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in film form synthesized by dead organic matrix of
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Cláudio Augusto Oller Nascimentod and Benedito Corrêaa

An innovative sustainable protocol of nanobiotechnology has been developed to synthesize Ni/NiO

magnetic nanoparticles, nanostructured in film form, through a dead organic matrix of the yeast

Rhodotorula mucilaginosa, which was isolated from the Amazon region. It is a synergistic strategy that

utilizes green technology, thus minimizing environmental impact and reducing costs. The best

conditions for the adsorption of the metal through the dead organic matrix and subsequent synthesis of

the nanoparticles were monitored by analyzing the biosorption of nickel by the yeast. The structural

characteristics of the film-forming nanoparticles were investigated via high-resolution transmission

electron microscopy (HRTEM), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS),

and infrared spectroscopy (FTIR). The magnetic properties of the nanoparticles produced by the dead

organic matrix were determined in a superconducting quantum interference device (SQUID). Results

indicate that the Ni/NiO nanoparticles are mainly spherical, with an average size of 5.5 nm, present

magnetic properties, synthesized extracellularly and involve the proteins of the yeast, which probably

confer organization in the film form. Such natural bioprocess suggests a rational protocol strategy as

a template for the industrial-scale synthesis of magnetic nanoparticles of metals from the dead organic

matrix of yeast and also provides a possible green system of nanobioremediation of metals from

wastewater.
Introduction

Nanotechnology arises from the chemical, physical and bio-
logical sciences, wherein novel approaches are being developed
to explore and manipulate single atoms and molecules. The
synthesis of pure metal nanoparticles (NPs) is challenging due
to the inherent difficulty in controlling the oxidation of the
metallic surface, which is mainly due to its high surface
chemical potential.1 This phenomenon, however, sometimes
results in the formation of an important type of nanostructure
known as “core–shell” NPs.2 In recent years, these NPs have
received remarkable attention,3,4 in particular Ni/NiO NPs,
because of their capacity for use in histidine-tagged proteins,5

catalyzing the reduction of CO2,6 and as an anode material for
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replacing the current ceramic anode materials in fuel cells,
batteries and capacitors.7

Bi-magnetic core/shell nanoparticles produce effects such as
tunable blocking temperatures, large exchange bias tailored
coercivities (spring magnets), high resonance elds or prox-
imity effects and two-stage magnetization reversal.8 Some of
these properties have applications in diverse elds such as
magnetoresistive devices (enhanced magnetoresistance aer
eld cooling),9 magnetic recording (enhanced blocking
temperature),10 hard magnets (increased energy products),11

improved magnetocaloric materials,12 biomedical applica-
tions,13 magnetic resonance imaging,14 and shielding (superior
microwave absorption).15

Usually, NPs are produced via physical and chemical
methods.16,17 The introduction of microorganisms in the
nanosynthesis of NPs is an emerging multidisciplinary tech-
nique of nanotechnology and biotechnology and has appeared
as a sustainable and simple alternative to more complex phys-
ical and chemical synthetic procedures to obtain nano-
materials. The insertion of nickel into the environment has
increased considerably in recent years, mainly due to industrial
pollution from activities such as mining and smelting.18

Microorganisms such as fungi play an important role as
“nanofactories” in the bioremediation of toxic metals (such as
RSC Adv., 2016, 6, 60683–60692 | 60683
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nickel) through the reduction of metal ions.19 Fungi have several
advantages over other microorganisms for NPs synthesis
because most fungi species show biomass with easy handling,
require simple nutrients, and possess a high cell wall-binding
capacity.20,21

Therefore, there is an increasing tendency to develop green
chemistry synthesis for the biosynthesis of nickel NPs as an
option to chemical and physical methods. The live biomass of
several fungi genera has been shown to be able to synthesize
metal NPs, such as gold, silver, platinum, and palladium
NPs,22 for example AuNPs synthesized by the yeast Pichia
jadinii (formerly Candida utilis),23 Saccharomyces cerevisiae
isolated from baker's yeast (AgNPs),24 tropical marine yeast
Yarrowia lipolytica (Au NPs),25 yeast Torulopsis sp., which is
capable of synthesizing nanoscale PbS nanocrystallites,26 yeast
Schizosaccharomyces pombe (CdS NPs),27 and yeast MKY3 (Ag
NPs).28 However, there are few reports using dead fungal
biomass for the synthesis of metal NPs.29–33 Recently, we
described the use of the dead biomass of the yeast Rhodotorula
mucilaginosa (R. mucilaginosa), which was isolated from the
wastewater of a mine in the Amazon region, for the production
of metallic copper NPs intracellularly.30 There are reports on
the use of magnetically modied yeast for the biosorption of
toxic metals.34 However, in this present study, we explore for
the rst time the potential of a dead organic matrix of yeast (R.
mucilaginosa) for the biosynthesis of magnetic NPs of Ni/NiO
organized in lm form and the concomitant uptake of metal
from an aqueous solution. This environmentally sustainable
production of NPs may lead to a safer design of magnetic
nanomaterials and also the possible utilization of this natural
process in the fast and low cost nanobioremediation of
wastewater polluted with metals.
Materials and methods
Culture and storage of yeast

The yeast R. mucilaginosawas isolated fromwater collected from
a pond of copper waste from the Sossego Mine, which belongs
to the Vale S. A. Company located in Canãa dos Carajás, Pará,
Brazilian Amazonia Region (06� 260 S latitude and 50� 40 W
longitude). The R. mucilaginosa was cultured and stored in
YEPD agar medium (10 g yeast extract per L, 20 g peptone per L,
20 g glucose per L and 20 g agar per L) and the media
compounds were obtained from Oxoid (England).35
Nickel tolerance by R. mucilaginosa

The nickel tolerance of the yeast was determined as the
minimum inhibitory concentration (MIC) using the spot plate
method.36 YEPD agar medium plates containing different
nickel concentrations (50 to 3500 mg L�1) were prepared and
inocula of the tested yeast were spotted onto the metal and
control plates (plate without metal). The plates were incubated
at 25 �C for at least 5 days. The MIC is dened as the lowest
concentration of nickel that inhibits visible growth of the
yeast.
60684 | RSC Adv., 2016, 6, 60683–60692
Adsorption for Ni/NiO NPs biosynthesis

All chemicals used were of analytical grade and were used
without further purication. All dilutions were prepared in
ultrapure water puried in a Milli-Q system (Millipore, Milford,
MA). The nickel stock solution was prepared by dissolving
NiCl2$6H2O (Carlo Erba, Milan, Italy) in double-deionized
water. The working solutions were prepared by diluting this
stock solution. The two types of cellular mass (live and dead) of
the yeast R. mucilaginosa were prepared according to Salvadori
et al.30 The yeast cells were grown in 500 mL Erlenmeyer asks
containing 100 mL YEPD broth. The asks were incubated on
a rotary shaker at 150 rpm for 20 h at 27 �C and the biomass was
harvested by centrifugation. Once harvested, the biomass was
washed twice with double-deionized distilled water and used
directly for the experiment, which corresponded to live
biomass. For the production of dead biomass, an appropriate
amount of live biomass was autoclaved at 120 �C. The effect of
pH (2–6), temperature (20–60 �C), initial nickel concentration
(25–600 mg L�1), contact time (5–300 min), and agitation rate
(50–250 rpm) on the uptake of nickel was investigated. These
assays were optimized at the desired pH, temperature, metal
concentration, contact time, agitation rate and biosorbent dose
(0.15–1.0 g) using 45 mL of a 100 mg L�1 Ni(II) test solution in
a plastic ask. Aer the desired contact time, the Ni(II) solution
was separated from the cellular mass by vacuum ltration
through a Millipore membrane and the residual metal ion
concentration was determined by inductively coupled plasma
optical emission spectrometry. The efficiency (R) of metal
removal was calculated using eqn (1):

R ¼ (Ci � Ce)/Ci � 100 (1)

where Ci and Ce are the initial and equilibrium metal concen-
tration, respectively. The metal uptake capacity, qe, was calcu-
lated using eqn (2):

qe ¼ V(Ci � Ce)/M (2)

where qe (mg g�1) is the biosorption capacity of the biosorbent
at any time, M (g) is the cellular mass dose, and V (L) is the
volume of the solution.
Biosorption isotherm modeling

The Langmuir equilibrium model37 was used to t the Ni(II)
biosorption isotherm experimental data. The linearized Lang-
muir isotherm model is given as eqn (3):

Ce/qe ¼ 1/(qm � b) + Ce/qm (3)

where qm is the monolayer sorption capacity of the sorbent (mg
g�1), and b is the Langmuir sorption constant (L mg�1).
Magnetic characterization of Ni/NiO NPs

The magnetic properties were measured on dried powder
sample using a superconducting quantum interference device
(SQUID) (Quantum Design MPMS XL7). Magnetization loops
This journal is © The Royal Society of Chemistry 2016
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were performed between�2 Tesla and 2 Tesla and temperatures
from 2 K to 300 K. Zero-eld-cooled (ZFC) and eld-cooled (FC)
magnetization measurements were carried out as follows: the
sample was rst cooled down from 300 K to 2 K in a zero
magnetic eld, then a static magnetic eld of H ¼ 50 Oe was
applied, and ZFC was measured during warming up from 2 K to
300 K; nally the sample was cooled down to 5 K under the same
eld H and FC was measured during the cooled cycle.
Table 1 Parameters of biosorption of nickel ions by dead and live
cellular mass of R. mucilaginosa from simulation with the Langmuir
model

Type of cellular
mass

Langmuir model

qm (mg g�1) b (L mg�1) R2

Live 15.8 0.039 0.985
Dead 29.4 0.038 0.981
Morphological and structural characterization of the Ni/NiO
NPs

The dead cellular mass of yeast R. mucilaginosa, which pre-
sented a higher capacity to uptake nickel than live cellular mass,
was used. The synthesis of Ni/NiO NPs by the dead organic
matrix of yeast was studied at a concentration of 100 mg L�1

nickel(II) using the equilibrium model data. Biosynthesized Ni/
NiO NPs, nanostructured in lm form on the surface of the dead
organic matrix of the yeast R. mucilaginosa were characterized as
follows: samples of the dead organic matrix of yeast without
nickel NPs and impregnated with nickel NPs were prepared for
analyses via HRTEM through the xation of the samples for 1
hour in 2.5% glutaraldehyde in 0.075 M phosphate buffer (pH
7.4), followed by 3 washes in 0.075 M phosphate buffer. Aer
a second xation step of 1 h in 1% osmium tetroxide, the cells
were washed in distilled water. The cell pellet was subjected to
dehydration with 30%, 50%, and 70% ethanol, followed by
three dehydration steps in 100% ethanol. Inltration of the
resin was carried out by placing the pellet in 30% Quetol in
ethanol for 1 hour, followed by 1 hour in 60% Quetol. Aer
centrifugation, the pellet was resuspended in 100% Quetol for 4
h before polymerisation at 65 �C for 24 hours. Ultrathin sections
were obtained and observed by HRTEM under a JEOL JEM 2100
microscope equipped with a LaB6 gun, and JEM 2010 and JEOL
3010 microscopes operating at 200 kV with images recorded on
a TV (Gatan ES500W) and CCD (TVips – 16MP). Infrared vibra-
tional spectroscopy (FTIR) was used to identify the functional
groups present in the biomass and to evaluate the spectral
variations caused by the presence of nickel NPs. Infrared
absorption spectra were obtained on a Bruker model ALPHA
interferometric spectrometer. The samples were placed directly
into the sample compartment using an attenuated total reec-
tance accessory of single reection (ATR with a platinum-crystal
diamond). Eighty spectra were accumulated for each sample,
using a spectral resolution of 4 cm�1. The samples of the dead
organic matrix of the yeast without nickel NPs and impregnated
with nickel NPs were placed on clean cover slips and main-
tained under vacuum desiccation overnight, and loaded onto
a specimen holder. Furthermore, the samples were scanned on
an AFM Icon Nanoscope V (Bruker) using the tapping mode
AFM technique with an oscillating cantilever to scan the sample
surface with a scan rate of 1 Hz and a silicon nitride tip with
a resonance frequency of about 250 kHz. The chemical state of
the nickel NPs was analyzed via XPS. The XPS analysis was
carried out at a pressure of less than 10�7 Pa using a commer-
cial spectrometer (UNI-SPECS UHV System). The Mg Ka line was
used (hn ¼ 1253.6 eV) and the analyzer pass energy was set to 10
This journal is © The Royal Society of Chemistry 2016
eV. The inelastic background of the electron core-level spectra
was subtracted using Shirley's method. The composition (at%)
of the near surface region was determined with an accuracy of
�10% from the ratio of the relative peak areas corrected by
Scoeld's sensitivity factors of the corresponding elements. The
spectra were tted without placing constraints using multiple
Voigt proles.

Results
Nickel tolerance by R. mucilaginosa

The nickel tolerance potential of the yeast R. mucilaginosa,
which was isolated from an ecosystem polluted by metals, of
copper mine wastewater located in the Amazon region, revealed
that this yeast showed a high resistance to nickel (up to 2971 mg
L�1) through the minimum inhibitory concentration (MIC)
technique.

Inuence of physicochemical factors on biosorption and
sorption isotherm model

The capacity to synthesize the Ni/NiO NPs from Ni(II) in an
aqueous solution was investigated as a function of the state of
the cellular mass (dead and live), with a maximum uptake
capacity of themetal ion of 29.4 mg g�1 (dead cellular mass) and
15.8 mg g�1 (live cellular mass). The parameters considering the
Langmuir model isotherm were used to describe the Ni(II) bio-
sorption for the two types of yeast cellular mass (Table 1). The
optimum physicochemical operating conditions for nickel
uptake for the two types of cellular mass were: initial pH 4.0,
temperature of 30 �C, agitation speed of 150 rpm, contact time
of 60 min, initial Ni(II) concentration of 100 mg L�1 and bio-
sorbent dose of 0.75 g. Between the two forms of cellular mass
used, the dead cellular mass was more efficient in nickel bio-
sorption (94.77%) than the live cellular mass (85.85%).

Magnetic characterization of Ni/NiO NPs

The magnetic properties of the Ni/NiO NPs synthesized by the
dead organic matrix of yeast were measured as a function of
temperature, in which zero-eld-cooled (ZFC) and zero-cooled
(FC) measurements revealed the existence of different types of
magnetic contributions. From the ZFC/FC curve measured with
an applied eld of 50 Oe (Fig. 1a), an irreversible behavior below
Tirr ¼ 120 K is observed (more details can be observed in the
inset of Fig. 1a), whereas for temperatures above this, a revers-
ible behavior is veried. On the other hand, below 70 K both
RSC Adv., 2016, 6, 60683–60692 | 60685
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Fig. 1 ZFC/FC DC magnetic susceptibility at different applied fields: 50 Oe (a), 10 Oe (b), 5 Oe (c), and 1000 Oe (d). Inset in (a) shows in more
detail the reversibility region. Inset in (d) shows the temperature dependence of the inverse of susceptibility and the dotted lines show two
regions with Curie's law-like behavior.
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ZFC and FCmagnetization increases abruptly with a decrease in
temperature. ZFC/FC measurements were performed at lower
applied elds (10 Oe, Fig. 1b and 5 Oe, Fig. 1c) and at higher
applied elds (1 kOe, Fig. 1d). From the low eld measure-
ments, it is observed that at very low temperatures there is
a transition order, or “switching eld”, between 10 Oe and 5 Oe.

Magnetization loops between �2 Tesla and 2 Tesla at
different temperatures between 2 K and 300 K were also
measured (Fig. 2a). Non-saturated magnetization was observed
at all temperatures. The inset of Fig. 2a shows in details the
coercive eld at three different temperatures. It is worth noting
that the coercive eld increases as a function of temperature
(Fig. 2a, inset right). Finally, magnetization loops were
measured at 2 K under the eld cooling condition of 2 Tesla
(Fig. 2b), from which a sort of exchange bias effect was observed
(more details can be observed in the inset of Fig. 2b). Moreover,
it was observed that the Ni/NiO NPs can be easily dispersed in
water by simple manual agitation and easily attracted using
a magnet (Fig. 2c).
Morphological and structural characterization of the Ni/NiO
NPs

A detailed study of the morphological and structural charac-
terization of the Ni/NiO NPs synthesized by the dead organic
matrix of yeast (R. mucilaginosa), which showed organization on
the lm formed on its surface, was carried out due its high
efficiency to uptake nickel compared with the live cellular mass.
60686 | RSC Adv., 2016, 6, 60683–60692
Thin cross sections of the dead organic matrix of yeast were
observed using HRTEM (the control shown in Fig. 3a, which
reveals the absence of NPs). Aer the treatment with a nickel ion
solution (Fig. 3b), it was observed that the localization of the Ni/
NiO NPs relative to the dead organic matrix was on the cell wall
surface of the yeast (extracellular).

The HRTEM micrographs (Fig. 4) show images of the NPs
that compose the lm with an average size of 5.5 nm. Fig. 4
shows an agglomeration of NPs that present different contrast
between the core and the shell, which could be attributed to the
different oxidation states of the NPs (a). In Fig. 4 well crystal-
lized NPs with well dened Bragg planes (b), and NPs still not
well crystallized or amorphous (c) can be observed.

Analysis of the FTIR spectra (Fig. 5a and b, before and aer
adsorption of nickel, respectively) provided results that indicate
the probable presence of proteins from the band at 1529 cm�1,
which was shied to 1534 cm�1, as illustrated in Fig. 5b.

Such band is assigned to N–H deformation from the amide II
linkages of polypeptides or proteins,38 which indicates that
these groups act as capping agents on the surface of the parti-
cles. This may be responsible for the stabilization and struc-
turation of the NPs in the form of a lm on the dead organic
matrix of R. mucilaginosa.

The high-resolution XPS spectra of the Ni 2p, C 1s, O 1s and
N 1s core level photoemission signals aer the synthesis of the
Ni/NiO NPs by the dead organic matrix of R. mucilaginosa, which
form a lm on the surface of the yeast, are presented in Fig. 6.
The spectra of nickel (Ni 2p) show two components (Fig. 6a),
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Magnetization loops between 2 T and�2 T at 100 K, 120 K and 300 K. Inset top left: detail of low field of the threemeasures. Inset down
right: coercive field (HC) obtained frommagnetization loops between 2 K and 300 K; (b) magnetization loops at 2 K on ZFC and FCmodes; and (c)
image showing magnetic attraction of the Ni/NiO NPs.

Paper RSC Advances

Pu
bl

is
he

d 
on

 2
3 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

D
A

D
E

 E
ST

A
D

U
A

L
 D

E
 C

A
M

PI
N

A
S 

on
 6

/2
4/

20
22

 6
:3

4:
55

 P
M

. 
View Article Online
a peak at 852.6 eV, which is characteristic of the Ni 2p3/2 level of
Ni(0)39 and a peak at 854.2 eV that corresponds to the Ni 2p3/2
level and is characteristic of NiO,5,40,41 which verify in this study
that the NPs are constituted of Ni/NiO. The components of the
binding energy of the C 1s high resolution carbon spectra
(Fig. 6b) were deconvoluted within four components: the peak
at 285.0 eV corresponds to the hydrocarbon chains (C–H) of the
cellular phase, the peak at 286.5 eV to the alpha-carbon (C–O),
the peak at 288.0 eV to the carbonyl groups (C]O) and the peak
at 289.1 eV to the carboxylic groups of the possible proteins
bound to the NPs. In Fig. 6c, the deconvoluted spectra of oxygen
(O 1s) showed a peak at 530.2 eV, which is related to the peak
found in Ni 2p (NiO), and three more components, which reveal
peaks at 531.4 eV (O]C), 532.5 eV (O–C) and 533.4 eV (O–C]O),
and these correspond to the peaks found in the C 1s. The high
This journal is © The Royal Society of Chemistry 2016
resolution spectra of nitrogen (N 1s) were deconvoluted in two
components at 400.0 eV (N–C) and 402.0 eV (N–O), as shown in
Fig. 6d. The presence of the binding energy at 532.5 eV and
400.0 eV veried in the spectra of the core level O 1s and N 1s,
respectively, corroborate with the FTIR results, which conrm
the probable presence of proteins involving the Ni/NiO NPs,
which act as a capping agent42 and possibly would be involved
with the nanostructuration of the Ni/NiO NPs in the lm form.

AFM micrographs of the dead organic matrix of yeast were
recorded to study its surface morphology.

The three-dimensional (3D) and topographic AFM images
(height) of the dead organic matrix of yeast (Fig. 7a and c)
show a surface structure in the absence of the nickel NPs;
however, in the organic matrix in the presence of the Ni/NiO
NPs (Fig. 7b and d), the organization of a lm of Ni/NiO
RSC Adv., 2016, 6, 60683–60692 | 60687
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Fig. 3 HRTEM micrographs of thin cross sections of the dead organic
matrix of the yeast R. mucilaginosa. (a) HRTEM images of the untreated
(control) dead organic matrix of the yeast R. mucilaginosa showing the
cell wall (darkest black arrows) without nanoparticles; and (b) HRTEM
images showing the cell wall (darkest black arrows) with deposition of
NPs extracellularly on the cell wall (lighter black arrows).

Fig. 4 HRTEM photomicrographs of the magnetic Ni/NiO NPs orga-
nized in film form on surface of the dead organic matrix (a); NP details
of the selected regions, showing crystallized NPs with well defined
Bragg planes (b) and amorphous NPs (c).

Fig. 5 FTIR spectra of the dead organic matrix of the yeast R. mucilagin

60688 | RSC Adv., 2016, 6, 60683–60692
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coating the surface of the dead organic matrix of R. mucilagi-
nosa was observed.

Discussion

The biosorption technology, which is focused on the interaction
between toxic metals and the binding functional groups on the
cell wall structure of the microorganisms,43 such as yeast, fungi,
algae and bacteria, has been increasingly considered as
a potential alternative way to remove contaminants from
industrial wastewater. The high nickel tolerance by the yeast R.
mucilaginosa (up to 2971 mg L�1) is due to the mechanism of
adsorption of metal ions by functional groups of the cellular
wall. These groups (protein, lipids and carbohydrates) act as
sorption sites of the metals, thus mediating the uptake of metal
ions by the cellular wall.44 Yeasts use some mechanisms to
balance the concentration and toxicity of the metals. Moreover,
the resistance mechanisms include the sequestration of heavy
metals by metallothioneins through their high cysteine content
and adsorption of metal ions by the cellular wall.45,46

The dead organic matrix of R. mucilaginosa revealed that it
has a high adsorption capacity (29.4 mg g�1) compared with
other myco-adsorbents and other types of biosorbents normally
used in nickel biosorption.47–56 There are few studies report-
ing29–33 the use of dead fungal cellular mass to produce metal
NPs. The dead cellular mass offers advantages that are inter-
esting for the processes of biosorption in NPs synthesis in
relation to live cellular mass, such as it can be easily stored for
a prolonged period of time due its minor volume and better
preservation characteristics, limited toxicity, it does not need
any growth media and nutrients for its maintenance, the
chemically heterogeneous surface of the deadmicrobial cellular
mass in a rapid, non-metabolically mediated process may
passively sequester metals by the process of biosorption from
dilute solutions,57 and also it has a lower sensitivity to adverse
operating conditions.

In Fig. 1a, a superparamagnetic (SP) behavior can be
observed. The net magnetic is randomly oriented,58 and
osa. (a) Before and (b) after saturation with nickel.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 High-resolution XPS spectra of the Ni/NiO NPs that compose the film biosynthesised by the dead organic matrix of the yeast R.
mucilaginosa. (a) Ni 2p, (b) C 1s, (c) O 1s and (d) N 1s core level binding energies after the biosynthesis of the Ni/NiO NPs.
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irreversibility at 120 K is also observed, which reects the SP
contribution (blocked to unblocked transition) of the Ni0 core of
the NPs. The inset of Fig. 1a shows the irreversibility region in
more detail. As was previously mentioned, a transition or
“switching eld” was observed from the low elds (5 Oe and 10
Oe, Fig. 1b and c) to the high eld (1 kOe, Fig. 1d). For low
applied elds, the magnetization on the ZFC curve presents
a small paramagnetic (PM) contribution. A similar behavior was
reported by Estrader et al.8 on another type of
antiferromagnetic-core/ferrimagnetic-shell NPs. From the ZFC/
FC data at high applied eld and the inverse of susceptibility
temperature dependence (inset), we observed two different
Curie's law-type trends, one possibly associated with the SP core
of the NPs and the other from the PM contribution on the NPs
surface. Non-saturated magnetization was observed on the
magnetization loops at all similar temperatures and the
unusual behavior of the coercive eld (Fig. 2a) was also
This journal is © The Royal Society of Chemistry 2016
observed on other so magnetic interacting systems.59 The
exchange bias effect observed (Fig. 2b) is probably is due the
coupling of the two magnetic phases on the NPs.8

The characterization of the morphology of the Ni/NiO NPs
produced by the dead organic matrix of yeast showed an orga-
nization in the lm form on its surface and electron micro-
graphs revealed the formation of NPs extracellularly, the
majority of which were spherical in shape, with an average
diameter of 5.5 nm (Fig. 4). Normally, fungi are known as the
organisms that produce NPs extracellularly due their enormous
secretory components of extracellular protein called secretome,
which secrete proteins that are involved in the ion reduction
and capping of NPs.60,61

The mechanisms and agents involved in the extracellular
synthesis of Ni/NiO NPs by the dead organic matrix of the
yeast R. mucilaginosa are not totally known. In this study, we
propose a process that comprises two-steps: in the rst step,
RSC Adv., 2016, 6, 60683–60692 | 60689
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Fig. 7 AFM images of the surface of the dead organic matrix of the yeast R. mucilaginosa. (a) AFM image (3D) showing the dead organic matrix
without Ni/NiO NPs; (b) AFM image (3D) showing the dead organic matrix after exposition of the Ni/NiO NPs, which form a film on the surface of
the dead organic matrix; (c) AFM topographic image (height) showing the dead organic matrix without Ni/NiO NPs; and (d) AFM topographic
image (height) showing the dead organic matrix after exposition of the Ni/NiO NPs, which form a film on the surface of the dead organic matrix.
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the interaction occurs between Ni2+ and the amide groups
located in the cell wall of the organic matrix and then
subsequent bioreduction to Ni0, which is possibly due the
presence of extracellular enzymes.61 The FTIR assays of the
peptides/proteins bound to the Ni/NiO NPs indicate that they
act as capping agents, which is in agreement with the ndings
from the XPS analysis. We may infer that the dead organic
matrix of yeast possibly used extracellular proteins normally
produced by fungi, as already described in the production of
the NPs extracellularly.60,61 Some yeasts of the genus Rhodo-
torula are mesophilic,62 as well as the yeast R. mucilaginosa
used in this study, and it is known that some mesophilic
yeasts are able to produce thermostable enzymes.63 Probably,
these proteins present in the dead organic matrix of yeast are
thermostable enzymes and are able to resist to the autoclaving
temperature. The thermosensitive enzymes present in the
dead organic matrix probably suffered denaturation during
the autoclaving process thus changing the arrangement of the
amino acids in the active site, changing its shape and prob-
ably causing loss of the enzyme catalytic ability.64
60690 | RSC Adv., 2016, 6, 60683–60692
Subsequently, in the second step, the oxidation of Ni0 NPs
occurs by water and oxygen present in the medium, due to the
negative reduction potential of nickel. There is the formation
of an oxide passivation layer forming the Ni/NiO NPs, as
observed in XPS analysis.

The organization of the Ni/NiO NPs was observed by the
morphological characterization in the organic matrix surface
aer the synthesis of the NPs in the AFM images (Fig. 7a–d),
which reveal the formation of a lm on the surface of the dead
organic matrix of the yeast structured by the Ni/NiO NPs. There
are no reports in the literature about the production of
magnetic NPs of Ni/NiO by the dead organic matrix of the yeast
R. mucilaginosa, as well as their natural structuration in lm
form. The presence of probable proteins surrounding the Ni/
NiO NPs, which are observed by FTIR and XPS analysis, act as
a capping agent in the synthesis of the Ni/NiO NPs,42 and
possibly confer their nanostructuration in the lm form.
However, the constitution and mechanism of action of the
proteins involved in this natural process remain to be
determined.
This journal is © The Royal Society of Chemistry 2016
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Conclusions

In summary, we demonstrate for the rst time the synthesis and
uptake of magnetic NPs of Ni/NiO by the dead organic matrix of
the yeast R. mucilaginosa. In this process, it was observed that
the magnetic NPs were organized in a form of a lm on the
organic matrix surface. This natural technique can provide
a process of industrial interest due to the concomitant uptake
and production of magnetic metallic NPs from toxic metals of
liquid waste that can result in detoxication and safe environ-
mental discharge. The capacity of the dead organic matrix of
yeast to produce magnetic NPs of Ni/NiO nanostructured in lm
form can be highly promising for the sustainable synthesis of
nano-metals and increase its application as a natural strategy.
The clarication of the mechanisms and biomolecules involved
in the synthesis of magnetic NPs of Ni/NiO and their organi-
zation in lm form will be targets of our future studies.
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G. Salazar-Alvarez, M. Vazilakaki, K. N. Trohidou,
M. Varela, D. C. Stanley, M. Sinko, M. J. Pechan,
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