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a  b  s  t  r  a  c  t

A  novel  method  for  the  rapid  magnetic  separation  of  wine  yeast  cells  from  sparkling  wine  was devel-
oped.  The  cells  were  made  responsive  to a magnetic  field  by the  absorption  of superparamagnetic
nanoparticles  of  iron  oxide  maghemite  (�-Fe2O3) coated  with  a thin  layer  of  silica  and  grafted  with
(aminoethylamino)propylmethyldimethoxysilane  (APMS).  The  terminal  amino  groups  of  the  APMS
molecules  provide  a positive  charge  on  the nanoparticles’  surfaces  and  promote  their  electrostatic  absorp-
tion onto  the  negatively  charged  surfaces  of  the  cells.  The  optimal  mass  ratio  between  the magnetic
nanoparticles  and  the wine  yeast  was  determined  to  be  1:10. The  separation  of the  “magnetized”  biomass
in  the magnetic  field  as well  as  the  influence  of the  magnetic  nanoparticles  on  the  yeast  metabolism
was  studied.  Scanning  and  transmission  electron  microscopy  showed  that  the  magnetic  nanoparticles
ptimisation of biomass separation
anoparticles

remained  fixed  at the  microbial  cell surfaces,  even  after  fermentation.  The  results  of  the  chemical  analy-
sis demonstrated  that besides  the  faster  microbial  kinetics  there  were  no  negative  influences  on  the  cell
metabolism.  The  same  results  were  confirmed  in sensorial  analyses  of  the sparkling  wine. The  separation
of  the magnetized  waste  biomass  in the  bottle  neck  using  relatively  weak  magnetic-field  gradient  can  be
successfully  completed  in approximately  15 min.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Classic sparkling-wine production is one of the most sophis-
icated technologies in the wine industry and results in several

illions of bottles every year. Although there are three methods
o produce sparkling wines, i.e., Methode Charmat [1,2], Méthode
lassic Traditional [2,3] and the continuous method [4], the most
ell-known is the Méthode Classic Traditional or Méthode Cham-

enoise, a secondary fermentation in the bottle that leads to the
roduction of CO2.

In the final step the spent yeast biomass has to be removed from
he bottle. Traditional separation is based on rotating and simulta-
eously inclining the bottle gradually until all the yeast cells settle

nto the neck of the bottle. This needs up to 60 days of rotation
or each bottle, which is mostly done manually [1,3], or by the

se of expensive rotating pallets [2,5]. After the sedimentation, the
ottle neck is submerged into freezing liquid and the sediment is
rozen. When the bottle is opened the frozen yeast sediment plug

∗ Corresponding author. Tel.: +386 1 2419 510; fax: +386 1 2419 530.
E-mail address: marin.berovic@fkkt.uni-lj.si (M.  Berovic).

ttp://dx.doi.org/10.1016/j.bej.2014.03.014
369-703X/© 2014 Elsevier B.V. All rights reserved.
is expedited from the bottle by the internal gas pressure (550 kPa)
[1,3,6].

Several techniques have been applied to shorten these time and
energy consuming processes. One involves wine yeast immobiliza-
tion in natural gels as mono-layer beads of 2% calcium alginate with
109 cells/g of the bead [7]. With this technique it was  found that
the critical factor is the leakage of the cells from the gel beads in
the bottle [8–11]. The way  to avoid this is by double immobiliza-
tion, coating the beads with a gel layer without microorganisms
[12]. Yeast immobilized within double-layer alginate beads was
introduced in commercial sparkling wine production [10,13]. The
immobilization of champagne yeasts was  also made by inclusion
into cryogels of polyvinyl alcohol that prevented cell release from
the carrier matrix into the fermented wine [14]. The influence of the
yeast strain immobilization and of the influence of ageing time on
the changes to the free amino acids and the amino acids in peptides
of bottle-fermented sparkling wines was also studied [15].

The immobilized-yeast technology for sparkling-wine produc-

tion compared with the traditional Méthode Champenoise has
several advantages related to the cost, the ability to control the fer-
mentation and minimize its duration as a result of sharply reducing
or even eliminating the riddling and disgorging steps, resulting in

dx.doi.org/10.1016/j.bej.2014.03.014
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2014.03.014&domain=pdf
mailto:marin.berovic@fkkt.uni-lj.si
dx.doi.org/10.1016/j.bej.2014.03.014
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ess storage space being needed in the winery. It also facilitates
he yeast fermentation under a CO2 pressure with the yeast cells
artially protected from the toxicity of the ethanol [5].

In present research magnetic separation of wine yeast cells
magnetized” with absorption of magnetic nanoparticles onto their
urfaces was used. Magnetic separation is a complex procedure
ased on the selective attachment of targeted species, i.e., ions,
olecules or cells, onto magnetic particles. In further this “magneti-

ation” enables separation of targeted species from the mixture by
sing a magnetic field [16]. When the magnetic particle is placed in

 magnetic field gradient, the magnetic force attracts it in the direc-
ion of the increasing magnetic-field density. For this purpose the

agnetic material, simple magnetic iron oxides, i.e., maghemite
�-Fe2O3) or magnetite (Fe3O4), is often used as a source for the
anoparticles applied in magnetic separation [17]. In recent years,

arge research efforts have been dedicated to investigating super-
aramagnetic iron-oxide nanoparticles in relation to their potential
iomedical applications [17–19]. These iron-oxide nanoparticles
re inexpensive and their synthesis is relatively simple. They are
onsidered to be non-toxic and were even approved for in vivo
edical applications by the Food and Drug Administration (FDA)

17].
Magnetic nanoparticles have already been used in biotechnol-

gy to separate products [20,21] or immobilized enzymes from the
eaction mixtures [22], to separate cells and microorganisms [23],
ncluding yeast [24]. Dauer and Dunlop adsorbed ferromagnetic,
ubmicron-sized, acicular maghemite particles onto yeast in order
o separate it using high-gradient magnetic separation (HGMS)
25]. Yavuz et al. studied the biosorption of the heavy metal Hg on

agnetically modified yeast using a water-based suspension con-
aining magnetite nanoparticles stabilized by perchloric acid [26].
he magnetically modified yeast was applied in water purification.

The aim of this research was to develop fast method for used
east biomass separation from the bottles of the sparkling wine.
he method includes magnetization of the yeast cells starter culture
sing the absorption of superparamagnetic nanoparticles of iron
xide maghemite on the cell membranes and their separation from
he bottle neck in a magnetic-field gradient.

. Materials and methods

.1. Fermentation procedures

.1.1. Microorganism
In the primary fermentation for the base wine production wine

east Saccharomyces cerevisiae (Daystar Ferment AG, Switzerland)
as used. In the secondary fermentation in the bottle for a produc-

ion of CO2 bubbles in the sparkling wine traditionally used strain
accharomyces bayanus (18-2627, Epernay, France) was used. Both
trains were applied in magnetized form.

.1.2. Fermentation substrate
The primary fermentation was carried out on not previously

ulphurized and filtered grape juice of the cultivar Sauvignonasse
ex. Tocai Friulano) from the wine-growing region of Goriška Brda,
lovenia. The initial sugar content of the juice was 110 g glucose/L
nd 114 g fructose/L, at pH 3.7. As a bioactivator to the initial sub-
trate, 0.40 g/L Fermaid E (Danstar Ferment AG, Switzerland) was
dded. The secondary fermentation was performed with primary
ermented wine in 0.75 L pressure bottles. A total of 18 g/L of glu-
ose was added to the basic wine as a source of carbohydrates for
O2 production in the secondary fermentation.
.1.3. Bioreactor
As the fermentor a 15 L stirred tank reactor (STR) in a standard

onfiguration was used. It was equipped with a reflux cooler
ering Journal 88 (2014) 77–84

column, on-line sensors – pH electrode (HA-405-DPA-SC-S8) and a
redox electrode (Pt4805-DPA-SC-S8) (Mettler Toledo, Switzerland),
a temperature control unit and agitation control (Infors AG,
Switzerland). For the on-line process control, SHIVA control soft-
ware (BIA d.o.o., Slovenia) was used. The fermentor’s head space
was bubbled with N2 to prevent oxidation of the fermenting grape
must.

2.1.4. Fermentation
In the primary fermentation 10 L of grape must was  inoculated

at 22 ◦C and 100 rpm with 20 mL  of S. cerevisiae yeast-cells suspen-
sion at a concentration of 2 × 107 cells/mL. The experiments were
carried out in triplicate and the averages of the three runs were cal-
culated. In the secondary fermentation the reactivation of 3.0 g of
dry magnetized S. bayanus yeasts (applied magnetic nanoparticles-
to-yeast ratio of 1:10) was suspended in 20 mL  of grape juice of
cultivar Sauvignonasse (ex. Tocai Friulano) diluted (1:1) at 38 ◦C
with water for 20 min. A total of 0.3 g/L of the magnetized yeast
was used for the inoculation of each bottle. The secondary fermen-
tation in the pressure bottles proceeded for 24 days at 17 ◦C, being
covered with stainless-steel crown stoppers. For the analysis a total
of 100 mL  of sample was  taken from each bottle at the end of the
secondary fermentation.

2.2. Nanoparticles

2.2.1. Synthesis of the Nanoparticles
The synthesis of the amino-functionalized maghemite nanopar-

ticles is described in detail elsewhere [27,28]. The magnetic
nanoparticles were precipitated from an aqueous solution of Fe(II)
and Fe(III) sulphates using aqueous ammonia. The XRD pattern of
the as-synthesized nanoparticles corresponded to the spinel struc-
ture, whereas their chemical analysis showed that less than 3%
of the Fe was  in the oxidation state 2+, proving that they were
maghemite (�-Fe2O3) nanoparticles. They had a globular shape
with the average size being estimated from transmission electron
microscopy (TEM) images to be 13.7 ± 2.9 nm. The nanoparti-
cles exhibited zero magnetic coercivity, in agreement with their
superparamagnetic nature, and a relatively high saturation mag-
netization of 66 Am2/kg [27].

In order to coat the individual nanoparticles with a thin layer
of silica, they were dispersed in water using citric acid as the
surfactant [29]. The thin silica layer was then coated onto the
surfaces of the dispersed nanoparticles using hydrolysis and the
polycondensation of tetraethylorthosilicate (TEOS). The formed
silica nucleated and grew on the surface of the nanoparticles,
resulting in an approximately 1-nm-thick, homogeneous coating.
The size of the silica-coated nanoparticles was measured to be
16 ± 5 nm,  whereas their magnetization decreased to 46 Am2/kg
because of the presence of non-magnetic silica [27]. Finally, the
silica-coated maghemite nanoparticles were grafted with 3-(2-
aminoethylamino)propylmethyldimethoxysilane (APMS) to intro-
duce amino groups onto their surfaces. The amino-functionalized
maghemite nanoparticles were thoroughly washed with distilled
water and dispersed in water. This aqueous suspension of nanopar-
ticles was  completely stable [27].

2.2.2. Absorption of the superparamagnetic amino-functionalized
maghemite nanoparticles onto the yeast cells

The suspension of wine yeast was exposed to the magnetic
nanoparticles in a separate step. A total of 200 mL of water suspen-
sion of the yeast, at a concentration of 107 cells/mL, was intensively

stirred and the suspension with the magnetic nanoparticles was
added. In the previous preliminary experiments, designed to deter-
mine an optimal mass ratio between the nanoparticles and the
yeast, allowing efficient magnetic separation, the ratio between
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he nanoparticles and the dry yeast was 1:10, 1:50, or 1:100.
rom these experiments, the ratio 1:10 was chosen for all the
ubsequent fermentation experiments. The nanoparticles were
bsorbed onto the yeast surfaces. For simplicity, the magnetic
anoparticles absorbed on the yeast cells will be referred to as
magnetized yeast” in the subsequent text. After stirring the mix-
ure for 10 min, the magnetized yeast cells were separated using

 permanent magnet placed under the beaker, washed several
imes with distilled water and freeze dried for use in further
xperiments.

.3. Analyses

.3.1. Analysis of the metabolites
The HPLC isocratic system Knauer, Germany (including Knauer

7324 pump, injection valve with 20 �L injection loop, Knauer
7119 detector and Knauer autosampler) was used for the anal-
sis of the reducing sugars (glucose and fructose), glycerol, ethanol
nd organic acids. The measurements were analyzed according to
he validated methods proposed by Bio-Rad, Baton Rouge, USA.
he samples were analyzed using a 300 mm × 7.8 mm Aminex
PX-87H organic acid cationic exchange column (Bio-Rad Labo-

atories, Baton Rouge, USA). The elution was performed at 65 ◦C.
he mobile phase was 2-mM H2SO4 in double-distilled water. The
ump was operated at a flow rate of 0.6 mL  min−1. The injection
olume was 20 �L; the eluting compounds were monitored by

 fixed-wavelength ultraviolet (UV(UV-VIS)) detector at 210 nm.
he detector was connected in series with a refractive index (RI)
etector. The samples were filtered through a 0.45-�m membrane.
artaric and malic acids were detected by UV, while the citric, suc-
inic acids, glucose, fructose, glycerol and ethanol were detected
ith an RI detector. The peaks were quantified using calibration
ith an external standard. The components were identified by a

omparison of their retention times with those of the standards.
uantification was performed using external standards prepared

rom pure compounds. The EuroChrom Windows Basic Edition
3.05 was used for the data acquisition.

.3.2. Sensorial analysis
The sensorial analysis was performed in the traditional form

sed in enology by a panel of five sensorial experts. Nineteen
amples were evaluated, with the extremes being eliminated. The
verage values were included in the final analysis using a traditional
eb net graphical presentation.

.3.3. Biomass
The biomass in the primary fermentation was determined

ravimetrically using 20 mL  of fermentation broth after 5 min  of
entrifugation at 4000 rpm and drying for 24 h at 105 ◦C.

.3.4. Pressure measurements
The CO2 pressure in the bottles after the secondary fermentation

as measured using a Bourdon tube manometer penetrating the
tainless-steel crown stopper with a manometer needle.

.3.5. Dissolved Fe analysis
The dissolved Fe was analyzed using an elemental mass spec-

rometer with ionization in an inductively coupled plasma (Agilent
echnologies 7500ce ICP-MS, Palo Alto, USA), equipped with a
icro Mist concentric nebulizer and a Scott-type Peltier-cooled,
SA, spray chamber. The instrument settings were: RF power –

500 W,  nebulizer Ar – 0.95 L/min, make-up Ar – 0.25 L/min, plasma
r – 1 L/min, and cooling Ar – 15 L/min. To eliminate the isobaric
olyatomic interferences an octopole reaction/collision cell (ORS)

n kinetic discrimination mode using He at 5 mL min−1 was applied.
ering Journal 88 (2014) 77–84 79

2.3.6. Magnetic properties
For the magnetic measurements the magnetized yeast before

and after fermentation was  filtrated from the suspensions and
freeze dried. The magnetic properties were measured at room
temperature using a Lake Shore 7307 VSM, Westerville, OH, USA,
vibrating-sample magnetometer.

2.3.7. Zeta-potential
The zeta-potentials of the amino-functionalized nanoparticles

and the yeast in their aqueous suspensions were measured using a
Brookhaven Instruments Corp., Zeta PALS, Holtsville, USA.

2.3.8. Electron microscopy
The magnetized yeast was characterized using scanning elec-

tron microscopy (SEM) and transmission electron microscopy
(TEM), both in a combination with energy-dispersive X-ray spec-
troscopy (EDXS). The specimens for the SEM investigations were
prepared by the deposition of the freeze-dried magnetized yeast
on conductive tape. The surface of the specimen was coated with
an approximately 5-nm-thick amorphous carbon layer using a
Model 682 PECS, Pleasanton, USA. The SEM images were taken
using a field-emission electron-source SEM JEOL 7600F, Tokyo,
Japan, operated at 15 kV. For the TEM investigations, the freeze
dried, magnetized yeast was deposited on a copper-grid-supported,
transparent, carbon foil. The TEM analyses were performed using a
JEOL 2100, Tokyo, Japan, microscope operated at 120 kV.

2.4. Magnetic separation

The efficiency of the magnetic separation of the magnetized
yeast from the wine suspension was  tested using a laboratory con-
tinuous magnetic separator Frantz® Model L-1CN, Trenton, USA.
The separation takes place in a column filled with stainless-steel
wool. When the suspension is passed through the column, exposed
to an external magnetic field, the magnetic particles are retained
on the steel wool and on the walls of the column. When the mag-
netic field is switched off, the magnetic phase is washed from the
column. A magnetic field of 0.2 T was  used.

After secondary fermentation the magnetized yeast was sedi-
mented into the neck of the pressure bottle using a strong
permanent magnet. The magnetic field at the surface of the magnet
was measured, using a gauss metre, to be approximately 0.5 T. The
bottles plugged with metal crown stoppers were turned down with
the neck and immersed in magnetic-field gradient (Bboth pictures
are of the same object. In authors choice better resolution is in the
colour one. But if this is extracharged than authors decission is -
take the black and white, but not both. Fig. 1).

The efficiency of the magnetized yeast separation was evaluated
visually. The time needed for a plaque biomass sedimentation in the
bottle neck was  measured. For the removal of wasted yeast from the
bottle neck the traditional procedure was used. The bottle neck was
immersing in glycol at −27 ◦C where the sediment was frozen as
ice plug. After opening the crown stoppers in the upward position,
the frozen waste yeast sediment was  pushed out and a sample of
100 mL  of sparkling wine was  taken out from each bottle.

2.5. Statistical analysis

Data were expressed as mean ± standard deviation. The results

were analyzed for statistical significance by one-way analysis of
variance (ANOVA) test using the Statistical Package of the Social
Science (SPSS) version 11.0 (SPSS Inc., Chicago, IL, USA). Statistical
significance of the test effects was  evaluated at p < 0.05.
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Fig. 1. Magnetized-yeast sediment after the separation by placing a permanent
magnet close to the surface of the bottle neck.
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ig. 2. Zeta-potentials of the yeast and the APS-grafted silica-coated maghemite
anoparticles as a function of the pH value of their aqueous suspensions.

. Results and discussion

.1. Preparation of magnetically responsive yeast

The yeast cells were rendered magnetically responsive by the
dsorption of the superparamagnetic nanoparticles onto their
urfaces. The adsorption process is decisively influenced by electro-
tatic interactions. The yeast cells display a negative surface charge
cross a broad range of pH values, as can be deduced from the
easurement of the zeta-potential shown in Fig. 2. The adsorption

f the nanoparticles onto the yeast will therefore be stimulated
f they display a positive surface charge. Untreated maghemite
anoparticles show a positive zeta-potential at acidic pH values
elow the isoelectric point (IOP), which is at neutral pH [27]. How-
ver, the untreated nanoparticles strongly agglomerate and cannot
e homogeneously distributed onto the surfaces of the yeast cells.
hen the nanoparticles are coated with silica, they display a strong,

egative zeta-potential above the pH of the IOP at approximately
.5 [27].
After the yeast cells were exposed to the silica-coated nanopar-
icles in the water suspension, the yeast slightly responded to the

agnetic field, suggesting that a small proportion of the nanoparti-
les absorbed onto the yeast, even when they had a negative surface
ering Journal 88 (2014) 77–84

charge. To promote the electrostatic attraction between the yeast
and the nanoparticles, APMS was grafted onto the surfaces of the
silica-coated nanoparticles. The APMS molecules bind to the sil-
ica surface with its silane groups, while the terminal amino groups
provide a strong positive zeta-potential of the nanoparticles at pH
values below the IOP at approximately pH 7 (Fig. 2).

To test the influence of the amount of the magnetic nanopar-
ticles on the ability of the magnetized yeast to be magnetically
separated, magnetization with three different nanoparticles-to-
yeast ratios: 1:100, 1:50 and 1:10 was  used. In all cases the yeast
cells exposed to the amino-functionalized nanoparticles responded
to the magnet. Fig. 3a and b shows SEM images of the yeast cells
before and after magnetization, respectively. The surface of the
yeast cell appears locally smooth (Fig. 3 a), whereas the absorption
of the nanoparticles (size of 16 nm) onto the cell surface makes spe-
cific rough appearance. The nanoparticles are well distributed all
over the surface of the cell. An EDXS analysis of the areas of the cells
with the nanoparticles shows a high concentration of iron, proving
the presence of iron-oxide nanoparticles. During the fermentation,
the yeast cells divide. However, inspection of several hundreds of
the cells showed that even after fermentation the nanoparticles are
still present on all inspected yeast cells (some areas with nanopar-
ticles are marked in Fig. 3c with circles).

Fig. 4 shows TEM micrographs of the as-prepared yeast cell
magnetized using the nanoparticles-to-yeast ratio of 1:50. The
magnetized yeast deposited from the suspension onto the TEM sup-
port mainly in the form of clusters containing several cells (Fig. 4a).
The nanoparticles are visible as small darker spots, relatively homo-
geneously distributed on the surfaces of the cells (Fig. 4b). The EDXS
analysis confirmed that they are iron oxide. The concentration of
the nanoparticles is the highest in the contacts between the cells in
the cluster (Fig. 4a), suggesting that the nanoparticles actually cause
clustering. The positively charged nanoparticles absorb onto the
cell and locally alter its surface charge to be positive. This positively
charged area of the cell attracts the negatively charged areas of the
neighbouring cells without the nanoparticles, thus promoting the
clustering of the cells.

Fig. 5 shows the magnetization curves of the freeze-dried yeast
magnetized with different amounts of magnetic nanoparticles.
The magnetic properties of the magnetized yeast depend on the
nanoparticles-to-yeast ratio. As the yeast cells are diamagnetic,
their influence on the magnetization of the magnetized yeast is
negligible. Furthermore, all the samples show zero remanence,
in agreement with the superparamagnetic nature of the nanopar-
ticles. Because of the high magnetic susceptibility of the
superparamagnetic maghemite nanoparticles, significant magne-
tization of the material is induced already at low magnetic fields,
while the magnetization approaches saturation already at magnetic
fields below 0.2 T. The absolute values of the magnetization of the
freeze-dried magnetized yeast cannot be directly related to those
of the magnetized yeast in the suspension, because of the unknown
loss in the mass during drying. However, it is evident that the sat-
uration magnetization increases with an increase in the amount of
magnetic nanoparticles.

After the fermentation, the magnetization of the yeast decreased
because the yeast cells multiply, as illustrated in Fig. 5 for the yeast
magnetized with the nanoparticles in the ratio 1:10 measured in
the yeast biomass after the secondary fermentation.

For our application the ability of the magnetized yeast to be
magnetically separated from the suspension is of the crucial impor-
tance. The separation of the yeast to a small permanent magnet
placed near the surface of the vial is illustrated in the inset of

Fig. 5. The potential for magnetic separation was  tested using a
laboratory continuous magnetic separator. Even at a relatively low
applied field of 0.2 T, the yeast magnetized with a nanoparticles-
to-yeast ratio of 1:10 and 1:50 was  completely separated from
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Fig. 3. SEM images of the yeast cells exposed to the amino-functionalized
m
n

t
t
w
g
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m

separated particles is also of crucial importance. The force (F) acting
on a magnetic object in a magnetic field gradient (�H) is propor-
tional to its magnetization (MP) and its volume (VP): F = �0VPMP�H
(�0 – permeability of free space), and therefore it increases with

Fig. 5. Magnetization (M) as a function of magnetic field strength (H) for the as-
prepared, freeze-dried yeast magnetized with different amounts of the magnetic
nanoparticles (the nanoparticles-to-yeast ratio of 1:10, 1:50, 1:100) and for the
aghemite nanoparticles before (a) and after (b) the fermentation (the
anoparticles-to-yeast ratio of 1:50).

he suspension, whereas the yeast containing the lowest quan-
ity of nanoparticles (the nanoparticles-to-yeast ratio of 1:100)
as not completely separated from the suspension with a sin-
le pass through the separator. The separation was also efficient
fter the secondary fermentation using the two  yeast samples
agnetized with larger amounts of nanoparticles. Apart from the
Fig. 4. TEM micrographs of the yeast cells with the magnetic nanoparticles adsorbed
at  their surfaces (the nanoparticles-to-yeast ratio of 1:50). (a) Cluster of the yeast
cells, (b) individual yeast cell.

magnetization of the material that was  separated, the size of the
freeze-dried yeast magnetized with the nanoparticles-to-yeast ratio of 1:10 after
24  days of the secondary fermentation. Inset: Photographs of the magnetized yeast
in  the suspension and after the separation by placing a small permanent magnet
close to the surface of the vial.
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he cube of the particle size. Even the magnetized yeast displays
elatively low magnetizations; the high forces enabling efficient
agnetic separation are reached in the magnetic-field gradient,

ecause of the relatively large volumes of the particle clusters of
agnetized yeast cells. The efficiency of the magnetic separation

s strongly increased with the formation of clusters of yeast cells.
rom the point of view of the magnetic separation, the whole clus-
er of the yeast cell covered with the magnetic nanoparticles acts
s “magnetic particle” subjected to the magnetic field gradient. The
east cells assemble into a cluster much more intensively when the
anoparticles are added, due to electrostatic interactions described,
ased on the TEM image (Fig. 4a). During the fermentation the
east cells divide and the magnetization of the yeast decreases
ecause of the increase in the number of non-magnetized yeast
ells. Most probably, the newly formed yeast cells, which only had

 few nanoparticles attached to their surfaces, cluster with the orig-
nal, well-magnetized cells.

.2. Influences of the magnetic nanoparticles on the wine yeast
etabolism in primary fermentation

The influence of the magnetic nanoparticles on the yeast
etabolism was first tested in the primary fermentation of

rape must to wine. For the subsequent experiments the highest
anoparticles-to-yeast ratio of 1:10 was selected.

The comparison of the yeast biomass in both processes showed
hat the presence of magnetic nanoparticles on the cell-membrane
urfaces stimulates the rate of cell multiplication [30]. With mag-
etized yeast cells a maximum biomass of 4.22 g/L was obtained
fter 88 h, while in the control comparable amount of 4.14 g/L was
btained after 120 h (Fig. 6a).

The metabolic activity of S. cerevisiae magnetized cells compared
o the control was measured using on-line redox-potential mea-
urements. The starting redox potential of the grape must before
noculation was +212 mV.  In the control, after 16 h of the aero-
ic phase, the anaerobic phase of ethanol accumulation started.
ecreasing the redox potential of the fermentation broth from +212

o −135 mV  indicates the ethanol production phase. This phase con-
inued for the next 190 h. The end of the ethanol production was
ndicated at −135 mV,  where the redox potential stabilized at the
ame value.

In experiments with magnetized yeast cells the aerobic phase
tarted after just 2 h. From an initial value of +212 mV,  after 160 h
f primary fermentation, the redox potential stabilized at −156 mV
hat indicates a faster and more intensive fermentation process
Fig. 6b).

Considering the pH profile, significant differences between the
agnetized yeast and the control were observed. From an initial pH

.55 in the control the pH decreased in 50 h during the lactic acid
ormation to a minimum of 3.37. In the next 116 h the pH increased
o 3.72. Using magnetized yeast, influenced by the high inlet pH
alues of the nanoparticles, the fermentation process started at pH
.94. In this case after 100 h a pH minimum of 3.40 mV  was  found,
nd after 165 h the pH increased to 3.63. Related to the esterification
rocesses the final pH was quite comparable, i.e., 3.57 in the control
nd 3.62 in the magnetized yeast fermentation (Fig. 6c). The glucose
nd fructose consumption courses ran in parallel, but the magne-
ized yeast fermentation was in both cases 50 h quicker compared
o the control. In the magnetized yeast fermentation the glucose
as fully consumed after 192 h, compared to 240 h for the con-

rol. The consumption of fructose was also faster. The total fructose
onsumption in the magnetized yeast fermentation was  obtained

t 240 h.

The ethanol accumulation was almost parallel for both exper-
ments, and at the end of the secondary fermentation, 110 g/L of
thanol was measured. There was practically no difference in terms
Fig. 6. Primary fermentation biomass accumulation, redox and pH time courses �
with magnetic particles and in � control. (a) Biomass accumulation in fermentation,
(b)  on-line redox potential, (c) fermentation pH.

of glycerol production. The final samples contained, respectively,
9.5 (control) and 9.3 g/L glycerol (magnetized yeast).

The measurements of the organic acids showed no significant
differences. Slight differences were found for the citric and tartaric
acids, while the malic acid was  fully degraded to lactic acid (Table 1a
and b).

3.3. Influences of the magnetic nanoparticles on the wine yeast

metabolism in secondary fermentation

After the primary fermentation experiments in a 15 L fermen-
tor, 24 days of secondary fermentation was  performed with the
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Table  1
(a) Organic acids production in primary fermentation with magnetic nanoparticles and in the control after 240 h of fermentation and (b) organic acids production in secondary
fermentation with magnetic nanoparticles and in the control.

Citric (g/L) Tartaric (g/L) Malic (g/L) Succinic (g/L) Lactic (g/L) Acetic (g/L)

(a)
Control wine 0.15 ± 0.012 1.35 ± 0.110 0.00 ± 0.005 0.37 ± 0.102 2.76 ± 0.006 0.65 ± 0.010
Magnetic yeast 0.16 ± 0.014 1.50 ± 0.060 0.00 ± 0.007 0.35 ± 0.028 2.95 ± 0.004 0.50 ± 0.008

(b)
Control  wine 0.10 ± 0.018 1.40 ± 0.132 0.00 ± 0.006 3.40 ± 0.233 2.40 ± 0.012 0.68 ± 0.085
Magnetic yeast 0.10 ± 0.011 1.40 ± 0.082 0.00 ± 0.004 3.95 ± 0.182 2.75 ± 0.016 0.50 ± 0.011

Fig. 7. TEM images of the cluster of the yeast cells from the yeast sediment sepa-
rated from the sparkling wine after the secondary fermentation. (a) After drying of
t
c
t

p
o
y
5
y
w
m
n
o
i
s
g

o
n
c
a
i

he yeast-sediment suspension clusters containing several yeast cells, (b) positively
harged nanoparticles adsorbed at the negatively charged cell surfaces favouring
he cell clustering.

rimary fermented wine in 0.75 L pressure bottles. Measurements
f the carbon dioxide pressure in the control and in the magnetized-
east fermentation bottles after the secondary fermentation were
25 ± 10 kPa in the control and 530 ± 010 kPa in the magnetized-
east experiments. After the secondary fermentation the bottles
ere simply turned upside-down and exposed to a permanent
agnet. Magnetized yeast was sediment accelerated into the bottle

ecks. This process proceeded in 15 ± 5 min. For further separation
f the yeast from the bottles the traditional procedure was used,
ncluding immersing the bottle neck in cooled glycol to freeze the
ediment, followed by its expedition from the bottle by the internal
as pressure.

The TEM analysis of the magnetized-yeast sediment after sec-
ndary fermentation showed that although the cells multiplied, the

anoparticles remained on their surfaces in a relatively high con-
entration and they not penetrate into the cell cytoplasm (Fig. 7a
nd b). After drying the yeast-sediment suspension on a TEM spec-
men support, the vast majority of the yeast cells were deposited
Fig. 8. Comparison of the results obtained by the sensorial analysis of � control
sparkling wine and � magnetized-yeast sparkling wine.

on the support as clusters containing several yeast cells (Fig. 7a). In
Fig. 8b the nanoparticles are visible as dark dots, located predom-
inantly at the contact areas between the yeast cells. This strongly
supports our assumption that the positively charged nanoparticles
adsorbed at the negatively charged cell surfaces locally change the
surface charge, thus favouring the cell clustering (Fig. 7b).

The HPLC analysis the organic acids (Table 1b), the usual detec-
tion of changes and obstacles in the cell metabolism, in the
magnetized-yeast fermentation showed only a slight change of
0.5 mg/L in lactic and succinic acid production. The production
of acetic acid in the control was  0.68 g/L, while in the magnetic-
yeast fermentation it was 0.50 g/L. In the production of tartaric acid
and citric acids no major differences were observed. These results
present good evidence that they were no great changes in the cell
metabolism.

The sensorial analysis of the wine bouquet, “the nose,” of both
samples did not show remarkable differences. According to the
visual tests the colour intensity and the colour depth were identi-
cal. In “mouth feel” tests, apple, citrus fruit, pear and honey-melon
flavours as well as the taste of honey on the palette were in the mag-
netized yeast wine slightly more expressed. The “body structure”
of the control and magnetized-yeast sparkling wines was identical.
CO2 gas bubbles were forming fine bubble lines and typical vibrancy
of high quality sparkling wine. The bubble size did not exceed the
recommended size. In the magnetized-yeast sparkling wine slightly
intensity differences were observed in mouth feel (Fig. 8).

In the contrast with double layer immobilization [12], the
magnetization of the yeast cells do not hinder the natural cell

mobility and promotes the production of aromatic compounds
[5]. The nanoparticles favour clustering of the yeast cells into
even larger clusters, which improves their ability for the magnetic
separation. Similarly as the temperature, the absorbed magnetic
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H.  Webert, C. Wilbrecht, U. Mühlenhoff, The role of mitochondria in cellular
4 M. Berovic et al. / Biochemical E

anoparticles accelerate the metabolic activity of wine yeast by
astening the fermentation process kinetics but not changing the
nal wine composition [30]. This finding could be related to the
resence of free iron ions in the fermentation substrate that stimu-

ate faster activity of cell mitochondria that play a key role in yeast
etabolism [31]. The results of the chemical analyses in the pri-
ary and secondary fermentations, as well as the results of the

ensorial analysis of the sparkling wine prepared with magnetized
east, did not detect remarkable differences compared to the con-
rol experiments.

The amount of Fe3+ in the control sparkling wine was
.35 ± 0.04 mg/L and 8.3 ± 0.16 mg/L in the magnetic-yeast exper-

ment, which is in the range of permissible iron concentrations
0.00 mg/L in white wine. Applied iron-oxide nanoparticles are
onsidered to be non-toxic and were even approved for in vivo
edical applications by the Food and Drug Administration (FDA)

17].

. Conclusions

In production of sparkling wine, for the fast separation of
xhausted yeast biomass from the pressure bottles, a new mag-
etic separation method was developed. The magnetic separation

s enabled by the use of magnetically responsive yeast cells, which
as obtained by the adsorption of superparamagnetic, iron-oxide
aghemite (�-Fe2O3) nanoparticles onto the surfaces of the yeast

ells. The influence of the maghemite nanoparticles on the wine
east metabolism was tested in primary and secondary fermen-
ation using nanoparticles-to-yeast ratio of 1:10. The magnetic
anoparticles were absorbed on the surfaces of the yeast cell mem-
ranes and they did not penetrate inside the cells. The absorbed
agnetic nanoparticles accelerate the metabolic activity of the
ine yeast by fastening the fermentation process kinetics but
ot changing the final wine composition. According to EU regula-
ions the range of permissible iron concentrations in white wine is
0.00 mg/L, therefore the measured value of 8.30 ± 0.16 mg/L Fe3+

n the sparkling wine prepared using iron-oxide nanoparticles does
ot proceed the permissible limit. Iron-oxide nanoparticles are con-
idered to be non-toxic and were even approved by American Food
nd Drug Administration (FDA) for in vivo medical applications.

The new separation method is inexpensive, simple and very
ffective regarding the time and energy consumption when
ompared to the classic method. The traditional method requires
pproximately 60 days of manual rotation and elevation of each
ottle, whereas the new method based on magnetic separation
educes the waste yeast separation remuage time by several orders
f magnitude. The new method was awarded on 4th International
echnology Transfer Conference 2011 in Ljubljana and patent
rotected [32].
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