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Abstract Recent years have witnessed a boom in the

biosynthesis of a large variety of nanomaterials using

different biological resources among which algae-based

entities have been gaining much more attention within

the community of material scientists worldwide. In our

previously published findings, we explored some factors

that governed the biofabrication of gold nanoparticles

using living cultures of microalgae, such as the utilized

microalgal genera, the phylum they belong to, and the

impact of tetrachloroauric acid concentrations on the

ability of these strains to perform the biosynthesis of

gold nanoparticles once in contact with these cations. As

a follow-up, we present in this paper an improvement of

the features of bioproduced gold colloids using living

cells of Euglena gracilis microalga when this species is

grown under either mixotrophic or autotrophic condi-

tions, i.e., exposed to light and grown in an organic

carbon-enriched culture medium versus under auto-

trophic conditions. As an outcome to this alteration, the

growth rate of this photosynthetic microorganism is

multiplied 7–8 times when grown under mixotrophic

conditions compared to autotrophic ones. Therefore, the

yield, the kinetics, and the colloidal stability of the

biosynthesized gold nanoparticles are dramatically

enhanced. Moreover, the shape and the size of the as-

produced nano-objects via this biological method are

affected. In addition to round-shaped gold nanoparticles,

particular shapes, such as triangles and hexagons,

appear. These findings add up to the amassed knowledge

toward the design of photobioreactors for the scalable

and sustainable production of interesting nanomaterials.
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Introduction

Nanomaterial biosynthesis refers to the use of biolog-

ical resources, such as bacteria, fungi, plants, and

biomolecules, as biocatalysts for the production of
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Marcellin Berthelot, 75005 Paris, France

e-mail: thibaud.coradin@upmc.fr

123

J Nanopart Res (2016) 18:79

DOI 10.1007/s11051-016-3378-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s11051-016-3378-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11051-016-3378-1&amp;domain=pdf


inorganic nano-structured objects (Castro et al. 2014;

Jeffryes et al. 2015; Klaus-Joerger et al. 2001;

Pantidos and Horsfall 2014). Generally, these biocat-

alysts act, at the same time, as the reducing and

capping agents. After a slow start, the utilization of

algal resources for the bioproduction of various

nanomaterials has witnessed an outstanding boom.

The paper by Liu et al. (2005) was the first paper to

ever report on the biosynthesis of gold nanoparticles

using aqueous extracts of the brown macroalga, or

seaweed, Sargassum sp. (Liu et al. 2005). This

pioneering work demonstrated that, by tuning the

experimental parameters, such as the pH, the reaction

time, the temperature, and the amount of used

biomass, it is possible to tailor the features of the so-

produced gold nanoparticles and obtain, under certain

conditions, triangular or hexagonal nanoplates.

Several methodologies using algae-based bioactive

materials have been devised for the biosynthesis of a

large range of nanomaterials starting from the corre-

sponding salts. For instance, the algal biomass can be

under the form of an aqueous extract or broth,

collected intact cells of microalgae which are then

suspended in double-distilled water (ddH2O), living

cells of microalgae maintained under their normal

culturing conditions, or purified proteins from algal

species. The aqueous extract is generally collected

from macroalgae, especially brown, red, and green

ones, and used as a mediator for the biosynthesis of

nanomaterials made of gold (Castro et al. 2013; Mata

et al. 2009; Rajeshkumar et al. 2013; Sharma et al.

2014), silver (Govindaraju et al. 2009; Kannan et al.

2013; Kumar et al. 2013, 2012), palladium (Momeni

and Nabipour 2015), iron oxide (Mahdavi et al. 2013),

and zinc oxide (Azizi et al. 2014; Nagarajan and

Kuppusamy 2013; Pandimurugan and Thambidurai

2014). Collected intact cells of microalgae are

exploited in the biosynthesis of gold (Chakraborty

et al. 2009; Lengke et al. 2006; Parial et al. 2012;

Senapati et al. 2012), silver (Barwal et al. 2011; Jena

et al. 2014; Lengke et al. 2007; Li et al. 2015; Mahdieh

et al. 2012; Patel et al. 2015), platinum (Lengke et al.

2006), palladium (Lengke et al. 2007), copper oxide

(Rahman et al. 2009), and iron-based (Subramaniyam

et al. 2015) nano-objects. Purified algal proteins are

exploited in the fabrication of nanoparticles made of

gold (Xie et al. 2007), silver (Xie et al. 2007), and

silver–gold bimetallic nanoparticles (Govindaraju

et al. 2008). Furthermore, the pigment C-phycoerythrin,

extracted from a marine cyanobacterium, is utilized for

the production of CdS nanoparticles (MubarakAli et al.

2012).

The use of living cells of microalgae, more

specifically cyanobacteria, maintained under their

normal culturing conditions, for the biosynthesis of

different nanomaterials was first reported by Brayner

and colleagues (Brayner et al. 2007). This simple and

1-step process consists in, first, growing cells in a flask

containing their culture media for a certain amount of

time and, then, challenging the cells by aqueous

solutions of metallic salts. As a result, the living cells

act as green nanofactories inside which the production

of the targeted nanomaterials occurs. Although the

mechanism underlying this phenomenon has yet to be

fully investigated, a few papers provide with mean-

ingful hints (Dahoumane et al. 2014b; Jeffryes et al.

2015; Rösken et al. 2014). The novelty of this

methodology lies in the advantage taken from the

enzymatic machinery of microalgae, either they are

unicellular or filamentous, to accomplish the produc-

tion of the desired nanomaterials while the cells are

maintained under their habitual culturing conditions

offering hence the possibility for the design of

bioreactors (Satapathy et al. 2014). Although in its

early infancy, devising algae-based photobioreactors

for the biosynthesis of various and valuable nanoma-

terials should witness tremendous developments in the

near future owing to the ease of microalgae culturing

and the various nanomaterials reported to date having

been produced through this expanding eco-friendly

route (vide infra).

So far, several studies have described the biosyn-

thesis of a myriad of nanomaterials using living

cultures of microalgae belonging to five algal divi-

sions. For instance, gold nanoparticles can be synthe-

sized using living cultures of Charophyta

Klebsormidium flaccidum and Cosmarium impressu-

lum (Dahoumane et al. 2012a, b); Chlorophyta

Kirchneriella lunaris (Dahoumane et al. 2014b),

Pseudokirchneriella subcapitata (Lahr and Vikesland

2014), and Chlorella vulgaris (Luangpipat et al.

2011); Cyanophyta Anabaena sp. (Rösken et al.

2014), Synechocystis sp. (Focsan et al. 2011), An-

abaena flos-aquae, Calothrix pulvinata and Leptolyn-

gbya foveolarum used also for the biosynthesis of Pt,

Pd, and Ag nanoparticles (Brayner et al. 2007);

diatoms Eolimna minima (Feurtet-Mazel et al. 2015),

Diadesmis gallica and Navicula atomus (Schröfel
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et al. 2011); and Euglenozoa Euglena gracilis (Da-

houmane et al. 2012a). In a similar manner, silver

nanoparticles can be produced through the use of

living cultures of Chlorella vulgaris (Mohseniazar

et al. 2011) and Pseudochlorella kessleri (Kaduková

et al. 2014); silver–gold bimetallic alloy nanoparticles

of well-controlled composition using living cultures of

Chlorophyta Chlamydomonas reinhardtii (Da-

houmane et al. 2014a); and iron oxide nanomaterials

using Charophyta K. flaccidum (Brayner et al. 2009),

Euglenozoa E. gracilis (Brayner et al. 2012), and

Cyanophyta A. flos-aquae (Dahoumane et al. 2010).

In this paper, we report on the improvement of the

kinetics and the yield of biogenic gold nanoparticles

using E. gracilis living cultures after the addition of

tetrachloroauric acid aqueous solutions into the cul-

tures by the mean of culture media switching from

mineral medium—organic carbon free, to lactate

medium—a source of organic carbon. This change

affects the rate of growth of E. gracilis and its

viability, which, in turn, affect the features of gold

biosynthesis, i.e., the kinetics, the yield, and the

characteristics of the so-fabricated gold nano-objects

via E. gracilis-mediated route, namely the size, the

shape, and the colloidal stability.

Materials and methods

Euglena gracilis presentation and culturing

conditions

Euglena gracilis (ALCP#217) comes from the

Muséum National d’Histoire Naturelle (Paris, France)

Culture Collection. It is a unicellular motile protist

belonging to the algal phylum of Euglenozoa, pro-

vided, in addition to a functional photosynthetic

machinery, with the ability to perform phagocytosis.

It can be cultured in a carbon-free, mineral

(M) medium, i.e., under autotrophic conditions where

cells perform only photosynthesis, or under mixo-

trophic conditions where cells are grown in organic

carbon-rich media, such as lactate (L) medium, and

exposed to light so the cells can rely on both

photosynthesis and phagocytosis to grow. Both media,

M and L, derive from bold basal (BB) medium (Stein

1973). For the optimum growth ofE. gracilis, the pH is

brought to 3.6 by addition of HCl 1 N, in the case of

mineral (M) medium, and of a mixture of lactic

acid/sodium lactate, in the case of lactate (L) medium.

Finally, the media are autoclaved at 121 �C for 20 min

and stored at 4 �C.
Starting from a stock culture of E. gracilis grown in

L medium, the culture was transferred (10 % (v/v) of

inoculum) into the culture medium. In duplicate,

10 mL of the stock culture were added into a sterile

250 mL flask containing 90 mL of Lmedium and let to

grow for 2 weeks before use, in an incubator with a

photoperiod of 16-h light/8-h dark, at a controlled

temperature of 20.0 ± 1.0 �C and luminosity

(70–100 lmol m-2 s-1 PPF) under ambient CO2

conditions. A similar procedure was followed for the

launch of E. gracilis grown in M medium.

Biosynthesis of Au-NPs using living cells

of Euglena gracilis

The biosynthesis of gold nanoparticles (Au-NPs)

using living cells of E. gracilis cultured in L (EgL)

and M (EgM) media was carried out as described

previously (Dahoumane et al. 2012a). Typically,

aqueous solutions of tetrachloroauric acid (HAuCl4)

were added into 2-week-old cultures. For EgL 1 and

EgM 1, a final Au(III) concentration of 10-3 M was

reached starting from an initial aqueous solution of

HAuCl4 at 10-2 M; for EgL 2, a final Au(III)

concentration of 10-4 M was reached starting from

an initial aqueous solution of HAuCl4 at 10
-3 M. After

HAuCl4 introduction, the flasks containing the cul-

tures were put back into the incubator and gently hand-

shaken twice a day.

Characterization of Euglena gracilis cells and Au-

NPs

Cell growth and viability

The cell viability of EgL 1, EgM 1, and EgL 2 was

monitored bymeasuring the absorbance of chlorophyll

a at different times before and after HAuCl4 addition.

This photosynthetic pigment is extracted from 1 mL

of E. gracilis cultures in 9 mL of acetone, according to

an experimental protocol published by Ninfa et al.

(2010). After 1 min of vortex, the mixture is warmed

up to 37 �C for 3 min and then centrifuged. The

obtained supernatant is used to monitor, throughout

the experiment, the evolution of chlorophyll a main
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peak absorbance, centered at 663 nm, by UV–Vis

spectroscopy using a Cary 5E spectrophotometer.

Au-NP absorbance

The evolution over time of the surface plasmon

resonance (SPR) band intensity of the as-produced

gold colloids, after the addition of gold salt solutions

into the three cultures of E. gracilis, was monitored by

UV–Vis spectroscopy using a Cary 5E spectropho-

tometer.*2 mL of the colloids were scanned between

400 and 800 nm, at different times.

Optical microscopy

Optical microscopy was performed with a Zeiss Primo

Star microscope.

TEM

Transmission electron microscopy (TEM) micro-

graphs of the released Au-NPs were obtained using a

JEOL JEM 100CX II UHR operating at 100 kV.

Droplets of the supernatant taken from EgL 1

containing Au-NPs were cast onto formvar-coated

copper grids, and the water was allowed to evaporate.

SEM-FEG

Scanning electron microscopy using field emission

gun (SEM-FEG) was performed using Zeiss Supra 40

operating at 20 kV. Secondary electron detector was

used. Prior to observation, the samples were fixed

using glutaraldehyde, dehydrated in acetone, and dried

with a critical point dryer BAL-TEC CPD 030 with

liquid CO2, critical point 31 �C—73.8 bar.

Results and discussion

Cell growth and viability

To assess the rate of growth of E. gracilis when

cultured in lactate (L) medium, Fig. 1 presents the

absorbance of the photosynthetic pigments, i.e.,

chlorophylls a and c and carotenoids, extracted from

2-week-old cultures. Each pigment has several com-
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Fig. 1 Evolution of the absorbance of acetone-extracted

photosynthetic pigments of 2-week-old E. gracilis grown in L

(EgL) (a, b) and in M (EgM) (c) culture media before (D0

spectrum) and after the addition of aqueous HAuCl4 solutions, 8

and 14 days later (D8 and D14 spectra, respectively) at 10-3 M

(a, c) and 10-4 M (b). The black arrows in a (D0 spectrum)

indicate the components of these pigments, i.e., chlorophylls

a and c and carotenoids
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ponents, indicated with black arrows in Fig. 1a—D0

spectrum, overlapping with those of the other pig-

ments. The absorbance of the chlorophyll a most

intense band, located at *663 nm, is taken as an

indicator of cell growth and viability. After 2 weeks of

growth and prior to HAuCl4 introduction into the EgL

cultures, the intensities were *0.10 and *0.08 for

flasks a and b (Fig. 1a, b—D0 spectrum, respectively).

If the 10-fold dilution factor is taken into account, this

makes the chlorophyll a absorbance at *1.00 and

*0.80 for the same flasks, respectively. These values

have to be compared with the absorbance of chloro-

phyll a of the same species when cultured in mineral

(M) medium. As depicted in Fig. 1c—D0 spectrum,

the 2-week-old flask of E. gracilis, grown in M

medium, displays an absorbance of *0.012 for the

chlorophyll a,*0.12 if the dilution factor is taken into

account (Dahoumane et al. 2012a, 2014b). This means

that E. gracilis has a rate of growth 7–8 times faster

when grown in L medium compared to M medium. In

other words, L medium contributes to the greater part

of the growth versus photosynthesis. This fast rate of

growth has a direct consequence on the ability of the

cultures to handle the introduced tetrachloroauric

cations (vide infra).

The addition of tetrachloroauric acid aqueous

solutions into the cultures triggered two distinct

behaviors of E. gracilis cultures regarding the viabil-

ity. At 10-3 M, the chlorophyll a signal totally

disappeared 8 days after (Fig. 1a, c—D8 spectrum).

Two weeks later (Fig. 1a, c—D14 spectrum), no sign

of recovery was recorded. Unlike the two previous

cases, chlorophyll a maintained its amount within

the EgL culture 8 days after Au(III) addition at 10-4

M (Fig. 1b—D0 and D8 spectra) and witnessed a

slight increase 6 days later (Fig. 1b—D14 spectrum).

In other words, the culture underwent a partial damage

during the first week caused by the toxicity of Au(III)

cations but soon recovered by reaching its initial

growth level and then continued multiplying. These

findings confirm our previously reported results, i.e.,

in all cases, 10-3 M of Au(III) is a lethal dose for

microalgae cells, while 10-4M of Au(III) can, in some

cases, inhibit the cell growth for a short while but

without any significant incidence on the cell growth at

a long course (Dahoumane et al. 2012a, 2014b).

Notably, the use of acetone as the chlorophyll a

extracting agent led to the disappearance, in all spectra,

of the SPR band due to the absorbance of Au-NPs. So

far, this band remained visible when chlorophyll a

absorbance was measured in the case of only K. lunaris

and C. reinhardtii used as nanofactories for the

biosynthesis of Au-NPs (Dahoumane et al. 2014b),

and Au-, Ag-, and Ag/Au bimetallic alloy NPs

(Dahoumane et al. 2014a), respectively. The persis-

tence of the SPR band in the case of these two green

microalgae species is due to the protection of the as-

synthesized metallic NPs ensured by the adsorption of

the cell-producedmucilage onto the NP surface through

a strong interaction. As E. gracilis is not known to

produce any exopolysaccharides, the so-fabricated

nanoparticles might not offer any stability. However,

when grown in L medium, the lactate may act as the

capping agent, offering therefore a relatively average

stability that could not withstand the action of acetone.

Macroscopic aspect of Euglena gracilis cultures

The macroscopic aspect of E. gracilis cultures grown

in L medium is in good agreement with the recorded

spectra of the chlorophyll a, i.e., the more intense is the

absorbance of chlorophyll a, the darker green is the

color of the flasks containing the cultures. In fact, as

depicted in Fig. 2a-1, b-1, the 2-week-old cultures of

E. gracilis grown in L medium (a-1 and b-1 pho-

tographs) appear completely dark green compared to

when grown in M medium which presents a lighter

green color (Fig. 2c-1 photograph). This is due to the

fact that E. gracilis in L medium feeds predominantly

directly from its nourishing medium in addition to

carrying out photosynthesis.

One day after the addition of the chloroauric cations

into the flasks at 10-3 M, the color shifts from dark

green into dark purple in the case of EgL 1 (Fig. 2a-2

photograph) and from light green into brown in the

case of EgM 1 (Fig. 2c-2 photograph), respectively.

This color change evidences the transformation of

cationic gold into its zero-valent counterpart. How-

ever, no change is noticed in the case of EgL 2

([Au3?] = 10-4 M) where the culture remains dark

green (Fig. 2b-2 photograph).

Photonic imaging of Euglena gracilis cells

To check whether the production of Au-NPs by E.

gracilis cultured in L medium is an intracellular

process, similarly to when cultured in M medium

(Dahoumane et al. 2012a), and having in mind that
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lactic acid was reported to promote the synthesis of

gold nanoparticles by acting as the reducing agent

under boiling conditions (Yin et al. 2010), we decided

to pick up a small volume of EgL 1 culture medium

after gold cations were added at a concentration of

10-3 M and imaged the sample using an optical

microscope. As shown in Fig. 3, all compartments of

E. gracilis cells became purple, proving therefore that

the cells internalized the introduced Au(III) and

reduced them through an intracellular process into

metallic gold (Au(0)) before releasing the as-gener-

ated Au-NPs into culture media, demonstrating thus

that, for E. gracilis, the same 3-step intracellular

process regarding Au-NP biosynthesis occurs in both

culture media: (i) uptake of Au(III); (ii) reduction of

Au(III) into Au(0), and subsequent Au-NP generation;

and (iii) release of the as-produced Au-NPs into

culture media. Moreover, the image highlights the

well-known characteristic of E. gracilis regarding its

ability to change steadily its shape and size. In fact, the

three shown cells display different shapes and sizes;

two of them are sticking one to another, while the third

one is shown enveloped in a kind of a purple cloud.

This last fact may be explained by two reasons: the cell

lysis leading to the release of the intracellular com-

ponents overloaded with intracellular Au-NPs due to

the toxicity of these objects and/or the cell is erupting

due to the applied pressure by the two glass slides used

for imaging.

State of the surface of Euglena gracilis

The surface of E. gracilis cells, taken from EgL 1

sample—cultured in L medium and challenged by

10-3 M of Au(III), was characterized using scanning

electron microscopy using a field emission gun (SEM-

FEG). Figure 4a displays a whole cell of E. gracilis

with a preserved outer structure. At the top of the

micrograph, the longest flagellum, indicated with the

red arrow, can be distinguished easily at the cell apex.

Moreover, the pellicle, made of strips spiraling around

the cell, is also neatly visible. This pellicle ensures to

E. gracilis its flexibility, i.e., perpetual changes in

shape and size, and contractility making it motile. At

this magnification, it is hard to distinguish any Au-NPs

Fig. 2 Evolution of the macroscopic aspect of E. gracilis cultures grown in L (EgL) (a, b) andM (EgM)media (c) before (a-1, b-1, c-1)
and one day (D ? 1) after the addition of tetrachloroauric acid aqueous solutions (HAuCl4) at 10

-3 M (a-2, c-2) and 10-4 M (b-2)

Fig. 3 Optical image of E. gracilis cells grown in L medium

and challenged with 10-3M of HAuCl4 aqueous solution (EgL 1

sample). Scale bar 10 lm
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located at the surface of the cells. Besides depicting

the well-preserved pellicle and the absence of any

damage, higher magnification (Fig. 4b) on a part of the

previous image shows spots with 3 level of brightness

due to the presence of Au-NPs at 3 different compart-

ments/depths: (i) the brightest spots are located on the

cell surface; (ii) the palest ones are located within the

cell in the shallow compartments; and (iii), with an in-

between brightness, the nano-objects located under the

cell surface and about to be released from the cells.

These findings corroborate the intracellular formation

of these nanoparticles which diffuse to the cell wall

where they are released into culture media (Da-

houmane et al. 2012a). A deeper look on the

nanoparticles located on the surface of E. gracilis

allows to notice that these Au-NPs seem to form a

homogenous population sharing the same characteris-

tics with a spherical shape and a narrow distribution in

size. The presence of particular shapes, such as

triangles and hexagons, indicated in red arrows in

Fig. 4, is very scarce.

Shape and size of biogenic gold nanoparticles

Two weeks after the living cells of E. gracilis were

challenged by tetrachloroauric acid at a concentration

of 10-3 M (EgL 1), a small volume of the supernatant

was examined using a TEM in order to study the shape

and the size of the released Au-NPs from the cells into

(a)

(b)

Fig. 4 SEM-FEG micrographs of a a whole cell of E. gracilis

grown in Lmedium and challenged with Au(III) at 10-3M (EgL

1). Red arrow indicates the cell longest flagellum; and b a higher

magnification of a part of the same cell. Red arrows indicate

visible gold nanoparticles under the shape of a triangle on the

surface of E. gracilis. Scale bar 2 lm (a) and 200 nm (b)

(a)

(b)

Fig. 5 TEM micrographs of released Au-NPs taken from the

supernatant of E. gracilis grown in L medium (EgL 1,

[Au3?] = 10-3 M). Red arrows indicate some Au-NPs of

particular shapes, such as triangles, pentagons, and hexagons.

Scale bar 200 nm (a) and 100 nm (b)
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the culture medium (Fig. 5). Overall, the nanoparticles

look well-defined and well-dispersed and do not

aggregate. Mainly, three major populations of Au-

NPS can be easily distinguished: small round-shaped

nanoparticles of less than 10 nm in diameter, big

round-shaped nanoparticles of tens of nm in diameter,

and nanoparticles under the shape of triangle, trun-

cated triangles, pentagons, and hexagons, referred to

with red arrows in Fig. 5a, b, whose dimensions vary

from a few nanometers to tens of nanometers. In the

absence of SEM micrographs, these TEM images

cannot allow to state whether these particular shapes

exhibit the same depth and could be coined as

nanoplates or not. The first two sorts of Au-NPs are

also visible when E. gracilis is grown in mineral

medium (Dahoumane et al. 2012a, 2014b). However,

the latter occurs only in the present case, i.e., in L

medium, and is not seen when E. gracilis is grown in

mineral (M) medium (EgM) and challenged with gold

cations either at 10-3 or 10-4 M (Dahoumane et al.

2012a, 2014b). Therefore, Au-NPs, under the shape of

triangles, pentagons, and hexagons, could not be

formed through an intracellular process. Indeed, the

ultrastructure of several species of microalgae

involved in the bioproduction of Au-NPs, including

E. gracilis grown in M medium, does not show such

shapes within the cells (Brayner et al. 2007; Dahou-

mane et al. 2012b). This fact is supported by the recent

study by Li et al. who carried out the synthesis of Ag-

NPs using two different strains of Euglena (Li et al.

2015). Moreover, a meticulous examination of the

surface of E. gracilis, from our experiment, i.e., EgL 1,

using SEM-FEG, demonstrates that Au-NPs under

these shapes are not visible either within the cells in

the shallow compartments or just beneath the cell

surface, and are very scarce on the surface of the cells

(cf. Fig. 4). We think the apparition of Au-NPs under

these shapes, i.e., triangles, truncated triangles, pen-

tagons, and hexagons, may likely be due to the

combination of two factors: the mass cell lysis, caused

by the toxicity of Au(III) at 10-3 M, triggers the

release of biomolecules from the cells; once in culture

medium, these biomolecules can act along with lactate

as reducing agents yielding to the extracellular

biosynthesis of Au-NPs or alteration of the features

of Au-NPs synthesized via an intracellular process,

i.e., the shape and the size; finally, the lactate and the

available released biomolecules from lysed cells, by

adsorbing preferentially on certain facets of the

growing nuclei and modifying their relative growth

rates, may direct the shape of the Au-NPs leading

therefore to the formation of these Au-NP particular

shapes. The ability of lactate to reduce gold cations

and direct the shape of the as-produced NPs was

discussed in the paper by Yin et al. (2010).

Kinetics, yield, and colloidal stability

In order to compare the features of the as-produced

gold nanoparticles, i.e., the kinetics, the yield, and the

colloidal stability, between EgL 1 ([Au3?] = 10-3

M), EgL 2 ([Au3?] = 10-4 M), and EgM 1

([Au3?] = 10-3 M), the intensity of the SPR band,

due to the presence of nano-gold within each sample,

was recorded using UV–Vis spectroscopy at different

times and the results are summed up in Fig. 6. One day

after Au(III) addition, EgL 1 sample displays a unique

and intense SPR band (Fig. 6a-1—D1 spectrum). The

intensity of this SPR band seems to have already

reached its maximum at this time as the spectra D3,

D6, and D9, recorded, respectively, 3, 6, and 9 days

after Au(III) introduction, look almost identical with

D1 (Fig. 6a-1—D3, D6, D9 spectra). This is con-

firmed by the plateau obtained when the maximum of

the absorbance versus time is plotted (Fig. 6a-2).

At first, the UV–Vis spectrum of EgL 2

([Au3?] = 10-4 M) does not present any SPR band

a day after the introduction of Au(III) into EgL 2

culture (Fig. 6b—D1 spectrum). Then, an SPR band,

of a minor intensity, appears 2 days later (Fig. 6b—D3

spectrum). This band seems to vanish almost totally

over time (D6 and D9 spectra of the same figure). This

confirms why it was not possible to image the Au-NPs

produced by this sample using TEM as the few

produced nano-structured objects were likely either

retained within the cells or surrounded by a vigorous

and still-growing population of cells. This fact is in

good agreement with the macroscopic aspect of this

sample and with the evolution of the intensity of the

chlorophyll a of this sample, pointing out that this

amount of gold is not lethal. The viability and the

growth of the cells explain the presence of other

absorption bands in the same spectra (Fig. 6b) due

most likely to the different photosynthetic pigments.

In the case of EgM 1 ([Au3?] = 10-3 M), the

intensity of the SPR band reaches its maximum a day

after Au(III) addition (Fig. 6c—D1 spectrum) and

then diminishes over time while slightly broadening
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evidencing the aggregation and the sedimentation of

the bioproduced Au-NPs (D3, D6, and D9 spectra of

the same figure). As in the previous case, 2 other bands

are persistent and are also most likely due to the

photosynthetic pigments.

Regarding the release kinetics and the yield, several

comments could be easily made: (i) The unique and

well-defined band observed in UV–vis spectra

(Fig. 6a-1) means that Au-NPs in majority are in

spherical in shape. (ii) The SPR band plateauing 1 day

after Au(III) introduction into EgL 1 ([Au3?] = 10-3

M) indicates that the rate of Au-NPs production using

E. gracilis, grown in L medium, is quite high (Fig. 6a-

2) and higher than in the case of K. flaccidum, for

instance, reported in a previous work (Dahoumane

et al. 2012a) which displays a slower kinetics by

accomplishing this task within several days after being

challenged with the same amount of gold cations

([Au3?] = 10-3 M). (iii) Data gathered for the two

species revealed that the yield of Au-NP biosynthesis

is higher in the case of EgL 1 compared toK. flaccidum

(Dahoumane et al. 2012a). In fact, the SPR band

intensity reaches *0.75 in absorbance in the case of

EgL 1 versus *0.6 in the case of K. flaccidum

challenged with the same amount of Au(III) (10-3 M).

(iv) The produced Au-NPs using cells of E. gracilis

grown in L medium (EgL 1, [Au3?] = 10-3 M)

exhibit a better colloidal stability compared to Au-NPs

0.00

0.25

0.50

0.75

1.00

1.25
(a-1)

 D1
 D3
 D6
 D9

Ab
so

rb
an

ce

Wavelength / nm

0,00

0,25

0,50

0,75

1,00
(a-2)

Ab
s m

ax

Time / Day

0.00

0.06

0.12

0.18
(b)

 D1
 D3
 D6
 D9

SPR

Ab
so

rb
an

ce

Wavelength / nm

400 500 600 700 800 0 3 6 9

400 500 600 700 800 400 500 600 700 800
0.00

0.03

0.06

0.09

0.12

0.15

0.18  D1
 D3
 D6
 D9

(c)

Ab
so

rb
an

ce

Wavelength / nm

Fig. 6 Evolution over time of the SPR band of bioproduced

Au-NPs by a-1 EgL 1 ([Au3?] = 10-3 M), b EgL 2

([Au3?] = 10-4 M), and c EgM 1 ([Au3?] = 10-3 M). a-2
Release kinetics of produced Au-NPS by EgL 1. Black arrow in

a-1 indicates a red-shift of the SPR band for Au-NPs picked

from EgL 1. Red arrow in b points out the vanishing SPR band

of Au-NPs taken from EgL 2
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made by E. gracilis cells grown in Mmedium either at

10-3 M (EgM 1, Fig. 6b) or 10-4 M of Au(III)

(Dahoumane et al. 2014b). The fast kinetics and the

high yield of Au-NP biosynthesis are due most likely

to the fast rate of growth of E. gracilis cells when

cultured in L medium making higher amounts of

enzymatic machinery available to carry out the work;

the better colloidal stability of the as-produced nano-

structures is likely ensured by the remaining mole-

cules of lactate which adsorb onto their surface. As a

reminder, E. gracilis is not known to produce any

exopolysaccharides (EPS). Moreover, the nature of the

interaction between the lactate molecules and the Au-

NPs has yet to be clarified. Au-NPs were only stable in

the presence of lactate, and therefore, the presence of

cell lysis components can be excluded from being the

stabilizing agent. In fact, Au-NPs made using cells of

E. gracilis grown in mineral medium (EgM) lack

colloidal stability even if the added gold cations, either

at a concentration of 10-4 M (Dahoumane et al.

2014b) or 10-3 M (Figs. 1c, 6c), trigger each time a

mass cell death.

The slight red-shift in the SPR band of *5 nm,

indicated with a black arrow in Fig. 6a-1, may be

linked mainly to the evolution in the composition of

the surrounding medium of Au-NPs due to the

release of large amounts of biomolecules, organic

matter, and cell debris, triggered by the mass cell

death following the introduction of Au(III) into the

culture at a lethal dose (10-3 M). This fact was

observed previously with other species even if it was

not commented (Dahoumane et al. 2012a). Indeed, a

deeper look at the kinetics of gold nanoparticle

release by, for instance, K. flaccidum following the

addition of tetrachloroauric acid at 10-3 M, or by A.

flos-aquae following the addition of tetrachloroauric

acid at 10-4 M (cf. Fig. 2a, e of Dahoumane et al.

(2012a), respectively), reveals clearly the existence

of the same phenomenon which could be easily

correlated to the mass death of these two species as

evidenced by the disappearance of the chlorophyll a

fluorescence measured using PAM (pulse amplitude

modulated) fluorimeter (cf. Fig. 9a, d of Dahoumane

et al. (2012a), respectively). In addition to that, other

factors may contribute to that minor red-shift, such a

stronger interaction between the Au-NPs due to

improved yield and bigger Au-NPs being produced

starting from smaller ones synthesized inside the

cells and released into culture medium where they

might have undergone an increase in size by the

reduction of gold cations at their surface.

Conclusion

This study demonstrates that the metabolism of living

cells of E. gracilis microalga has an important impact

on its ability to modulate the biosynthesis of gold

nanoparticles. In fact, mixotrophic conditions, i.e.,

photosynthesis and a source of organic carbon, in other

words, E. gracilis grown in L medium and allowed to

perform photosynthesis as it is exposed to a photope-

riod of 16-h light/8-h dark, induce a cell growth

several times faster than when the cells are grown

exclusively under autotrophic conditions, i.e., cells

relying only on photosynthesis to grow. As a result, the

kinetics of Au-NP biosynthesis become quicker and

the yield higher due to the presence of larger amounts

of living cells acting as nanofactories by internalizing

Au(III) cations and reducing them to zero-valent gold

(Au(0)), promoting therefore Au-NP production.

Moreover, the colloidal stability of the as-produced

nano-objects is significantly improved most likely due

to the adsorption of remaining molecules of lactate

onto the nanoparticle surface. These molecules are

also probably responsible for the apparition of partic-

ular shapes among the population of Au-NPs. These

findings add up to the amassed knowledge on the

biosynthesis of inorganic nanoparticles using biolog-

ical resources, in general, and living cells of microal-

gae, in particular, tackling key factors that govern such

processes, therefore paving the way for the design of

photobioreactors for the scalable and eco-friendly

production of valuable nanomaterials.
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