 

Algae  have  long  been  exploited  commercially  and  industrially  as  food,  feed,  additives, 
cosmetics, pharmaceuticals,  fertilizer, and bioremediation agents. The  rationale behind  the use of 
algae  for green synthesis  is  that no external reducing or capping agents are required,  low energy 
input, low cost synthesis, and simple reaction. However, algal use for NPs synthesis, a branch known 
as phyco‐nanotechnology, is still in its infancy. Henceforth, this review critically reviews the potential 
of  algae‐based  biosynthesis  of  NPs,  mechanisms  involved  in  their  synthesis,  and  significant 
industrial/biomedical applications of these algae‐mediated NPs. 

 
Figure 2. Graphical representation of algae‐mediated biosynthesis, characterization and applications 
of NPs. 
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of stable nanoparticles. A group of scientists carried out a chemical 
analysis on the Pithophora oedogonia green algae species. It was sug-
gested that there are numerous biomolecules present in the green algae, 
specifically carbohydrates, steroids, saponins, terpenoids, tannins and 
other proteins (Sinha et al., 2015). These natural biomolecules were not 
only found to be accountable for the reduction of silver ions into the 
elemental form but also could prevent the agglomeration of the syn-
thesised Ag nanoparticles. Besides, Subramaniyam and the team (2015) 
explored the ability of carbonyl and amine groups in polysaccharides 
and glycoproteins from the Chlorococcum sp. MM1 cell wall is respon-
sible for the reduction and stabilisation of the biosynthesis of iron (Fe) 
nanoparticles (Subramaniyam et al., 2015). The presence of carboxylic 
acid, aldehydes, and ketones in the polysaccharides of the algae cell wall 
and the present of amino acid functional groups in the glycoprotein, 
enzymes and other relevant proteins of the algae cell were suggested to 
be significant for the formation of carbonyl and amine bonds, respec-
tively. This strongly indicates that the algae cell wall consisting of 
polysaccharides and glycoproteins are participating in the bioreduction 
and stabilizing in the process of synthesis. The assumption was then 
further proven by screening through TEM images as the synthesised 
nanoparticles were shown spanned and localized within the outer cell 
wall of algae. 

Biosynthesis of nanoparticles is favoured throughout various syn-
thesis processes mainly due to their properties of environmentally 
friendly, affordability and low toxicity (Buzea and PachecoRobbie, 
2007). Many reports have been showing that the medical treatments, 
drug delivery, anticancer and bio-imaging techniques could be 
enhanced further by applying these biologically synthesised nano-
particles as they are more stable compared to their naked form. A 
multitude of nanomaterials was synthesised by ‘biofactories’ in nature 
for a long time. Bio-production of nanoparticles in size and structure 
regulation has been a recent and important research subject in the field 
over recent years (Vaidyanathan et al., 2009; Durán et al., 2011; Gade 
et al., 2010). Through performing appreciative bio-molecular and 
biochemical mechanical biosynthesis, the scale and structure regulation 
of biosynthesised nanoparticles could be accomplished. The biosyn-
thesis of nanoparticles is stimulated through incubating an algal extract 
with the metal precursor salts solution. There is a total of three phases 
involved in the reduction of metal ions through the biological process 
(Fig. 5). In the activation phase, the secreted enzymes from the algal 
cells involved in the metal ion reduction and nucleation, which then 
induced a colour change in the corresponding salts solution. Next, 
nucleated metal elements are integrated with the growth process, which 
creates thermodynamically stable nanoparticles of varying sizes and 
shapes. In the completion point, the termination phase, the final form of 
the nanoparticles is obtained. Shapes, sizes, and the other properties of 
nanoparticles are able to be repressed by regulating the operational 

conditions of the synthesis process. Thus, scientists have paid their ef-
forts to the research and studies covering the relationship between the 
suitable operational conditions and the biosynthesis mechanisms of 
nanoparticles. The main mechanisms involved the process of reduction, 
stabilisation, and the formation of nanoparticles. 

3.1. Algae-mediated nanoparticles synthesis pathway 

Extracellular algae-mediated biosynthesis of nanoparticles is often 
beginning with the steps including the preparation of algae extract the 
preparation of metal precursor solution followed by the incubation of 
both extract and the solution for the synthesis reaction to occur (Sharma 
et al., 2016). Once the reaction is done, the mixture will perform a 
colour change as the nanoparticles usually have a different colour 
compared to their bulk form. The colour change is a very good visible 
indicator for the indication of the formation of nanoparticles. Upon the 
formation of nanoparticles from the reaction of algae extract and the 
metal precursor, the nanoparticles will tend to aggregate hence giving a 
thermodynamically stable nanoparticle with different sizes and shapes 
(Prasad et al., 2013; Sharma et al., 2016; Fawcett et al., 2017). However, 
the intracellular synthesis of nanoparticles is often known as a two-step 
reaction (Mukherjee et al., 2001). Different biological components and 
functional groups present in the microalgae cell cytoplasm are involved 
in the trapping and transportation of the metal ions into the cell cyto-
plasm. Next, the algae cell will tend to secrete corresponding biological 
reducing and capping agents for the reduction and stabilisation of 
metallic ions. These biological components can be either synthesis 
extracellularly or intracellularly. Herein, this review will be discussing 
the two different pathways for the synthesis of nanoparticles in partic-
ular the in vivo biosynthesis and in vitro biosynthesis (Fig. 6).. (Malik 
et al., 2017) 

3.1.1. In vivo synthesis of nanoparticles from microalgae 
The in vivo synthesis of nanoparticles takes place within the cell of 

algae. This process is a dose-related biosynthesis method where the re-
action is highly related to the rate of the interaction between the metal 
precursor and the algae cell (Eroglu et al., 2013). Enzyme reductases 
present in the algae cells is generally subjected to the presence of 
nicotinamide adenine dinucleotide phosphate (NADPH) or nicotinamide 
adenine dinucleotide (NADH). NADH, NADPH and the 
NADPH-dependent reductase ought to be secreted as reducing agents in 
the algae cell metabolic activities. Microalgae are photosynthetic mi-
croorganisms that utilise solar energy to carry out photosynthesis. In the 

Fig. 5. Schematic illustration of the mechanism involved in the intracellular 
and extracellular synthesis of algae-mediated nanoparticles. 

Fig. 6. The overview of the intracellular and extracellular synthesis of metal 
nanoparticles (MtNPs) from microalgae cells. Reprinted from (Bahrulolum 
et al., 2021) with permission from Springer Nature. 
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Conclusion

Encore aux balbutiements

Beaucoup de verrous identifiés restent à lever

Beaucoup de verrous restent à identifier

Problématique au cœur des nanosciences et de la chimie ‘verte’
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