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Abstract

Background: Synthesis of nanoparticles (NPs) and their incorporation in materials are amongst the most studied
topics in chemistry, physics and material science. Gold NPs have applications in medicine due to their antibacterial
and anticancer activities, in biomedical imaging and diagnostic test. Despite chemical synthesis of NPs are well char-
acterized and controlled, they rely on the utilization of harsh chemical conditions and organic solvent and generate
toxic residues. Therefore, greener and more sustainable alternative methods for NPs synthesis have been developed
recently. These methods use microorganisms, mainly yeast or yeast cell extract. NPs synthesis with culture superna-
tants are most of the time the preferred method since it facilitates the purification scheme for the recovery of the
NPs. Extraction of NPs, formed within the cells or cell-wall, is laborious, time-consuming and are not cost effective.
The bioactivities of NPs, namely antimicrobial and anticancer, are known to be related to NPs shape, size and size
distribution.

Results: Herein, we reported on the green synthesis of gold nanoparticles (AuNPs) mediated by pyomelanin puri-
fied from the yeast Yarrowia lipolytica. A three levels four factorial Box-Behnken Design (BBD) was used to evaluate
the influence of temperature, pH, gold salt and pyomelanin concentration on the nanoparticle size distribution.
Based on the BBD, a quadratic model was established and was applied to predict the experimental parameters
that yield to AuNPs with specific size. The synthesized nanoparticles with median size value of 104 nm were of
nanocrystalline structure, mostly polygonal or spherical. They exhibited a high colloidal stability with zeta potential
of — 28.96 mV and a moderate polydispersity index of 0.267. The absence of cytotoxicity of the AuUNPs was investi-
gated on two mammalian cell lines, namely mouse fibroblasts (NIH3T3) and human osteosarcoma cells (U205). Cell
viability was only reduced at AuNPs concentration higher than 160 ug/mL. Moreover, they did not affect on the cell
morphology.

Conclusion: Our results indicate that different process parameters affect significantly nanoparticles size however
with the mathematical model it is possible to define the size of AUNPs. Moreover, this melanin-based gold nanoparti-
cles showed neither cytotoxicity effect nor altered cell morphology.
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Background

Nanoparticles (NPs) are an emerging field of nano-
technology research due to their potential applications
in medicine [1, 2], cosmetics [3], textile [4], construc-
tion [5], renewable energies [6] and many other areas.
Several types of metal NPs such as gold, silver, titanium
dioxide or copper, have been manufactured and used for
different applications in biological and medical fields
based on their specific features [7]. Among them, gold
nanoparticles (AuNPs) exhibit peculiar physico-chem-
ical proprieties. They are chemically inert and highly
stable once synthesized [8]. They present a large surface
area, high electron conductivity and uncommon opti-
cal properties [9]. Furthermore, the ability of AuNPs to
bind ligands by interacting with their amine and thiols
groups provides a versatile mean to generate specific
biomarkers and conjugating therapeutic agents [10, 11].
Depending on the type and concentration of the ligand
bound on the surface these particles; their immuno-
genic response, reactivity, stability and sensitivity could
be modulated [12]. All these benefits, combined with
their low cytotoxicity, enable their utilization in dif-
ferent biomedical applications including computing
tomography [13, 14], photoacoustic imaging [15], drugs
and genes delivery systems [16—18], photothermal ther-
apy [19], radiosensitization [20] and biochemical sens-
ing [21].

Green methods based on the utilization of microbial
cells or their metabolites for NPs synthesis has become
popular over the years as an alternative to the classical
chemical approach [22-25]. Melanins that form a het-
erogenous group of biopolymers, including eumelanin,
pyomelanin, allomelanin, have been used for NPs syn-
thesis [23, 26—28] based on their redox proprieties [29]
and affinity for metal ions [30]. Microorganisms, such
as the yeast Yarrowia lipolytica, have been described
for their ability to produce melanin, namely pyomela-
nin, with high productivity [31]. Despite melanin medi-
ated synthesis of AuNPs is innovative and promising,
the control of process parameters (temperature, pH, and
concentrations of reactants) is still not efficient enough
to modulates the NPs size and shape, and thus their pos-
sible application [24]. Therefore, extended knowledge
on the interactions between these process parameters is
requested. Herein, a mathematical model describing the
relation between these process parameters and AuNPs
size was build and validated experimentally. The syn-
thesized AuNPs were then characterized and tested for
their toxicity on mammalian cell lines. For this purpose,
cell metabolic activity, cell viability and morphology
analysis were performed after cell exposure to pyomela-
nin synthesized AuNPs.
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Results and discussion

Effect of temperature, pH, pyomelanin and gold
concentrations on NPs size

Four main parameters, namely temperature, pH, metal
salt concentrations and reducing agent concentrations
are known to affect strongly NPs size distribution and
therefore their properties [24]. Hence, efficient tools
to master size distribution during NPs synthesis are
required. The traditional approach, one factor at a time,
considers only the variation of one parameter while keep-
ing all the others at a constant level [32]. This approach
excludes any eventual interactions between parameters
on NPs size distribution. Moreover, it requires an impor-
tant number of experiments that are time consuming.
Box—Behnken design (BBD) is a well-known optimiza-
tion approach used to generate a mathematical model
that considers the interactions between parameters on
the final output (i.e. particle size). It offers high predic-
tion ability and requests only a low number of experi-
ments to be set-up. Herein, a three levels four factorial
BBD, was used to define the influence of temperature,
pH, gold salt and pyomelanin concentrations on nano-
particles size distribution. According to the BBD design,
27 experimental conditions were considered. The NPs
size distribution (PSD, polydisperse size distribution) for
each experiment was analyzed by dynamic light scatter-
ing (DLS) and the median value of the size distribution
(D50) was used as output response.

In the BBD, the upper and lower levels of pH, and
gold salt concentrations were fixed on the basis of pre-
vious studies [33, 34]. Unfortunately, the effects of tem-
perature and pyomelanin concentration on AuNPs size
are still unknown. Therefore, these values were defined
in an extended range of experimental region (10-90 °C
and 500-1000 g/mL, respectively). The PSD for the 27
experimental conditions are presented in Additional
file 1: Table S1. Results highlighted a strong fluctuation
of D50 values with the level (i.e. low, medium, high) of
each parameter. They ranged between 28 and 111 nm,
highlighting the key role of the studied parameters on
the AuNPs size distribution. Based on the BBD design
and D50 values, a quadratic model as well as the model
validation with graphical residuals were established (for
details see Additional file 1).

In order to better analyze the interactions between the
different parameters on D50 values, two-dimensional
response surface plots were drawn using the established
model. On each plot, D50 values were on Z-axis while
X and Y-axis were assigned for two of the significant
parameters. The remaining variables were kept at their
medium level. As shown in Fig. 1a, the highest D50 val-
ues were obtained at high salt concentration and low
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pyomelanin concentration. By contrast, lower D50 values
were obtained when gold salt and pyomelanin concentra-
tions were fixed at their low and high levels, respectively.
Beside this, the highest D50 values were obtained at high
pH and pyomelanin concentrations (Fig. 1b). On the
other hand, lower pH and high pyomelanin concentra-
tion reduced remarkably the AuNPs size and the smallest
D50 values were obtained in these conditions. In the lit-
erature, reports on the assessment the effects of process
parameters on the synthesis of pyomelanin-mediated
nanoparticles are scare. Here, a surface response meth-
odology was used to establish a mathematical model in
order to highlight the influence of different physico-
chemical parameters and their interaction on the AuNPs
PSD value. Previous reports focused on the influence of
various physico-chemical parameters using one factor
at a time methodology. Apte et al. reported a significant
variation of UV-Visible spectra of AuNPs when the con-
centration of gold salt and melanin varied separately, sug-
gesting that these factors affect the nanoparticles PSD
[35]. In the same context, the effect of pH and gold salt
concentration on AuNPs synthesis was reported [33]. At
a fixed concentration of melanin, the UV-visible spec-
trum of AuNPs is remarkably varying according pH or
salt concentration.

Physico-chemical characterization of AuNPs
For medical applications of AuNPs such as imaging or drug
delivery system, particle size should be in the range of 10 nm
and 150 nm [36, 37]. Therefore, to synthesize such AuNPs,
experimental conditions were defined using the developed
model, namely a melanin concentration of 500 pg/mL,
pH 6 and HAuCl, concentration of 1.5 mM. Reduction of
metal ions was initially monitored by visual observation,
and change of color. After 24 h of incubation of the reac-
tion mixture at 50 °C, a purple color appeared, demonstrat-
ing the formation of gold nanoparticle [9, 38]. By contrast,
control samples (pure pyomelanin and HAuCl,) showed no
color change when incubated under the same conditions.
As a first characterization of the synthetized AuNPs, the
UV-Visible absorbance spectrum was recorded together
with that of pure pyomelanin and HAuCl, (Fig. 2a). For
synthetized NPs, the absorbance peak observed at 550 nm
is due to an effect of local surface plasmon resonance
(LSPR) phenomenon [39]. Indeed, it has been demon-
strated that LSPR depends on the size, shape and type
of metal nanoparticles. For small AuNPs (between 5 and
10 nm), the LSPR band appears around 520 nm, while for
bigger particles (between 50 and 100 nm), this peak is red
shifted up to 570 nm [9, 40]. Furthermore, in the UV-
Vis spectrum, one single absorbance peak was recorded,
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Fig. 2 a UV-Vis absorption spectra of AuNPs synthesized from melanin (circle), pure pigment (diamond) and HAuCl, (triangle). Plasmon peak (with
wavelength value) was shown. b TEM image of the AuNPs

suggesting the spherical shape of the particle. Indeed,
when the nanoparticles have an anisotropic shape, two or
more plasmon bands occur as a result of electrons oscil-
lation along two or more axes. By contrast, in the case of
spherical NPs, a single peak is detected [41]. To confirm
this hypothesis AuNPs were analyzed by transmission
electron microscopy (TEM). As shown in Fig. 2b, the par-
ticles are of spherical shape, confirming thus result from
UV-Vis spectrum. The NPs size distribution was assessed
by DLS, which measure the hydrodynamic diameter of
particles in a suspension [42]. The synthetized particles
presented a size with median value 104 nm (£ 5 nm).

For many applications, NP stability (i.e. the lack of
particle aggregation) is a prerequisite as particle size
affects the biological activity or their cytotoxicity
[43]. Therefore, Polidispersity Index (PDI) and Zeta
potential ({) values were estimated for the synthe-
tized AuNPs. PDI shows the ratio of particles of dif-
ferent size to total number of particles. The higher
the PDI value is, the less monodispersed are the nan-
oparticles [39]. In this study, PDI values were found
equal to, respectively, 0.276 and 0.252 upon synthesis
and after 3 months of storage at 4 °C. These data are
very close to the typical and commonly deemed value
(~0.2) acceptable in practice [44]. The Zeta potential
values were also determined over time for the AuNDPs.
The corresponding { values were — 28.96 mV and
— 31.80 mV, respectively. This highlighted the stabil-
ity of the particle colloid [45]. Zeta potential meas-
urement may provide also an insight on the nature of
the interaction between the cells and nanoparticles.
Indeed, the surface charge of the particle influences
significantly the cellular uptake of the NPs. It is com-
monly admitted that positively charged NPs are more
internalized by cells than neutral or negatively charged
one. As a consequence, this higher intracellular

accumulation leads to a faster destruction of the cell
integrity, leading thus to a higher cellular toxicity. By
contrast, anionic or neutral NPs have a lower affin-
ity for cell since this latter has an over whole negative
charge. Consequently, the membrane depolarization
after exposure to the "AuNPs or AuNPs is negligible
as compared to positively charged one [46—48]. This
could explain the lack of toxicity of the pyomelanin-
synthesized AuNPs that are negatively charge particle.
This characteristic is mandatory for any nanoparticles
that are being considered for biomedical application
[49].

As a further characterization, the AuNPs were analyzed
by TEM and energy dispersive X-ray spectroscopy (EDS).
According to the high-angle annular dark-field in a scan-
ning transmission electron microscope (HAADF STEM)
photographs, the AuNPs displayed either a polygonal or
a spherical shape (Fig. 3a). EDS was used to character-
ize the elemental compositions of synthesized particles.
In this analysis, the atoms on the NPs are excited by the
electron beam of specific wavelength. These in turn emit
X-rays at energy that is element specific [50]. As shown in
Fig. 3b, the green EDS mapping highlights that the par-
ticle are composed of gold since the green color is cen-
tered on the particle. The crystallographic structure of
AuNPs was deduced from high-resolution transmission
electron microscopy (HRTEM) images processed by Fast
Fourier Transformation (FFT). As shown in Fig. 3c, the
AuNPs are of crystalline structure consisting of several
crystalline facets with well-defined inter-planer spacing
of 0.235 nm, corresponding to the (111) gold plane [51].

In vitro biological study

Although, the synthesis of AuNPs using melanin as
reductant has been reported, there is no data of the char-
acterization of their cytotoxicity on eukaryotic cells [52].
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Fig. 3 a HAADF STEM image of AuNPs shows the spherical or polygonal nanoparticles. b The chemical composition analysis of AuNPs. EDS
mapping of the Au (green) localized the gold nanoparticles. ¢ Representative HRTEM image of AuNPs. Gold was identified by the inter-planes
spacing d=0.235 nm corresponding to the (111) plane of gold. Measurement of inter-planes spacing was done on FFT image (¢, inset)

Herein, this characterization was performed through dif-
ferent but complementary methods. For that purpose,
two mammalian cell lines were used, namely mouse
fibroblasts (NIH3T3) and human osteosarcoma cells
(U208).

The MTT assay consists to monitor any reduction in
the ability of cells to degrade MTT into formazans in the
presence of a potential perturbator (i.e. AuNPs). For these
tests, confluent NIH3T3 and U20S cells were incubated
in the presence of different concentrations of AuNPs
(5-160 pg/mL). After 24 h of incubation, the cell meta-
bolic activity was assessed based on the conversion of
MTT into formazans that were quantified by spectropho-
tometry. In the range 5-80 pg/mL of AuNPs, both cell
lines remained metabolically active (Fig. 4a). For the con-
centration of 160 pug/mL, U20S and NIH3T3 cell meta-
bolic activity was reduced by 42% and 46%, respectively,
suggesting thus, their cytotoxicity at that concentration.

Cell viability was also investigated by dual staining with
acridine orange and ethidium bromide. For this purpose
confluent cells were incubated for 24 h with AuNPs at a
concentration of 80 ug/mL (the highest concentration
with no significant cytotoxicity). As shown in Fig. 4b, the
cellular mortality was, respectively, 9% and 5% for U20S
and NIH3T3. This confirmed the lack of cytotoxicity of
AuNPs at concentration lower than 80 pg/mL.

Since cells morphology depends on the surrounding
environment [53], the effect of AuNPs on cells shape
and ultrastructure were examined with SEM. Despite
particles were found non-cytotoxic, they could have an
impact on cell adherence ability and morphology. There-
fore, confluent U20S and NIH3T3 cells were incubated
with AuNPs (80 pg/mL) for 24 h before being visual-
ized by SEM. After incubation, the cells were still seen as

covering the surface homogenously regardless the AuNPs
treatment (data not shown). As shown by SEM imaging,
for a both cell lines, incubation with AuNPs did not mod-
ify the cell morphology (representative images are shown
in Fig. 5). NIH3T3 exhibited elongated fibroblast-like
shape, either in treated or non-treated cells. For U20S,
both, the control and AuNPs-treated cells, displayed
similar morphology; they have a less flattened and more
rounded shapes. Moreover, the cells exhibited protrud-
ing extensions making cell-surface focal contacts. Such
structure, these filaments barbed-ends, is formed with
the cytoskeleton proteins, and is pivotal for cell motil-
ity, membrane domains organization as well as for cell
growth and proliferation [54, 55]. Thus, this points out
that AuNPs had no negative effect on the morphology of
the tested cells. SEM images showed also that gold nano-
particles were bound to the cell surface (Fig. 5, arrows).
These boundaries could results from the protein corona
that could be form by interaction of the protein with sur-
face of the NPs [56]. This phenomenon is an important
issue when designing and manufacturing NPs for cellu-
lar uptake or biofunctionalization. Indeed, proteins or
peptides released from cells could adsorbed on the sur-
face of AuNPs and influencing, thus, their nanotoxic-
ity [57]. Here, the lack of the cytotoxicity of AuNPs can
be explained by the protein corona formed around the
NPs which acts as a protective layer [58]. Protein corona
being formed upon incubation of the AuNPs with serum
from cell culture medium. Protein corona may also has
an impact on the NPs stability. Generally, nanoparticles
are unstable due to their high surface energy and must
be stabilized by surface modification. Recently, a number
of functional groups and peptides were designed for suc-
cessful gold NPs stabilization (review in [59]). According



Ben Tahar et al. Microb Cell Fact (2019) 18:210

Page 6 of 11

{661 AuNPs on NIH3T3

80

60

404

20

5 10 20 40 80 160
Concentration [ug/mL]

1 100+

b mm Dead m= Llve
NIH3T3
100% -
50%-“-
0%
Control AuNPs
80 pg/mL

AuNPs on U20S

5 10 20 40 80 160
Concentration [pug/mL]

U208
100% <
50% o
0% =
Control AuNPs
80 pg/mL

Fig. 4 Cell metabolic activity; MTT assay (a) and cell viability; dual staining assay (b) of mouse fibroblasts (NIH3T3) and human osteosarcoma
(U205) after exposure to melanin-based gold nanoparticles. For MTT assay, cells were incubated for 24 h with different amounts of AuNPs.

Results are presented as a percentage of metabolically active cells after AuNPs melanin treatment (three replicates with 4= SD) compare to control
(without AuNPs). Statistical analysis was performed using one-way ANOVA and Dunett’s a posteriori. *p < 0.05, no asterisk indication—no statistical
significance. For dual staining, cells after AUNPs treatment were stained with acridine orange and ethidium bromide. Cells were imaged with
inverted fluorescence microscope, objective x 20. Dead cells were scored per 100 total cells analyzed and expressed as %

to our SEM analysis, no evidence of AuNPs agglom-
eration was noticed, what is convergent with the result
obtained with Zeta potential measurement and assess-
ment of the colloid stability.

Such experiments, related to the biological characteri-
zation of pyomelanin based gold nanoparticles synthe-
sis have not been reported in the literature so far. We
reported a possible manufacturing methodology for sta-
ble non-cytotoxic “nanoplatform’, with various biomedi-
cal applications.

Conclusion

Recently, green chemistry methods involving the use of
microorganisms or their metabolites, for the synthesis
of nanoparticles become a research topic of great inter-
est and turned as an eco-friendly alternative to the con-
ventional chemical approach. Among different green
approaches, the synthesis of gold nanoparticles using
pyomelanin produced by Y. lipolytica is reported here. In
the first part of this work, a three levels four factorial Box—
Behnken Design, was used to evaluate the influence of
temperature, pH, gold salt and pyomelanin concentration

on nanoparticle size distribution. Based on statistical
analysis, it has been shown that different process parame-
ters affect significantly nanoparticles size. The mathemati-
cal model developed was used to predict and manufacture
AuNPs with specific size distribution, since this param-
eter influences greatly their biological properties. The
synthesized nanomaterial was characterized by different
analytical methods. The NPs were found to have crystal-
line structure, polygonal and spherical shape, with a DC50
value of 104 nm. In addition, the synthesized nanostruc-
tures revealed high colloidal stability and moderate poly-
dispersity. It was also pointed out with SEM analysis, that
AuNPs were administered as a well dispersed single par-
ticle suspension. Melanin-based gold nanoparticles did
not show cytotoxicity effect toward human osteosarcoma
and mouse fibroblasts. Moreover, this material did not
cause a perturbation in cell morphology after exposure to
the AuNPs. Furthermore, our work revealed that brown
pigment, pyomelanin, isolated from Yarrowia lipolytica,
could have a reduction role during NPs synthesis. In sum-
mary, our results highlighted the potential of synthesized
AuNPs to be used as a powerful tools for bioapplication.
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Materials and methods

Chemicals, cell lines, yeast strain and culture conditions
Chloroauric acid (HAuCl,), 3-(4,5-dimethylthiazol-
2-yD)-2,5-diphenyltetrazolium bromide thiazolyl blue
tetrazolium bromide (MTT), acridine orange (AO), glu-
taraldehyde were obtained from Sigma-Aldrich. Dime-
thyl sulfoxide (DMSO) and ethidium bromide (EtBr) were
purchased from Chempur and MpBio, respectively. For
cell culture, Dulbecco’s Modified Eagle Medium High
Glucose (DMEM, Corning), antibiotic solution (Antibi-
otic Antimycotic Solution, Sigma-Aldrich), fetal bovine
serum (FBS, Biowest), phosphate buffered saline w/o
magnesium and calcium (PBS, Corning), 0.25% trypsin
(PAA) were supplied from Sigma-Aldrich. The wild strain
Y. lipolytica W29 (CLIB89) was used for pyomelanin pro-
duction. Standard techniques used for Y. lipolytica have
been described elsewhere [60]. Yeast cells were grown in
250 mL conical flask containing 50 mL of YNBTy medium
(1.7 g/L yeast nitrogen base (YNB), 1 g/L tyrosine, 1 g/L
asparagine, 1 g/L glycine, 10 g/L glucose, 0.15 g/L MnSO,).
The cell lines used in this study were U20S (human oste-
osarcoma) and NIH3T3 (mouse fibroblasts). They were
grown and handled according to standard technique as

described elsewhere [61]. Cultures were performed in 24-
or 96-well plate (Nest) containing 1.5 mL and 200 pL of
DMEM medium, respectively, supplemented with 1% of
antibiotics solution and 10% of fetal bovine serum (here
after stated as DMEM medium) at 37 °C in a 5% CO, air
saturated incubators. Cultures were seeded with 5x 10°
and 3 x 10* cells/well for 24- or 96-well plate, respectively.

Pyomelanin production and purification

Yarrowia lipolytica was grown in YNBTy medium for
120 h at 30 °C, on a rotary shaker (150 rpm). Then after,
pyomelanin was purified from the culture supernatant as
previously described [35]. The culture broth was centri-
fuged at 10,000xg for 15 min and cells were discarded.
The supernatant was acidified to a pH 2 with 1 N HCl and
incubated at 25 °C for 48 h. After precipitation, pyomela-
nin was washed once with chloroform and methanol
before being dried under vacuum. Then, pyomelanin was
solubilized in water alkalinized at pH 8 with 1 N NaOH.

Response surface methodology
In this study, the effect of temperature, pH, chloroauric
acid (HAuCl,) and pyomelanin concentrations on gold



Ben Tahar et al. Microb Cell Fact (2019) 18:210

nanoparticles size has been assessed using Box-Behnken
design (BBD) model. The number of experiments is cal-
culated on the basis of the following Eq. (1) [62]:

N =2kk —-1)+Cy (1)

where k is number of factors and C; is the number of
central points. In this study, a total of 27 experiments
were carried out for a four factors, three levels design
with three replicates of the central points. The variable
input parameters were temperature, pH, pyomelanin
concentration and HAuCl, concentration. The range and
levels of pH (6-9.5-13), and gold salt concentrations
(0.5-1.5-2.5 mM) were selected on the basis of previous
studies [34, 35]. For temperature and pyomelanin con-
centrations, the lower, medium and upper levels for these
parameters were defined in a large range of experimental
region, (10-50-90 °C and 500-750-1000 pg/mL, respec-
tively) as these level are unknown so far. The NPs size
distribution for each experiment was analyzed by DLS
(see below) and the calculated median value of the size
distribution (D50) was considered as output response.
The general quadratic form of the mathematical model
formed by BBD is defined as follow (2) according to [63]:

S =ayg+a1F1 + ayFy + asF3 + asFy + 6111F12
+ anFy + assFy + auFj + apnFiF

+ a13F1F3 + a14F1Fa + ax3FrF3
+ axFFy 4 azaF3Fy

(2)

where S is the predicted value of D50, a, is the constant,
F, F, F; and F, represent temperature, pH, HAuCl, and
pyomelanin concentrations, respectively. a;aja; and
a, are linear coefficients, a;,, a;3, 814 3, 8y, and a,, are
cross-product coefficients whereas a,;, a,,, a5 and a,, are
quadratic coefficients.

The different coefficients were calculated using the least
square method. In order to assess the established quad-
ratic model, statistical analysis of variance (ANOVA) was
performed using Minitab 17 (Minitab, USA). The analy-
sis of variance includes the determination of the sum of
squares; the mean of squares; Fisher F values and prob-
ability p values. Moreover, the correlation coefficient R?,
is used as a mean to assess the fitness of the polynomial
model [64]. For the final step of the model validation, a
graphical residuals analysis was performed. Residuals are
defined as the difference between experimental response
and calculated response from the model. The graphical
analysis was based on plots depicting the normal prob-
ability of residuals distribution, residuals versus the pre-
dicted plot and residuals versus the experiment number
[65]. The validated model was then used to generate a
3-D graphical representations that depict the influence of
parameters on the response (i.e. particle size).
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Characterization of AUNPs

UV-Vis absorbance spectrum of AuNPs, pyomela-
nin and HAuCl, were recorded on a TECAN spectro-
fluorometer (Infinite M200, Thermo Scientific) in the
range of 330 nm and 900 nm. The hydrodynamic size
of AuNPs was measured by DLS, whereas zeta poten-
tial was determined by means of electrophoretic light
scattering (ELS) using the universal Nanoplus HD3
system (Particulate System/Micrometrics) equipped
with 660 nm laser diode, as described elsewhere [66].
For this purpose disposable capillary cells and quartz
microcuvette (Particulate System, Small Volume Size
Cell) were used, respectively. All the analysis were
performed at 25 °C. Prior measurement, solutions of
AuNPs were sonicated (310 W, 50 Hz, 100%, 10 min,
Polsonic, SONIC-3). For electron microscopy, AuNPs
were deposited on a carbon covered copper microscope
grid and was left overnight at room temperature until
complete drying. They were imaged using TEM (FEI
Tecnai Osiris) operating at 200 kV, equipped with EDS
detector. To determine the concentration of AuNPs, the
microbalance technique using Radwag MYA 5.4Y bal-
ance was used. 100 uL of the colloid suspension was
placing on aluminium crucible with known mass and
evaporating the solvent to a dry mass. Concentration
values are given as mean and standard deviation of trip-
licate. Mammalian cells were visualized on an Olympus
BX61 inverted fluorescence microscope equipped with
DP72 CCD camera and Olympus CellF software was
used for image processing.

Cytotoxicity of AuNPs

Cell metabolic activity and cell viability

To determine the cytotoxicity of AuNPs colloid, two dif-
ferent assays, namely MTT and acridine orange-ethidium
bromide staining (AO/EtBr) were employed as described
elsewhere [67, 68]. Briefly for MTT assay, confluent
U20S and NIH3T3 cells were first washed with PBS.
Two hundreds pL of DMEM medium containing dif-
ferent amounts of AuNPs were then added per culture
well. After 24 h of incubation, the 96-well culture plate
was centrifuged (300xg, 5 min) and the medium was
discarded. Two hundreds uL of DMEM medium sup-
plemented with MTT (0.5 mg/mL) were then added per
well. After an additional incubation of 2 to 4 h to allow
the formazans to form, 100 pL. DMSO were added per
well to stop the reaction and dissolve the formazans. The
absorbance was finally determined at a test wavelength of
570 nm and a reference wavelength of 630 nm. Cell via-
bility was calculated according to Eq. (3) and expressed as
a percentage relative to that of the non-treated cells. All
tests were performed at least in triplicate.
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(A570 — A630)treated

x 100

(A570 — A630)non-treated

®3)

For AO/EtBr double straining, confluent U20S and
NIH3T3 cells incubated for 24 h in the presence of 80 pg/
mL of AuNPS were centrifuged (300xg, 5 min), and the
supernatant was discarded. Cells were then washed once
with PBS before being stained with a solution of acrid-
ine orange (100 pug/mL in PBS) and ethidium bromide
(100 pg/mL in PBS) at a volume ratio of 1:1 for 5 min.
Under fluorescence microscope, living cells were visu-
alized as green while dead cell were stained in red. For
cell viability determination, a total of 100 cells from each
cultures were counted and dead cells were expressed as a
percentage of the total number of the cells [68].

Cell viability =

SEM imaging

U20S cells were seeded (5 x 10° cells/well) onto the glass
discs (Menzel Glaser) inserted on 24-well microplate
(Nest) and were allow to grow until they reached the con-
fluence. Then, the culture medium was replaced by fresh
DMEM supplemented with AuNPs (80 pg/mL). After 24 h
of incubation, the cell morphology was observed by Scan-
ning Electron Microscope (SEM, Tescan VEGA 3). For this
purpose, medium was discarded and cells attached onto
the glass discs were washed twice with PBS. The cell mon-
olayer was then fixed with 2,5% glutaraldehyde for 24 h at
4 °C before being dehydrated using a graded ethanol con-
centrations from 30 to 100%. Prior to SEM observation,
the samples were sputter-coated with a 3 nm gold layer
to make them electronically conductive and to avoid elec-
tronic charging during SEM imaging. SEM analysis were
performed using a TLD electron detector with the fol-
lowing operating parameters: voltage 20—30 kV, specimen
current 30—-100 pA and magnification 10-12 kx.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512934-019-1254-2.

[ Additional file 1. Additional tables and figures. }

Authors’ contributions

MKL and PF designed the experiments and wrote the manuscript. IBT set

up mathematical model and synthesized the AuNPs. MKL performed the
physicochemical and biological analysis of AuNPs. BS prepared the samples for
microscopy. AD and DP performed SEM and TEM, respectively. All authors read
and approved the final manuscript.

Funding
. Ben Tahar was supported by a post-doc grant IN.WBI from Wallonie-Bruxelles
International (WBI).

Page 9 of 11

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Microbial Processes and Interactions, TERRA Teaching and Research Centre,
Gembloux Agro-Bio Tech, University of Liege, Avenue de la Faculté, 2,

5030 Gemblous, Belgium. ? Institute of Physics, College of Natural Sciences,
University of Rzeszow, Pigonia 1, 35-310 Rzeszow, Poland. * Department

of Biotechnology, Institute of Biology and Biotechnology, College of Natural
Sciences, University of Rzeszow, Pigonia 1, 35-310 Rzeszow, Poland.

Received: 18 September 2019 Accepted: 12 November 2019
Published online: 03 December 2019

References

1. Salata OV. Applications of nanoparticles in biology and medicine. J Nano-
biotechnol. 2004;2(1):3.

2. Zhang L, GuF, Chan J,Wang A, Langer R, Farokhzad O. Nanoparticles in
medicine: therapeutic applications and developments. Clin Pharmacol
Ther. 2008;83(5):761-9.

3. Raj S, Jose S, Sumod US, Sabitha M. Nanotechnology in cosmetics: oppor-
tunities and challenges. J Pharm Bioallied Sci. 2012;4(3):186-93.

4. Rivero PJ, Urrutia A, Goicoechea J, Arregui FJ. Nanomaterials for functional
textiles and fibers. Nanoscale Res Lett. 2015;10(1):501.

5. Zhu W, Bartos PJM, Porro A. Application of nanotechnology in construc-
tion. Mater Struct. 2004;37(9):649-58.

6. Ordenes-Aenishanslins NA, Saona LA, Duran-Toro VM, Monrés JP, Bravo
DM, Pérez-Donoso JM. Use of titanium dioxide nanoparticles biosynthe-
sized by Bacillus mycoides in quantum dot sensitized solar cells. Microb
Cell Fact. 2014;13(1):90.

7. Jeevanandam J, Barhoum A, ChanYS, Dufresne A, Danquah MK. Review
on nanoparticles and nanostructured materials: history, sources, toxicity
and regulations. Beilstein J Nanotechnol. 2018;9:1050-74.

8. Coulter JA Jain S, Butterworth KT, Taggart LE, Dickson GR, McMahon SJ,
et al. Cell type-dependent uptake, localization, and cytotoxicity of 1.9 nm
gold nanoparticles. Int J Nanomedicine. 2012;7:2673-85.

9. Huang X, El-Sayed MA. Gold nanoparticles: optical properties and imple-
mentations in cancer diagnosis and photothermal therapy. J Adv Res.
2010;1(1):13-28.

10. Freitas de Freitas L, Varca GHC, Dos Santos Batista JG, Benévolo Lugdo
A. An overview of the synthesis of gold nanoparticles using radiation
technologies. Nanomaterials. 2018;8(11):939.

11. YehY-C, Creran B, Rotello VM. Gold nanoparticles: preparation, properties,
and applications in bionanotechnology. Nanoscale. 2012;4(6):1871-80.

12. Dreaden EC, Mackey MA, Huang X, Kang B, El-Sayed MA. Beating cancer
in multiple ways using nanogold. Chem Soc Rev. 2011;40(7):3391-404.

13. Mahan MM, Doiron AL. Gold nanoparticles as X-ray, CT, and multimodal
imaging contrast agents: formulation, targeting, and methodology. J
Nanomater. 2018;2018:15.

14. Cormode DP, Naha PC, Fayad ZA. Nanoparticle contrast agents for com-
puted tomography: a focus on micelles. Contrast Media Mol Imaging.
2014,9(1):37-52.

15. LiW, Chen X. Gold nanoparticles for photoacoustic imaging. Nanomedi-
cine. 2015;10(2):299-320.

16. Hussain K, Hussain T. Gold nanoparticles: a boon to drug delivery system.
2015.


https://doi.org/10.1186/s12934-019-1254-2
https://doi.org/10.1186/s12934-019-1254-2

Ben Tahar et al. Microb Cell Fact

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

(2019) 18:210

Kumar A, Zhang X, Liang X-J. Gold nanoparticles: emerging paradigm for
targeted drug delivery system. Biotechnol Adv. 2013;31(5):593-606.
Mendes R, Fernandes AR, Baptista PV. Gold nanoparticle approach to the
selective delivery of gene silencing in cancer—the case for combined
delivery? Genes. 2017;8(3):94.

Riley RS, Day ES. Gold nanoparticle-mediated photothermal therapy:
applications and opportunities for multimodal cancer treatment. Wiley
Interdiscip Rev Nanomed Nanobiotechnol. 2017,9(4):e1449.

Borran AA, Aghanejad A, Farajollahi A, Barar J, Omidi Y. Gold nanoparti-
cles for radiosensitizing and imaging of cancer cells. Radiat Phys Chem.
2018;152:137-44.

Peixoto de Almeida M, Pereira E, Baptista P, Gomes |, Figueiredo S, Soares
L, et al. Chapter 13—gold nanoparticles as (bio)chemical sensors. In: Val-
carcel M, Lopez-Lorente Al editors. Comprehensive analytical chemistry.
Amsterdam: Elsevier; 2014. p. 529-67.

Mohanpuria P, Rana NK, Yadav SK. Biosynthesis of nanoparticles:
technological concepts and future applications. J Nanoparticle Res.
2008;10(3):507-17.

Wang Z, Yu N, Yu W, Xu H, Li X, Li M, et al. In situ growth of Au nanoparti-
cles on natural melanin as biocompatible and multifunctional nanoagent
for efficient tumor theranostics. J Mater Chem B. 2019;7(1):133-42. https
://doi.org/10.1039/C8TB02724B.

Liu H, Zhang H, Wang J, Wei J. Effect of temperature on the size of
biosynthesized silver nanoparticle: deep insight into microscopic kinetics
analysis. Arab J Chem. 2017.

Correa-Llantén DN, Mufoz-lbacache SA, Castro ME, Mufioz PA, Blamey
JM. Gold nanoparticles synthesized by Geobacillus sp. strain ID17 a ther-
mophilic bacterium isolated from Deception Island, Antarctica. Microb
Cell Fact. 2013;12:75.

Roy S, Shankar S, Rhim J-W. Melanin-mediated synthesis of silver nano-
particle and its use for the preparation of carrageenan-based antibacte-
rial films. Food Hydrocolloids. 2019;88:237-46.

Patil S, Sistla S, Bapat V, Jadhav J. Melanin-mediated synthesis of silver
nanoparticles and their affinity towards tyrosinase. Appl Biochem Micro-
biol. 2018;54(2):163-72.

Apte M, Girme G, Bankar A, Ravikumar A, Zinjarde S. 3,4-Dihydroxy-L-phe-
nylalanine-derived melanin from Yarrowia lipolytica mediates the synthe-
sis of silver and gold nanostructures. J Nanobiotechnol. 2013;30(11):2.
Drewnowska JM, Zambrzycka M, Kalska-Szostko B, Fiedoruk K, Swiecicka
I. Melanin-like pigment synthesis by soil Bacillus weihenstephanensis
isolates from northeastern Poland. PLoS ONE. 2015;10(4):e0125428.
Thaira H, Raval K, Manirethan V, Balakrishnan RM. Melanin nano-
pigments for heavy metal remediation from water. Sep Sci Technol.
2019;54(2):265-74.

BenTahar |, Kus-Liskiewicz M, Lara Y, Javaux E, Fickers P. Characterization
of a non-toxic pyomelanin pigment produced by the yeast Yarrowia
lipolytica. Biotechnol Prog. 2019;0(ja):e2912.

Yang Z, Li Z, Lu X, He F, Zhu X, MaYY, et al. Controllable biosynthesis and
properties of gold nanoplates using yeast extract. Nanomicro Lett.
2017;9(1):5.

Apte M, Girme G, Bankar A, RaviKumar A, Zinjarde S. 3,4-Dihydroxy-L-phe-
nylalanine-derived melanin from Yarrowia lipolytica mediates the synthe-
sis of silver and gold nanostructures. J Nanobiotechnol. 2013;11(1):2.
Barabadi H, Honary S, Ebrahimi P, Mohammadi MA, Alizadeh A, Naghibi

F. Microbial mediated preparation, characterization and optimization of
gold nanoparticles. Braz J Microbiol. 2015;45(4):1493-501.

Apte M, Girme G, Nair R, Bankar A, Ravi Kumar A, Zinjarde S. Melanin
mediated synthesis of gold nanoparticles by Yarrowia lipolytica. Mater
Lett. 2013;95:149-52.

Dreaden EC, Austin LA, Mackey MA, El-Sayed MA. Size matters: gold nano-
particles in targeted cancer drug delivery. Ther Deliv. 2012;3(4):457-78.
Singh P, Pandit S, Mokkapati VRSS, Garg A, Ravikumar V, Mijakovic I. Gold
nanoparticles in diagnostics and therapeutics for human cancer. Int J Mol
Sci. 2018;19(7):1979.

Mayer KM, Hafner JH. Localized surface plasmon resonance sensors.
Chem Rev. 2011;111(6):3828-57.

Srinath BS, Ravishankar Rai V. Biosynthesis of highly monodispersed,
spherical gold nanoparticles of size 4-10 nm from spent cultures of
Klebsiella pneumoniae. 3 Biotech. 2015,5(5):671-6.

Zuber A, Purdey M, Schartner E, Forbes C, van der Hoek B, Giles

D, et al. Detection of gold nanoparticles with different sizes using

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 10 of 11

absorption and fluorescence based method. Sensors Actuators B Chem.
2016;227:117-27.

Alkilany AM, Murphy CJ. Toxicity and cellular uptake of gold nanoparti-
cles: what we have learned so far? J Nanopart Res. 2010;12(7):2313-33.
Linsinger TPJ, Chaudhry Q, Dehalu V, Delahaut P, Dudkiewicz A, Grombe
R, et al. Validation of methods for the detection and quantification of
engineered nanoparticles in food. Food Chem. 2013;138(2):1959-66.
Zhu M, Nie G, Meng H, Xia T, Nel A, Zhao Y. Physicochemical properties
determine nanomaterial cellular uptake, transport, and fate. Acc Chem
Res. 2013;46(3):622-31.

Clarke S. Development of hierarchical magnetic nanocomposite materi-
als for biomedical applications. Dublin: Dublin City University; 2013.
Greenwood R, Kendall K. Selection of suitable dispersants for aqueous
suspensions of zirconia and titania powders using acoustophoresis. J Eur
Ceram Soc. 1999;19(4):479-88.

Forest V, Pourchez J. Preferential binding of positive nanoparticles on cell
membranes is due to electrostatic interactions: a too simplistic explana-
tion that does not take into account the nanoparticle protein corona.
Mater Sci Eng C. 2017;70:889-96.

Tatur S, Maccarini M, Barker R, Nelson A, Fragneto G. Effect of func-
tionalized gold nanoparticles on floating lipid bilayers. Langmuir.
2013;29(22):6606-14.

Arvizo RR, Miranda OR, Thompson MA, Pabelick CM, Bhattacharya R,
Robertson JD, et al. Effect of nanoparticle surface charge at the plasma
membrane and beyond. Nano Lett. 2010;10(7):2543-8.

Foroozandeh P, Aziz AA. Insight into cellular uptake and intracellular traf-
ficking of nanoparticles. Nanoscale Res Lett. 2018;13(1):339.

Sree Satya Bharati M, Byram C, Soma VR. Femtosecond laser fabricated
Ag@Au and Cu@Au alloy nanoparticles for surface enhanced raman
spectroscopy based trace explosives detection. Front Phys. 2018;6:28.
Goswami AM, Ghosh S. Biological synthesis of colloidal gold nanoprisms
using Penicillium citrinum MTCC99992013. J Biomater Nanobiotechnol.
2013;4(02):20.

Apte M, Girme G, Bankar A, Ravikumar A, Zinjarde S. 3,4-dihydroxy-
L-phenylalanine-derived melanin from Yarrowia lipolytica mediates the
synthesis of silver and gold nanostructures. J Nanobiotechnol. 2013;11:2.
Palama IE, D’Amone S, Arcadio V, Biasiucci M, Mezzi A, Cortese B. Cell
mechanotactic and cytotoxic response to zinc oxide nanorods depends
on substrate stiffness. Toxicol Res. 2016;5(6):1699-710.

Small JV, Stradal T, Vignal E, Rottner K. The lamellipodium: where motility
begins. Trends Cell Biol. 2002;12(3):112-20.

Mejillano MR, Kojima S-I, Anthony Applewhite D, Svitkina TM, Borisy G,
Gertler F. Lamellipodial versus filopodial mode of the actin nanomachin-
ery: pivotal role of the filament barbed end. Cell. 2014;118:363-73.
Gosens |, Post JA, de la Fonteyne LJJ, Jansen EHJM, Geus JW, Cassee FR,
et al. Impact of agglomeration state of nano- and submicron sized gold
particles on pulmonary inflammation. Part Fibre Toxicol. 2010;7(1):37.
Treuel L, Jiang X, Nienhaus GU. New views on cellular uptake

and trafficking of manufactured nanoparticles. J R Soc Interface.
2013;10(82):20120939.

Saptarshi SR, Duschl A, Lopata AL. Interaction of nanoparticles with
proteins: relation to bio-reactivity of the nanoparticle. J Nanobiotechnol.
2013;11:26.

Aryal S, Remant BKC, Dharmaraj N, Bhattarai N, Kim CH, Kim HY. Spectro-
scopic identification of SAu interaction in cysteine capped gold nanopar-
ticles. Spectrochim Acta Part A Mol Biomol Spectrosc. 2006;63(1):160-3.
Barth G, Gaillardin C. Yarrowia lipolytica. In: Wolf K, editor. Nonconven-
tional yeasts in biotechnology. Berlin: Springer; 1996.

Freshney RI. Culture of animal cells: a manual of basic technique and
specialized applications. Hoboken: Wiley-Blackwell; 2016.

Ferreira S, Bruns R, Ferreira H, Matos G, David J, Branddo GC, et al.
Box-Behnken design: an alternative for the optimization of analytical
methods. 2007.

Montgomery DC. Design and analysis of experiments. New York: Wiley;
1991.

Tayeb AM, Tony MA, Mansour SA. Application of Box-Behnken factorial
design for parameters optimization of basic dye removal using nano-
hematite photo-Fenton tool. Appl Water Sci. 2018;8(5):138.

Chowdhury S, Yusof F, Faruck MO, Sulaiman N. Process optimization of sil-
ver nanoparticle synthesis using response surface methodology. Procedia
Eng. 2016;148:992-9.


https://doi.org/10.1039/C8TB02724B
https://doi.org/10.1039/C8TB02724B

Ben Tahar et al. Microb Cell Fact

66.

67.

(2019) 18:210

SharmaV, Chotia C, Tarachand, Ganesan V, Okram GS. Influence of
particle size and dielectric environment on the dispersion behaviour
and surface plasmon in nickel nanoparticles. Phys Chem Chem Phys.
2017;19(21):14096-106. https://doi.org/10.1039/c7cp01769c¢.
Stockert JC, Horobin RW, Colombo LL, Bldzquez-Castro A. Tetrazolium
salts and formazan products in cell biology: viability assessment,
fluorescence imaging, and labeling perspectives. Acta Histochem.
2018;120(3):159-67.

Page 11 of 11

68. Dworak N, Wnuk M, Zebrowski J, Bartosz G, Lewinska A. Genotoxic and
mutagenic activity of diamond nanoparticles in human peripheral lym-
phocytes in vitro. Carbon. 2014;68:763-76.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Learn more biomedcentral.com/submissions

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.



https://doi.org/10.1039/c7cp01769c

	Green pyomelanin-mediated synthesis of gold nanoparticles: modelling and design, physico-chemical and biological characteristics
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results and discussion
	Effect of temperature, pH, pyomelanin and gold concentrations on NPs size
	Physico-chemical characterization of AuNPs
	In vitro biological study

	Conclusion
	Materials and methods
	Chemicals, cell lines, yeast strain and culture conditions
	Pyomelanin production and purification
	Response surface methodology
	Characterization of AuNPs
	Cytotoxicity of AuNPs
	Cell metabolic activity and cell viability
	SEM imaging


	References




