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The magnetic susceptibility and fractal dimension of the modified magnetically labelled
biosorbent based on Saccharomyces cerevisiae yeast, obtained by magnetohydrodynamic
method of mixing the yeast suspension with nano-magnetite particles, were studied. It was
established that the surface structure and stability of magnetic susceptibility of magneti-
cally labelled biosorbent change with the change of its fractal dimension.
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WccnemoBaHbl MarHUTHAA BOCIPUUMUYMBOCTE M (PpaKkTalbHAd Pa3MEPHOCTh MOIUMDUIIUPO-
BAHHOI'O MarHUTOyIpaBagemoro 6rocopbenTa Ha ocHOBe IpoKiKell Saccharomyces cerevisiae,
IMOJTYYEHHOT0 MATHHUTOTUAPOLMHAMUYECKNM METOJOM II€PEeMEIINBAHUA IPOMKIKEBOM CYCIEeH-
3UM C YACTUIIAMH HAHOMArHeTHTa. VICCIeTOBAaHO ONTHMAJLHOE BPEMs IIPUTOTOBIEHUS CTA-
OHJIBHOIO MAarHUTOYIIPABJISAEeMOro OmocopOeHTA. ¥YCTAHOBJIEHO, YUTO NPU HU3MEeHeHUHu (pakr-
TAJbHOII Pa3MEPHOCTH MATrHUTOYIIPaBIdeMoOro 0mocopbeHTa MEHAIOTCH CTPYKTYpa IOBEPXHOC-
TH U CTAOUJABHOCTD MATHATHON BOCIIPUUMYUBOCTHU.

dpakraspHa po3MipHICTh Ta MArHiTHA CHPHUHATIHBICTH MAarLiToxepoBaHoro 6iocop-
OenTy Ha ocHOBi apimmkise Saccharomyces cerevisiae. C.B.I'opobeuywv, O.FO.I'opobeup,
O.B.Kosanvos, A.B.Conina, Yuxn IO.M., C.B.9epenos
Hocaig:keHo MarHiTHY CHPUMHATIMBICTDL Ta (PpaKTaJbHy PO3MipHicTbh MOAM(PIKOBAHOIO
maraiTokeposanoro 6iocopbenTy Ha ocHOBL apimmgiki Saccharomyces cerevisiae, oTpuMaHOIoO
3a Mar”HiTOriApoAMHAMIUHMM METOLOM IIePeMiIlTyBaHHSA IPisKIMKOBOI cycieHsil 3 uacTuHKAMU
HaHoMmarHerury. JociigkeHo onTUMaJNBHUI Yac NPUTOTYBAHHA ¢Ta0ibHOTO MarHiToKepoBa-
Horo Giocopbenry. Beranosieno, mio npu smini ¢paKraiabHOl po3MipHOCTI MarHiTOKepoOBaHO-
ro 6iocopbeHTy B3MIiHIOIOTBCA CTPYKTypa IIOBepXxHi Ta crabinpHicTh MarmiTHol cupmiiHATINA-
BOCTi.

1. Introduction

The main source of pollution is the sew-
age of different industries. The intensive
development of industry, energy and trans-
port, use of chemicals in agriculture have
led to environmental pollution by plenty of
chemical and radiocactive substances. For
this reason, the sewage treatment from pol-
lution of heavy metal ions is an important
issue nowadays. A significant threat is the

Functional materials, 22, 2, 2015

wastewater containing toxic Cu2* ions, par-
ticularly, the effluents of metallurgical and
electroplating industries. The modern
physico-chemical and chemical methods of
sewage treatment from Cu?* ions do not al-
ways provide the necessary degree of their
removal, as well as being expensive [1]. The
biological methods based on the ability of
microorganisms to accumulate or sorb heavy
metals ions are of great interest now [2].
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Fig. 1. AFM (a) and MFM (b) images of the biosorbent based on Saccharomyces cerevisiae yeast
obtained by mechanical mixing of magnetic nano-labels with yeast cells for 30 min and AFM (c) and
MFM (d) images of the biosorbent obtained by multi-vortex MHDM of magnetic nano-labels with

yeast cells for 30 min.

The usage of biomass of Saccharomyces
cerevisiae yeast as a biosorbent is especially
cost-effective. Such a biomass is a secon-
dary product of a number of food produc-
tions, which, in its turn, contributes to the
solution of the environmental problem of
waste disposal [3]. The Saccharomyces cere-
visiae yeast have significant potential in the
accumulation of a wide range of metal cat-
ions, in particular, Cd2*, Cr3*, Crb*, Cu?*,
Pb2* and Zn?* ions [4, 5].

The using of magnetically labelled yeast
cells for biosorption of heavy metal ions on
model solutions has studied for more than
twenty years [6, 7]. The magnetic nano-la-
bels are used for the obtaining of a mag-
netically labelled biosorbent with magnetic
susceptibility sufficient to effectively re-
move it of fluid flow with the help of mag-
netic separators [6, 8-10]. The laboratory
studies on sorption of Cu2* ions by magneti-
cally labelled yeast have shown that the
sorption capacity of magnetically labelled
biosorbent produced using multi-vortex mag-

194

netohydrodynamic mixing (MHDM) is not re-
duced compared with native yeasts [7, 11].

Using the methods of atomiec-force mi-
croscopy (AFM) and magnetic force micros-
copy (MFM) with the help of scanning probe
microscope SOLVER PRO-M we found that
the morphology of the Saccharomyces cere-
visiae cells surface obtained by the method
of multi-vortex magnetohydrodynamic mix-
ing (MHDM) differs from the morphology of
the cells surface which were produced by
the mechanical mixing (Fig. 1). It is known
that the fractal dimension circuit cells used
to describe different types of cells [12, 13].
In [14] reported a comparison of AFM im-
ages of normal and tumor cells, where it is
shown that the latter is higher fractal di-
mension.

The biosorbent obtained by MHDM has
more extensive fractal-like surface com-
pared with the sorbent obtained by mechani-
cal mixing. Since the sorption capacity of
magnetically labelled biosorbent produced
by MHDM is greater than the sorption ca-
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pacity of magnetically labelled native yeast
[11], the investigation of such charac-
teristics of the magnetically labeled biosor-
bent as the sorption capacity of the sorbent,
its magnetic susceptibility and the fractal
dimension of yeast cell contour is actual.
The last two characteristics of the magneti-
cally labeled biosorbent are necessary to de-
velop a proximate method for determining
the quality and effectiveness of magneti-
cally labelled biosorbent because the present
methods of determining of sorption capacity
(the construction of Langmuir isotherms)
are quite long-term and require a large
number of laboratory experiments.

The fractal dimension is a characteristic
of surface morphology that best describes
quantitatively the properties of its branch-
ing and self-similarity [15]. Fractal-like
structures inherent in living systems at all
levels of living (corals, starfish and ur-
chins, flowers and plants, fruits, roots and
crowns of trees, foliage plants, circulatory
system and bronchi in humans and animals,
etc.) [15]. In a broad sense the fractal
means a figure the small parts of which are
similar to itself at an arbitrary increase of
this figure. The term "fractal” was introduced
by Benoit Mandelbrot in 1975 [16]. It is known
that in nature there are no ideal fractals. All
biological fractals — quasifraktal.

The surface of the biosorbent obtained by
MHDM has a self-similar structure (Fig. 1
¢c,d). The sorption capacity of a modified
biosorbent (MHDM, mixing time from
5 min to 40 min) significantly differs from
the sorption capacity of a biosorbent ob-
tained by mechanical mixing [11] (Fig. 1).
Consequently, the purpose of the work was
to investigate the sorption capacity, the
magnetic susceptibility of the magnetically
labeled biosorbent and fractal dimension of
a sorbent contour at different ways of
biosorbent preparation.

2. Experimental

2.1. Method of biosorbent preparation.

The native biosorbent is obtained by mix-
ing of the Saccharomyces cerevisiae yeast
biomass with the concentration of
8109 cells/1 with an aqueous solution (the
pH of the solution was adjusted to 2.5 using
HNO3).

Upon receipt of magnetically labelled
biosorbent the yeast biomass was mixed
with a solution of nanodimension magnetite
in such a way that the volume ratio of
biosorbent to nano-magnetite was 100:1, the
concentration of yeast cells was equal to
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8109 cells/1 (100 mg of dry yeast per 1 1),
and the concentration of nano-magnetite in
the initial solution was 1 mg/l. The result-
ing solution was adjusted to pH = 2.5 by
the addition of nitric acid. The multi-vortex
MHDM was carried out in the cuvette with
steel rods of 0.5 mm diameter and 30 mm
length. The distance between the rods was
2 mm. The intensity of the external mag-
netic field was H = 3.5 kOe [11]. At such
parameters of the mixing the creation of
magnetic nano-labels-yeast cell complexes
occurred. The time of mixing was selected
in the range from 5 min to 40 min.

The mechanical mixing during biosorbent
preparation was performed by a mixer with
frequency of 180 min~1, the pH of the solu-
tion was equal to 5.5, the mixing time was
5, 10, 20, 30 and 40 min [11].

2.2. Research methodology of AFM and
MFM images of the yeast cell-nano-label
complexes.

The localization of magnetite on the sur-
face of Saccharomyces cerevisiae yeast cells
was investigated using AFM and MFM
methods by means of a scanning probe mi-
croscope SOLVER PRO-M [17]. A double-
line intermittent contact method of a sam-
ple study was used in SOLVER PRO-M.
During the first pass of the magnetic probe
over the surface of the sample (AFM mode),
we obtained an AFM surface pattern image.
This pattern is remembered, and during the
second pass (MFM mode) the phase shift of
the cantilever oscillations is measured. This
phase shift characterizes the strength of
magnetic-dipole interaction of the working
area of magnetic probe with magnetite as a
part of the studied Saccharomyces cere-
visiae yeast cells at the constant distance
between the probe and surface of the sam-
ple. Magnetite on the cell surface may rep-
resent separate nanoparticles and/or their
clusters.

2.3 Algorithm for calculating the fractal
dimension.

— Download AFM image of yeast cells in
bmp format;

— introduce the variables to convert the
X, Y and Z Cartesian coordinates of the cell
surface to microns;

— create a filter for selection of 2D-
curve — cell contour (Fig. 2);

— create a block for calculation of frac-
tal dimension of cell contour which can vary
between 1 and 2;

— test the code for the modeling fractal
— Koch curve.
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Fig. 2. Selection of 2D-curve, cell contour using MathCAD blocks.

Table 1. Average values of fractal dimen-
sion of magnetically labelled yeast cells ob-
tained by mechanical mixing

Type of mixing Mechanical mixing

Average value of 10 min 30 min

fractal dimension

1.127+0.003 | 1.135+0.003

The program block to determine the frac-
tal dimension of the cell contour includes
plotting the dependence of the logarithm of
the square cells number required to cover
the cell contour on the logarithm of the size
of such a cell. The line graph of such a
dependence serves as a confirmation of frac-
tal-like structure of the cell contour at ap-
propriate scales (Fig. 2) [16].

The formula for calculating the fractal
dimension has the form [18, 19]:

_ _logN(L)
= logL

where L is the cell size to cover the cell
contour (Fig. 4), N(L) is the number of cells
of size L required to cover the cell contour
[18].

Since the yeast cells-nano-labels com-
plexes have a range of values of fractal
dimension, it is necessary to calculate the
fractal dimension on the dataset. The calcu-
lation of fractal dimension is very sensitive
to noise in the experimental data, especially
to the restrictions on the amount of data
[18]. Therefore, we used the sample which
included 30 AFM images of yeast biosorbent
obtained by multi-vortex MHDM, and the
same amount of AFM images of sorbent ob-
tained by mechanical mixing.

16 1
N 0 Mechanical mixing
n
= o MHDM
] 12
-
o
5 8 T 1%
o]
£
Z 41 H F
Q l \] A 2 N > \] A ) N
o NN AN N AV Y AV NV NP
R A AN N 2 SN N AN 2

Fractal dimension

Fig. 3. Fractal dimensions of magnetically la-
belled yeast cells obtained by different meth-
ods of mixing. Mixing time is 30 min.

3. Results and discussion

In the present work we demonstrated
that the fractal dimension of magnetically
labelled biosorbent based on Saccharomyces
cerevisiae yeast differs depending on the
mixing method of obtaining of magnetically
labelled biosorbent. The fractal dimension
increases at multi-vortex MHDM in compari-
son with mechanical mixing (Table 1, 2).

The graph of fractal dimensions of mag-
netically labelled yeast cells obtained by dif-
ferent methods of mixing is presented in
Fig. 3. It can be seen from the calculations
carried out using MathCAD software with
the help of the above-mentioned algorithm
that the fractal dimension of the magneti-
cally labelled yeast by MHDM is 11 %
higher than that one obtained by mechanical
mixing.

It can be seen from Fig. 4 that the stabil-
ity and sorption capacity of magnetically
labelled biosorbent obtained by MHDM are

Table 2. Average values of fractal dimension of magnetically labelled yeast cells obtained by
multi-vortex MHDM

Type of mixing

Multi-vortex MHDM

Average value of
fractal dimension

2 min

4 min

6 min

8 min

10 min

30 min

1.131+0.009

1.118++0.009

1.123++0.007

1.134++0.007

1.2461+0.006

1.25410.006
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Fig. 4. Sorption characteristics of magneti-
cally labelled biosorbent based on Sac-
charomyces cerevisiae yeast, obtained by dif-
ferent methods of mixing [11].

higher than those obtained by mechanical
mixing.

It is shown in Fig. 1b that the magnetic
nanoparticles clusters in the cells obtained
by mechanical mixing are formed as long
chains that are located on the cell surface.
The small number of clusters of magnetic
nanoparticles (several particles per cell) was
observed in the cells obtained by multi-vor-
tex MHDM. This indicates that when using
multi-vortex MHDM almost all nano-mag-
netite particles get inside cells (Fig. 1d),
and thus on the cell surface the binding
sites for heavy metal ions, particularly cop-
per ions CuZ*, become free. And under me-
chanical mixing the nano-magnetite local-
izes on the cell surface (Fig. 1b). The mag-
netic susceptibility of biosorbent obtained
by MHDM is higher than that one obtained
by mechanical mixing at the same number
of magnetic nano-labels.

Also the magnetic susceptibility of
biosorbents obtained by MHDM at
2,4,6,8,10,30 min was also measured and
calculated.

We found the dependence of the fractal
dimension and magnetic susceptibility on
the time of obtaining of biosorbent by
MHDM.

For convenience of comparison of the dy-
namics of these two parameters, we intro-
duced the following characteristics:

D — min(D) X — min(y) 1)
max(D) - min(D)’ max(y) — min(y)’

where D — value of fractal dimension; y —

value magnetic susceptibility, max(y), min(y)
— maximum and minimum values magnetic

susceptibility of magnetically labeled biosor-

bent, max(D), min(D) — maximum and

minimum values of fractal dimension of

magnetically labeled biosorbent.
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Fig. 5. Dependence of the fractal dimension
(curve I) and magnetic susceptibility (curve
2) on the time of obtaining of biosorbent by
multi-vortex MHDM.

We can see from Fig. 5 that both the
magnetic susceptibility and fractal dimen-
sion reach their saturation values at the
same time of the obtaining of magnetically
labelled biosorbent — 10 min. The structure
of the Saccharomyces cerevisiae yeast cells
surface changes and the magnetic nanopar-
ticles desorb in solution. It follows from
Fig. 5 that after 10 min the value of the
magnetic susceptibility of a biosorbent re-
duces. Therefore, after 10 min of mixing it
is impossible to obtain a biosorbent based on
Saccharomyces cerevisiae yeast which would
be stable with respect to the magnetic sus-
ceptibility at the obtaining of a magneti-
cally labelled biosorbent by MHDM.

Thus, the magnetic susceptibility and
fractal dimension are the criteria of quality
assessment of obtained magnetically labelled
biosorbent.

4. Conclusions

The fractal dimension of magnetically la-
belled Saccharomyces cerevisiae yeast cells
obtained by MHDM and by conventional me-
chanical mixing was calculated. It is shown
that the fractal dimension of magnetically
labelled cells obtained by MHDM is 11 %
higher than that one obtained by mechanical
mixing. The magnetic susceptibility of the
modified magnetically labelled biosorbent
based on Saccharomyces cerevisiae yeast,
obtained by MHDM the yeast suspension
with nano-magnetite particles, was studied.
It was found that the magnetic susceptibil-
ity reaches its maximum value at 6 min of
obtaining of a biosorbent. Therefore, such a
magnetically labelled biosorbent is the most
stable. It was established that the surface
structure and stability of magnetic suscepti-
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bility change with the change of fractal di-
mension of magnetically labelled biosorbent
that is the qualitative characteristics of
magnetically labelled biosorbent based on
Saccharomyces cerevisiae yeast, obtained by
MHDM.
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