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EXPERIMENTAL ARTICLES

UDK 577.112:616 doi: 10.15407 /biotech8.06.009

OVEREXPRESSION OF DOMINANT-NEGATIVE IRE1
ENZYME IN H1299-shE6AP CELLS INCREASES HEAT
SHOCK ELEMENT-DEPENDENT
TRANSCRIPTION

Palladin Institute of Biochemistry
of the National Academy of Sciences of Ukraine, Kyiv

D. O. Tsymbal
O.H. Minchenko
E-mail: dariiabova@gmail.com
Received 12.10.2015

To investigate IRE1-dependent branch of endoplasmic reticulum stress pathway in various cancer
cells we created cDNA-constructs for expression of dominant-negative inositol-requiring enzyme 1 IRE1
and cytosolic domain of IRE1 fused on a C-terminus with ¢c-Myc and 6xHis tags. The non-small-cell lung
carcinoma cells H1299-shE6AP were transfected with these constructs. Using anti-c-Myc antibodies we
demonstrated effective, dose-dependent expression of dominant-negative and cytosolic IRE1 proteins.
In order to investigate IRE1-mediated, heat shock element-dependent transcription, the cells were
further transfected with a reporter construct containing heat shock element. We observed that
overexpression of dnIRE1 in H1299-shEGAP cells led to significant induction of heat shock element-
dependent transcription. This observation may reflect the induction of heat shock genes, which
contribute to cellular adaptation to inhibition of native IRE1l, a key sensory-signaling enzyme of
endoplasmic reticulum stress pathway, which suppresses cancer cell proliferative capacities and
alternates the expression of numerous genes, including many transcription factors.

Key words: endoplasmic reticulum stress, IRE1 enzyme, recombinant protein expression, heat shock
element, luciferase reporter assay.

Endoplasmic reticulum (ER) stress
signaling pathway is activated as an adaptive
response to accumulation of misfolded proteins
in its lumen, which might be caused by a
handful of factors including increase in protein
synthesis, oxidative stress, perturbations of
calcium homeostasis, etc. [1, 2]. In mammals
three transmembrane stress sensors, namely
PERK (double stranded RNA activated protein
kinase, PRK-like ER kinase, IRE1/ERN1
(inositol-requiring enzyme 1, endoplasmic
reticulum to nucleus signaling 1) and ATF6
(activating transcription factor 6) are
responsible for downstream signaling during
endoplasmic reticulum stress [3, 4]. Among
those IRE1 is a dominant sensory-signaling
enzyme, conserved through different groups
of organisms including green plants and
yeast [5]. IRE1 protein consists of a sensory
domain, which is localized in the lumen, a
transmembrane part and a cytoplasmic domain
with two distinct enzymatic activities: kinase

and endoribonuclease [4]. The main function of
a kinase domain is IRE1 autophosphorylation,
which in turn leads to its dimerization and
subsequent activation of endoribonuclease.
Activated IRE1 endoribonuclease performs
a unique cytosolic splicing of transcription
factor XBP1 (X-box binding protein 1) mRNA,
as well as specific degradation of a subset of
mRNAs [6—-8]. Taken together these enzymatic
activities contribute to stress alleviation and
restoration of cellular homeostasis [5, 8, 9].

For glioma and lung adenocarcinoma it
was shown that IRE1 knockdown results in
suppression of tumor growth due to alterations
in expression of numerous pro- and anti-
angiogenic genes, tumor suppressors, cyclins
and transcription factors [10-16]. IRE1 is
considered to be a promising target for new
chemotherapeutic agents, especially in case
of aggressive cancers, such as glioma, where
surgery still remains a poor therapeutic
option [17].
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One of the approaches used to inhibit
IRE1 function in living cell is a dominant-
negative cDNA-constructs strategy, based on
the mammalian expression vector systems,
such as pcDNAS3.1 [4, 10, 11]. In this case, a
plasmid DNA, used for transfection, includes a
modified cDNA sequence of IRE1 gene, which
codes a protein lacking one of or both enzymatic
activities [11, 18]. In U87 glioma cells, which
express dominant-negative IRE1 (dnIRE1),
the downregulation of its phosphorylated
form was demonstrated along with an
absence of transcription factor XBP1 (X-box
binding protein 1) splicing, confirming the
inhibition of both kinase and endoribonuclease
activities of this bifunctional enzyme [18,
19]. Advantages of this method include the
possibility of selection of clones with stable
IRE1 knockdown and, in comparison to RNA
interference, exclusion of possible off-target
effects [11, 18, 20]. Still the detection of
modified IRE1 forms, as well as purification
of recombinant proteins depends on specific
antibodies, which increases the complexity and
cost of experimental procedures.

One of the most intriguing aspects of
cancer cell biology is the cross-talk between
different signaling pathways. For instance, a
number of heat shock proteins are known to
be involved in the ER stress response. When
ER folding capacity is exceeded, molecules
of chaperone BiP/GRP78 dissociate from
sensory domains of IRE1, PERK and ATFG,
which leads to their activation [21]. It was
shown, that stressful conditions result in
increased BiP/GRP78 expression in glioma
cells regardless of IRE1-XBP1 branch of
ER stress [14]. Activation of transcription
factor ATF6 results in increased expression
of ER chaperones GRP78 and GRP94 [21]. In
contrast, induction of two HSP40 (heat shock
protein-40)-like proteins Erdj4 and p58™%
upon ER stress seems to be mostly XBP1-
dependent [22]. Along with other regulatory
elements, such as XBP1 of ATF6 binding
sites, promoters of HSP genes contain the
so-called heat shock elements (HSE), various
arrays of inverted repeats of the pentameric
sequence nGAAn which are responsible for
binding of heat shock transcription factors
under conditions of thermal stress [23]. Up to
date, it was largely unknown for mammalian
cells whether disruption of certain branches
of ER stress pathway results in compensatory
induction of heat shock response.

The aim of this work was creation of
improved cDNA-constructs of IRE1 with
C-terminal c-Myc and 6xHis tags for

10

investigation of the IRE1-dependent branch
of endoplasmic reticulum stress pathway.
Using original dnIRE1 expression construct in
combination with HSE-containing luciferase
reporter we studied the effect of dnIRE1
overexpression on the HSE-dependent
transcription in a subline of non-small cell
lung carcinoma H1299-shEGAP [24]. It was
shown, that overexpression of dominant-
negative IRE1 led to significant induction of
HSE-dependent transcription.

Materials and Methods

Creation of genetic constructs
pcDNA4+dnIRE1 and pcDNA4+cytIRE1

Genetic constructs pcDNA4+dnIRE1 and
pcDNA4+cytIRE1 were based on the vector
pcDNA4-Myc/His-A (Invitrogen, USA).
The vector was linearized simultaneously
with two restriction enzymes HindIII
and Xbal (NEB, USA). Coding sequence
of dominant-negative IRE1 (dnIRE1)
was obtained via PCR with forward
5-GAGAAGCTTCCTCGCCATGCCGG-3’
and reverse 5 -GACTCTAGAGTCTTG-
TTCCAGGGAG-3'primers, which include
recognition sites for HindIII and Xbal
restriction enzymes, respectively. Coding
sequence of cytoplasmic domain of IRE1l
(cytIRE1) was obtained via PCR with forward
5-CATAAGCTTTCCCCTGAGCATGCAT-3’
primer with HindIII recognition site and
reverse 5-CTTCTAGAGAGGGCGTCTGGAG-3’
primer with Xbal recognition site.
Introduction of restriction enzyme recognition
sites into primer sequences was done in order
to enable sticky end directional cloning. As a
PCR template we used a construct with a full
length IRE1 ¢cDNA sequence in pcDNAS3.1
vector (kindly provided by prof. M. Moenner,
University of Bordeaux-1, France). Obtained
fragments were ligated into a linearized vector
using T4 DNA ligase (NEB, USA) according
to manufacturer’s instructions. DHb5a
E. coli cells were heat-shock transformed with
pcDNA4+dnIRE1 and pcDNA4-+cytIRE1
constructs and subsequently plated on a
solid LB medium with 100 ng/mL ampicillin.
Nucleotide sequence of created constructs was
determined by GATC Biotech (Germany) using
T7 and BGH standard sequencing primers.

Cell culture

H1299-shE6AP cells (kindly provided
by prof. Martin Scheffner, University of
Konstanz, Germany, described in [24]) were
cultured in DMEM (Gibco, USA) with 10%
FBS at 37 °C, 5% CO,.
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Transfection

For transient expression of dnIRE1 and
cytIRE1 H1299-shEGAP cells that reached
> 90% confluence were transfected with
different combinations of plasmid DNA
by lipofection using Lipofectamine 2000
(Invitrogen, USA) according to manufacturer’s
instructions. Transfection was performed
in 6-well polystyrene plates (Greiner bio-
one, Germany). For analytical expression of
dnIRE1 cells were transfected with plasmid
DNA in following combinations: 100 ng
pcDNA4+dnIRE1, 300 ng P-galactosidase
expression construct [24] 400 ng pcDNA4-
Myc/His-A vector (Invitrogen, USA);
500 ng pcDNA4+dnIRE1, 300 ng P-galac-
tosidase expression construct. For
analytical expression of cytIRE1 cells were
transfected with plasmid DNA in following
combinations: 500 ng pcDNA4+cytIRE1,
300 ng PB-galactosidase expression construct,
1 500 ng pcDNA4-Myc/His-A vector, 1 000 ng
pcDNA4+cytIRE1, 300 ng [-galactosidase
expression construct, 1 000 ng pcDNA4-Myc/
His-A vector, 2000 ng pcDNA4+cytIRE1, 300 ng
[(-galactosidase expression construct.

As a control cells were transfected with
500 ng vector pcDNA4-Myc/His-A together
with 300 ng p-galactosidase expression
construct.

For luciferase reporter assay cells were
transfected with 500 ng pcDNA4+dnIRE1,
1 000 ng 3xHSE-luc construct (kindly provided
by prof. Martin Scheffner, University of
Konstanz, Germany), 300 ng p-galactosidase
expression construct. Control cells were
transfected with 500 ng pcDNA4-Myc/His-A
vector, 1 000 ng 3xHSE-luc-construct, 300 ng
p-galactosidase expression construct.

Cell lysis and B-galactosidase assay

Cell lysis was performed 24 hours after
transfection in TNN buffer (100 mM Tris-HCI,
100 mM NaCl, 1% NP-40, 1 mM Pefabloc,
1 pg/mL Aprotinin/Leupeptin, 1 mM DTT,
pH 8.0). In order to determine the
B-galactosidase activity 5 pl of lysate
was mixed with 5 pl ortho-nitrophenyl-p-
galactoside (4 mg/ml in 100mM Na,HPO,,
pH 7.0 ) and 120 pl buffer Z (100 mM
Na,HPO,, 10 mM KCIl, 1 mM MgSO,, 50 mM
B-mercaptoethanol, pH 7.0) and incubated
at 37 °C for 10 min. Measurements were
performed at Wallac 1420 multilabel counter
(PerkinElmer, USA) at wave length of 405 nm.
Obtained values were used for calculation of
relative transfection efficiency.

Western blot

Cell lysates were normalized with
regard to relative transfection efficiency.
Protein transfer to PVDF membrane
(Millipore, Germany) was performed with
wet electroblotter (Bio-Rad, USA) for 90 min
at 60 V. After the transfer membrane was
incubated in 5% milk powder for 48 hours at
4 °C. Anti-c-Myc mouse monoclonal antibodies
(Abcam, UK) in 1:1 000 dilutions were
used for detection of recombinant proteins.
Blots were developed using WesternBright
ECL (Advansta, USA) Signal detection was
performed in the imaging system LAS-3000
(Fujifilm, Japan).

Luciferase reporter assay

Luciferase activity in lysates was
measured using Luciferase Assay system kit
(Promega, USA) on Wallac 1420 multilabel
counter (PerkinElmer, USA). Measurement
results were normalized according to relative
transfection efficiency. For statistical analysis
of obtained data we performed one sample
T-test.

Results and Discussion

Genetic constructs pcDNA4+dnIRE1 and
pcDNA4+cytIRE1

Creation of an appropriate dominant-
negative form of IRE1 requires a construction
of its truncated cDNA sequence, which
would code intact N-terminal signal peptide
(residues 1-18), sensory (residues 18-443) and
transmembrane (residues 444-464) domains,
but would lack the full sequences of kinase
(residues 571-831) and endoribonuclease
(residues 837-963) parts (Fig. 1, A). To the
contrary, for expression of cytosolic domain
of IRE1 protein must be truncated from
N-terminus for at least 464 residues. At the
same time, for expression of C-terminally
tagged proteins it is necessary to maintain the
open reading frame and avoid formation of
stop codons during the cloning. A 1690 bp long
fragment coding a dominant-negative IRE1,
which corresponds to amino acid residues 1
to 537 of native IRE1, was obtained via PCR
and subsequently digested with restriction
enzymes HindIII and Xbal (Fig. 1, B).
Respective fragment was ligated into pcDNA4-
Myc/His-A vector. Similar approach was used
to obtain a coding sequence of cytosolic domain
of IRE1. A 1557 long PCR product, which
corresponds to amino acid residues 488 to 977
of a full length IRE1 was restriction digested
and ligated into vector (Fig. 1, C).

11
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IRE1 977 aa

N S sensory ™ kinase RNase
dnIREI 537 aa + c-Myc + 6xHis
S sensory ™

B

cytIRE1 489 aa + c-Myc + 6xHis
kinase

S GEEL G

837-963
Fig. 1. Schematic representation of expected protein products:
A — domain structure of native IRE1;
B — dominant-negative form of IRE1 (dnIRE1) with C-terminal c-Myc and 6xHis tags;
C — cytosolic domain of IRE1 (cytIRE1) with C-terminal c-Myc and 6xHis tags.

S — N-terminal signal peptide, TM — transmembrane region, RNase — endoribonuclease

Sequencing results have shown that the
sequences of the fragments were as expected and
open reading frames remained intact, thus fusing
the desired IRE1 parts with C-terminal tags.

Analytical expression of IRE1 cytosolic
domain and dominant-negative IRE1 in
H1299-shE6AP cells

In order to determine, whether the created
constructs are suitable for expression of
desired protein products, we transfected
H1299-shEGAP cells with different amounts
of pcDNA4+dnIRE1 and pcDNA4+cytIRE1
plasmids and performed the Western blot
analysis with anti-c-Myc antibody. Our
data show, that dominant-negative IRE1 is
expressed as a protein product of expected
size (Fig. 2). For both dnIRE1 and cytIRE1 the
amount of protein depends on the quantity of
plasmid, used for transfection (Fig. 2, Fig. 3).
Surprisingly, in case of cytIRE1 two fragments
of similar size were detected (Fig. 3).

Interestingly, a similar picture was
earlier observed by different authors, who
also utilized different cloning strategies. For
instance, two bands were detected by Wang
and co-authors after expressing a cytoplasmic
domain of murine IRE1, fused N-terminally
with GAL4 and C-terminally tagged with
c-Myc epitope [25]. However, they did not
attempt to explain their observation. Uemura
and co-authors expressed a C-terminally
HA-tagged cytoplasmic domain of IRE1
(residues 469-977) and observed two distinct
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protein products on the blot [26]. The
authors suggest that the bands represent an
autophosphorylated and non-phosphorylated
forms of IRE1 cytoplasmic domain, supporting
their suggestion by the fact, that a kinase-
dead cytoplasmic part of IRE1 forms a single
band on the blot. Moreover, they demonstrate
that the resulting recombinant protein is able
to catalyze the XBP1 mRNA splicing [26].
Thus, we can assume that pcDNA4+cytIRE1
construct is suitable for expression of a
catalytically active cytoplasmic domain of
IREL. Notably, no second band was observed in
case of dnIRE1, providing additional evidence
for its dominant-negative character (Fig. 2).

Overexpression of dominant-negative IRE1
influences HSE-mediated transcription in
H1299-shE6AP cells

Previously, it was shown that in yeast a
constitutive activation of heat shock response
(HSR) by overexpression of Hsfl (heat
shock factor 1) is able to rescue growth in
IRE1 knockout cells [27]. Moreover, it was
demonstrated that in IRE1-deficient yeast cells
heat shock response is activated by ER stress,
while in wild-type IRE1 cells no ER stress-
mediated activation of HSR was observed
[27]. In this study we aimed to test, whether
overexpression of dnIRE1 alone, with no
additional stress induction is sufficient for
activation of HSE-dependent transcription
in mammalian cells. For this we used an HSE-
containing luciferase reporter construct
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vV 100 500

TOKDA == e

55 kDa

Fig. 2. Western blot analysis of dnIRE1 expression
in H1299-shEGAP cells:

V — cells transfected with empty vector pcDNA-
4mycHis4; 100 — cells transfected with 100 ng
pcDNA4-+dnIRE1; 500 — cells transfected with

500 ng pcDNA4+dnIRE1

(3xHSE-luc) (Fig. 4). H1299-shEGAP cells
were co-transfected with pcDNA4+dnIRE1,
3xHSE-luc and P-galactosidase expression
construct. Luciferase activity was measured
in cell lysates and normalized according to
relative transfection efficiency. We found that
overexpression of dominant-negative IRE1
led to more than two-fold increase in HSE-
mediated transcription (Fig. 5). These results
suggest that inhibition of IRE1 function may
lead to heat-shock independent activation of
HSR pathway in mammalian cells, which in
turn may contribute to restoration of cellular
homeostasis.

Overall, as a result of this study we created
original expressing constructs for dominant-
negative IRE1 and cytoplasmic part of IRE1.

2000 1000 500

70 kDa =

55 kDa — M

Fig. 3. Western blot analysis of cytIRE1
expression in H1299-shE6AP cells:

2000 — cells transfected with 2000 ng
pcDNA4+cytIRE1; 1000 — cells transfected with
1000 ng pcDNA4+cytIRE1; 500 — cells transfec-

ted with 500 ng pcDNA4+cytIRE1

The respective recombinant proteins possess
C-terminal c-Myc and 6xHis tags, which
make their detection easier, and also provide
an option for effective affinity purification.
Despite promising indirect evidence, the
enzymatic activity of cytIRE1 is still to be
tested. We were first to demonstrate that
overexpression of dominant-negative IRE1
alone with no additional thermal or ER
stress leads to activation of HSE-dependent
transcription in H1299-shE6AP cells. This
might reflect a cellular adaptive response to
inhibition of IRE1 activity. An interaction
between two pathways: endoplasmic reticulum
stress and heat shock response in cancer cells
is an interesting and therapeutically relevant
topic, which requires further attention.

A Adenovirus
major late promotor

B TAGAACATTCTAGCTAGAATGTTCTAGATCTAGAACATTCTA

Fig. 4. Schematic representations of 3xHSE-luc reporter construct:
A — general scheme; B — nucleotide sequence of the region containing heat shock response elements
(3xHSE — single elements underlined, inverted repeats marked in red)

A 35
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Fig. 5. Effect of dominant-negative IRE1 overexpression on HSE-mediated transcription in H1299-shEGAP cells:
A — relative luciferase activity, * — P < 0.05; n = 4; B — Western blot analysis of dnIRE1 expression:
V — cells transfected with empty vector pcDNA4-Myc/His-A; dn — cells transfected with pcDNA4+dnIRE1
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HAJTEKCITPECIS JOMIHAHT-HETATUBHOI
®OPMU EH3UMY IRE1 ¥ CYBJITHII
RJITHH H1299-shE6AP IIOCHUJIIOE
TPAHCKPHIIIIIO, IIIO SAJEHRHUTD

BIJ EJIEMEHTY TEIIJIOBOI'O IIOKY

1. O. [Tumoban, O.I'. MinuenKo

Imcturyt 6ioximii im. O. B. ITannagina
HAH Vkpainu, Kuis

E-mail: dariiabova@gmail.com

Meroto poboTu OyJI0 AOCTIMKeHHA (PYyHKII
IRE1-3amesXH0i MK CUTHAJIBLHOTO IIJIAXY CTPe-
Cy eHJOIJIa3MAaTUYHOTO PETHUKYJIYMY B Pi3HUX
TYXJIUHHUX KJIiTuHax. [Jid mporo 0yJio CTBOPEHO
kIHK-rKoHCTPYKIii ayia exkcrpecil momiHaHT-He-
ratuBaoi ¢opmu ensumy IRE1 — dnIRE1l Ta
mutosdosabHoro nomeHny IRE1, sautux na C-kiu-
i i3 ¢c-Myc emitomom Ta 6xHis. IlumMmu KoH-
CTPYKIiAMHU OyJa0 TpaHC(hiKOBAHO KJIITHHU HE-
OPiOHOKJIITMHHOI KapIMHOMU JereHb CcyOJIiHil
H1299-shE6AP i 3a nomomororo antu-c-Myc auTu-
TiJI MOKa3aHO e(DEKTUBHY 0303aJIeKHY €KCIIPecito
npoTeiHiB JOMiHAHT-HeraTuBHOI ()OPMU Ta IIUTO-
sosbHOTO nomeny IREL. [lna gociim:KkeHHS omoce-
penxosBanoi IRE1-rparnckpumiiii, 3aae:xKHoI Bif ese-
MEHTY TEIJIOBOTO ITIIOKY, KJIITUHU OyJIM IOBTOPHO
TpaHc(hiKoBaHi JOIM(EPaZHUM PEIIOPTEPOM, KU
BKJIIOUAB eJIEMEHT TeILJIOBOTO ITTOKY. BeTaHoBIeHO,
mo Hagekcupecia dnIRE1l y xkaituaax cy6uimii
H1299-shE6AP npusBoguTh 10 BUPAYKEHOro iHy-
KYBaHHSA TPAaHCKPHUIILii, 3aJIe)KHOI BiJ eleMeHTY
TemyioBoro IoKy. Ile MosKe cBigumTHM PO mOCH-
JIeHHSA eKCIIpecii reHiB TeIJI0BOro IIOKY, SKi Bimi-
TpaloTh BAXKJINBY POJIb B afalTallii MuX KJIITUH [0
mpurHiveHHA akTuBHOCTI HaTuBHOro IRE1, KiItouo-
BOT'O CEHCOPHO-CUTHAJIBLHOTO EH3UMY CTPECy eHIOII-
JIa3MaTUYHOTO PETUKYIIYMY, 1110 3HUIKYE 3TaTHICTD
OYXJUHHUX KJIITHH I0 mpoJideparliii Ta mogudikye
eKCITPeciio YNCJIeHHUX I'eHiB, BKJIIOUAIOUYN BEJIUKY
KinbKicTh TpaHCKPUOIIHHUX (PaKTOPiB.

Kntouwoei cnosa: cTpec eHIOMIa3MAaTUYHOTO PETH-
Kyaymy, emsum IRE1l, excmopecigs peromOi-
HAaHTHUX IIPOTEIHiB, e€JIeMEHT TeIJIOBOTO IIOKY,
MeTo[ JirorudepasHoTro pernopTepa.

CBEPXORKCIIPECCUA JTOMHUHAHT-
HETATUBHOU ®OPMbI D9H3UMA IRE1
B CYBJIMNHUU RJIETOR H1299-shEGAP

YCUJHUBAET TPAHCRPHUIIIINIO,
SABHUCANLYIO OT 9JIEMEHTA
TEIIJIOBOTI'O IIOKA

. A IToumban, A. I'. MurueHnKO

Nucturyr 6uoxumuu um. O. B. [Tanraguma
HAH Vxpaunsl, Kues

E-mail: dariiabova@gmail.com

ITenpio paboThI OBLIO HWCCaEqOBAHNE DYHKIIUU
IRE1-3aBrcUMO# BETBU CUTHAJIBLHOI'O IIYTU CTPEC-
ca SHAOIIA3MAaTUYECKOT0 PETUKYJIyMa B PAsSHBIX
OITyXO0JIEBBIX KJIETKaxX. [ 3TOTo OBLIN CO3MaHBI
kJIHK-KOHCTPpYKIIUY IJIA SKCIIPECCUU TOMUHAHT-
HeraTtuBHOI (popmbl sH3uMa IRE1 u miuTo3oabHO0TO
nomeHa IRE1, ciureix Ha C-KowuIle ¢ c-Myc snuTo-
oM u 6xHis. 9TUMU KOHCTPYKITUAMY OBLIN TPaHC-
(GUITIPOBAHBI KJIETKU HEMEIKOKJIETOUHON KapITUHO-
mbl jterkux cyoauaun H1299-shE6AP u ¢ momoristo
auTu-c-Myc aHTHUTes ToKasaHa 3 heKTUBHAA 10303a-
BUCHUMAsA 9KCIIPECCUSA ITPOTENHOB JOMUHAHT-HETaTUB-
HOU hopMbI 1 rTuTO30JbHOrO JoMeHa IREL. [Tna mc-
cienoBanus omocpenosanHoit IRE1-rpauckpuniiuu,
3aBUCHMOI OT 9JI€MEHTAa TEILJIOBOTO I0OKAa, KIeTKHU
OBLIM TOBTOPHO TPAHCHUITMPOBAHBI JIoludepas-
HBIM PEeIOPTEepPOM, BKJIIOUAIOIIIMM JJIEMEHT TeILIO-
BOT'O ITIOKA. YCTAHOBJIEHO, UTO CBEPXAKCIIPECCUA
dnIRE1 B kierkax cyoauauu H1299-shE6AP mpu-
BOJUT K BBIPAXKEHHOM MHAYKIINY TPAHCKPUTIIINHY, 3a-
BHCHMOM OT 9JIEMEHTAa TEILJIOBOTO ITTOKAa. OTO MOYKET
CBUIETEJILCTBOBATH 00 YCUJIEHUY SKCIIPECCUU TE€HOB
TEILJIOBOTO ITI0KAa, UTPAIOIUX BayKHYIO POJIb B afar-
TalU¥ KJIETOK K IOJABICHNIO aKTUBHOCTYA HATUBHO-
ro IRE1, KJI104eBOT0 CEHCOPHO-CUTHAJIHLHOTO SH3UMA
cTpecca 9HIOILIa3MaTUUYECKOTO PETUKYJIyMa, KOTO-
PRI CHUIKAET CIIOCOOHOCTDH OMYXOJIEBBIX KJIIETOK K
npoaudepanuu 1 MOgUPUIUPYET SKCIIPECCUI0 MHO-
TOUMCJIEHHBIX T€HOB, BKJIIOUAA O0JIBITIOE KOJUYECTBO
TPaHCKPUOIIMOHHBIX (DAKTOPOB.

Knrouesvle cnosa: crpecc SHIOMIAZMATHYECKOTO
petukyayma, susuMm IRE1, skcnpeccuss peKomoOu-
HAHTHBIX IIPOTENHOB, JIEMEHT TEIJIOBOTO IIIOKa,
MeToz Jironu(epasHoro pemoprepa.
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Budnikov S. R} 2
Soldatkin O. 0.2
Kukla A. L2

Khomenko I.1.1:4

nstitute of Molecular Biology and Genetics

of the National Academy of Sciences of Ukraine, Kyiv
2Taras Shevchenko National University of Kyiv, Ukraine
3 Lashkaryov Institute of Semiconductor Physics

of the National Academy of Sciences of Ukraine, Kyiv
Centre of Intellectual Property and Technology Transfer

of the National Academy of Sciences of Ukraine, Kyiv

Dzyadevych S. V.12
Soldatkin O. P. 2

E-mail: dzyad@yahoo.com
Received 14.09.2015

Research was aimed at the optimization of the urease biosensor for analysis of heavy metals and
determining the opportunities of its reactivation. A differential pair of gold interdigitated electrodes
deposited on a ceramic substrate was used as the conductometric transducer. As a bioselective membrane
served urease, coimmobilized with bovine serum albumin by glutaraldehyde cross-linking on the surface
of conductometric transducer. 1.0 mM urea was selected as an optimal substrate concentration for the
inhibition analysis of heavy metals. The biosensor was tested for its sensitivity to different heavy metals,
the calibration curves were plotted. The proposed biosensor was shown to have high reproducibility of
signals prior and after inhibition, the measurement error was less than 3% . It was proved a possibility of
reactivation of the bioselective membrane after urease irreversible inhibition by heavy metals, using the
ethylenediamine tetraacetic acid solution. The optimum conditions of reactivation, i.e. the dependence of
itslevel on time and concentration of heavy metals, were determined. The additional stage, post-inhibition
reactivation, was shown to increase significantly the selectivity of biosensor determination of heavy
metals.

Key words: conductometric transducer, biosensor, urease, heavy metals, inhibition analysis,

enzyme reactivation.

At present, one of the most acute
environmental problems is the contamination
with waste products [1]. Among the various
pollutants, heavy metals and their compounds
are notable by abundance, high toxicity, ability
to accumulate in living organisms [2]. They are
widely used in manufacture, therefore, despite
the clean-up, the content of heavy metals in
industrial wastewater is rather high.

They also enter the environment with
sewage, smoke and dust from industrial
enterprises. Many metals form stable organic
compounds, high solubility of which facilitates
the migration of heavy metals in natural
waters. More than 40 chemical elements are
referred to as heavy metals, but significantly
fewer number should be controlled taking into
account toxicity, persistence, abundance, an
ability to accumulate in the environment [3, 4].

In the aquatic environment, microparticles
of heavy metals are present as solutions,
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suspensions and colloids. Free hydrated ions,
simple inorganic and organic complexes
are soluble [5—-9]. Currently, there are
many methods, which are widely used for
the determination of heavy metals, such as
atomic absorption spectrometry, plasma mass
spectrometry, etc. However, these methods
utilize sophisticated appliances and are
unsuitable in the field [10]. Electrochemical
biosensor methods in general are more
reasonable in the field because they do not
require complex equipment [11-13].
Biosensor determination of heavy metal
ions is based on their inhibition effect on
enzymes. For example, ions of copper,
cadmium, mercury, zinc are effective
inhibitors of the urease activity in the urea
hydrolysis. An important stage in the running
of urease biosensor is a procedure of its
reactivation after inhibition by heavy metal
ions. An exposure of the inhibited biosensor in
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buffer solution for a long time does not restore
the enzymatic activity of its biomembranes
whereas EDTA solution acts as efficient
reactivator [14].

Materials and Methods

Materials

In the work, the enzyme urease from soya
beans with activity of 66 U/mg was used
(Fluka, Germany). Bovine serum albumin
(BSA, fraction V), 50% aqueous solution
of glutaraldehyde (GA) and urea were from
Sigma-Aldrich Chemie (Germany).

The compounds for the preparation of buf-
fers, inhibitors, reactivator and other inorga-
nic compounds used in the work were of domes-
tic production and had a chemical purity grade.

Conductometric transducers

Conductometric transducers were produced
in Lashkaryov Institute of Semiconductor
Physics (Kyiv, Ukraine) in accordance with
our recommendations. They consist of the
sital substrate (fused Al,03) 5 x 30 mm in size
with a pair of gold interdigitated electrodes.
The 0.1 p thick titanium sublayer is used for
better adhesion of metal to the substrate. More
information on the transducers used is in the
previous paper [15].

Scheme of experimental setup for
conductometric measurements

The changes in conductivity of near-
electrode layer of conductometric transducer
were determined by the conductometric
measuring unit. The differential mode of
measurement was used to increase the sensor
sensitivity and minimize noise caused by
nonspecific effects. The scheme and function
of this conductometric setup have been
described earlier [16, 17].

Preparation of bioselective elements

To prepare working urease-based
bioselective membranes, the solution
containing 5% of urease, 5% of BSA and 10%
of glycerol in 20 mM phosphate buffer, pH
6.5, was used. The mixture for the reference
membrane was prepared in the same way,
but no enzyme was taken, only BSA of the
final concentration equivalent to the amount
of protein in the membrane, i.e. 10% . The
solutions prepared were deposited onto the
transducer working parts by micropipettes
to cover completely the working electrode
surface. The transducers with deposited
membranes were incubated in saturated

glutaraldehyde (GA) vapor for 25 min and
dried for 5 min in air at room temperature.
Then the biosensors were washed for 6 min in
the working buffer to remove excess unbound
GA and other components of the membrane
(changing the buffer every 2 min).

Methods of measurement

Measurements were carried out at room
temperature in an open cell filled with 5 mM
phosphate buffer, pH 6.5, with constant
stirring. The specified substrate concentration
in the working cell was obtained by adding
the aliquots of substrates stock solutions.
For inhibition analysis, the responses to
substrate were evaluated before inhibition,
then the biosensor was incubated for 20 min
in a solution of heavy metal ions of different
concentrations and washed from excess
inhibitor, and the response to substrate
was re-assessed. In this way, a level of the
enzyme inhibition, which corresponds to
the concentration of heavy metal ions in the
sample, was determined. Reactivation of the
inhibited bioselective elements was performed
by incubation in 10 mM EDTA solution for
30 min. Then they were washed from excess
reactivator, and the response to the substrate
was measured again.

All experiments were conducted in 3—5
series. Non-specific changes in the output
signal associated with electrical noise and
fluctuations in environmental temperature and
pH were avoided due to use of a differential
mode of measurements. In the statistical
analysis of the results obtained, the values of
arithmetic mean and its standard deviation
were calculated; the data were considered
significant at P < 0.05.

Results and Discussion

Study of main analytical characteristics of
biosensorin direct substrate determination
The biosensor operation is underlain
by the enzymatic reaction in the membrane
containing urease deposited on the surface of
conductometric transducer:

Urease

H,N-CO-NH, + 2H,0 +H" — 2NH," + HCO, .

In the course of the reaction, protons are
absorbed, which leads to changes in pH and
generation of additional ions (NH," and HCO;")
in the working membrane [18]. This changes
the solution conductivity, which is registered
by the conductometric transducer.
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In inhibition analysis, first it was necessary
to determine an optimal concentration
of urea as a substrate, i.e. to choose the
urea concentration, at which the biosensor
sensitivity to heavy metal ions is maximal. It is
known that at irreversible inhibition the largest
biosensor sensitivity to toxins can be reached
if the substrate concentrations are within the
range of biosensor saturation with the substrate
when each enzyme molecule is involved in the
conversion of this substrate. The graph of
dependence of biosensor responses on the urea
concentration in solution (Fig. 1) shows that
above 1.0 mM complete biosensor saturation
with the substrate is observed. Therefore, in
further experiments on inhibition analysis
1.0 mM substrate was used.

It was necessary to confirm that a decrease
in the biosensor response to the substrate after
its incubation in a solution of heavy metals
occurs due to the inhibition of bioselective
element, but not because of the measurement
error. Therefore, at the next stage of work
the biosensor operational stability and
reproducibility of its signal were tested. For this,
the biosensor responses to the same substrate
concentration were measured with an 12.5 min
interval over one working day. The biosensor
was characterized by relatively high signal
reproducibility, standard deviation 2.93% .

Research on sensitivity of developed
biosensors to heavy metal ions

Heavy metal ions can inhibit the biological
activity of urease through the interaction with
sulfhydryl groups of the enzyme active site:

Enz-Ser-OH + Me" - Enz-Ser-O-Me + H".

40 -
35 {,,,,4#——!
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% 20
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Fig. 1. Dependence of biosensor response from
urea concentration in solution.
Measurement was performed
in 5 mM phosphate buffer, pH 6.5
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The enzyme inhibition by heavy metal
ions causes a decrease in the amount of ions
of ammonium and bicarbonate formed as a
result of enzymatic reaction of the substrate
conversion, and thus — a decrease of the
biosensor response [19-21].

Using selected optimal concentration of
urea, it was investigated the level of inhibition
of urease biosensor by various heavy metals of
the same concentration (Fig. 2). Initially, the
solutions of nitrates of divalent metals zinc,
copper, mercury and cadmium of the same
concentration (100 nM) were taken, so, the
concentration of all ions was also equal. The
results showed that inhibition depends on the
kind of ion and its ability to inhibit the enzyme
described by the inhibition constant [22, 23].

Next, sensitivity of the developed biosensor
to different concentrations of heavy metals
ions was studied taking copper ions as an
example. The calibration curve of the residual
activity of urease-based bioselective element
after inhibition (Fig. 3) showed its strong
dependence on the concentration of copper ions
in the measurment environment.

The stability of the biosensor inhibition
after its incubation in the solution by heavy
metal ions was also investigated (Fig. 4). For
this, the responses of a number of biosensors
to copper ions of the same concentration were
measured after incubation under identical
conditions. It was shown that the developed
biosensors were characterized by relatively
high signal reproducibility after inhibition
with standard deviation of 2.6% .

Residual activity, %

Cd2+ Zn2' Cu2+ ng+
Ions

Fig. 2. Residual activity of urease biosensor after
inhibition by different heavy metal ions.
Ions concentration — 100 pM.
Measurement was performed in 5 mM phosphate
buffer, pH 6.5; * P <0.05 in comparison
with initial activity of biosensor
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Fig. 3. Residual activity of urease biosensor after
inhibition by Cu®* ions with different concentra-
tions. Inhibition time — 20 minutes.
Measurement was performed in 5 mM phosphate
buffer, pH 6.5

Research and optimization of conditions of
biosensor reactivation using EDTA

The urease inhibition by heavy metal ions
is known to be irreversible, which is a cause of
inefficiency of urease-based biosensors due to
its one-time usage. Therefore, it was proposed
to use a stage of biosensor reactivation for
its repetitive employ, namely, to explore the
possibility of reactivation of the developed
biosensor after its inactivation by heavy metal
ions. The initial urease activity after inhibition
can be recovered by the reactivator EDTA,
which displaces the heavy metal ion bound to
serine residue in the enzyme. Thus the enzyme
is reactivated, i.e. its ability to interact with
the substrate is restored [14, 24].

Enz-Ser-OMe + EDTA — Enz-Ser-OH + EDT [Me]

The reactivation efficiency depends
strongly on the time of reactivation, reac-
tivator concentration, and other parameters.
Therefore, the conditions of reactivation
by EDTA should be first optimized. For
this purpose, it was chosen an optimal time
of biosensor incubation in the reactivator
solution, which corresponds to the highest
possible level of recovery of the enzyme
membrane activity after inhibition. The
optimal time of reactivation by 10 mM EDTA
was 30 min.

It was also studied an efficiency of
reactivation of urease biosensor after its
inhibition during constant time (30 min)
in the solution of copper ions of different
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Fig. 4. Reproducibility of urease biosensor after
inhibitory analysis. Inhibitor concentration —
50 pM Cu?*. Inhibition time — 20 minutes.
Measurement was performed in 5 mM phosphate
buffer, pH 6.5

concentrations. Fig. 5 shows that reactivation
under selected optimum conditions provided
complete restoration of the enzymatic activity
of membrane inhibited in the solution of
copper nitrate of concentrations up to 400 nM.

Determination of number of cycles of
reactivation of urease-based biosensor

At the next stage, the possibility of
multiple reactivation of the developed
biosensor was estimated with a purpose of
its repetitive application for the inhibition
analysis of heavy metal ions. In this case the
biosensor can be used several times when
working with irreversible inhibitors.
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Fig. 5. Dependence of biosensor reactivation level
after inhibition by Cu®* ions with different
concentrations.

Measurement was performed in 5 mM phosphate
buffer, pH 6.5
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The experimental results are shown in
Fig. 6. First, the basic responses to urea
were received (the first column). Next, the
biosensors were incubated in a copper ions
solution to obtain a certain residual activity
of the enzyme (the second column). Further
step was the biosensor reactivation in EDTA
solution up to restoration of the urease activity
to its original level (the third column). This
procedure described was repeated until the
bioselective membrane activity was completely
restored.

The next cycles of inhibition and
reactivation did not lead to complete
restoration of the enzyme activity, but the
sensitivity of biosensor was sufficient to reuse
it for the analysis of heavy metal ions in the
solution.

In the work, the urease-based biosensor is
optimized for determination of heavy metal
ions. The biosensor sensitivity was tested, the
calibration curves were plotted for direct urea
determination and for inhibition analysis of

120 5

71 Initial activity

2 g 8
L 14 1

Residual activity, %

5

1-st

heavy metal ions. The developed biosensor was
characterized by high signal reproducibility at
determination of both substrate and inhibitor.
The possibility of biosensor reactivation after
inhibition by heavy metal ions was proved.
The optimum conditions of the process of
reactivation using EDTA were selected.

It was established that the initial level of
enzyme inhibition affects the capability of
biosensor to be reactivated. It is shown that
application of the reactivation stage allows
repetitive usage of urease-based biosensors for
inhibition analysis of heavy metal ions, which
indicates the suitability of the method for
multiple application.

The authors are grateful for financial
support from the National Academy of
Sciences of Ukraine in the frame of complex
scientific and technical program “Sensor
devices for medical-environmental and
industrial-technological needs: metrological
support and pilot exploitation”.

2-d 3-d 4-th
Reactivation cycles

Fig. 6. Reproducibility application of urease based conductometric biosensor after inhibition
by copper ions and reactivation by EDTA. Inhibition time in copper (II) nitrate solution
(150 pM) — 20 min, reactivation time in EDTA solution (10 mM) — 30 min.
Measurement was performed in 5 mM phosphate buffer, pH 6.5; * P <0.05 in comparison
with initial activity of biosensor
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JOCJAINKREHHS TA OIITUMISAIILSA
PEAKTUBAIIIl YPEA3SHOT'O BIOCEHCOPA
3A IHTIBITOPHOTI'O AHAJIISY IOHIB
BAXKKHUX METAUJIIB

Byonuixos C. P12
Condamxin 0. 0.5 2
Ryxaa O. JI.2
Xomenro I 114
II3a0eeuy C. B.b:2
Condamxin O. IT.:>?

HueruryT MoeKyIApHOI 6iosorii i reHeTHRT
HAH Vkpaiuu, Kuis
?KuiBcbKuil HaliOHATBHMIIT yHiBepCUTET
imeni Tapaca IlleBuenka, YKpaina
3IHCTI/ITYT ¢isuKu HaniBIPOBiTHUKIB
im. B. €. JlamkaproBa HAH Ykpainu, Kuis
4LIeHTp iHTeJeKTyaJbHOI BJIACHOCTI Ta Iepegaui
rexHoJsoriit HAH Vkpainu, Kuis

Metoio po6oTu 6yJI0 BUBHAUEHHS YMOB OIITHU-
mizaiii po6oTu ypeasHoro GioceHcopa mim uac
aHaIidy BasKKMX METAJIiB Ta MOJKJMUBOCTI HOTO
pearkTuBailii. K KOHAYKTOMETPUUYHUN II€PETBO-
poBau BUKOPUCTOBYBaJAU AudepeHIiiiny mapy
30JI0TUX TI'pebiHuacTuX eJIeKTPOJiB, HaHECEHUX
Ha KepaMiuHy migxkjaagky. Poab 6ioceqekTuBHOL
MeMOpaHHu Bimirpasaja ypeasa, KoiMMo06isizoBa-
Ha 3 OMYauYMM CHPOBATKOBUM aJbOyMiHOM 3a J0-
IIOMOTOIO0 ITOIIEPEYHOr0 3IIUBAHHA TJIYTAPOBUM
albaerioM Ha IMOBEePXHI KOHIYKTOMETPUUHO-
ro nepeTBopioBava. [[ia iuribiTopHoro anamisy
ioHIiB BalKKMX MeTaJiB mifiOpaHO ONTUMAJIBLHY
KOoHIeHTpaIlito cyocrpary — 1,0 MM ceuoBuHHU.
IlepeBipeHo uyTauBicTh GioceHcopa A0 PisHHUX
ioHiB BasKKHX MeTaJiB Ta mOOYymZ0BaHO KaJaiOpy-
BaJbHi KpuBi. IlokasaHo, 1110 3aIPONOHOBAHUN
bOioceHCcOp XapaKTepu3yBaBCA BUCOKOIO BiTBO-
PIOBaHICTIO CUTHAJIIB IO Ta IicJiA IpoIiecy iHrioy-
BaHHA 3 IIOXUOKOI BuMipioBaHusa meHre 3% . Ilo-
BeleHO MOKJINBiCTh peakTUBaIlil OioceleKTUBHOIL
MeMOpaHu PO3UYNHOM €THJIEHIiaMiHTeTPaoITOBOL
KMCJIOTH TiCJIA He3BOPOTHOTO iHTiOyBaHHA ypeasu
BasKKuMU Metajamu. I[Iifibpano onTuMasibHi ymo-
BU peaKTHUBAaIlii 6i0ceHCOpPiB, 30KpeMa 3aIeKHiCTh
PiBHA peaKTuUBaIlii Bif yacy Ta KOHIIeHTpaIlii ioHiB
BaKKUX MeTaJliB y posuuHi. Becranosiewno, 1o,
BUKOPUCTOBYIOUU JTONATKOBHUU eTal peaKkTUBAaIlil
OioceHcopiB micysa iHriOyBaHHA, MOKHA 3HAYHO
TiABUIUTU CEJIEKTUBHICTh MPOIeAypu 6ioceHcop-
HOTO BUSHAYEHHA i0HiB BaXKKUX METAaJIiB.

Knatwouwosi cnoea: KOHIYKTOMETPUUHUNA II€PETBO-

pooBau, OioceHcop, ypeasa, Ba)KKi wmeTanawu,
iHriGiTOPHMI aHAJIi3, peaKTUBAIlifd €EH3UMY.
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HCCJEJOBAHHUE U OIITUMHUSAIINUA
PEAKTHUBAIINH YPEA3SHOT'O
BHOCEHCOPA ITPM THI'HNBUTOPHOM
AHAJIN3E HOHOB TAKEJIBIX
METAJIJIOB

Byonukos C. P.1'2
Condamrxun A. A2
Kyxaa A.JI.3
Xomenwo M. ©.14
Il3s0euy C. B.b:?
Condamrun O. IT."> 2

1I/IHCTI/ITyT MOJIEKYJIAPHOM OMOJIOTUY U TeHETUKN
HAH Vkpaunsi, Kues
?KueBcKuil HAMOHAIBHBIH YHUBEPCUTET
nmenu Tapaca [IleBuenko, YKpanHa
M HCTUTYT PUBUKY IOIYIPOBOLHUKOB
uMm. B. E. JJamkapesa HAH Ykpaunsi, Kues
4I_IeHTp WHTeJJIeKTyaJIbHOM COOCTBEHHOCTHU
u tepenauu Texuoaoruit HAH Vkpaunsl, Kues

ITennio paboTHI OBIJIO ONpeAeeHNE YCIOBUH
onTuMu3anuu pPaboThl ypeasHOro OGuoceHcopa
IIPU aHAJIM3Ee TAMKEJIbIX METAJIJIOB U BOBMOYKHOCTH
ero peakTuBanuu. Kak KOHIYKTOMETPUUECKUA
npeobpas3oBaTesib UCIIOJIb30oBasach AudepeHIu-
aJIbHAsA Iapa 30J0THIX I'pe0eHYaTHIX 3JIeKTPOOB,
HaHeCEeHHBIX Ha KepaMUUYECKYIO IMOJIOKKY. Posb
O0roceJIeKTUBHOII MeMOpaHbI UTpajia ypeasa, KO-
UMMOOUIM30BaHHAA C OBIYBUM CBHIBOPOTOUHBIM
aJIbOYMUHOM C IIOMOIIBHIO ITOTIEPEYHOUN CIITUBKU
TyTapoBBIM aJbAETUIOM HA ITOBEPXHOCTU KOH-
IYKTOMeTpUuUYecKoro npeodbpasosares. [lomobpa-
Ha oNTHUMaJibHasA KOHIIEHTpalua cybcTpara qis
UHTUOUTOPHOTO aHAIN3a MOHOB TAMKEJIbIX MeTaJl-
a0B — 1,0 MM moueBunbI. IIpoBEepeHa YyBCTBU-
TeJILHOCTH OMOCEHCOPAa K PA3HBIM MOHAM TAMKEBIX
MeTaJIJIOB U IIOCTPOEHBI KaJnOpOBOUHBIE KPUBHIE.
ITokasaHo, UYTO HpeIOKeHHBINI OMOCEeHCOD Xa-
PaKTepU30BaJICSI BHICOKOI BOCIIPOU3BOAUMOCTHIO
CUTHAJIOB IO U OCJIe UHTUOUPOBAHUA C IOTPEIII-
HOCThI0O udmMepenus menee 3% . JlokasaHa BO3-
MOJKHOCTH PEaKTUBAIIUU OMOCEJTeKTUBHBIX MeM-
OpaH pPacTBOPOM STHUJIEHAMAMUHTETPAYKCYCHOI
KMCJIOTHI IIOCJIe HeoOpaTUMOr0 MHTMOUPOBaAHUS
ypeasbl TAMKeJbIMU MeTajiamMmu. Ilogo6paHs! omn-
TUMaJbHBIE YCIOBUA PEAKTUBAIINU OMOCEHCOPOB,
B YACTHOCTHU 3aBUCUMOCTh YPOBHS PeaKTUBAIIUU
OT BpeMeHU U KOHIIeHTPAI[UY NOHOB TAKeJIbIX Me-
TAJIJIOB B PACTBOpPE. ¥ CTAHOBJIEHO, UTO, UCIIOJIb3Y A
JOIIOJHUTEJbHBIN 9TAIl peaKTUBAIIUYU OMOCEHCO-
POB IOCJIe MHTHOUPOBAHU S, MOKHO 3HAUUTEJIHHO
TIOBBICUTH CEJIEKTUBHOCTD IIPOIENYPHI OOCEHCOP-
HOTO OIIPeJIeJIEHN NOHOB TAMKEJIBIX MEeTaJIIOB.

Knwuesvle cnosa: KOHIYKTOMETPUUYECKUNA IPE0O-
pasoBaTesib, OMOCEHCOp, ypeasa, TssKeJble MeTaJl-
JIbl, THTIOUTOPHBIN aHAIN3, PEaKTUBAIIUA SH3UMA.
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INTENSIFICATION OF SURFACTANTS SYNTHESIS
UNDER Nocardia vaccinii IMV B-7405 CULTIVATION
ON A MIXTURE OF GLUCOSE AND GLYCEROL

T. Pirog -2
T. Shevchuk!
K. Beregova?
N. Kudrya?®

1 Zabolotny Institute of Microbiology and Virology
of the National Academy of Sciences of Ukraine, Kiyv
National University of Food Technologies, Ukraine, Kiyv

E-mail: tapirog@nuft.edu.ua
Received 16.11.2015

The purpose of this study was to establish optimal molar glycerol to glucose ratio for enhanced
biosurfactant synthesis by the cultivation of Nocardia vaccinii IMV B-7405 on a mixture of energetically
nonequivalent substrates (glucose and glycerol).

Based on theoretical calculations of the energy requirements for biomass production and the synthesis
of surface-active trehalose monomycolates on the energy-deficient substrate (glycerol), the concentration
of the energy-excessive substrate (glucose), which increased the efficiency of the substrate carbon
conversion tobiosurfactant, was determined. It was found that the synthesis of extracellular biosurfactant
on a mixture of glucose and glycerol at molar ratio of 1.0:2.5 increased 2.0—2.3-fold compared to that on
corresponding monosubstrates.

The increased level of biosurfactant on the mixed substrate is determined by intensification of
surface-active trehalose monomycolate synthesis, confirmed by 1.2-5.7-fold increase in activity of the
enzymes involved in their biosynthesis (trehalose phosphate synthase, phosphoenolpyruvate-
carboxykinase, phosphoenolpyruvate-synthetase) compared to cultivation on monosubstrates glucose and
glycerol. The results indicate the feasibility of using a mixture of energetically nonequivalent substrates
for enhancing the synthesis of secondary metabolites, as well as possibility of achieving the high efficiency
of these mixed substrates if they are properly chosen and the molar ratio of their concentrations are
correctly determined.

Key words: Nocardia vaccinii IMB B-7405, biosurfactant, energetically nonequivalent substrates.

Literature data and results of own studies
indicate the prospects of the use of a mixture
of growth and non-growth substrate for the
intensification of the microorganism growth
and the synthesis of metabolites valuable for
practical use. It has been shown by the example
of microbial exopolysaccharide ethapolan
and biosurfactants (BS) such as Rhodococcus
erythropolis IMV Ac-5017 and Acinetobacter
calcoaceticus IMV B-7241 [1-4]. This approach
allowed avoiding inefficient loss of carbon and
energy that occur when using monosubstrates,
as well as improving the efficiency of substrate
carbon conversion to products of microbial
synthesis.

It was shown the possibility of using mixed
growth substrates (n-hexadecane, glycerol,
ethanol, glucose) to intensify the synthesis of
surfactants by Nocardia vaccinii IMV B-7405,
at that, the highest values were observed

for a mixture of glucose and glycerol [5].
However, to attain the maximum efficiency
of carbon conversion to the final product, the
determining the optimal for its synthesis molar
ratio of monosubstrate concentrations in the
mixture is necessary, which in turn requires
the theoretical calculations of the energy
requirements for the biomass production and
BS synthesis on the energy-deficient substrate
followed by determining the concentration of
energy-excessive substrate which compensate
for the energy expenditure [1-4]. To
implement these theoretical calculations,
understanding of the metabolic pathways of
relevant monosubstrate synthesis is important.

It was revealed in our previous work [6]
that glucose in N. vaccinii IMV B-7405 was
assimilated in the pentose phosphate cycle, and
the catabolism of glycerol to dihydroxyacetone
phosphate (glycolysis intermediate) could
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proceed via both the glycerol-3-phosphate and
the dihydroxyacetone pathway.

The aim of this work was to determine
the optimal molar ratio of glucose to glycerol
for the intensification of BS synthesis by N.
vaccinii IMV B-7405 on a mixture of these
substrates.

Materials and Methods

Nocardia vaccinii K-8 strain registered in
the Depository of microorganisms of Institute
of Microbiology and Virology of the National
Academy of Sciences of Ukraine under the
number IMV B-7405 was used in the study.
N. vaccinii IMV B-7405 strain was grown in
liquid mineral medium composed of (g/I):
NaNO; — 0.5, MgSO,-7H,0 — 0.1, CaCl,;-2H,0 —
0.1, KH,PO, — 0.1, FeSO,-7TH,0 — 0.001,
yeast autolysate — 0.5 (vol/vol). Glucose
0.75%, glycerol 0.6% (vol/vol) as well as
mixtures of 0.5% glucose and glycerol (0.2;
0.4; 0.5; 0.6 and 0.8% vol/vol) in molar ratios
of 1:1; 1:2; 1:2.5; 1:3 and 1:4 respectively were
used as the carbon and energy sources.

The mid-exponential-phase culture grown
in the medium of the indicated above compo-
sition was used as the inoculum. Glucose
(0.5%), glycerol (0.5% vol/vol) and a mixture
of glucose (0.25%) and glycerol (0.25% vol/
vol) were used as the carbon and energy sources
for the inoculum preparation.

The amount of inoculum (10*-10° cell/ml)
was 5% of the medium volume. Cultivation
was performed in 750 ml flasks with 100 ml of
medium on a shaker (220 rpm) at 28-30 °C for
24-120 h.

Amount of the extracellular BS was
determined after their extraction from the
cultural liquid supernatant by chloroform/
methanol (2:1) mixture using the modified
method [7]. To obtain the supernatant, the
culture liquid was centrifuged at 5000 g for
20 min.

Considering that N. vaccinii IMV B-7405
strain synthesizes complex of polar and non-
polar lipids [6] and a reported method of
BS extraction [7] allows to extract mainly
non-polar lipids, we modified the classic
Folch mixture by introducing into it 1N HCl
(chloroform : methanol : water = 4:3:2). This
mixture allows most efficient extraction of
both polar and non-polar lipids.

The supernatant (25 ml) was placed into
cylindrical separatory funnel (100 ml), 1N HCl
was added to achieve pH 4.0—4.5 (about 5 ml),
the funnel was closed with a ground stopper
and stirred for 3 min, and then the chloroform-
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methanol (2:1) mixture (15 ml) was added and
again stirred for 5 min (lipid extraction).
The resulting mixture was left in separatory
funnel for phase separation, thereafter the
bottom fraction was poured off (the organic
extract 1) and the aqueous phase was re-
extracted. At the re-extraction, 1N HCI to
achieve pH 4.0—4.5 (about 5 ml), chloroform-
methanol (2:1) mixture (15 ml) were added to
the aqueous phase and lipids were extracted
for 5 min. After phase separation, the bottom
fraction was poured off (the organic extract 2).
At the third stage, chloroform-methanol (2:1)
mixture (25ml) was added to the aqueous phase
and extraction was performed as described
above (the organic extract 3). The extracts
1-3 were combined and evaporated on a rotary
evaporator IR-1M2 at 50 °C and absolute
pressure 0.4 atm up to constant mass.

To determine the emulsification index
(Eyy, %), sunflower oil (5 ml) (emulsified
substrate) was added to culture liquid
(5 ml) and the mixture was stirred for 2
min. Thereafter the measurement of the
emulsification index was determined after 24
h as of the ratio of the emulsion layer height to
the total height of the liquid in the tube and it
was expressed in percent.

Preparation of cell-free extracts and
determination of the activity of enzymes
involved in glucose and glycerol catabolism,
anaplerotic pathways and BS biosynthesis were
performed as described in [6]. The activity
of glucose-6-phosphate dehydrogenase (EC
1.1.1.49) was measured by detecting NADP*
reduction at 340 nm using glucose-6-phosphate
as an electron donor. Dihydroxyacetone kinase
activity (EC 2.7.1.29) was determined on
dihydroxyacetonephosphate formation which
was assayed by spectrophotometry measuring
the oxidation of NADH" in the coupled
reaction with glycerol-3-phosphate
dehydrogenase. The activity of isocitrate
lyase (EC 4.1.3.1) was estimated by measuring
the rate of phenylhydrazone glyoxylate
formation at 324 nm, the activity of
phosphoenolpyruvate (PEP) synthetase (EC
2.7.9.2) — by measuring the rate of pyruvate
formation which was detected through NADH
oxidation at 340 nm in the coupled reaction
with lactate dehydrogenase, the activity
of PEP-carboxykinase (EC 4.1.1.49) — by
assessing the PEP and pyruvate formation
during NADH oxidation, and the activity of
glutamate dehydrogenase (EC 1.4.1.4) — by
measuring the glutamate formation at NADPH
oxidation at 340 nm, the activity of PEP
carboxylase (EC 4.1.1.31) — by measuring
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NADH oxidation at 340 nm, the activity of
trehalose-phosphate synthase (EC 2.4.1.15) —
by measuring uridine diphosphate formation
which was determined by the NADH oxidation
at 340 nm in coupled reactions with pyruvate
kinase and lactate dehydrogenase.

NAD", NADP*, uridine-5’-diphosphate-
glucose (Fluka, Switzerland), lactate
dehydrogenase, isocitrate (Serva, Germany)
were used for enzyme assays. Others reagents
were Sigma, USA.

Enzyme activity was expressed in nmol
of product formed per 1 min and calculated
per 1 mg of protein. Protein concentration in
cell-free extracts was determined by Bradford
assay [8]. Enzyme activity assessment was
performed at 28—30 °C (optimal temperature
for the N. vaccinii IMV B-7405 growth).

All experiments were performed
in 3 replicates, the number of parallel
determination in the experiment was 3-5.
Statistical processing of the obtained data
was performed as previously described [3].
The differences between average means were
considered significant at P < 0.05.

Results and Discussion

It was previously shown [1-4] that the
auxiliary substrate concept, proposed by Babel
[9] to increase the biomass yield, can serve as
theoretical basis for studies on the enhanced
synthesis of secondary metabolites on mixture
of several substrates. According to “energy-
based classification” (on which concept is based),
all substrates are divided into energy-excessive
and energy-deficient [10]. According to this
classification, phosphoglyceric acid (PGA) is
a central carbon precursor (key intermediate)
for the synthesis of all cellular components.
The energy needed for the synthesis of cellular
components from this precursor, is a constant
value and found to be 1 mol of ATP per 10.5 g
of dry biomass [10]. Substrates are classified
as energy-excessive if the amount of ATP as
well as reducing equivalents, generated on
the pathway from the substrate to PGA, is
sufficient for the biomass synthesis. Substrates,
which must be partly oxidized to CO, to produce
the energy required for the synthesis of cellular
components, are classified as energy-deficient.
Knowledge of the metabolic pathways of carbon
substrate conversion into key intermediate
(PGA) of biomass synthesis enables to determine
the substrate “energy value”.

According to the “energy-based
classification” by Babel [10], glycerol is always
energy-deficient substrate, whilst glucose may

be, depending on catabolism pathway, either
energy-deficient (glycolysis, the Entner-
Doudoroff pathway) or energy-excessive
(pentose phosphate pathway) substrate.

Previously it was found that N. vaccinii
IMV B-7405 synthesizes complex of neutral,
glyco- and aminolipids, at that, glycolipids
were presented as trehalose mycolates [11].
Enzymatic studies [9] confirmed the ability
of N. vaccinii IMV B-7405 to synthesize
surface active glyco- and aminolipids, as
evidenced by the high activity of enzymes of
gluconeogenesis (PEP-carboxykinase and PEP-
synthetase) and NADP*-dependent glutamate
dehydrogenase as well as trehalose-phosphate
synthase — a key enzyme of the trehalose
mycolates biosynthesis.

Calculation of the glucose/glycerol
concentrations ratio for N. vaccinii IMV
B-7405 cultivation on their mixture. The
calculation of the optimal glucose/glycerol
ratio was based on the following assumptions:
1) trehalose mycolates are the main BS
components; 2) catabolism of glucose is
performed via the pentose phosphate pathway;
3) glycerol is involved in metabolism through
dihydroxyacetone with the participation
of pyrroloquinoline quinine- and nitroso-
N,N-dimethylaniline-dependent alcohol
dehydrogenases and dihydroxyacetone kinase;
4) glucose is used primarily as an energy source,
and for the synthesis of biomass and trehalose
mycolates carbon of glycerol is used; 5) the mycolic
acid in the trehalose mycolates is 3-hydroxy-
2-dodecanoyl-docosanoic acid containing
34 carbon atoms (similar to Rhodococcus
erytropolis trehalose lipids [12]); 6) P/O ratio is 2.

A possible scheme for the synthesis of
trehalose monomycolate from glycerol is
shown in Fig. 1. This scheme is based on our
following studies of glycerol metabolism in the
IMV B-7405 strain [6]:

1. Assimilation of this substrate
through dihydroxyacetone. It was
found [6] that glycerol catabolism to
dihydroxyacetonephosphate (glycolysis
intermediate) may be performed in two ways:
through glycerol-3-phosphate and through
dihydroxyacetone. Since the dihydroxyacetone
kinase activity was higher than glycerol
kinase activity (732 and 244 nmol/min '-mg™
protein, respectively), exactly this pathway of
glycerol catabolism is indicated in Fig. 1.

2. Peculiarities of the central metabolism
(enzyme activities of tricarboxylic acid cycle,
including the succinate formation in the
alternative 2-oxoglutarate synthase reaction,
gluconeogenesis reaction).
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It should be noted, according to [6],
that both gluconeogenesis enzymes (PEP-
carboxykinase and PEP-synthetase) function
in the N. vaccinii IMV B-7405 cells. Since the
PEP-synthetase activity was higher than PEP-
carboxykinase activity (1071 and 820 nmol/
min 'mg! protein, respectively), exactly this
reaction is shown in Fig. 1.

3. Biosynthesis of surface-active trehalose
mycolates (formation of trehalose-6-phosphate
in the trehalose-phosphate synthase reaction).

Based on data [12], the formation of
mycolic acid via 3-hydroxy-2-dodecanoyl
docosanoic acid and the synthesis of trehalose-
6-mycolate from trehalose-6-phosphate and
mycolic acid are shown in Fig. 1.
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Energy consumption during the trehalose
phosphate synthesis. As can be seen from the
scheme, 8 mol of glycerol are required for
the synthesis of one molecule of trehalose
phosphate (4 mol to produce glyoxylate and
4 mol for the synthesis of acetyl-CoA, which
reacts with glyoxylate to form malate). Thus, 8
mol of ATP are consumed during the formation
of glycerol-3-phosphate from glycerol, 8
mol of ATP — in the formation of PEP from
pyruvate, 4 mol of ATP — in the synthesis of
1,3-diphosphoglycerate from phosphoglyceric
acid (PGA) and 8 (4 NADH) — during
conversion of 1,3-diphosphoglycerate into
triose phosphate. Hence, energy consumption
is 28 mol of ATP. In addition, one mol of
ATP is consumed during the formation of
nucleoside-diphosphate-saccharide (glucose-6-
phosphate — UDP-glucose) necessary for the
synthesis of trehalose-6-phosphate. Hence,
the energy consumption during synthesis of
trehalose-6-phosphate from glycerol is 30 mol
of ATP.

Energy consumption during the synthesis
of mycolic acid. Considering the pathway of
biosynthesis of fatty acids from acetyl-CoA
described in [1], it can be calculated that for
the producing of 3-hydroxy-2-dodecanoyl
docosanoic acid containing 34 carbon atoms,
17 mol of acetyl-CoA are required, for the
synthesis of which from glycerol, 17 mol of
ATP is used. Given the number of cycles (16) in
the synthesis of mycolic acids from acetyl-CoA,
the energy consumption is 16 + 17 = 33 mol
of ATP.

ATP generation during the synthesis of
trehalose monomycolate from glycerol.

Energy is generated at the formation of
acetyl-CoA:

Glycerol — Acetyl CoA + ATP + 2NADH. (1)

Since 17 mol of acetyl-CoA for mycolic acid
synthesis and 8 mol of acetyl-CoA are required
for trehalose phosphate synthesis, the equation
(1) can be represented as:

25 Glycerol — 25 Acetyl-CoA + 25 ATP +
+ 50 NADH, (2)

From equation (2), given P/0=2, it
follows that during the formation of trehalose
monomycolate from glycerol 25 + 100 = 125 mol
of ATP are generated, or 5 mol of ATP per
mole of glycerol. The total energy consumption
during the synthesis of trehalose phosphate and
mycolic acid from glycerol is 30 + 33 = 63 mol
of ATP, or 2.52 mol of ATP per mol of utilized
glycerol.

Thus, the energy generated during the
trehalose monomycolate formation is 5-2.52 =
2.48 mol ATP / mol of utilized glycerol.

The energy consumption during the
biomass synthesis. Synthesis of biomass from
phosphoglyceric acid, a key intermediate
of synthesis of cellular components, can be
represented as follows [10]:

4 PGA + NH; + 29 ATP + 5.5 NAD(P)H —
— (C4HgO,N), 3),

where (C,HgO,N); is a formula of mole of the
biomass.

Total conversion reactions of glycerol and
glucose in PGA are [8]:

Glycerol - PGA + NAD(P)H; 4)
Glucose —» PGA + 7T NAD(P)H + 3CO,. (5)

For P/O = 2 equations (4) and (5) can be
presented as:

Glycerol - PGA + 2 ATP; (6)
Glucose —» PGA + 14 ATP. 7)

Considering the equation of biomass
synthesis from PGA (equation (3) and
the glycerol catabolism to PGA equation
(equation (6), it can be calculated that the
ATP amount required for biomass synthesis
(per mol of glycerol) is 8 mol of ATP. In our
opinion, this energy can be obtained from
glucose. Given that 2.48 mol of ATP / mol of
glycerol is generated during the synthesis of
trehalosemonomycolate from glycerol, 8 —
2.48 = 5.52 mol ATP should be obtained at the
expense of glucose. The equation (7) implies
that 0.394 mol of glucose is needed for this
amount of energy. Consequently, the glucose/
glycerol molar ratio in the medium should be
0.394:1 0r 1:2.5.

Effect of molar ratio of glucose/glycerol
concentrations on BS synthesis. In the next
step, BS synthesis by N. vaccinii IMV B-7405
at various molar ratios of glucose and glycerol
concentrations in a mixture was studied
(Fig. 2). As it can be seen (Fig. 2), the highest
rates of BS synthesis were observed at molar
ratio of monosubstrates 1:2.5—-1,4, i.e. closest
to the theoretical one.

Further experiments showed that in the
cells of N. vaccinii IMV B-7405 strain grown
on a mixture of glucose and glycerol (1:2.5),
the enzymes of both substrates catabolism
functioned simultaneously. Thus, the activity
of NADP'-dependent glucose-6-phosphate
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Table 1. Characteristics of BS synthesis under cultivation
of N. vaccinii IMV B-7405 on glucose, glycerol and their mixture

Substrate concentration,% BS, g/1 E24,%

Glucose, 0.5+ Glycerol, 0.5 3.0+0.15%* 55+2.8%%
Glucose, 0.75 1.3+0.06 51+2.5
Glycerol, 0.6 1.5+0.07 53+2.6

Notes. The concentration of glycerol is given in% (vol/vol). The molar ratio of glucose/glycerol
concentrations is 1:2.5 (Table 1 and 2). Mixed and monosubstrates are equimolar for carbon. Under cultivation
on glucose and glycerol, the inoculum was grown on respective monosubstrates (0.5% ), for the mixed
substrate — on mixture of glucose (0.25% ) and glycerol (0.25% ). The concentration of biomass in all cases was

the same 0.8—-0.9 g/1.

* — P <0.05 relative to control (BS concentration on the monosubstrates).
*% _ P <0.05 relative to control (emulsification index on the monosubstrates).
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& 3
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Fig. 2. Effect of molar ratio of glycerol/glucose
concentrations in the cultivation medium
of N. vaccinii IMV B-7405 on BS synthesis:
Hereinafter: *— P < 0.05 relative to the control
(BS concentration at the theoretically calculated
glucose/glycerol molar ratio 1:2.5). The inoculum
was grown on a mixture of glucose (0.25%) and
glycerol (0.25%, vol /vol)

dehydrogenase (one of enzymes of the pentose
phosphate pathway) and dihydroxyacetone
kinase (the key enzyme of the dihydroxyacetone
pathway of glycerol assimilation) was was
400-450 nmol/min''mg™! protein). These
data indicated the mixotrophic nature of the
N.vaccinii IMV B-7405 growth on a mixture of
glucose and glycerol.

Characteristics of BS synthesis by
N. vaccinii IMV B-7405 on glucose and
glycerol mixture (molar ratio 1:2.5), as
well as on monosubstrates equimolar for
carbon concentrations shown in Table 1. The
concentration of extracellular biosurfactants
obtained on the mixture of glucose and glycerol
was 2-2.3 times higher than ones synthesized
on monosubstrates and emulsification index of
the culture liquid did not substantially change
(51-55%).
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These data may indicate that cultivation
of IMV B-7405 strain on the mixed substrate
is accompanied by enhanced synthesis of
metabolites with surfactant properties. To
test this assumption the activity of enzymes of
the surfactants biosynthesis was determined
(Table 2).

The data presented in the Table 2 have
shown that under cultivation IMV B-7405
on the glucose and glycerol mixture, the
activity of PEP-carboxylase (enzyme of
anaplerotic reaction that replenishes the
pool of C,-dicarboxylic acids — precursors of
gluconeogenesis) was 1.3-1.4 fold higher, and
the activity of key enzymes of gluconeogenesis
(PEP-carboxykinase and PEP-synthetase)
was 1.2-5.7-fold higher than that under
cultivation on monosubstrates. These data,
as well as the higher activity of trehalose-
phosphate synthase on mixed substrate
(69 against 38—39 nmol/min mg ! protein on
glucose and glycerol) indicated an increase in
the surface-active trehalosemycolate synthesis
under such conditions. Enhanced synthesis of
exactly glycolipids on a mixture of glucose
and glycerol was also evidenced by almost the
same (394-427 nmol/ min ''mg™! protein)
activity of NADP"-dependent glutamate
dehydrogenase, the enzyme of surface-active
aminolipid biosynthesis, on both mixed and
monosubstrates. It should be noted that under
cultivation of IMV B-7405 strain on either
glycerol or mixture of glucose and glycerol,
activity of isocitrate lyase (one of the key
enzymes of the glyoxylate cycle functioning in
microorganisms growing on non-carbohydrate
substrates) was not detected.

Thus, both, the data presented in Table 2
and the results of growth experiments
(Table 1) have confirmed the enhanced
synthesis of surface-active metabolites under
cultivation of N. vaccinii IMV B-7405 on a
mixed substrate.
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Table 2. The activity of enzymes of BS biosynthesis and anaplerotic pathways
under N. vaccinii IMV V-7405 cultivation on the mono- and mixed substrates

Activity (nmol/min'mg protein) in the cell-free
extracts, obtained from cells grown on:

Enzyme
mixture of glycerol
glycerol glucose and glucose
PEP-carboxylase 714+35 218=10 1250+62%
PEP-synthetase 1042+52 623+31 1290+64*
NADP*-dependent glutamate dehydrogenase 394+19 427+21 417+20%*
PEP-carboxylase 714+35 803+40 1036=+51+%
Isocitrate lyase 0 0 0
Trehalose-phosphate synthase 392 38+2 69+3*

Notes. Enzyme activity was determined in the cell-free extracts obtained from the cells in early exponential
growth phase. * — P < 0.05 relative to control (enzyme activity in the cells grown on the monosubstrates).

We reviewed in [4] the literature data
(mainly 2005-2010) on the application of
the mixture of substrates for intensification
of technologies of microbial synthesis of
practically valuable products of fermentation
(ethanol, lactic acid, butanediol), the primary
(amino acid, n-hydroxybenzoate, triglycerides)
and secondary (lovastatin, surfactants)
metabolites as well as biodegradation of
xenobiotics of aromatic nature (benzene,
cresols, phenols, toluene) and pesticides
(dimethoate).

Following this review, a little new
information on the microbial synthesis of
industrial products, including microbial
surfactant mixtures on growth substrates
was published. For example, in [13] the
possibility of enhancing the synthesis of
1,3-propanediol by Klebsiella pneumoniae ME-
303 on the mixture of xylose and glycerol was
shown. It was found that under cultivation
of ME-303 strain in a fermenter on a medium
containing 30 g/l glycerol and 8 g/1 xylose,
the concentration of 1,3-propanediol was
13.2 g/1 and was only 9.4% higher than under
cultivation on monosubstrate glycerol.

Study of biomass production and polyols
(mannitol and arabitol) synthesis by Yarrowia
lipolytica on glycerol, glucose and mixture
of these subsrtates (10 g/1) showed that
cultivation of yeast on mixed substrate was
accompanied by an increase in growth rate,
levels of biomass, but not the amount of
alcohol [14].

Formation of sophorolipids by strain
Starmerella (Candida) bombicola ATCC 22214
on a mixture of glycerol (15% ) and sunflower

0il (10% ), and a mixture in which the purified
glycerol was replaced with glycerol-containing
waste products of commercial fats lyposis was
studied in [15]. It was found that regardless of
the glycerol source in mixture, concentration
of synthesized surfactant was almost the same
(6.36—6.61 g/1).

Yeast Cyberlindnera samutprakarnensis
JP52T when grown on a mixture of glucose
(2% ) and palm oil (2%, vol/vol) synthesized
1.89 g/1 BS [16]. Interestingly, BS synthesis
was not observed under cultivation of JP52T
strain on palm oil, on monosubstrate glucose
concentration of surfactant was only 0.03 g/I.

In [17], synthesis of mannosylerythritol
lipid BS by Pseudozyma hubeiensis Y10BS025
on mixtures of several substrates was
studied. It was established that cultivation of
Y10BS025 strain on a mixture of glucose and
glycerol at ratio 75:25 with addition of soybean
0il (8%, vol/vol), accompanied by synthesis of
115 g/1 BS, that higher than if olive oil was
added (65 g/1).

In studies [15-17] (and other
aforementioned publications), monosubstrates
and their concentrations in the mixture were
established empirically. It is noteworthy that
the substrates were used in extremely high
(sometimes 100 g/l1) concentrations. In this
case, the enhancement of the BS synthesis on
the mixture of growth substrates compared
to the cultivation on monosubstrates was
not indicative, since the main criterion of
efficiency of mixed substrates was the maximal
carbon conversion into final product.

In previous researches [1-4] and in this
study, to provide the highest carbon conversion
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of the two energetically unequal substrates
into microbial products (surfactants), we
performed a theoretical calculation of optimal
molar ratio of monosubstrate concentrations
in the mixture that allowed increasing
the concentration of the final product by
several times in comparison with that on
monosubstrates.

The theoretical calculation of the energy
required for the synthesis of trehalose
mycolates R. erythropolis IMV Ac-5017 and
A. calcoaceticus IMV B-7241 on a mixture
of energy-excessive hexadecane and energy-
deficient glycerol showed that the optimum
molar ratio of substrates for BS synthesis
found to be 1:7 [3, 4]. Under such cultivation
conditions the BS synthesis was 2.6—3.5-fold
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TeTUYHUX TOTpebd CUHTEe3y IMOBEPXHEBO-aKTHUB-
HBIX TpPerajo3oMOHOMikKoJiaTiB Ta Oiomacu Ha
eHepreTnuHo AedinurHoMy cyberpari (raimepoa)
BCTAHOBJIEHO KOHIIEHTPAI[il0 eHepTreTUYHO Hal-
JIUIIIKOBOI TJIIOKO3U, II[0 JA€ 3MOTY HiJBUIIUTHU
e(eKTUBHICTHL KOHBEPCil ByIJIeIl0 BUKOPUCTOBY-
BaHUX Ccy0OCTpaTiB y MOBEepPXHEBO-aKTHUBHI pevo-
BUHHU. 3a MOJSAPHOTO CIiBBiAHOIIEHHS KOHIIEH-
Tpaliii raKo3u Ta riainepoiay 1,0:2,5 kigpKicTs
CHUHTE30BAaHUX NO3aKJITHHHUX IIOBEPXHEBO-aK-
TUBHUX peuoBuH Oysay 2,0—2,3 pasa 6iibina, HixK
Ha BiAmoBiZHUX MOHOCYyOCTpaTax.

IligBuIleHHs KOHIeHTpAIlil MOBEepPXHEBO-aK-
TUBHMUX PEUYOBMH Ha 3MiIllaHoMy cyoOcTpaTi 3y-
MOBJIEHO 30iJILIIIEHHAM CUHTE3y IIOBEPXHEBO-aK-
TUBHUX TPETAJIO30MiKO0JaTiB, IPO IO CBiIUYMJIIO
3poctaHHda B 1,2—5,7 pasa aKTUBHOCTI eH3UMiB IX
b6iocuuTe3dy (TperasododocharcuraTaszu, pocdo-
eHOJIipyBaTKapOoOKcuKinasu, ¢ocdoeHONTipy-
BaTCHUHTETa31) HOPiBHSAHO 3 KYJIbTUBYBAHHAM Ha
MOHOcCyOcTpaTax TJIIOK03i Ta riirnepoJuri. Orpuma-
Hi pe3yJabTaTu cBifyaTh IIPO AOIiJNBHICTHL BUKO-
PUCTAHHA CyMilli eHepreTUYHO HEPiBHOIIHHUX
POCTOBUX CyOCTpATiB AJA MiABUINEHHA CUHTE3Y
BTOPUHHUX MeTabO0JIiTiB, a TAaKOK IIPO Te, IO BU-
COKOI e(peKTUBHOCTI TaKUX 3MiIlIaHUX cyOcTpaTiB
MO:Ke OyTU JOCSATHEHO K 3a IPaBUJIBLHOT'O BUGODY
cyOcTparTiB, TaK i KOPEKTHOTO BUBHAUEHHA MOJIAP-
HOT'O CIiBBiTHOIIIEHHS 1X KOHIIEHTPAIIii.

Knrmouwosi croea: Nocardia vaccinii IMB B-7405,
HOBerHeBO-aKTI/IBHi peLIOBI/IHI/I, eHepFeTI/IqHO
HepiBHOIIiHHI cybcTpaTH.
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IIPU KYJBTUBUPOBAHHUUN
Nocardia vaccinii IMB B-7405 HA CMECH
I'JIFOKO35bI U I' IUITEPOJIA
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ITesnbio paboOTHI OBLTIO OIIpeeIeHe OITUMAJb-
HOT'O MOJIIPHOT'O COOTHOIIIEHUA TJIIOKO3BI U TJIUIIE-
poJia Ijisi UHTeHCUu(pUKaAIUY CUHTe3a II0BEPXHOCT-
HO-aKTUBHBIX BemlecTB N. vaccinii IMB B-7405 na
cMecHt 9HepreTUYecKu HePaBHOIIEHHBIX cyOcTpa-
TOB (TJIIOKO3BI U TJINIEPOJIa).

Ha ocHOBe TeopeTnuecKnX pacueToB dHepTe-
TUYECKUX MOTPEeOHOCTEH CUHTEe3a TOBEPXHOCTHO-
aKTUBHBIX TPEraJI030MOHOMUKOJIATOB U OMOMACCHI
Ha SHEPTeTUUeCcKU AeUIMTHOM cyocTpaTe (TJIu-
1epoJI) YCTAHOBJIEHA KOHIIEHTPAI[US dHEepreTuye-
CKU U30BITOYHOII TJIIOKO3bI, TTO3BOJIAET MOBLICUTH
3(pPeKTUBHOCTH, KOHBEPCUU yIJepoaa NCIOJIb3ye-
MBIX CyOCTPATOB B IOBEPXHOCTHO-aKTUBHBIE BeIlle-
crea. IIpu MOJISIPHOM COOTHOINIEHUHU KOHIIEHTpA-
MU TJII0OKO36I U riurneposga 1,0:2,5 KoauuecTBO
CUHTE3UPYEeMbIX BHEKJETOUHBIX ITOBEPXHOCTHO-
aKTUBHBIX BelecTB 05110 B 2,0—2,3 pasa GoJibIre,
yeM Ha COOTBETCTBYIOIIUX MOHOCYOCTpaTax.

IloBhINIeHME KOHIIEHTPAIUM IIOBEPXHOCT-
HO-aKTHUBHBIX BeIlECTB Ha CMEIIaHHOM cybOcTpa-
Te 00YCJOBJIEHO YBEeJIUUYEHNEM CUHTEe3a II0BepX-
HOCTHO-aKTHUBHBIX TPErajo30MUKOJIATOB, O UeM
CBUIETEJIbCTBOBAJIO Bo3dpacTtauue B 1,2—5,7 pasa
AKTHUBHOCTHU SH3WMOB UX OMocUHTe3a (Tperaioso-
docharcurTasdwl, GochoeHOITUPYBATKAPOOKCH-
KHHAa3bI, PochOoeHOJITNPYBaTCUHTETAa3bl) II0 CPaB-
HEHUIO ¢ KyJbTUBUPOBAHUEM Ha MOHOCYOCTpaTax
TUII0OKO3€e U raurepose. [lonyueHHble pe3yabTaThbl
CBUJETEJBbCTBYIOT O I€JeCO00Pa3HOCTH MUCIOJIb-
30BaHUA CMeCH dHepPreTUYeCcKr HePaBHOIIEHHBIX
POCTOBBIX CyOCTPATOB [IJIA ITOBBIIIIEHUSI CUHTE3a
BTOPUYHBIX META00JIUTOB, & TAKKE O TOM, UTO BbI-
cokasa 3G GEeKTUBHOCTh TAKUX CMEIIaHHBIX Cy0-
CTPATOB MOXKET OBITh JOCTUTHYTA KaK MIpPU Ipa-
BUJILHOM BBIOOpPE CyOCTPATOB, TAK M KOPPEKTHOM
ompesesieHUY MOJSPHOTO COOTHOIIEHUA UX KOH-
IEeHTPAaI[UIA.

Knrouesvie cnosa: Nocardia vaccinii IMB

B-7405, moBepXHOCTHO-aKTHUBHBIE BeIeCTBA,
SHEPTreTUYeCKHU HepaBHOIIEHHbBIE CyOCTPaThI.
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The aim of research was the evaluation of blood clotting activity and hemostatic effect of chitosan
specimens using developed set of laboratory tests and preparation of chitosan with high blood clotting
activity. Chitosan specimens were powdered to the particle size less than 0.25 mm and characterized by
in vitro tests including determination of coagulation time of heparinized blood, bulk density of material,
swelling of particles in water and Tris-buffered saline, pH 7.4, as well as in vivo tests based on estimation
of efficacy in controlling hemorrhage from wounds in mice and rats. Using of the developed tests it was
revealed that available chitosan specimens (reagent grade, dietary supplements, samples prepared in
laboratory) are hemostatically inactive as compared with Celox preparation. We developed a method of
activation of above mentioned chitosan specimens to active hemostatic preparations. Some characteristics
of chitosan that are significant for blood clotting activity are described. It was demonstrated that high
molecular weight chitosan specimens are more effective as hemostatic agents comparing with low

molecular weight chitosan specimens.

Key words: chitosan, Celox, hemostatic effect, laboratory tests in vitro and in vivo.

In a great number of hemostatic agents
implicated in different field of medicine,
the hemostatic materials based on chitosan
are the most effective in stemming acute
hemorrhages, especially severe ones, and are of
the first order significance in the emergency
and military medicine [1, 2]. Methods of
chitin and chitosan isolation and purification
from different sources have been described
in numerous patents and papers [3—9].
Nevertheless, there is a problem in verification
of the hemostatic or hemocoagulating activity
of chitosan specimens purchased from
different commercial sources or prepared in
laboratory according to described methods.
We found that chitosan as a chemical reagent
or dietary supplement did not exhibit
hemocoagulating or blood clotting activity.
Thus, monitoring of such activity is necessary
when using chitosan samples of commercial
origin or samples prepared in laboratory for
obtaining high quality hemostatic material
whose characteristics are comparable with that
of known commercial hemostatic agent Celox.
Several tests for measuring hemostatic activity
of chitosan preparations were proposed.
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They include determination of whole blood
clotting time and plasma recalcification time
[10], involvement of platelets (aggregation,
deposition and release of ATP and other factors
involved in blood clotting) [11], determination
of the duration of bleeding time from pricked
finger tip using chitosan soaked bandage [12],
flocculation of 0.5% solution of bentonite [13],
stemming of hemorrhage in a swine after groin
injury with transection of the femoral vessels
[14]. The last one is considered to be the most
decisive, however, screening process is rather
inconvenient and expensive, and the duration
of bleeding time from pricked finger tip [12]
is rather subjective and not suitable for the
repeated performance.

In our studies, commercial chitosan
specimens, as well as laboratory prepared
specimens and the original Celox (Medtrade
Products, UK) used as a positive control of the
hemostatic agent were tested when developing
different laboratory tests in vitro and in
vivo that permit predicting distinct chitosan
sample to be a potent hemostatic agent in
clinics conditions. The in vitro tests included:
a) clotting of blood in the presence of heparin;
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b) swelling of chitosan particles in water and
in saline; c) bulk density of powder (g/cm?).
While the in vivo tests included estimation of
the efficacy of studied material in controlling
of hemorrhage from wound in mice or rats.

The aim of this study was to compare
properties and hemostatic activity of selected
specimens of chitosan and Celox by using a
developed set of tests and to elaborate the
method of chitosan activation for obtaining
the product possessing high blood clotting
activity.

Material and Methods

The following chitosan specimens were
investigated: 1) low molecular weight
chitosan from crab shells (Aldrich, gift of Dr.
Zaichenko O. S., Lviv National Polytechnic
University); 2) chitosan Tyanshi, a dietary
supplement (www.tiens.in.ua) [15]; 3) chitosan
purchased from Organica (Health Products
Inc., Canada) that is a dietary supplement
for management of blood cholesterol level;
4) chitosan prepared in our laboratory from
chitin of crab shells (obtained as described in
[16]. The last preparation was subjected to
hydrolysis in 40% NaOH (110 °C for 5 hours
with further washing from alkali, dehydration
with ethanol and drying), as described in [17].
In order to obtain reproducible results, studied
material were grinded to a powder with particle
size less than 0.25 mm using porcelain mortar
and sieve of 60 mesh.

The obtained chitosan specimens
were characterized by determination
of the molecular weight and degree of

deacetylation. Molecular weight was defined
by the viscometry method, as described in
[18]. Viscosity was measured at 25 °C with a
viscometer of Ubbelohde type VPZh-4 (BIIJK-4,
Soyuznauchpribor, USSR) with capillar
diameter = 0.56 mm. Measurements of
chitosan solutions in a mixture of 0.17 M acetic
acid:0.2 M NacCl (1:2) were conducted.

A degree of deacetylation of chitosan
specimens was determined by the
potentiometric titration based on measuring a
capacity of ion exchange sorbents, as described
below. Chitosan specimen was converted
to base (OH") form by adjustment of 0.5%
solution in 8% acetic acid to pH 8.5-9.0 with
10% ammonium hydroxide. Precipitated
substance was collected by centrifugation
(10 min at 2,000 rpm), washed with water
and ethanol, and dried by evaporation on a
glass surface. Otherwise, precipitate could be
harvested on a glass (Schott) filter, washed
with water, ethanol and dried. Dry material
was powdered and stored in the dessicator over
CaCl,.

100 mg of chitosan base was dissolved in
10 ml of 0.1 N HCI. The dissolving of high
molecular weight chitosan was proceeded
slowly, for 2—4 hours under stirring. Then
solution was titrated with 0.1 N NaOH using
glass electrode in pH meter EB-74 (EV-74,
Grodno, Belaruss). The titration curves were
constructed (Fig. 1) from which the equivalent
value of free HCI titrated to pH 2.5 was
determined. That pH value was accepted on a
basis of titration of 10 ml1 0.1 N HCI. A degree
of deacetylation was determined by comparison
with chitosan samples of known deacetylation

pH

el

|

/]

L - = T R = B+

¥ J
i

0 1 2 3 4

5

6 7 8 9 10

0,1 n NaOH, m|

—+— 10 ml of 0,1 n HCI

—s— 100 mg chitosan of crab shells in 10 ml 0,1n HCI

—s— 100 mg chitosan of celoxin 10 ml of 0,1n HCI

Fig. 1. Determination of chitosan deacetylation degree as measured
by the potentiometric titration:
vertical bars on titration curves denote points which were accepted as the end of free HCI titration
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level, as indicated in the accompanying
certificates.

The mEq of HCI bound to chitosan base can
be calculated as a difference between 1 mEq
HCI (10 ml of 0.1 N HCI) and quantity of mEq
titrated to pH 2.5. The obtained value was
recalculated to 1 g of chitosan specimen from
which the number of mEq of glucosamine
in 1 g of chitosan was calculated. It was
determined that 1 g of chitosan with 100%
degree of deacetylation contained 6.17 mEq
of glucosamine residues (considering 162 mg
as 1 mEq of glucosamine residue,
1000 mg/162 = 6.17 mEq of glucosamine
residues per 1 g).

Bulk density of chitosan preparations was
measured in small glass tubes (inner diameter
4—-5 mm, volume 0.6 ml) graduated in 0.1 ml
scale. Chitosan powder was introduced into
tube and its mass was measured by weighting
with £0.1 mg accuracy. Then powder was
packed by striking the bottom of the tube on
table surface up to the constant level, and then
the volume was registered. Bulk density value
of specimen was presented as g/cm3. When
the amount of tested material was sufficient,
the size of the tube can be choice arbitrary,
e.g. standard glass conic centrifuge tube. The
material under investigation was not altered
and can be reutilized in further experiments.

Swelling of chitosan in water media was
determined in small tubes, like ones described
above. 0.5 ml of distilled water or Tris-
buffered saline (TBS, pH 7.4), was introduced
into a tube, and 5 mg of tested powder was
poured over the liquid. The behavior of
particles was observed for 1 min and checked
if they are retained on the surface or drawn to
the bottom. Thereafter, the content was mixed
with a small hook made from glass capillary,
the tube was placed vertically and a result was
registered after 1 hour (volume of sediment,
dissolution of particles, viscosity of mixture).
Finally, the condition of mixture (complete or
partial dissolution of chitosan particles and
volume of sediment, if present) were registered
after 12 hours.

For blood clotting test, 2 ml of blood were
withdrawn from the peripheral vein of human
volunteers after their written agree into a
plastic tube containing 0.2 ml of heparin
(2 mg/ml in TBS). Analysis was performed in
a flat bottom glass tubes, 8x35 mm. 0.2 ml of
fresh heparinized blood was introduced into
a tube, 7 mg of tested chitosan powder was
added, and content was mixed with a glass
hook. Time of clot formation was registered by
a stop watch. Blood clotting was manifested as
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disappearance of liquid state of blood layer, i.e.
no changing of its shape during bending of the
tube or putting it bottom up.

Experiments in vivo were conducted
on mice and rats taking into account the
approval of the BioEthics Committee at Danylo
Halytsky Lviv National Medical University
(Protocol N 3 dated by 2015.03.16). Animal
treatment was conducted in compliance with
recommendations of The European Community
Council Directive, 24 November 1986
(86/609/EEC).

Mouse was immobilized by its placing in
a special small “house”, the tail of animal
hanging from it freely. Bleeding was evoked by
cutting off 10 mm of tail end with a sharp razor
blade. Bandage was applied upon the wound,
which was prepared as follows. A peace of
double sheet gauze (2x2 cm size) was moistened
with 10% propylene glycol solution, an excess
of liquid was blotted with filter paper and
10 mg of chitosan powder was spread over the
gauze surface. After drying during 15—-30 min,
the gauze was folded to 1x1 cm square like a
filter paper funnel and stored in the closed
Eppendorf tube. Just before use, additional
3—5 mg of chitosan powder was introduced into
this funnel. In control, bandage was loaded
with inert powder, e.g. starch. Bandage was
attached to the wound by fingers for 5 min,
and then it was fixed with a peace of plaster.
After 10—15 min, mouse was released into a
cage and observed in about 1 hour. Bandage
was left further for 12—24 hours in a place of
application until spontaneous detachment.
The level of blood loss was evaluated semi-
quantitatively by measuring hemoglobin
washed out from the bandage with water.

Similar experiment on rats was conducted
under general anesthesia with diethyl ether.
Bandage (double sheet gauze) was of bigger
size (3x3 cm) than in the case of mouse, and
respectively more chitosan powder (22 + 5 mg
added ex tempore) was used.

Results and Discussion

It was revealed that commercial
preparations of chitosan (produced as
chemical reagent or dietary supplement),
as well as that obtained in our laboratory
by using known methods, did not exhibit
hemocoagulating effect towards the
heparinized blood, while Celox preparation
possessed such activity. When using the test
of chitosan swelling in water, we revealed
that inactive chitosan particles differ from
Celox by a lack of swelling and solubility in
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water. After application upon water column
in a tube, chitosan particles rapidly fall down
to the tube bottom and form small white
sediment. Similar behavior was observed
when acetate and succinate salts of chitosan
were used. On the contrary, Celox particles
were hydrated immediately with a formation
of very viscous substance that did not
sediment. Thereafter, Celox particles were
slowly dissolved. It was suggested that a lack
of swelling depended upon structure of the
particles which ought to be similar to dry gel,
and also depended on conditions of chitosan
precipitation and desiccation at final steps of
preparation. It was found that precipitation of
chitosan acetate with ethanol at concentration
< 50% in pH interval of 5.9-7.0 provides
gel-like structure of chitosan particles that
saved their swelling property. Desiccation
of gel by free evaporation on flat surface of
glass sheet was another revealed feature
of chitosan particles. Taking into account
these observations, we developed a method of
chitosan activation necessary for obtaining of
highly active hemocoagulating agent.
Activation of commercial and reagent
grade chitosan samples to obtain blood
clotting agent. Chitosan sample was dissolved
in 3% acetic acid (final concentration 0.75—
1.5%) under constant mechanical stirring
overnight. Dissolving proceeds slowly, and
diversity in denoted concentration value is
due to viscosity of solution depending on the
molecular weight of chitosan sample. The
insoluble material, if occur, was withdrawn
by centrifugation (20 min, 2,000 g). Clear
chitosan solution was treated with ammonia
by bubbling NH; gas at constant stirring
until pH 8.5-9.0 is achieved, at which
chitosan precipitates like cheese flakes.
The precipitate was collected by filtration
through a synthetic cloth that was dense
enough in order to retain sediment, and
then it was washed with a small volume of
distilled water. The obtained material was
suspended in water and treated in Potter-
Elvehjem homogenizer to a uniform slurry,
thereafter it was solubilized by a stepwise
addition of 10% solution of the acetic acid
at intensive stirring. Dissolution began at
pH 6.5 and was completed at pH 5.8, giving
a viscous mass. In order to destroy clumps,
it was necessary to use homogenization of
the mass with whatever versatile mode, and
Potter-Elvehjem homogenizer was the best.
pH of the obtained mixture must be 5.9-6.0,
and it might be corrected with 10% solutions
of acetic acid or ammonium hydroxide.

Mixture was left overnight for equilibration,
thereafter, ethanol was added under constant
stirring up to final concentration of alcohol
25 = 2% . Mixture was centrifuged for 15 min
at 2,000 g, and sediment denoted “chitosan
fraction 1” was saved. Clear supernatant
was adjusted to pH 6.7 with small volume
of 10% NH,OH which induced massive
precipitation of chitosan. The sediment was
collected by 10 min centrifugation at 1,500 g
and denoted as “chitosan fraction 2”. In case
of turbid supernatant, it was treated with
additional quantity of ammonium hydroxide
to reach pH 7.2, and small sediment,
if occurred, was collected by centrifugation.
Material of fractions 1 and 2 was spread
in a thin layer on glass sheets and dried by
spontaneous evaporation. Dry material
was collected, grinded to powder that was
thereafter fractionated by sieving. Fraction
with particle size < 0.25 mm corresponding
to 60 mesh were collected. The yield of
final product was 90%. Samples were
stored in the dessicator over anhydrous
CaCl,. Characteristics of specific chitosan
specimens before and after activation are
presented in Table 1.

Average molecular weight of studied
chitosan samples was determined by the
viscometry. The experimental data obtained
for chitosan of crab shells soluble in 1% acetic
acid are presented in Table 2 and Fig. 2. An
intrinsic viscosity ([n] = ng, at C = 0) was
estimated graphically and corresponded to
560 ml/g (Fig. 2). Average molecular
weight of the exemplified chitosan was
calculated according to Staudinger formula:
log [n]=1g K + a log M, where constant values
in used system were:

K=1.8x10"%,a=0.93

log 560 =1log 0,0018 + 0.93 log M
2.748 =-2.745+0.93 log M

log M =5.493 / 0.93 = 5.906

M = 805378, approx. 800 KDa.

Average molecular weight and degree
of deacetylation values of studied chitosan
specimens in comparison with their
coagulating activity are shown in Table 3.

Obtained data show that the molecular
weight of chitosan is very important for
its blood clotting activity. High molecular
weight chitosan preparations exhibit faster
clot formation. It is suggested that chitosan
obtained in our laboratory from crab shells
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Table 1. Characteristics of different chitosan specimens

Characteristics
Type of chi- ] ]
tosan Bulk density Swell}n'g/ pH Of. Sus- Swell}n'g/ Heparinized blood
specimen (e /cm3) solubility pension/ solubility clotting time®*
in water* solution in TBS*
Aldrich 0.59 Sg.(ginﬁﬁt 5.0 S(()e‘doién gﬁt No clot formation
Alfirich 0.26 Dissolved,' viscous 5.0 ) Dissolved,' 60-120 s
activated solution viscous solution
Tyanshi 0.33 ngi&;nﬁﬁt 5.5 S(()e'doi:rgn Eﬁt No clot formation
. . Dissolved,
Tyanshi | 57 (.43 Dissolved, 5.5 moderately 2.5-3 min
activated moderately viscous .
viscous
Organica 0.55 Sg%iglﬁﬁt 5.7 S(()a.doign Ienlit No clot formation
Organica Dissolved partially, . _ .
activated 0.38 sediment 0.10 ml 5.5 Sediment 0.07ml 3.5—4 min
Home 0.59 Sediment 5.0 0.06 ml No clot formation
prepared 0.10 ml
L Dissolved partially Dissolved
prepared 0.17-0.40 . . ’ 5.5 partially, highly 45-90s
: highly viscous -
activated viscous
. . . Dissolved
Celox 0.56 Dissolved partially, highly | 4 7 | o, 4ially, highly 60-90 s
viscous .
viscous
Notes. * — 5 mg of chitosan sample were introduced into 0.5 ml of water or TBS;
*%* — 7 mg of chitosan sample were added to 0.2 ml of heparinized blood.
Table 2. Results of viscosity measurement of chitosan isolated from crab shells
. Concentration . Nep/C
Solution (x10 % g/ml ) Time (s) Nr Nsp (nﬂ’ )
So 0.00 87.2 1.000 0.000 0
S1 1.00 154.4 1.769 0.769 769
S2 0.78 135.9 1.557 0.557 502
S3 0.60 122.3 1.401 0.401 494
S4 0.47 114.0 1.306 0.306 490
S5 0.33 105.2 1.205 0.205 470

Notes. M. = Tyorution / Tsolvents Nep =Mr — 1.
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Table 3. Effect of molecular weight and degree of deacetylation upon hemocoagulating efficacy
of activated chitosan specimens

Type of chitosan Molecular weight (KDa) Degree of deacetylation of hgi)(;t::rllllgz ::lnll)(ioo d
Organica 150 98% 3.5—-4.0 min
Tyanshi 600 98% 2.0-3.0 min
Chitosan from crab shells 800 95% 45-90 s
Celox 500 95% 45-90's
800 4
750 | /
700
e o
600 ]
550 ] - . T — T
0 0,2 04 06 0.8 1 1,2
C, mg/ml

Fig. 2. Graphical determination of intrinsic viscosity of chitosan solution on basis of relation between ng,/C
and concentration of chitosan solution

exhibits high hemocoagulating activity due
to the presence of high molecular weight
(more then million Daltons) fractions that
do not dissolve completely in 1% acetic
acid and need more concentrated acetic
acid for complete dissolution. Similar
property was observed for Celox, while
chitosans of other origin (Tyanshi and
Organica) were readily dissolved in 1%
acetic acid. Species specificity and mode
of preparation also have an influence upon
biological activity of product, as can be
deduced from comparison of Tyanshi and
Celox specimens.

For preparing chitosan with effective
antihemorrhagic action, it is necessary to
have a set of tests for monitoring process
of chitosan purification and controlling
quality of final product. Among different
tests mentioned in the “Introduction”,
only the coagulation of bentonite particles
[13] may be considered as a convenient
screening procedure. In this investigation,
we have developed several tests and indices

that permit evaluating blood clotting
and hemostatic activity of used chitosan
preparations. They are easy enough and do
not require special reagents and instruments
(see below).

Clotting of the heparinized blood is the
most important in vitro test witnessing a
sufficient hemostatic activity of chitosan
sample. This indicator of Celox is well known
[2], but it was not applied for evaluating
blood clotting activity of chitosan samples.
We consider that this blood coagulation
test at validation of chitosan preparations
must not exceed 90 s. If the coagulation
time of tested chitosan sample is 5—12 min,
that means low hemostatic activity
and such chitosan is not acceptable for
practical application. The use of Ca-
chelating anticoagulants (EDTA, sodium
citrate, oxalate) for blood stabilization is
not recommended, since chitosan samples
themselves may contain Ca cations and,
thus, can induce blood coagulation beside
chitosan’s action.
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Interesting data were obtained when
coagulation of the defibrinated blood by
active chitosan and Celox was compared. It is
known that defibrination causes elimination
of fibrin and most of pool of blood platelets.
Thus, the absoption of blood plasma, drastic
increase of viscosity due to swelling of
chitosan particles and binding of blood cells
on the positively charged chitosan leading
to appearance of the pseudoclot might be of
primary significance in the mechanism of
chitosan-induced blood clotting. Activation
of blood platelets [12] may be involved in
the coagulation process at later stages and
play a role in stabilization of the clot.

Swelling of chitosan powder in water is
the next important indicator of chitosan’s
hemostatic activity. The particles of
chitosan’s active samples are retained on the
surface of water column after introduction
into the tube, and after mixing, they swell
rapidly and form viscous jelly-like medium
that becomes optically homogenous after
later dissolution of material. In case of using
inactive chitosan samples, the particles
rapidly fall down on the bottom of the tube
and, thus, do not cause medium viscosity.
The swelling of chitosan powder in water
correlates closely with its hemocoagulating/
hemostatic activity.

pH of chitosan solution/suspension in
water is also important, and it is advisable
that it is close to neutral, since an excessive
acidity will irritate tissues underlying a
wound. Celox provides pH 4.5-4.8, our
preparations show pH 5.0-5.4. Although in
buffered saline (pH 7.3) swelling of chitosan
particles is less than in water, Celox and
hemostatic chitosan samples are well swollen
and dissolve gradually in the TBS producing
highly viscous solution (phosphates must
be omitted as they induce precipitation of
chitosan). While inactive chitosan samples
swell weakly that is in one half of their
swelling capability in water.

Bulk density is another useful index
of chitosan samples, since it reflects
a porosity of material. Lower value of
density corresponds to higher porosity and
subsequently higher surface of particles
available for contact and their higher
coagulation efficacy. Besides, equal quantity
of lighter powder of chitosan permits
covering bigger area of injury than its dense
powder. Bulk density does not correlate with
blood clotting activity. Some commercial
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chitosan samples having low bulk density
(e. g. 0.33 g/cm?®) show no blood clotting
activity, while Celox with bulk density of
0.56 g/cm? is a highly active hemostatic
agent.

Chitosan obtained by us differs from
Celox specifically by its lower bulk density
that corresponds to a higher porosity.That
is a useful property since it permits covering
bigger areas of tissue lesion with less
quantity of material (chitosan). Lower bulk
density of chitosan samples was achieved by
using special conditions of precipitation and
dessication. It was found that treatment of
chitosan sediment with high concentration
of ethanol or aceton leads to an increase
in bulk density and, subsequently, to
a decrease of porosity of gel particles,
probably due to marked dehydration and
tighter package of chitosan’s polysaccharide
chains.

Thus, chitosan preparations obtained
in this study could be used as a starting
material for production different
chitosan-based materials of the biomedical
implication, first of all, as hemostatic
bandage and wound dressing. Now-a-day, it
is proved that Celox used as bandage is more
convenient and pfererable in field conditions
than Celox used as powder [2]. Chitosan
powder can be used for impregnation of
gauze since its particles are highly sensitive
to moisture and firmly attach to wet cotton
fibers and threads.

In general chitosan is highly perspective
material especially in biomedical aspects
[19-28]. Ukraine has a potential and it is
desirable the own industrial production
of chitin and chitosan for making them
accessible to a broader community of
reserchers and inventors.

Method of activation of chitosan
specimens to a products with high blood
clotting activity was developed. It is based
on a proposed set of laboratory tests in
vitro and in vivo for characterization
of hemocoagulating/hemostatic effect
of the sample. It was shown that high
molecular weight chitosans exhibit higher
hemocoagulating activity than those with
low molecular weight. The first ones are
preferable for preparation of hemostatic
agents. Biological activity of chitosan is also
dependent upon its species specificity and
method of preparation.
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OTPUMAHHS XITO3AHY 3 BUCOKOIO
TEMOKOATYJIAIINHOIO AKTUBHICTIO
TA OIIIHKA MOI'O TEMOCTATHYHOI
AKTHUBHOCTI
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Yucruryt Giomorii kaituan HAH Yrpainu,
JIbBiB
2 IpBiBCHK M HaIliOHAJIbHUN MeIUIYHUNA
yuiBepcurer im. Januaa 'aaunbpKoro,
VYkpaina
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MeTo10 poboTu 0yJI0 BUBUEHHS IreMOCTaATH-
HOI mii pisHmMX mpemapaTiB xiTosaHy 3a IOIIO-
MOTO0I0 PO3P00JeHnX JIa00OPATOPHUX TECTiB AJIs
BUBHAUEHHA MOT0O reMOKOAryJasaIlifHOI aKTUB-
HOCTi. I3 BacTocyBaHHAM TeCTiB in vVitro 3pasku
xiTo3aHy (IIOPOIIIKY 3 PO3MipOM YACTHHOK MEHIIIe
0,25 MM) XapaKTepu3yBaJu 3a TAKUMU TOKA3HU-
KaMM: 4ac KoaryJdllii remaprHisoBaHoi KPoBi, Ha-
CUITHA IIiJIbHIiCTh MOPOIIKY, CTYIIiHb HaOyXaHHS
YAaCTUHOK IIOPOIIKY Y BOAi Ta B Tpuc-3adbydepe-
"HOMYy (hisdposuuni, pH 7,4. ¥V pasi sacTocyBanHsa
TeCTiB in vivo Bu3HaUaau e()eKTUBHICTH 3YyINHKU
KpoBOTeUi 3 panm y jJabopaTopHUX Muiieir abo
mIypiB. 3a JOIOMOI'00 3aIIPOIIOHOBAHIX TECTiB BU-
SABJIEHO, IIT0 3Pa3KM XiTO3aHy, JOCTYITHI SK KOMep-
IifiHi peareHTH, XapuoBi 106aBKU a60 OTPUMAaHi B
JabopaTtopii, He BUABIAIOTH TeMOKOATYJIAIi THOL
aKTHUBHOCTI MOpPiBHAHO 3 mpemapartom llesokc.
Pospobieno meTon akTuBallii xiTosaHy i oTpu-
MaHHSA IIPelapariB 3 TeMOKO0aryJAIifHOI aKTHB-
HicTio Ha piBHI mpenaparty Iemokc. PosriagaroTs-
cA BJIACTUBOCTI XiTO3aHY, CYTTEBI AJIA BUABIEHHA
ioro remokoaryJaiinzoi aii. Illokasaso, 1o mpe-
mapaTy BUCOKOMOJIEKYJIAPHOTO XiTO3aHYy MalOTh
BUIIY TEMOKOATyJAIINHY aKTUBHICTH ITOPiBHAHO
3 HUBbKOMOJIEKYJIAPHUM i € GiJbII MIPULATHUMHI
IS OflePsKaHHS FeMOCTaTUYHUX 3ac00iB.

Knwuosi crosa: xitosan, Ilerokc, remocraTuuHa
aKTHUBHICTB, JIaOOpaTOpHiI TecTu in vitro Ta in
vivo.
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IMMOJYYEHUE XUTO3AHA C BEICOKON
TEMOKOATYJINPYIOIIEN
ARTHUBHOCTbBIO 1 OITEHKA ET'O
TEMOCTATHYECKOM AKTUBHOCTH

M. ]]. JIyuurcl
P. A. Buawiit™?
M. M. Tyyux?®
P.C.Cmoiika®

II/IHCTI/ITYT ouosiorun KiaetTku HAH YKpaussl,
JIrBOB
2JIbBOBCK U HaAIIMOHAJIBHBIN MEeIUIINHCKUI
yHuBepcuretr um. laumna ['amumnkoro,
VYipanua

E-mail: lootsik@cellbiol.lviv.ua

ITennio paboTHI OBLTIO U3YUEHUE TEMOCTATUYE-
CKOTr0 JIeHCTBUS PAas3JINYHBIX IIPEelrapaToB XUTO3a-
HA C IIOMOIIILIO Pa3paboTaHHbBIX J1a00PATOPHBIX Te-
CTOB [JIsI OTIpeeJIeHUsI eTr0 KPOBOCBEPTHIBAIOIIIET
akTuBHOCTU. C MCIIOJIB30BaHUEM TECTOB in Vitro
00pasIibl XUTo3aHAa (TIOPOIITKY C PA3MEPOM YACTHUI],
meHee 0,25 MM) XapaKTepU30BaJIU IO CIAETYIOIITUM
MOKAas3aTessIM: BpeMs CBePTHIBAHUS rellapUHUBHU-
POBaHHO KPOBU, HACHIIIHAA IIJIOTHOCTH IIOPOIIIKA,
CcTelleHb HAOYXaHUA YACTHUIL IIOPOIIKA B BOJE U B
Tpuc-3abydepernuom puspacrsope, pH 7,4. C mpu-
MeHeHUHeM TECTOB in Divo oupeneaanu 3ppeKTrB-
HOCTh OCTAaHOBKY KPOBOTEUEHUA U3 PAHBI Y J1abo-
PATOPHBIX MbIIIeH nau Kpbic. C MOMOIIBIO IIPe/I-
JIOKEHHBIX T€CTOB YCTAHOBJIEHO, UTO 00PAa3Ilbl XU-
TO3aHa, JOCTYIIHbIe KaK KOMMepUYecKue peareHThl,
MUITeBbIe J0OaBKY WJI TTOJyUYeHHbIE B Ja00paTop-
HBIX YCJIIOBUAX, He MMPOSABIAIOT TeMOCTaTUUECKOM
AKTUBHOCTHM IPU CPaBHeHUU ¢ mpemapartom Ile-
Jokc. Paspaboran MeTos akKTHUBUPOBAHUSA 00pas-
I[0OB XUTO3aHA U MOJIYUEHUS [IPErapaToB C reMo-
CTaTU4YeCKOIl aKTUBHOCTHIO HA YPOBHE IIperapara
ITenokc. PaccmaTpuBaloTcs CBOMCTBA XUTO3aHa,
CYII[eCTBEHHBIE IJIs IPOABJIEHNUA er0 KPOBOCBED-
ThIBaroIero aeicreusa. IlokaszaHno, 4To mpemnapaTsl
BBICOKOMOJIEKYJISIPHOI'O XMTO3aHA IPOABJIAIOT 00-
Jiee BBICOKYIO T'eMOKO0aryJIUPYIOI[YI0 aKTUBHOCTD
10 CPaBHEHUIO C HUBKOMOJIEKYJIAPHBIM U GoJiee
MPeAIIOUYTUTENbHEI I MOJYUeHNUsI TeMOoCTaThuve-
CKUX CPEJICTB.

Knrwouessvte cnosa: xurosau, Ilemokxc, remocraTu-
yecKas AaKTHUBHOCTh, JiabopaTOpHBIE TECThI in
vitro u in vivo.



Experimental articles

UDC 577.15 (088.8) doi: 10.15407 /biotech8.06.041
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The aim of the research was the development of the method of lysozyme isolation from hen egg
proteins. Lysozyme was isolated by differential heat denaturation of proteins with changing of the medium
pH value, followed by neutralization, dialysis and additional purification by gel chromatography on
Sephadex G-50. Activity was determined by bacteriolytic method (with Micrococcus lysodeikticus 4698 as
a substrate). The enzyme purity and molecular mass were determined using SDS-electrophoresis and mass-
spectrometry. The method of lysozyme isolation from hen egg proteins with the enzyme yield of 3.2 = 0.2%
and bacteriolytic activity of 22 025 = 1 500 U/mg is modified. According to electrophoresis data, the
isolated enzyme is characterized by high degree of purity (~95-98% ) and is comparable with lysozyme of
AppliChem company by main physical and chemical characteristics. The obtaining product is stored in a
crystalline form at low temperature (—24 °C) for 9 months. The proposed method allows obtaining active
and stable lysozyme with high purity from hen egg protein in laboratory conditions for the usage in

biotechnology.

Key words: hen egg white, lysozyme.

Lysozyme (EC 3.2.1.17) is an enzyme
of hydrolases class, it is also known as
muramidase or N-acetylmuramoylhydrolase.
Lysozyme is commercially important enzyme,
and it is now widely used in biotechnology to
extract intracellular bacterial components,
in particular in the food industry as an
antibacterial additive to increase the shelf
life of products, as well as in medicine in the
treatment of chronic septic states and purulent
processes, burns, frost bytes, conjunctivitis,
corneal erosion, stomatitis and other infectious
diseases [1-3].

Lysozymes are widely distributed among
eukaryotes and prokaryotes and can be
classified into three main types: chicken
(c-type), goose (g-type) and the type of
invertebrates (i-type) [4, 5].

The lysozyme of c-type is most widespread;
it occurs in most organisms including viruses,
bacteria, plants, insects, reptiles, birds and
mammals, and it is contained in a large amount
in hen egg proteins.

Lysozyme is one of the first identified
proteins (early 1900s). Initially, its isolation
was carried out by salting out with ammonium

sulfate, but the change in pH and high
concentrations of salt affects the activity
of the enzyme. The lysozyme isolated using
ammonium sulfate was stable in acidic
conditions, but only partly soluble in alkaline
ones because of crystals formation [6].

In 1984 the ion exchange chromatography
with carboxymethyl cellulose as a carrier
was used for enzyme isolation; that was not
effective in batch processes due to the small
particle size and thus due to slow the flow
velocity in column [7, 8].

In 2007 a group of Czech scientists offered
to use the magnetic macroporous cation-
exchange cellulose in isolation procedure [8].
The advantages of this process are one-stage
and the purity of the obtained enzyme (more
than 96% ), and the main drawback is the high
cost of the resin used.

Non-chromatographic methods were
also used for lysozyme obtaining. Chang
et al. suggested B-mercaptoethanol usage
along with the other ingredients to lysozyme
isolation [9]. However, this method is not
widely used because of protein denaturation
and B-mercaptoethanol toxicity, which limits
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lysozyme usage in the food industry and
medicine.

In 2006 Lu et al. suggested ultrafiltration
usage to lysozyme isolation. The method allows
the enzyme obtaining with purity and yield of
80% ; however, it is applicable to lysozyme
purification only in laboratory scale [10].

Since numerous methods for lysozyme
isolation from hen egg proteins (lysozyme c),
in particular chromatography, ultrafiltration,
separation with reversed micelles, in two-
phase systems, magnetic separation, metal-
affinity precipitation, adsorption on plant
waste etc., have several disadvantages, so the
search, improvement and development of new
methods for lysozyme obtaining are urgent
tasks of biotechnology.

The aim of the research was to develop the
method of lysozyme isolation from hen egg
proteins.

Materials and Methods

Fresh hen eggs, Micrococcus lysodeikticus
4698 cells (Sigma-Aldrich, USA) and egg
protein lysozyme as a standard sample (EC
3.2.1.17) (Mw 14.4 kDa, 20 000 units / mg,
AppliChem, Belgium) were used.

Lysozyme activity was determined by
bacteriolytic method [11]. The amount of
enzyme which reduces the optical density of
Micrococcus lysodeikticus 4698 cell suspension
by 0.001 per 1 min was taken as the unit of its
activity. Protein content was monitored by
Hartree-Lowry method [12].

The enzyme was isolated according to
Mickelson method in our modification [13]:
thoroughly washed eggs were wiped with
alcohol; protein was separated from the yolk
extracting chalazae. The resulting protein was
diluted five times in 0.5% solution of sodium
chloride, acidified to pH 4.4—4.6 and boiled for
4 min for concomitant proteins coagulation.
Then the mixture was neutralized to
pH 7.0-7.2 with NaCO3; and the supernatant
containing lysozyme was separated by
centrifugation (4000 g, 20 min, 4 °C). The
supernatant was dialyzed 3 times against 50
volumes of distilled water at 4 °C. At each stage,
the protein content and the hydrolytic enzyme
activity were controlled. The resulting solution
was concentrated by reverse dialysis with dry
starch and subjected to gel chromatography
on fine-grained Sephadex G-50 eluting
with Tris-NaCl buffer (0.05 mol/dm? of tris
(hydroxymethyl) aminomethane, 0.05 mol/dm?
of NaCl, pH 8.2). Protein and hydrolytic
activity were determined in eluates. The
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lysozyme containing fraction was subjected to
repeated reverse dialysis with starch yielding
transparent colorless plate crystals of the
enzyme. The product was stored in a sealed
package at —24 °C.

The resulting enzyme were analyzed by
MALDI (matrix-assisted laser desorption/
ionization) methods with mass spectrometer
Autoflex II Bruker Daltonics Inc. [14, 15].
The results of mass spectrometric analysis
were obtained at the Center for collective use
at Chuiko Institute of Surface Chemistry of
the National Academy of Sciences of Ukraine.
SDS-electrophoresis in 10% polyacrylamide
gel was carried out according to Laemmli
system [16]. We used a set of molecular weight
markers — Amersham, High-Range Rainbow
Molekular Weight Markers (14 300—220 000),
code RPN756. Markers: 1 — myosin (220 kDa);
2 — phosphorylase b (97 kDa); 3 — BSA
(66 kDa); 4 — ovalbumin (45 kDa); 5 —
carbonic anhydrase (30 kDa); 6 — trypsin
inhibitor (20, 1 kDa); 7 — lysozyme (14.3 kDa).

The main physico-chemical and biochemical
properties of the isolated enzyme compared
with Sigma-Aldrich lysozyme, namely activity,
protein content, pH optimum, thermal
optimum, thermal stability, storage conditions
were determined in accordance with [17].

Experimental data were subjected to
statistical analysis in accordance with [18].
The confidence level of differences was
evaluated at n = 3.

Results and Discussion

Most of the major pharmaceutical
companies (Sigma-Aldrich Pharmaceuticals
Inc., Applichem et al.) use hen egg white
for lysozyme isolation. This raw material is
available and contains about 3.4% of lysozyme
which is considered as standard. Besides
lysozyme, the main egg white proteins are
ovalbumin (54%), ovotransferrin (12%),
ovomucoid (11% ) and ovomucin (3.5% ) [19].

We have proposed a modification of
Mickelson method of lysozyme isolation
(Fig. 1), lie in:

— carrying out the five times (instead of
30-fold) protein dilution, followed by salting
out the nondenaturated proteins with 5%
solution of sodium carbonate;

— introduction of three additional stages
of dialysis to remove low molecular weight
contaminants;

— performing the step of reverse dialysis
with dry starch to obtain the enzyme in
crystalline form.
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Egg white separation an homogenization

Dilution with 0.5 % NaCl solution and mixing

Protein solution acidification to pH 4.4-4.6

Contaminant proteins coagulation by boiling for 4 min

Solution cooling and neutralization to pH 7.0-7.2

Centrifugation (4 000 g, 20 min, 4 °C)

Salting-out with 5 % NaCO3 solution

Three-fold dialysis against 50 volumes of water

Concentrating of lysozyme solution by reverse dialysis with dry starch

Column chromatography on Sephadex G50

Drying by reverse dialysis with dry starch up to crystal state

Packing and storage at -24 °C

Fig. 1. Diagram of lysozyme isolation from hen egg white

The main advantages of the proposed
method are ease of highly purified enzyme
obtaining in the laboratory, economy,
getting the product in crystalline form, high
activity, and periods of storage comparable to
commercial lysozyme of AppliChem firm.

The main results of the enzyme isolation
are shown in Table 1. In the process of
lysozyme isolation the volume and total
protein content in egg, in the supernatant,
after dialysis, and also the activity and yield
of obtained lysozyme per 1 cm?® of protein
solution were determined.

It should be noted that after step of
threefold dialysis against distilled water,
partially purified enzyme containing, beside
lysozyme, contaminants of other proteins
is selected. Thus, in the mass spectrum
(Fig. 2) peaks with a value of about 14 214 m/z
(where m is mass of the particle, and z is
its charge), 28 206 m/z, 56 682 m/z and
85 023 m/z are observed, this necessitates
additional purification step.

The gel chromatography using Sephadex
G-50 (Fig. 3) leads to the separation of
partially purified lysozyme proteins to achieve
a high degree of enzyme purity, as evidenced
by the results of mass spectrometry.

MALDI spectrum of isolated enzyme
showed the presence a single peak with m/z
value of about 14 181 (Fig. 4) corresponding to
the value of commercial lysozyme (Fig. 5). It
should be noted that in the aqueous solution of
a commercial enzyme, the associates formation
is observed because it was lyophilized resulting
in the formation of stable aggregates that are
not fully degradable in solution.

According to the results of SDS-
electrophoresis the most intensive band is in the
molecular weight range of 12 to 17 kDa, and the
purity of isolated lysozyme is 95-98% (Fig. 6).

As a result of isolating and purifying the
colorless transparent plate crystals of the
enzyme were obtained (Fig. 7).

The study of physical and chemical
properties of commercial and isolated lysozyme
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Table 1. Parameters of lysozyme isolation

Parameters, measurement units Indices *, M = m
The amount of egg protein separated from one egg, cm? 35,0 £5,5
Total egg protein, mg 5410,0 = 380,6
Obtained crystalline lysozyme, mg 170,2 = 3,0
Protein content in the isolated enzyme, % 100,0%
Hydrolytic activity of the obtained product, U/mg 22025 = 1500
Yield of product, % 3,15 +0,16%

Note. Hereinafter * — 0.02 <P <0.05 compared with the control (commercial preparation) at n = 3.
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Fig. 2. Mass spectrum of partially purified lysozyme after threefold dialysis step
Hereinafter — results of a typical experiment

(=R - - R - -
L A

Optical density, r.o.u.

ococoo

Ll L] Ll Ll Ll v

012345678 9101112131415161718192021
Fraction number

Fig. 3. Chromatography of partially purified lysozyme on a column with Sephadex G-50
(0.05 mol/dm3 of tris (hydroxymethyl) aminomethane, 0.05 mol/dm3 of NaCl, pH 8.2)
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Fig. 5. Mass spectrum of Sigma-Aldrich lysozyme .
shows the coincidence of bacteriolytic activity egg protein in a yield of 3.2% and activity of
pH- and thermal optimum, similar storage 22 025 =1 500 U/mg is obtained. The purity
periods and specific activity of the isolated of isolated enzyme (~ 95-98% ) is confirmed by
enzyme (Table 2). mass spectrometry and SDS-electrophoresis in
The resulting product retains the a10% PAAG.
bacteriolytic activity for 9 months at a The proposed method is economical and is
temperature of —24 °C. Isolated lysozyme shelf available for implementation in the laboratory
life increasing is possible using freeze-drying conditions; it allows obtaining a stable
of the product. crystalline form of the active enzyme from hen
Thus as a result of Michelson method egg proteins with a high degree of purity; and
modification [13], the lysozyme from hen it is promising for the usage in biotechnology.
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Fig. 6. SDS-electrophoresis of lysozyme in 10%
polyacrylamide gel:
M — markers (15 ul); I — whole egg protein
(5 pl in a slot); 2 — purified lysozyme

Fig. 7. Microphotographs of isolated lysozyme:

‘I‘J

(15 pl in a slot) A x8, Bx120
Table 2. Characteristics of the isolated and commercial lysozyme main properties
Properties Lysozyme
AppliChem Isolated
Specific activity, unit/mg, M =+ m 20 000 = 5000 22025 =1 500%*
pH-optimum 6.0 6.0
Thermal optimum, °C 55 °C 55 °C

The constants of thermal inactivation at 80 °C, min ! 5.2:10°3 4.7-10°3

The shelf life of the enzyme at —24 °C, months 12 9%
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BUJIIJIEHHA 11 OYUIEHHSA JI30LUMY
3 IIPOTETHIB KYPAYOI0 NI

C.C. ,[[ercinal’ 2, I.1. Pomanoecwcal,
A. M. Oecenﬂﬂl, M.T. Boamﬂz, B. A. Tonmikog®

lisuro-ximiunmit iHCTUTYT
im. O. B. Borarcrkoro HAH Vxkpaiuu, Ozmeca
2O/I[GCBRI/II71 HAIiOHAJBHUN MOJiTeXHIUHNA
yHiBepcurer, Y Kpaina
30mecbruit HAIiOHAIBHAN yHiBEpCUTET
im. I. I. MeunukoBa, YKpaina

E-mail: s.dekina@gmail.com

MeToro pob6oTu 0yJI0 PO3POOIeHHS METOLY BU-
IiJIeHHS JIIB0OIIMMY 3 HPOTEIHYy KypAYOro SHILA.
Jlisormum BumginAaau mMetomaoM AudepeHItiitHOL
meHaTyparlii mpoTeiHiB IMJIAXOM HarpiBaHHA 3i
smino pH cepemoBminia, HacTymHOIO HeWTpa-
Jisalriero, niaaisoM i JOOUYMINEHHAM 3 BUKOPUC-
TaHHAM rejJb-xpomarorpadii za Sephadex G-50.
AKTHUBHICTh BU3HAUAJU OAKTEePiOJiTHUHUM Me-
TomoM (cybcrpar — Micrococcus lysodeikticus
4698), UYHCTOTY €H3UMY i MOJEKYJASAPHY
macy — SDS-emexTpodopesoMm i mMac-cmeKTpo-
metpiero. MoaudikoBano mMeTos BUAIJIEHHA JIi-
30IIIMY i3 IPOTEeIHYy KyPAUOro AHUILSI 3 BUXOIOM €H-
sumy 3,2 = 0,2% i06aKTepioJTiTUUHOI aKTUBHICTIO
22 025 = 1 500 ox/mr. 3rigHo 3 TaHUMU eJIeK-
Tpodopedy BUAIIEHUH eH3UM XapaKTepPU3yeEThC
BHUCOKUM cTymeHeMm unctotu (~95-98%) i 3a oc-
HOBHUMU (PiBUKO-XIMiYHUMHU XapaKTepUCTUKAMU
moxioumit xo aisomumy Gipmu AppliChem. Ogpep-
JKaHUI OPOAYKT 30epiraeThbCcs B KPUCTAIIUHOMY
craHi B ymMoBax Hu3bKux temieparyp (—24 °C)
yupomoB:x 9 mic. 3anpomnoHoBaHUIl cIoci0d BuIi-
JIEHHS Ja€ 3MOTY OJePsKyBaTu B Ja0OpPaTOPHUX
yMoBax CTabiIbHUYM aKTUBHUM JIiB0IIUM i3 ITpoTe-
iHY KypsAYOro AUIA 3 BUCOKUM CTYIIeHEM YNUCTOTH
IS BUKOPHCTAHHA y OioTexHoJorii.

Knrwouwosi cnoea: mpoTein KypAUYUX SEID,
JizommmM.

BBIJEJTEHUE 1 O9UCTRA JIN3OLTUMA
U3 ITPOTEMHOB KYPHUHOT'O AUITA

C.C. ,ZIercuHal’ 2, u.u. Pomauoecnaﬂl,

A. M. Oecenm—tl, M.T. Boamﬂz, B. A. Tonmukos®

lPusuko-xuMuIIecK it UHCTUTYT
uM. A. B. Borarckoro HAH Ykpaunsr, Onecca
2O,t[eccmn‘/’l HaIlMOHAJIBHBIN IIOJUTEeXHUUECKUHI
YHUBEPCUTET, ¥ KpauHa
30mecckuii HAMOHAIBHBII YHUBEPCUATET
um. . 1. MeunukoBa, YKpanHa

E-mail: s.dekina@gmail.com

ITenbto paboTwl OGbITa padpaboTKa MeTO-
Ia BBIJIEJEeHUS JMU30I[MMAa U3 IPOTEMHA KYpPH-
HOoro #Aiina. JIM3omuM BBIAENSAIU IyTeM AU@-
depeHIMAJNBLHON JeHATypalluyd IIPOTEUHOB
HarpeBaHueM ¢ usmMmeHenueMm pH cpensl, mmocieny-
oIIel HelTpausanueir, TUajInu30M U JOOUYUCT-
KO C HCHIOJIb3OBaHMEM Trelb-XpoMaTorpapuu
Ha Sephadex G-50. AKTHBHOCTL ONIpeAeIAIN
0aKTEepPUOJUTUUYECKUM MeTomoM (cybcTpar —
Micrococcus lysodeikticus 4698), uncToTy sH3UMA
1 MOJIEKYJISAPHYI0 Maccy — SDS-aimekTpodopesom
¥ Macc-CIieKTpoMerpudyecku. Moaudunuposas me-
TOJ, BBIZEJICHNS JIN30IINMA U3 IPOTEeNHA KYPUHOI'O
AlIa ¢ Beixomom susuma 3,2 + 0,2% u 6akTepuo-
JUTHYecKoi akTuBHOCTEIO 22 025 = 1 500 exg/mr.
CorJiacHO JaHHBIM 3JIEKTPO(Opesa BbIAEJIEHHBIN
SH3UM XapaKTePU3yeTCS BLICOKON CTEIEeHbIO UM-
cToThI (~95—98% ) 1 TT0 OCHOBHBIM (PUBUKO-XUMU-
YEeCKUM XapPaKTEePUCTUKAM CPABHUM C JIM3OIIMMOM
¢pupmsr AppliChem. ITosyuyeHHBIN IPOAYKT Xpa-
HUTCS B KPUCTAJLJIMYECKOM COCTOSHUU B YCJIOBU-
AX Hu3KuX temnepartyp (—24 °C) Ha IPOTIKeHUU
9 mec. IIpeasosxkeHHBIN CITOCOO BBIAEJIEHUS II0-
3BOJISIET IIOJIYyYaTh B JIAOOPATOPHBIX YCIOBHUAX
CTAaOMJIbHBIN AKTUBHBIN JMU30IIUM K3 IPOTEMHA
KYPUHOTO SHIA ¢ BEICOKOI CTEIeHbIO YNCTOThI AJIA
KCITOJIb30BAHUS B OMOTEXHOJIOT UM,

Knrwouesvle cnoéa: pOTerH KYPUHBIX SIALT, JIT3OLHM.
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CYTOKINES AND COGNITIVE CHARACTERISTICS
OF THE RATS WITH ALZHEIMER’S DISEASE MODEL

V.V. Sokolik*
S. M. Shulga?

IState Enterprise “Institute for Neurology, Psychiatry
and Narcology of the National Academy of Medical Sciences
of Ukraine”, Kharkiv

2State Enterprise “Institute for Food Biotechnology and Genomics
of the National Academy of Sciences of Ukraine”, Kyiv

E-mail: Shulga5@i.ua
Recieved 12.10.2015

The purpose of the study was the investigation of curcumin liposome form effect on angiotensin-
converting enzyme activity, cytokines and mnestic features of rats with experimental model of
Alzheimer’s disease. In the animals with intrahippocampal injection of AB42 Human, nasal therapy with
curcumin liposome form was used. Cytokine concentration and angiotensin converting enzyme activity
in brain regions (cerebral cortex and hippocampus) and in blood serum as well as indicators of conditioned
avoidance response were registered. It was found that as a result of curcumin therapy the rats with
Alzheimer’s disease had suppressed cytokine and angiotensin converting enzyme activities and recovered
mnestic indices. Nasal therapy with curcumin liposome form gave reduction of angiotensin-converting
enzyme activity and anti-cytokine effect in the target regions of the brain (cerebral cortex and hippo-
campus), which helped the rats mnestic features and memory recovery.

Key words: curcumin, liposomes, -amyloid peptide, cytokines, angiotensin converting enzyme.

The hitherto used approaches to treatment
of dementia and amyloidosis in the case
of Alzheimer’s disease (AD) concentrated
on suppression of B-amyloid peptide (AP)
production and aggregation or on symptomatic
therapy are ineffective [1-5], therefore
correction of chronic inflammation provoked
by amyloidosis will have positive effect.
The mechanism by which AP causes the
damage and death of neurons is generation
of oxygen active forms in the course of
own aggregation. At the same time neuron
membranes lipids peroxidation is activated and
ATPases function is deteriorated. As a result
AP conduces to depolarization of synaptic
membranes, excessive ingress of Ca?' and
mitochondrial insufficiency [6—8]. All these
processes are concurrent with non-specific
inflammatory reaction which is transformed
into chronic form and induces synthesis of AP
protein precursor (APPP) and its processing
pursuant to amyloidogenic scenario [9-11]. It
is shown that the inflammatory process in case
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of AD is characterized by increased peripheral
concentrations of anti-inflammatory cytokines
and higher TGF-f levels in spinal cord liquid
[12]. On the other side, cytokines, similar to
AP, are mediators of inborn immunity [13,
14]. Their effect comes up through receptor
activation of intracellular signals, which
results in translocation of nuclear factor
(NFkB) towards nucleus and activation of
protein synthesis de novo [12]. In the end,
the existing anti-cytokine therapy poorly
represented itself for amyloidosis, except
for anti-inflammatory effect of IL-10 [15];
although AD risk is lower in patients who take
non-steroid anti-inflammatory preparations
[16, 17]. Therefore we assumed that curcumin
(CUA) with its anti-inflammatory properties
may have essential therapeutic effect against
AB-induced neurotoxicity and cognitive
deficiency.

It is found that natural polyphenol CUA
regulates NFkB, AP-1 transcription factors;
suppresses expression of cyclooxygenase-2,
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lipoxygenase, NO-synthase, matrix
metalloproteinase-9, urokinase of plasminogen
activator type, TNF, chemokines, cellular
adhesion molecules and D1 cycline, inhibits
expression of growth factor receptors and
activity of JNK, protein tyrosine kinases as
well as some other protein serine/threonine
kinases [18, 19]. Curcumin also acts as
inhibitor of DNA-methyltransferase therefore
it is regarded as DNA hypomethylating agent.
It establishes equilibrium between histone
acetyltransferase and histone acetylase
enzymes activity thus modulates expression
of certain genes. At last CUA modulates
activity of microRNA and their numerous
target genes [20, 21]. Above-mentioned
CUA effects are exhibited in its antioxidant,
anti-inflammatory, anti-tumor and even
anti-amyloidogenic properties [22—-27]. The
problem with curcumin usage, like with the
other hydrophilic anions, lies only in the fact
that it cannot enter the cell through plasmatic
membrane on its own. Therefore it is reasonable
to use nanocarriers, in particular, liposomes,
as CUA carriers. Liposome advantages are
obvious: prepared from natural phospholipids,
they compared to other polymeric delivery
systems, completely biodegrade in the body
and are biocompatible [28].

B-Amyloid peptide aggregation process
results in imbalance between its production
and degradation. One of the systems, which
maintain low AP level in tissues, are zinc
metalloproteinases [29]. Angiotensin-
converting enzyme (ACE) [EC 3.4.15.1], which
is involved in regulation of arterial blood
pressure, neuropeptide exchange, immune
responses of the body is also among them [30].
This enzyme (chiefly its C-domain) separates
C-terminal dipeptides from oligopeptides of
various structures which have a free carboxyl
group. But ACE interacts with AP exclusively
by N-domain and decomposes Argb—His6
or Asp7—Ser8 peptide bonds [30]. ACE is an
integral membrane glycoprotein of thelSt
type which is released to blood circulation
by zinc metalloesterase at the rate of 2% per
hour therefore this enzyme functions both in
bonded and dissolved forms. According to the
conclusions of ACEI gene polymorphism and
enzyme inhibitors studies it was found that
ACE activity reduction is associated with AD
risk and AP accumulation [31].

The purpose of the study was investigation
of curcumin liposome form effect on ACE
activity, cytokines and mnestic features of
rats with experimental model of Alzheimer’s
disease.

Materials and Methods

The study involved 30 male rats of
sexually mature age, with 200 to 250 g
weight. All the animals were kept under
controlled 12-hour light-darkness cycle with
standard fodder for rodents and tap water.
Experimental protocols were conducted in
accordance with the rules of the European
Convention for the Protection of Vertebrate
Animals used for Experimental and Other
Scientific Purposes (Strasbourg, 1986).

The rats were randomly distributed into
5 groups (6 animals in each). The reference
group included intact animals; group 1 — the
rats 1 month after intrahippocampal injection
of AP42 Human (experimental model of AD);
group 2 — sham operated animals; group 3 —
the rats with AD experimental model which
received daily nasal therapy with curcumin
liposome form for 1 month, and group 4 —
animals with AD experimental model which
received daily nasal therapy with empty
liposomes also for 1 month.

Beforehand, during 20 days conditioned
avoidance response was formed in the rats
on the basis of unconditioned reflex [32].
Infallible conditioned responses to metronome
sound were considered as positive result.
Apart from positive response portion (in %),
the study registered duration of latent period
of conditioned avoidance response in seconds.
Animals from all groups were tested in the
conditioned avoidance response parameters
after AD experimental model formation
in them and nasal therapy with curcumin
liposome form or empty liposomes.

APB42 Human (Human Amyloid § Protein
Fragment 1-42, Sigma-Aldrich), dissolved in
bidistilled water was aggregated for 24 hours
at 37 °C. AP42 Human large size rough
conglomerates were dispersed by ultrasound
and sterilized immediately before injection.
The effect of 42 _Human B-amyloid peptide
was studied 1 month after its single injection
in the dose of 15 nM Af42 Human to the
hippocampus of the rats’ brain. Solution
volume was 10 mecl per animal. Stereotaxic
coordinates of the left hippocampus were
determined using the brain map of the rats
[33], which corresponds to the distance
from the intersection point of sagittal seam
and bregma (zero point): distally — 2 mm,
laterally — 2 mm and in depth — 3.5 mm.
The stereotaxic operations in experimental
animals were made under general anesthesia
using intra-abdominal injections of thiopental
(50 mg/kg of body weight).
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To prepare liposomes with curcumin,
lecithin/cholesterol was dissolved in the
round-bottom flask at ratio 18:1 in 50%
ethanol. After the lipid film was formed as a
result of the solvent evaporation, 28.85 mM
CUA in 5 ml of PBS buffer (10 mM Na,HPO,,
1.76 mM KH,PO,, 137 mM NacCl, 2.7 mM KCl,
pH 7.4) was added and thoroughly mixed
for suspension of liposomes with curcumin
formation. The suspension of empty liposomes
was prepared using the similar protocol but
at the final stage PBS buffer without CUA
was added. Both liposome suspensions were
dissolved with PBS buffer to 0.7 g/1 CUA
immediately before nasal administration to
the rats in the dose of 3.5 ng/animal. Daily
nasal therapy of the rats with AD experimental
model lasted for 1 month. Administration of
liposome form curcumin by nasal method is
determined by the fact that, unlike peripheral
blood circulation, this is the shortest way to the
target regions of the rat neocortex. It is known
that after entering the body the dissolved
curcumin is nearly unable to overcome the
hematoencephalic barrier whereas its liposome
form is actively and non-specifically entrapped
by the formed elements of blood, which
requires big doses of the preparation.

After the processing was finished the
animals were decapitated. The assays of
cerebral cortex and hippocampus were frozen
and stored for further measurements. Blood
was collected and centrifuged at 1000 g
for 20 min. Serum was collected, frozen
and stored. The tissues of hippocampus and
fronto-coronal cortex were homogenized in
Tris-buffer (50 mM Tris-HCI, 150 mM NaCl,
pH 7.5), centrifuged at 14000 g for 5 min
producing supernatant.

In the supernatant assays of hippocampus,
cerebral cortex and blood serum cytokines were
identified using ELISA method in accordance
with the protocol Rat ELISA Kit Invitrogen
BCM DIAGNOSTICS, USA for interleukine-6
(IL-6), interleukine-10 (IL-10) and tumor
necrosis factor a (TNFa). Assay absorption
was read out using GBG Stat FAX 2100
(USA) microplate analyzer at 450 nm with
wavelength correction at 630 nm. The ELISA
data were recalculated into general protein
for nerve tissue or expressed in ng/1 for blood
serum. Concentration of general protein was
quantitated by Lowry method [34].

ACE activity was determined by kinetic
method [35]. As a substrate the short FAPGG
peptide was used, from which by ACE action
GG dipeptide was separated and transformed
into hippuric acid. Reduction in assay
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absorption during 10 minute incubation at
37 °C was measured at 340 nm wavelength.
Calculation was made using formula:

EACE = (AAassay/ AAhippuric acid calibrator) : Ecalibrator,

where AA — reduction of absorption during
10 min of incubation at 37 °C; E_ajibrator = 82.1
(protocol BHLMANN ACE colometric kit,
Switzerland). ACE activity was expressed
in U/1, which corresponds to ACE enzyme
quantity, which separates 1 uM hippuric acid
at 37 °C per minute per liter for blood serum
and per mg of protein for areas of the brain
(fronto-coronal cortex and hippocampus).

The obtained results were statistically
processed, average values and standard
deviations were calculated. Statistical analysis
of differences was made using ¢-test. Values at
P < 0.05 were considered significant.

Results and Discussion

Fig. 1 presents data about increase in
ACE activity in hippocampus (direct spot of
AP42 Human injection) and blood serum and
absence of reliable changes in this parameter
in cerebral cortex of the rats with AD
experimental model. It is first of all due to ACE
synthesis induction by one of the substrates
local excess, namely AP [36]. Nasal therapy
with CUA liposome form significantly reduced
ACE activity compared to the effect of empty
liposomes (Fig. 1) in both investigated brain
sections of the rats and in blood serum.

On physiological level, the intrahippo-
campal injection of AP42 Human brought
suppression of conditioned avoidance response
in the rats of group 1 (Fig. 2). Study of mnestic
features and memory showed reduction in
the share of positive responses and increase
of latent period in these animals compared
to the reference group. The share of positive
responses in the rats with AD experimental
model was not different from that of in the
sham operated animals, which is a consequence
of intracranial intervention. Curcumin in
liposomes was responsible for recovery of
mnestic features and memory parameters in
the rats with AD experimental model, which
was not the case when empty liposomes were
used (Fig. 2).

The most substantial cytokine
activation was registered in hippocampus
of the animals with AD experimental model
(Table 1): Concentration of TNFa increased
by 26%, IL-6 — by 27% and IL-10 — by 95%,
respectively. These data show that AP42
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Fig. 1. Effect of 42_Human 3-amyloid peptide and curcumin liposome form on angiotensin-converting activi-
ty in brain sections (cerebral cortex and hippocampus) and blood serum of the rats
Hereinafter: * — P < 0.05 compared to control (intact animals, n = 6); # — P < 0.05 when comparing the
groups 1 (model of Alzheimer’s disease, n = 6); 2 (sham operated animals, n = 6); 3 (nasal therapy of the AD
model animals with liposome curcumin, n = 6); 4 (nasal therapy of AD model animals with empty liposomes,
n = 6), respectively; & — P <0.05 compared to the group 1 (Alzheimer’s disease model, n = 6).
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Human in hippocampus of the experimental
rats causes neuroinflammation specifically
and mainly in the spot of injection. But in
the brain cerebral cortex the activation of
neuroinflammation was also shown, although
to lower extent (Table 2). Namely, only the
IL-6 level reliably increased by nearly 54%.
Specificity of AP42 Human inflammatory
effect in the brain of the rats was also
proved by difference in the levels of the
studied cytokines between groups 1 and 2
(Tables 1 and 2).

Effect of liposome curcumin on cytokine
levels in hippocampus of the animals
was marked by essential suppression of
inflammation (Table 1): TNFa level decreased
by 56%, IL-6 — by 39% and IL-10 — by
52%, respectively. But not a single cytokine
normalized its concentration, unlike in the
case with the effect of empty liposomes
(Table 1). Effect of CUA as component
of liposomes in the cerebral cortex of the

B Group2 WGroup3 [OGroup4

10 *
75
5
25
0

Latent period

Fig. 2. Dynamics of mnestic ability and memory parameters (share of positive responses and latent period)
in effect of 42_Human [3-amyloid peptide and curcumin liposome form therapy in the rats

rats with AD gave similar suppression of
cytokine response (Table 2): TNFa level
decreased by 71%, IL-6 — by 67% and IL-
10 — by 41%, respectively. The obtained
results are in agreement with our previous
data for curcumin water solution only for
the brain cerebral cortex of the animals with
intrahippocampal injection of AB42 Human
[837]. In hippocampus of the rats with AD
model the CUA liposome form showed more
intensive suppression of cytokine chain of
neuroinflammation compared to its water
solution.

The level of peripheral cytokines (TNFa,
IL-6 and IL-10 in blood serum) did not reflect
neither specific neuroinflammatory effect
of 42 Human p-amyloid peptide in the
brain of the rats, nor suppression effect of
liposome CUA (Table 3). 20-50% rise in TNFa
concentration, 54-67% decrease in IL-10
concentration and absence of changes in IL-6
content in blood serum of the rats of all the
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Table 1. Effect of curcumin liposome form on TNFa, IL-6 and IL-10 in hippocampus of the rats
with the model of Alzheimer’s disease

Cytokine Rerf;eieélce G;o:% 1 G;o:% 2 G:'Lo:% 3 G:'Lo:% 4
TNFa 50.7=2.1 63.8+3.5%# 46.8+1.9& 28.3*1.7*#& 46.3+2.3&
1L-6 57.3+8.3 72.8+6.8# 98.3+6.8%& 44.7+£5.9*%*& 58.5+8.2

IL-10 130.4%+11.0 254.3*16.7%# 152.8+12.9& 122.4+13.4%#& 151.0+12.4&

Note. Hereinafter: the results are represented as M + m, ng/g of protein.

Table 2. Effect of curcumin liposome form on TNFa, IL-6 and IL-10 in cerebral cerebral cortex
of the rats with the model of Alzheimer’s disease

Cytokine RerfLe:eélce G:'Lo:% 1 G’rlo:% 2 G:'Lo:% 3 G:;o:% 4
TNFa 50.8+2.5 46.2+2.44# 40.6+2.9%& 13.2+0.9%#& 47.1+2.8
1L-6 52.5+4.2 80.8+7.4* 68.5+5.8 26.8+2.0%#& 49.3+3.9&
IL-10 179.5+13.0 150.8+10.6# 206.4+24.2& 89.4+7.6%#& 177.0+12.8&

Table 3. Effect of curcumin liposome form on TNFo, IL-6 and IL-10 in blood serum of the rats
with the model of Alzheimer’s disease

Cytokine Reieieélce G:;O;l% 1 G:'Lo:% 2 Grl';,O:I()i 3 G:'Lo:% 4
TNFa 7.9+0.8 9.5+0.6 * 10.7+1.0 * 10.4+0.4 *# 11.9%+0.9 *&
1L-6 48.3+10.4 37.5+6.9 53.2+11.3 44.8+7.7 47.0=14.1
IL-10 19.5+2.4 9.8+1.2 *# 6.5+0.9 * 7.0+1.8 *#& 9.3£2.5 *

experimental groups compared to the reference
were marked.

The obtained results showed activation
of cytokine system in the brain of the rats
with AD experimental model (Tables 1, 2).
These data are in agreement with other
studies on activation of neuroinflammation
by AP aggregates [38—41]. AP deposits are
responsible for activation of microglia [38].
AP conduces to higher inflammatory response
to NFkB stimulation, the nuclear factor which
is involved in regulation of ERK (extracellular
signal-regulated kinases) and MAPK (mitogen-
activated protein kinases) routes which lead
to cytokines and chemokines production [39].
Modification of the inflammatory condition of
microglia/macrophages plays prominent role
in the course of amyloidosis [40].

Nasal therapy of AD model rats with
curcumin liposome form was responsible for
suppression of ACE activity and cytokine
chain of neuroinflammation. Revealed anti-
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inflammatory activity of CUA resulted in
recovery of memory parameters and mnestic
functions in the animals. Therefore, the
previous assumption that its liposome form
may be an efficient anti-inflammatory
factor in the effect of exogenous P-amyloid
peptide was confirmed by experimental
data. This natural polyphenol prevents
activation of NFxB transcription nuclear
factor suppressing phosphorylation and
degradation of IxBa (NFkB inhibitor). Since
curcumin effect lies in inhibition of IB kinase
(IKK) activation, needed for NF«kB activation
[42—-44], it is just this fact that explains the
revealed anti-cytokine effect of curcumin in
the experimental animals. The mechanism
of curcumin effect on ACE activity is
substantiated by the proved suppressor effect
of this polyphenol on expression of enzyme
gene [45]. Above-mentioned data show high
anti-cytokine potential of especially the
liposome form of curcumin.
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BIIJIUB JIIIIOCOMHOI ®OPMU
RKYPRYMIHY HA AHTIOTEH3HH-
INEPETBOPIOBAJIbHY AKTUBHICTD,
OUTOKIHHU I KOTHITUBHI BJTACTHBOCTI
myPIB 3 MOJAEJIJIIO
XBOPOBU AJBIITEMMEPA

B. B. Cokoxnik*
C. M. IIIyJLbza2

II[V «IncTuTyT HeBpoJoOrii, ncuxiaTpil

i maprosorii HAMH Vkpaiau», Xapkis

ZI[Y «IHCTUTYT XapuoBOi 6ioTEXHOJIOTIT
iremomixu HAH Vkpainu», Kuis

E-mail: Shulga5@i.ua

MeToo gociaig:xeHHA O0yJi0 BUBUEHHS BILIN-
BY JIilTocOMHOI (hopMU KYPKYMiHY Ha aKTHUBHICTD
aHTiOTeH3WHIIEPeTBOPIOBAJIbHOTO €H3UMY, I[UTO-
KiHM i MHECTUYHI BJIaCTUBOCTI IIyPiB 3 eKCcIepu-
MEeHTaJbHOIO0 MOJEJIJII0 XBopobu AibIlireiimepa.
Y TBapuH 3 iHTparinokamMInajJbHUM yBeJeHHAM
AB42 Human 3acTocOBYBaJaHW HasaJbHY Tepa-
mifo JrimocoMHO0 POPMOIO KYypPKyMiny. PeecTpy-
BaJii KOHIEHTpPAI[il0 IUTOKiHIB i aKTHUBHICTH
AHTiOTEH3WHIEPETBOPIOBAJbLHOTO EH3UMY V
Bigmizax roJ0BHOTO MO3KY (JIOOHO-(PPOHTATD-
Ha Kopa i rimokamm) Ta cupoBaTIli KpoBi, a Ta-
KOJK IMMOKA3HUKU YMOBHO-pPe(dIeKTOPHOI peakiil
VHUKHEHHSA. Y pe3yJabTari Tepamii KyprkyMiHoM
BCTAHOBJIEHO IPUTHIUEHHS aKTHUBHOCTI ITUTOKi-
HiB, aHTOTEeH3WHIIEPETBOPIOBAJIHLHOTO EH3UMY Ta
BiTHOBJIEHHSA MHECTHUYHUX ITOKA3HUKIB y ITypiB
i3 xBopoboio AinbIiireiimepa. HasaabHa Tepatmisa
JgimocomMHOI (popMHM KYPKYMiHY MaJja HacJain-
KOM 3MEHINIeHHS aKTHUBHOCTI aHTioTeH3WHIIE-
PEeTBOPIOBAJbHOTO €H3UMY Ta AHTUIMTOKiHO-
Boro edeKTy B IiJIbOBUX BifAijax TOJOBHOTO
MOBKY (J106HO-(hpOHTAIBFHA KOpAa i rimokamir), 1o
CIIPUAJNO BifHOBJIEHHI0O MHECTHUYHUX BJACTH-
BocCTel i mam’saTi HmIypis.

Knwouwosi crosa: KypkymiH, jJginmocomu, [-amijo-
imHUI TenTHUm, ITUTOKiHM, aHTiOTEH3WHIIEPETBO-
pIOBaJIbHUI €H3UM.

BJIUAHUE JIUTIOCOMHOM ®OPMbI
KYPKYMHUHA HA AHTUOTEH3HH-
ITPEBPAIITAIOIY IO AKTUBHOCTD,
ITUTOKUHBI 1 KOTHTUTHBHBIE
CBOMCTBA KPBIC C MOJIEJIBIO BOJIE3SHH
AJIBIITEMIMEPA

B. B. Coxonux!
C.M. IIIlebza2

ry «MHCTUTYT HEBpPOJIOTUU, ICUXUATPUU
u Hapkoygoruu HAMH Vikpanubsr», XapbKoB
ry «IHCTUTYT OUITEeBOY OMOTEXHOJOTUN
u reaomuky HAH Yxkpaunbsl», Kues

E-mail: Shulga5@i.ua

IMenbio uccaeqoBaHUs OBIIO U3YyUYEHUE BIUA-
HUSA JUIOCOMHOM ()OPMBI KYPKYMUHA HA aKTUB-
HOCTh AHTHMOTEHB3UH-IIPEeBpAaIaloero sH3uMa,
IIATOKWHBI I MHECTUUYECKHEe CBOHICTBA KPBIC C 9KC-
MIepUMEHTAJIbHON MOeabio 6ojie3HU AJbIreii-
Mepa. ¥ KHUBOTHBLIX C MHTPATUIOKAMIIAIbHBIM
BBesienneM AP42 Human nmpuMeHSIM HA3alb-
HYIO Tepalunio JUIIOCOMHOUN (POPpMOIi KyPKYyMHUHA.
PerucrpupoBaiu KOHIIEHTPAI[UIO [[UTOKUHOB U
aKTUBHOCTb AHTMOTEH3WHIIPEBPAIIalONIero dH-
3MMa B OT[eJjiaX TOJIOBHOTO Mo3ra (J100H0-(hpoH-
TaJbHAA KOpPa U TUIIOKAaMII) I ChIBOPOTKE KPOBH,
a TaKiKe IIOKa3aTeJu yCJIOBHO-Pe(IeKTOPHOH pe-
akmuu usberanusa. B pesyabTare Tepanni KypKy-
MUHOM YCTAHOBJIEHO YTHETEeHUE aKTUBHOCTH I[H-
TOKWHOB, aHTMOTEH3UHIIPEBPAIIIAIOIIeT0 dSH3UMA
Y BOCCTAHOBJIEHHE MHECTUUYECKUX IToKasaTeseil
y KpbIc ¢ 6oae3Hbio Anbiireiimepa. HasanbHasa
Tepanus JUIOCOMHON (hopMoii KYPKYMUHA 00Y-
CJIOBUJIA YMEHBIIIeHEe AaKTUBHOCTH AHTMOTEeH3WH-
IIpeBpPAaIaioIero 9H3UMa U aHTUIUTOKUHOBOTO
addeKTa B IeJeBBIX OTAeJaX TOJIOBHOTO MO3Tra
(;1o6HO-(ppoHTATBbHAA KOpPa WM THOIOKAMII), UTO
CII0COGCTBOBAJIO BOCCTAHOBICHUIO MHECTUUECKUX
CBOMCTB U TaMATHU KPBHIC.

Knrmouesvle cnoéa: KypKYMUH, JUIIOCOMBI,

B-aMuJIOUAHBIA MENTUx, [UTOKUHBI, AHIMOTEH-
BUHIIPEBPAIAINI S9H3UM.
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The purpose of the research was determination of strains Acidithiobacillus ferrooxidans MFLv37 and
Acidithiobacillus ferrooxidans MFLad27, isolated from aboriginal consortium of coal beneficiation dumps
and fly ash from coal combustion, resistance to heavy metals, forming part of these waste, as well as
adaption ability of the strains to new substrates. New strains increased resistance to heavy metal ions as
compared to A. ferrooxidans standard and collection strains is found; minimal inhibitory concentrations of
heavy and toxic metals are determined; a number of metals that have negative impact on growth of isolated
cultures are identified. It is shown that the minimal metals concentrations, at which strains growth still
happens, are several times higher than their concentrations in technogenic waste. It has been found that
isolated strains differed in their ability to adapt, as well as in growth rate and substrates oxidation. This is
due to the specific conditions of microbiocenoses formation in making and further storage of rock dumps
and fly ash, whereof the appropriate strains are isolated. The investigations indicate the necessity in
directional selection of strains that are resistant to the toxic compounds and are able to oxidize various
mineral substrates, as well as in their adaptation to new substrates for the extraction of heavy metals.

Key words: fly ash, rock dumps, aboriginal bacterial community, acidophilic chemolithotrophic

bacteria, strains, leaching activity, ions of heavy metals.

The members of the genera Acidithio-
bacillus and Sulfobacillus have the greatest
activity regarding leaching of metals from raw
natural ores and technogenic substrates [1-3].
In previous investigations it was found that
the most active group of microorganisms in
the aboriginal consortium of coal beneficiation
dumps and fly ash from coal combustion
substrates is the group of acidophilic
chemolithotrophic microorganisms as small
mesophilic and most numerous moderately
thermophilic ones — the members of the
genera Acidithiobacillus and Sulfobacillus [4,
5]. The study of the properties of the most
active pure cultures of the microorganisms
isolated from the substrates aboriginal
association has allowed to classify them
as the representatives of Acidithiobacillus
ferrooxidans and assign them the strain
numbers MFLv37 and MFLad27 in a view of
their habitats — Lviv-Volyn Coal Basin coal
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beneficiation dumps and fly ash from the coal
combustion at Ladyzhynskaya thermal power
station, respectively.

Acidithiobacillus ferrooxidans group
is the most studied among acidophilic
chemolithotrophic bacteria receiving energy
from the oxidation of ferrous iron, elemental
sulfur and its reduced compounds and sulfide
minerals; it has a high level of resistance to
heavy metals. Resistance is an important
property of microorganisms of different
taxonomic groups, thanks to which resistant
forms of microorganisms in the environment
with a high content of heavy metals appear. So,
in [6] it is shown that the differences between
the strains in substrate oxidation activity
are caused by environment and conditions of
microbiocenosis formation whereof the strains
were isolated. A. ferrooxidans strain, isolated
from a complex mineralogical composition
substrate, is characterized by a higher growth
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rate and oxidation degree of various pyrite
types than the strain A. ferrooxidans from
poorer composition ore dump. In addition,
in environmental objects with a high content
of heavy metals, steadier to heavy metals
(resistant) forms of microorganisms of
different taxonomic groups appear and
formed. There are data about the study of A.
ferrooxidans strains, isolated from the natural
environment, adaptation to various sulfide
ores [7—9]. However, the issue of technogenic
mineral raw materials usage for energy
obtaining by representatives of A. ferrooxidans
has been insufficiently studied. Therefore, the
study of properties of new resistant highly
active strains capable of adaptation and
growth on the environmental objects with a
high content of heavy metals is an urgent task
of biotechnology.

The objective was to study the properties
of the new isolated from technogenic waste
strains of chemolithotrophic bacteria
Acidithiobacillus ferrooxidans MFLv37 and
MFLad27 — as resistance to heavy metals, and
the ability to adapt to new substrates compared
with highly active collection (A. ferrooxidans
VKM468) and standard (A. ferrooxidans
ATCC23270) strains.

Materials and Methods

Isolated strains Acidithiobacillus
ferrooxidans MFLv37 and MFLad27, collection
Acidithiobacillus ferrooxidans VKM468
and standard Acidithiobacillus ferrooxidans
ATCC23270 strains are stored in the Museum
of Microbiology, Virology and Biotechno-
logy Department of Mechnykov Odesa
National University, which is a branch of
the National Collection of Microorganisms.
Strains A. ferrooxidans ATCC23270 and
A. ferrooxidans VKM468 are used in
biohydrometallurgical processes for the
bacterial leaching of metals from sulphide ores
[10]. In addition, A. ferrooxidans ATCC23270
is capable of solubilizing the sulfur from the
coal surface [11].

New strains A. ferrooxidans MFLv37 and
MFLad27 are characterized by the following
features. There are Gram-negative rods,
0.2-0.4 microns in size, mobile. They are
obligate anaerobes, chemolithoautotrophs,
strictly acidophilic, mesophilic (optimum
temperature for growth is 35.0 = 2.0 °C).
They are cultivated in media with iron, sulfur,
thiosulfate, use thiourea as the single energy
source, capable of growth in mixotrophic
conditions. They are stored on an agar culture

medium in the fridge with passages on fresh
medium every 1-2 months. To cultivate the
strains for biomass accumulation and metal
ions leaching from substrates the medium 9K
is used (g/dm?): (NH,),S0, — 3,0; KCl — 0,1;
MgSO, — 0,5; K,HPO, — 0,5; Ca(NO3), —
0,01. The only source of energy is FeSO, - 7H,0
in concentrations: 44.5 g/dm? for maximum
strains biomass accumulation and 12.0 g/dm3
for the most effective leaching of metals from
the studied substrates. The original titer of
all tested strains is the same and is equal to
(4.1 = 0.3)x10% cells/ml.

The objects of the research were the
substrates of: rock dumps resulting from
the coal beneficiation of mines of Lviv-Volyn
Coal Basin by gravity and flotation methods
at the Central Concentrating Factory (CCF)
“Chervonogradska” of the joint stock company
(JSC) “Lviv Coal Company”, and fly ash from
high temperature combustion of mixture
of domestic fossil coals at Ladyzhynskaya
thermal power station.

Rock dumps substrate has the following
characteristics. This is clay earth material,
crystallized with the overwhelming majority
of fairly large (5—7 mm) particles, represented
by argillites, kaolinite, quartz sandstone-type
mineral, pyrite, containing coal up to 17.0%,
sulfur — up to 1.5% and organic mass — up to
2.0% . Chemical composition (% ): Fe — 4.46;
Al —1.39;Si — 15.90; Ti — 0.42; Ca — 1.72;
Cu—6.2210%Zn —1.13:10 % Mn — 8.18:10°%;
Pb — 0.42:107%; Ni — 1.34:10°2%; Cd —
2.82:107%; Sn — 38.52:107% Cr — 0.99-107%;
V —1.50107% Co — 1.16:10 7% Sr — 2.11:107%;
Ba—5.19'10%Zr — 1.78'10 %, Rb — 1.41-10%;
Nb —1.40-107%; La — 4.80:10 3; Ce — 6.90-10°%;
Ga —1.21-107%; Ge — 2.60-1073. Storage life
in dumps is 1 year. The number of aboriginal
acidophilus chemolithotrophic bacteria
is: of mesophilic ones (6.4 = 0,6)x10* and
of moderately thermophilic ones
(7.4 = 0,3)x108 cells/ml [12].

Fly ash substrate is an amorphous poorly
crystallized pulverized product with an
overwhelming majority of quartz, carbonate and
silicate phases, oxides of iron and aluminum.
Chemical composition (%): Fe — 5.93;
Al — 3.89;Si —12.10; Ti — 4.16; Ca — 0.20;
Cu—6.82:10%;Zn —3.27-10 % Mn — 5.73-10%
Pb — 1.09°107% Ni — 1.77-107% Cd —
5.81:107%; Sn — 2.07-107%; Cr — 2.18:107%;
V —2.15'107% Co — 8.05107% Sr — 6.56-10%;
Ba — 6.34:107%; Zr — 2.37-10°% Rb —
1.16:107%; Nb — 1.90-10°%; La — 4.20-10°%;
Ce — 7.40°1073; Ga—1.02:1073; Ge — 2.80°10°%;
S — 1.24; C (incomplete combustion) — 9.98.
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Storage life in dumps is 1 year. The number of
native acidophilus chemolithotrophic bacteria
is: of mesophilic ones (5.9 = 0.6)-10* and
of moderately thermophilic ones
(6.4 = 0.5)-107 cells/ml.

The increase in biomass was determined
by the number of cells counted in Goryaev
chamber with the light microscope Primo
Star PC (Germany). Analysis of solutions for
metal content was performed using atomic
absorption spectroscopy with devices AAS-1
(Germany) and C-115PK Selmi (Ukraine).
The reliability of the results was evaluated
by Student’s t test with a probability of
P <0.05. The ratio (% ) of the amount of metal
that passed into the solution as a result of
contact a nutrient medium with a substrate
in microorganisms presence to the initial
amount of metal in the original solid substrate
is referred to as “degree of metal extraction”.
Indicator 100% corresponds to complete metal
transition from the substrate into the solution.

Results and Discussion

In the initial phase the resistance of
new strains A. ferrooxidans MFLv37 and
A. ferrooxidans MFLad27 to heavy metals,
which are the part of technogenic waste, has
been studied.

Determination of copper, iron, zinc,
lead, cadmium, manganese and germanium
ions minimal concentration, at which
A. ferrooxidans MFLv37 and A. ferrooxidans
MFLad27 cells growth still happens, carried
out in the course of their cultivation on an
agar medium 9K with iron, adding sulfates of
these metals in ever increasing concentrations.
The minimal inhibitory concentration (MIC),

at which the growth of the test strains may be
still recorded, was determined. The term of
cultivation was 7 days at 30.0 = 2.0 °C. The
results are shown in the table.

The findings indicate a high resistance
level to heavy metals of strains isolated
from technogenic waste of coal and energy
industry. It is found that the minimal metal
concentrations, at which strains growth still
happens, are several times greater than their
content in waste itself. The both new strains
equally reacted to impact of manganese,
zinc, copper and germanium. A. ferrooxidans
MFLv37 and A. ferrooxidans MFLad27 strains
are the most sensitive to cadmium; the most
stable — to iron. By the negative influence
on the growth of new isolated strains the
following row is made:

Fe <Zn <Mn < Cu < Pb < Ge <Cd.

When comparing the stability of new strains
with standard and collection ones it has been
found that the latest were more sensitive to
metals, forming part of technogenic waste. This
could be explained by the fact that new strains
are isolated from the aboriginal community,
formed during the production and storage of
technogenic objects with complex mineralogical
composition and high concentrations of heavy
metals. The high level of thiobacteria stability to
metals is associated with the fact that the genetic
basis of the resistance is extrachromosomal
stability factors presence in bacteria — plasmids
and transposons [13], and also with poor
permeability of the cell wall for the heavy metal
ions, formation of a large amount of slime, which
binds and inactivates metals, et al. [14].

The next step is studying the adaptation of
isolated strains A. ferrooxidans MFLv37 and

Minimal inhibitory metal concentrations (mg/dm3) for A. ferrooxidans strains

3 Determined concentration
MIC, mg/dm in substrates, mg/kg
Element
A. ferrooxidans | A. ferrooxidans | A. ferrooxidans | A. ferrooxidans Rock dum Flv ash
MFLv37 MFLad27 VKM 468 ATCC23270 b ¥
Cu 1200.0 1500.0 7.0 5.0 62.18 68.18
Zn 4500.0 4500.0 5.0 5.0 112.52 327.33
Mn 1500.0 1650.0 7.0 5.0 317.72 572.60
Pb 600.0 850.0 2.0 1.0 42.20 108.74
Cd 25.0 25.0 2.0 2.0 2.82 5.31
Fe 150.0-10% 150.0-10% 10.0-10% 10.0-10% 44.57-10° | 59.31-103
Ge 150.0 150.0 12.0 15.0 26.00 28.00
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A. ferrooxidans MFLad27 to new technogenic
waste as a new source of energy. Experiments
were performed using the standard 9K medium
and technogenic substrates samples as a sole
energy source. Ratio of solid and liquid phases
(S:L) in the experiments was the following: 1:2,
1:3 and 1:10; temperature of 30.0 = 2.0 °C,
pH < 3. Successive reinoculations with growing
volumes of new substrates were performed
when the strains reached maximum quantity
of biomass in each passage. Control was an
indicator of strains biomass growth in the
medium 9K with 12.0 g/dm? of FeSO, 7H,0
(as the sole source of energy).

Fig. 1 and 2 show the results of strains
A. ferrooxidans MFLv37 and A. ferrooxidans
MFLad27 biomass growth with wvarious
amounts of substrates usage as power sources.
Obviously, the both strains, which were grown
for a long time using Fe?", require lengthy
adaptation as to substrate from which they
were isolated, and to a new substrate.

As follows from Fig. 1, when switching
from ferrous iron oxidation to old substrate
(dumps) and new one (ash) oxidation there is
a decrease in A. ferrooxidans MFLv37 bacteria
cell number in the first 6 hours of cultivation.
Subsequently, the active biomass growth
occurs on both substrates with pronounced
inversely proportional dependence on its
quantity: less substrate with respect to the
medium, more active biomass increasing on
it. In the case of the test strain cultivation at
S:L=1: 2 the time to reach the stationary phase
of growth for A. ferrooxidans MFLv37 was 36
and 42 hours, respectively, for the new (ash)
and old (dumps) substrates. Upon that, the
quantity of biomass was respectively 4.0-6.0
times less than in the control experiment. With

80

a decrease in the amount of the solid substrate
to the S:L.=1: 3 the time to reach the stationary
phase of growth for A. ferrooxidans MFLv37
was 48 hours for the new (ash) and 66 hours
for the old (dumps) substrates. In addition,
the quantity of biomass was respectively
1.7-2.0 times less than in the control. During
the further test strain cultivation the cell
number did not increase, but they remain
viable. With a decrease in technogenic waste
number to S:L = 1:10 A. ferrooxidans MFLv37
growth was observed over the entire period of
cultivation, the number of bacteria was even
higher than data in the control group. The
sharp decrease in the number of bacteria in the
early adaptation period and a minor amount
of bacteria with an excess of the substrate
(S:L=1:2, and S:L = 1: 3) may be explained by
attaching a significant number of formed cells
to the surface of substrate particles [15].

Similar results were obtained while studying
the biomass growth of A. ferrooxidans MFLad27
strain on the old and the new substrates (Fig.
2) with expressed adaptation period in the first
6—12 hours, and with an excess of a substrate —
up to 36 hours of cultivation. In the process
of A. ferrooxidans MFLad27 adaptation to the
growing volume of rock dumps the same pattern
as that for A. ferrooxidans MFLv37 to fly ash
are marked, with the only difference being that
the strain A. ferrooxidans MFLad27 is much
worse adapted to other technogenic substrate
as an energy source.

In the next stage of the work the oxidative
capacity of adapted to new substrates strains
has been studied compared with maladapted
strains, standard A. ferrooxidans ATCC23270
and collection A. ferrooxidans VKM468. The
leaching process was performed at a ratio of
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Fig. 1. The amount of A. ferrooxidans MFLv37 biomass with growth on:
1 — dumps S:L=1:10; 2 —ash S:LL=1:10; 3 — dumps S:L=1: 3; 4 — ash S:L. = 1: 3;
5 —dumpsS:L=1:2;6 —ashS:L=1:2
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S:L=1:10, at temperature of 30.0 = 2.0 °C, pH
< 2, for 7 days. The control was the results of
metals leaching from substrates by nutrient
medium under sterile conditions in the absence
of microorganism strains. Fig. 3 and 4 show
the results of these experiments.

Analysis of the results indicates that the
both new isolated strains had a much higher
oxidizing ability compared to the standard and
the collection strains. Furthermore, adapted
strains in most cases leached metals into solution
more active compared to maladapted strains.

Comparison of the two strains showed that
A. ferrooxidans MFLad27, isolated from fly
ash obtained from coal combustion, exhibits
less adaptability relative to growth rate
(Fig. 2) and oxidation degree (Fig. 4). This
indicates that A. ferrooxidans MFLv37 has
more pronounced regulatory mechanisms, when
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Metoro po60TH 6YJI0 BCTAHOBJICHHS PE3UCTEHT-
HOCTi BUAiJIeHNX 3 a00PUTEeHHOT'0 KOHCOPIIiyMY IT0-
POIHUX BifBasIiB ByrIe3baraueHH i 30JIM-BUHOCY
BiJ criaoBaHHA BYyTijIa mramiB A. ferrooxidans
M®Lv37iA. ferrooxidans M®Lad27 no Baxxux
MeTaJIiB, II0 BXOAATH A0 CKJIAAy IIUX BiAxomais,
a TaKOK 3JaTHOCTI ImITaMiB mo amamTaliii 1o HO-
BUX cyOcTpaTiB. BcTaHOBJIEHO MigBUIIEHY CTifi-
KicThb HOBHX IIITAMiB IO iOHiB BasKKUX MeETAJIiB
TOPiBHAHO 3 TUIOBUM 1 KOJIEKIIIHHUM IIITaMaMU
A. ferrooxidans, Bu3HaYeHO MiHiMaIbHi iHriOyoui
KOHIIeHTpAIlil BasKKUX MeTaJiB, BUIBJIEHO HU3KY
MeTaJIiB, 110 HeraTUBHO BILIMBAIOTh HA PicT iso-
JbOBAaHUX KYyJbTyp. IloKaszaHo, 110 MiHiMaabHi
KOHIIeHTpAIlil MeTaiB, 3a AKUX ITle BifOyBaeThCA
pict mtamiB, y feKinbKa pasiB mepeBUMIYIOTH 1X
BMIiCT y TeXHOTeHHUX Bigxomax. BcranoBiiero, 1o
BUALJIEeHI IITaMU BifpisHAanCa 3a 3TATHICTIO IO
amamnTallii, a TakoK 3a IIIBUIKICTIO POCTY i OKMUC-
HeHHdA cybcTpartis. Ile 3ymMoBIeHO cienuiuHUMU
ymoBaMu hopMyBaHHA MiKpP00OioIleHO3iB y mpoire-
ci yTBOpeHHA i mofabIIoro 36epiraHHsa MOPOSHUX
BigBaJIiB Ta 30JI1-BUHOCY, 3 IKUX BUIiJI€HO BigmoO-
Bigmi mramu. IIpoBemeni gocaigskeHHA cBiguaTh
PO HeOOXiAHiCTh CIPAMOBAHOIL CeIeKIlil KyIbTYD,
CTiHKMX OO0 TOKCUYHUX CIIOJIYK 1 3IaTHUX OKUC-
HIOBATH Pi3Hi MiHepaJsbHI cyOcTpaT, a TAKOXK IX
amamrTaliii ;0 HOBUX CcyOCTpATiB AJId BUJAYUEHHSA
BaYKKUX METAaJIiB.

Knarmouwosi cnosa: 30i1a-BUHOC, MOPOAHI BigBasu,
abopureHHe 6aKTepiajgbHe YIPYHIOBAHHSA, AIlUI0-
dinbHi XemomiToTpodHi 6aKkTepii, mTaMU, AKTUB-
HiCTh BUJIYTOBYBAHHA, I0HN Ba’KKUX METAJIiB.
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ITesibro paboOTHI OBLIO YCTAHOBJIEHNE PE3UCTEHT-
HOCTH BBIJEJIEHHBIX 13 a00OPUTreHHOI'0 KOHCOPIIIY-
Ma IIOPOJHBIX OTBAJIOB YIJIEOOOTAIeHU U 30JIbI-
YHOCA OT CIKUTaHUA yIJid MTaMMoB A. ferrooxidans
M®Lv37 u A. ferrooxidans M®Lad27 K Ta:KeabIM
MeTajljiaM, BXOLSIIUM B COCTAB 9TUX OTXOIOB,
a Tak’Ke CIIOCOOHOCTH IIITaAMMOB K agallTalluu K
HOBBIM cyOcTpaTaM. Y CTAHOBJIEHA IIOBBIIIEHHAS
YCTOMYMBOCTE HOBBIX IIITAMMOB K MOHAM TSAMKEJIBIX
METAaJLJIOB II0 CPABHEHHUIO C TUIIOBLIM U KOJIJIEKI[-
OHHBIM IITaMMamu A. ferrooxidans, onupeneaeHbl
MUHUMAaJbHbIE UHTUOUPYIOIINE KOHIIEHTPAIUU
TSKeJbIX MEeTAaJIJIOB, BBISBJIEH PsJ MeTaJlIoB,
OKAa3bIBAKINUX HETaTHBHOE BJINSHNE HA POCT
M30JIMPOBAHHBIX KYJIbTYp. IloOKazaHo, 4TO MUHU-
MaJIbHbIE KOHIIEHTPAL[MY METAJIJIOB, IIPA KOTOPBIX
elfe IIPOUCXOAUT POCT IITAMMOB, B HECKOJBKO
pas IPEeBBIIIAIOT UX COAEePIKaHNe B TEXHOT€HHBIX
0TXO0/aX. ¥ CTaHOBJIEHO, UTO BBIJEJIEHHBIE IIITaM-
MBI OTJIMYAJINCE II0 CIIOCOOHOCTH K amallTalliu, a
TaKKe CKOPOCTH POCTa M OKUCICHUS CyOCTPATOB.
9T0 00yCIOBJIEHO CIeU(PUUECKUMHU YCIOBUIMU
dopMupoBaHUA MUKPOOMOIIEHO30B B IIpoIecce 00-
pasoBaHUSA U NAJbHENIIero XpaHeHUsd ITOPOIHBIX
OTBAJIOB U 30JIBI-YHOCA, U3 KOTOPBHIX BBIAEJIEHBI
COOTBETCTBYIOI[HE IITaAMMBLI. IIpoBeseHHbIE HC-
CJIEJOBAHUS CBUAETEJIBCTBYIOT O HEOOXOAMMOCTH
HAIIPABJIEHHON CeJIEKIINN KYJIbTYP, YCTONUNBBIX K
TOKCUYHBIM COEIUHEHUSIM U CIIOCOOHBIX OKKUCISTD
pasInyHbIe MUHEPAJIbHBIE CYOCTPATEI, a4 TAKIKE UX
aflanTanuyu K HOBBIM CyOCTpaTaM [JIs N3BJIeUeHUs
TAMKEJBIX METAJLJIOB.

Kntoueesnvle cnosa: 301a-yHOC, TIOPOLHBIE OTBAJIBI,
abopurenHoe OaKTepHaJbHOE COOOIIIECTBO, aIlW-
ITO(PUIbHBIE XeMOJUTOTPO(GHBbIE 0aKTEePUH, IIITAM-
Mbl, aKTUBHOCTH BBIIIIeJaUNBaHUA, UOHBI TAMXKe-
JIBIX MEeTAaJIJIOB.
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To study the bioenergy indicators of leykokontsentrate cells after cryopreservation and possibility of
their recovery after incubation in a medium with a low-molecular fraction from cow cord blood were the
aim of work. Leykokontsentrate was obtained from donor blood by sedimentation; cryopreservation was
carried out in the slow freezing regimen with 5% dimethylacetamide; amount of ATP, ADP and AMP was
determined by chemiluminescence; glycogen — by cytochemical method. Evidence of energy disbalance
of leukoconcentrate cells after cryopreservation was obtained. It was shown that the cord blood low-
molecular fraction (0.15 mg/ml) activated glycogenolysis and increased contents of ATP, ADP and AMP
in leukoconcentrate cells after cryopreservation. It was also shown that the cord blood low-molecular
fraction contained energy substrates and metabolites, hormones and macro- and micronutrients. Use of
the low-molecular fraction (below 5 kDa) from cord blood as a component of rehabilitating medium for
frozen-thawed leukoconcentrate cells contributed to improvement of their energy status, which was

manifested as augmentation in the total adenylic pool and glycogenolysis activation.

Key words: leykokontsentrat, cryopreservation, energy metabolism, cord blood.

Current methods of low-temperature
storage of packed white cells cannot guarantee
their high safety, which is due to heterogeneity
of cell population in terms of composition and
functional characteristics and, therefore,
difficulty of wunification of optimal
cryopreservation conditions. The experimental
research conducted to date both in Ukraine
and abroad aimed at finding of better methods
of leukocytes cryopreservation [1-5], which
requires separation of packed white cells into
individual populations and are not always
clinically justified. Despite some progress,
frozen-thawed leukocytes need to recovery
of their functional status before clinical
application. It is known that in leukocytes
intensity bioenergetic processes changes after
cryopreservation, it leads to abnormalities in
energy-dependent reactions [6, 7] and hence to
impairment of their functional activity.

Recovery from cryoinjuries, first of all,
requires energy costs, which can be replenished
via glycolysis and oxidative phosphorylation.

To solve this problem, use of special
rehabilitating media capable of stimulating
energy generation processes is promising.

We present the results of studying energy
metabolism of donor blood packed white
cells cryopreserved with dimethylacetamide.
Evidence of a stimulating effect of a low-
molecular fraction from cow cord blood (CBF)
on ATP, ADP and AMP contents and glycolysis
in the test cells is adduced.

Materials and Methods

Obtaining leukocyte mass
Leukoconcentrate was obtained from
human donor blood by sedimentation of
erythrocytes in 6% dextran solution (m.m.
50,000-70,000, “Biokhim”, Russia) [8].
Cryopreservation of leukocyte mass
Cryopreservation of cell suspension
samples (0.5 mL, 2x107 cells/ml) was carried
out according to the following regimen of slow
freezing with 5% dimethylacetamide (DMAc):

63



BIOTECHNOLOGIA ACTA, V. 8, No 6, 2015

at the rate of 3 °C/min from 22 °C to the
crystallization point (=16 °C) with a shutdown
of process for 6.5 min; then at the rate of
5 °C/min to —100 °C followed by immersion
of samples in liquid nitrogen (=196 °C) [9].
Suspension was thawed in a water bath at
38 °C with intensive shaking containers [10].
After thawing the cryoprotectant was removed
by slow dilution of cell suspension samples
with autoplasma containing 2% dextran (1:2)
followed by centrifugation (7 min at 200 g)[11].

Integrity of Leukocytes

The leukocyte integrity was assessed by
trypan blue exclusion test [12].

Determination of ATP,ADP and AMP Contents

Cell suspension samples (0.5 ml) were
incubated at 37 °C for 20 min with or without
CBF (0.15 mg/ml). The incubation time
was based on the experimental studies of
granulocyte energy metabolism, viz., ATP
and lactate production rates [13, 14]. After
incubation adenylates were extracted.

Adenylates were extracted from cells
by boiling leukocyte suspension samples
(107 cells/ml) in Tris-buffer. 3 ml of boiling 0.1 M
Tris-0.01M EDTA-acetate buffer (pH = 7.75)
were added to an aliquot of cell suspension
(0.5 ml); the aliquot was exposed in a boiling
water bath for 5 min. Extracts were cooled down
to the ambient temperature and stored at —18 °C
for further analytic procedures.

ATP content in the resulting extract was
determined by a chemiluminescence method
[14] using a firefly enzyme, luciferase, and
luciferin (Sigma, USA) (ATP Luminometer —
1250, LKB, Sweden). The maximum values of
light reaction were registered.

To calibrate dependence of light reaction
on ATP concentration, values of light emission
of standard ATP solutions obtained at the
beginning and end of an experimental series
were used. To match light reaction values with
ATP concentrations readings of light emission
of ATP standard solutions were obtained at the
beginning and end of each series of runs. ATP
concentrations were calculated on the basis of
relations of light impulse values to ATP standard
solution concentrations adjusted for dilution,
extract volumes and sample weights equivalent to
protein. Background adenylate content in cell-free
medium was also accounted in the calculations.

ADP and AMP contents were determined via
preliminary restitution of these nucleotides to ATP
using phosphoenolpyruvate (Sigma, USA), pyruvate
kinase (Sigma, USA), and myokinase (Sigma, USA).
The amount of synthesized ATP was again estimated
by chemiluminescence assay. Adenylic nucleotide
concentrations were conversed to molar unit.
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Calculation of Adenylic Pool: adenylic
pool is the sum of ATP, ADP and AMP
concentrations.

Calculation of Adenylic Energy Charge:
adenylic energy charge (AEC) was calculated
by the following formula [15]:

Curp + ¥ Capp

AEC = .
Curp + Cupp + Camp

AEC characterizes the state of adenylic
system charge; for example, if the whole pool
of adenylic nucleotides is purely represented
by ATP (maximum of high-energy bonds) AEC
equals one; if there is only AMP in the cell (no
high-energy bonds) AEC equals zero [15].

Determination of Glycogen Content

Glycogen in leukoconcentrate neutrophil
cytoplasm was analyzed by cytochemically
method [16] using Schiff reagent (PAS
reaction) (Merck, Germany). Before the
test leukoconcentrated was washed out by
centrifuging (7 min at 200 g) in glucose-free
medium of the following composition: 5%
bovine serum albumin (Serva, Germany) in
physiologic saline, 10% dextran in physiologic
saline (“Reopoliglyukin-Novofarm”®,
Novofarm-Biosynthesis, Ukraine). The ration
leukocyte suspension/dextran/albumin was
1:1:1. Supernatant was removed; precipitate
was resuspended in fresh solution. Glycogen
content was semiquantitatively estimated
with calculation of the average cytochemical
coefficient (ACC) according to Kaplow [16]:
ACC=(3A+2B+C)/100, where A — number
of cells with strong positive staining, B —
number of cells with staining of medium
intensity, C — number of cells with weak
positive staining and/or negative staining.
To inhibit glycolysis, sodium iodoacetate was
used at the final concentration of 1 mM [17].
To activate cells, packed white cells were
incubated for 1 hour at 37 °C after inoculation
of one-day culture of Staphylococcus aureus
strain 209 in physiologic saline (inactivated
by 1-hour exposure in a water bath at 80 °C)
at the concentration of ~2 bln cells/ml by the
turbidity standard.

CBF (below 5 kDa) Extracting

The extraction of the fraction containing
components with molecular weights below
5 kDa from the cryodestructed whole cattle
blood was performed by ultrafiltration
[18] using a membrane module Sartorius
(Germany). Ultrafiltrate was lyophilized in
a freeze-drying chamber under the pressure
of 5x1072 mmHg; the total duration of
drying was 28—-30 h. Lyophilized samples



Experimental articles

were stored at —80 °C. CBF was added to the
incubation medium at the final concentration
of 0.15 mg/ml.

Determination of CBF Composition

CBF was assessed for estradiol, free
triiodothyronine, cortisol, and progesterone
contents using a closed test system for
quantitative analysis of hormones in vitro
by electrochemiluminescent immunoassay
(ECLIA) on an automatic Elecsys 1070/2010
analyzer and a Modular Analytics E170
analyzer (Hoffmann-La Roche, Switzerland).
To estimate micro/macroelements and
metabolite concentrations (calcium,
magnesium, phosphorus, zinc, glucose,
creatinine, etc.) a closed test system for
quantitative analysis of substances in
biological liquids by electrochemiluminescent
assay and automatic Elecsys 1070/2010 and
Cobas C311 chemistry analyzers were used
(Hoffmann-La Roche, Switzerland).

Inhibitory Assay

To explain the mechanism of action of CBF
on energy processes native leukoconcentrate
suspension was pre-incubated with a
glycolysis inhibitor, sodium iodoacetate (IA)
(Serva, Germany), which blocks one of the
key glycolytic enzymes — glyceraldehyde-
3-phosphate dehydrogenase at 37 °C for 20
min. IA was added to leukocyte suspension
(107 cells/ml) before CBF at the final
concentration of 1 mM [17].

The non-parametric Mann—Whitney test
was used for statistical analysis.

Results and Discussion

The analysis of safety of native packed
white cells obtained from human blood by
sedimentation showed that suspension had
97.81+0.42% of viable nucleated cells.

After cryopreservation with DMAc at the
final concentration of 5% the number of
provisionally viable cells in samples was
79.96+1.75%.

To understand changes occurring in the
adenylic energy system after cryopreservation
of cells, we assessed ATP, ADP and AMP
contents, the total adenylic pool, adenylic
energy charge and ratios between individual
adenylic nucleotides.

The investigation of the baseline energy
status of packed white cells revealed that
they had the full set of adenylic nucleotides
represented by ATP, ADP and AMP. AEC of
freshly-isolated cells was 0.79+0.003 rel. u.,
which suggests predominance of ATP in the
total adenylic pool and, therefore, abundance
of energy in the adenylic system of cells
(Table 1). The data in Table 1 show that after
cryopreservation balance of the cell energy
system is impaired.

Thus, it was demonstrated that the total
adenylic pool significantly reduced mainly
due to the decrease in ATP content by 2.6
times (23.42+2.9 vs. 8.9+0,93 nmol/mg
protein). It is noteworthy that the drastic
drop in ATP content in frozen-thawed cells
was not accompanied by expected rise in
relative concentrations of ADP and AMP
via their interconversion, that is why the
ration ATP:ADP:AMP considerably shifted
to di- and monophosphates. We assume that
this can be attributed to loss of adenylic
nucleotides through transmembrane
pores that form during cryopreservation
and capable for self-healing [19]. It is
important to note that the selected method
of cryopreservation, despite the distortion
in ratios between individual adenylic
nucleotides, provides preserving AEC on the
level of 0.64+0.070 rel. u.

Table 1. Characterization of General Status of the Adenylic System of Packed Human White Cells

Index Before ) After cryopreservation After cryopreservation +
cryopreservation CBF
ATP, nmol/mg of protein 23.42+2.9 8.9+0.93* 11.9 = 0.68 *#
ADP, nmol/mg of protein 9.68 =1.21 8.37T+2.6 16.87 4.4 #
AMP, nmol/mg of protein 3.02 =0.39 4.6 1.7 9.56 =2 #
Adenylic Pool, 37.49 = 4.09 21.47 % 5.6 37.9=5.9 #
nmol/mg of protein
AEC, rel. u. 0.79 =0.003 0.64 =0.070 0.56 = 0.080
Ratio . . . . . .
ATP: ADP: AMP 7.75:38.2: 1 1.2:1.8:1 1:1.8:1

Footnotes: * — significant difference in comparison with the before-cryopreservation control (P < 0.05);
# — significant difference in comparison with the after-cryopreservation control (P < 0.05).
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It is known that in energy metabolism in
cells of leukocytic series glycogen metabolism
plays a key role, being used as energy
substrate by cells. In particular, this referrers
to phagocyting types of leukocytes, which
function under acute hypoxia in tissues, at the
same time keeping a high level of metabolism
[20]. Need of leukocytes in large stock of
glycogen is predominantly related to a drastic
increase of energy expenditure by stimulated
cells. Given the above, at the next stage of our
experimental work we performed cytochemical
analysis of glycogen content in neutrophils
from packed white cells after cryopreservation
with DMAc.

The data showed that freshly-isolated cells
contain large amounts of PAS-positive matter,
glycogen, which uniformly or as conglomerates
and granules fills the whole cytoplasm. ACC
was 2.139=+0.01 rel. u., which corresponded to
the normal range (Fig. 1).

Further incubation of cells in glucose-
free medium for 1 hour did not lead to visible
changes in glycogen content in cytoplasm,
consequently, no ACC changes were recorded
(1.98+0.02 rel. u.). Activation of freshly-
isolated cells by inoculating Staphylococcus
aureus suspension under these conditions did
not promote glycogenolysis (ACC = 1.9+0.02
rel. u.). Analyzing these results, we can
conclude that native neutrophils do not need
mobilization of cytoplasmic stock of glycogen
under these conditions, at least within 1-hour
incubation. DMAc exerted no impact on this
parameter.

At the same time a completely different
pattern was observed for glycogen content
in neutrophils from packed white cells
cryopreserved with 5% DMAc. The glycogen
amount in neutrophils from frozen-thawed

packed white cells remained unchanged in
comparison with that in freshly-isolated
cells: ACC was 1.93+0.018 and 2.139=+0.01,
respectively (Fig. 2). However, after 1-hour
incubation of quiescent cells a statistically
significant decline in glycogen content was
observed (ACC 1.73+0.01 rel. u.), which was
seen in stained slides as weakening of staining
intensity in cytoplasm.

Unlike freshly-isolated cells, phago-
cyting neutrophils from frozen-thawed
leukoconcentrate actively used glycogen stock,
which was seen as changes in intensity and
nature of cytoplasmic staining and a significant
reduction in ACC to 1.66=0.007 rel. u.
(Fig. 2). Microscopic analysis of slides
demonstrated decreased intensity of
cytoplasmic staining, absence of glycogen
conglomerates, and in slides PAS-negative
neutrophils regularly occurred.

Thus, DMAC-containing cryoprotective
solution provides preserving sufficiently large
numbers of viable cells, nevertheless, taking
into account the above-mentioned data, we can
conclude that leukoconcentrate quality after
cryopreservation still worsens, and there is an
unmet need in recovery of functional status of
cells before transfusion to guarantee the best
therapeutic benefit.

Previously we demonstrated that
application of rehabilitating medium
containing a low-molecular fraction (below
5 kDa) from cord blood contributed to
recovery of functional status of frozen-
thawed leukocytes, namely augmentation in
parameters of their phagocytic activity [9, 21,
22]. All phagocytic stages are known to depend
largely on energy supply of cells via glycolysis
and oxidative phosphorilation, and in
phagocyting cells the contribution of glycolysis
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Fig. 1. Glycogen Content in Neutrophils from Packed Human White Cells prior to Cryopreservation
Depending on Incubation Medium Components
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in the total energy pool is significantly
higher [13, 14]. Therefore, we assumed that
mechanisms of the CBF stimulating effect were
mediated through influence of its components
on energy metabolism.

As one can see in Table 1, CBF contributed
to increase in ATP, ADP and AMP
concentrations in frozen-thawed cells by
1.34, 2 and 2 times, respectively, resulting in
the gain in the total adenylic pool by 76.5%,
which reached the level of freshly-isolated
cells. However, CBF had no impact on AEC.
It could be explained both by intensified ATP
consumption due to activation of recovery
processes aimed at elimination of injuries and
by ADP and AMP de novo synthesis, since
these both processes lead to a shift in ratios
between individual adenylic nucleotides in
favor of ADP and AMP.

To elucidate mechanisms of CBF action
on the test parameters, we used glycolysis
inhibitor, sodium iodoacetate, for freshly-
isolated cells (Fig. 3). It was found that
addition of sodium iodoacetate to incubation
medium was associated with the decline in
intracellular ATP by 1.7 times, however,
as early as after 20-minute incubation of
inhibitor-treated cells with CBF we noticed the

Fig. 2. Glycogen Content in Neutrophils from
Packed Human White Cells afterCryopreservation
Depending on Incubation Medium Components:
* — significant difference in comparison with con-
trol after cryopreservation (P < 0.05);

*%* _ gignificant difference in comparison
with quiescent control (P < 0.05);

# — significant difference in comparison with
phagocyting control (P < 0.05);

+ — significant difference in comparison with qui-
escent cells incubated with CBF (P < 0.05);

— significant difference in comparison with phago-
cyting cells incubated with CBF (P < 0.05).

increase in this parameter by 1.4 times.

At the same time there was no return of
ATP concentration to the level observed in
CBF-treated cells without inhibitor: in Fig. 3
one can see that iodoacetate suppresses the
stimulating effect of the fraction on ATP
production by 1.9 times (35.42+3.91 vs.
18.78=+2.05 nmol/mg protein). This indicates
that in addition to glycolysis, other pathways
of ATP synthesis can be influenced by low-
molecular components of CBF.

The most conspicuous reduction in ACC
was observed, when CBF was added to frozen-
thawed quiescent (down to 1.61+0.017 rel/ u.)
and phagocyting (down to 1.31+0.005 rel.
u.) cells (Fig. 2). This attests to the fact that
CBF upon activation of phagocytes with
cryopreservation-impaired metabolism assists
mobilization of cytoplasmic glycogenic stock,
thereby satisfying the need of cells in glucose,
which is likely to be used for energy production
in glycolytic reactions.

To confirm this assumption, we used
inhibitor analysis with sodium iodoacetate
again. Fiig. 2 shows that treatment of cells with
glycolysis inhibitor resulted in conservation
of glycogen stock in cytoplasm — staining
intensity was the same as in control, and
ACC was 2.09+0.02 rel. u. In CBF presence
the blocking effect of inhibitor persisted;
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Fig. 3. Effect of CBF on ATP Content
in Freshly-Isolated Packed White Cells Treated
with Iodoacetate:

* — significant difference in comparison with the
before-cryopreservation control (P < 0.05);
*%  gignificant difference in comparison with
incubation of leukoconcentrate cells with Ia
(P <0.05);

# — significant difference in comparison with
incubation of leukoconcentrate cells with CBF
(P <0.05)
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Table 2. Composition of the Cattle Cord Blood Low-Molecular (below 5 kDa) Fraction

Component Content of CBF solution (1 mg/ml)
Estradiol 20.78 pg/ml
Free Triiodothyronine 0.76 pmol/L
Cortisol 0.415 nmol/L
Progesterone 0.03 ng/ml
Polypeptides 0.15 mg/ml
Calcium ionized 0.2 mmol /L
Magnesium 0.3 mmol/L
Phosphorus 0.195 mmol/L
Zinc 2.52 nmol/L
Glucose 0.39 mmol/L
Lactate 0.15 mmol /L
Creatinine 154 nmol /L
Chondroitin sulfates general 0.9 mg/L
Uronic acid 2.98 mg/L
Glycoproteins 25.3 mg/L
Total GAG 0.007U
ATP 1,18 nmol/ml
ADP 0,818 nmol/ml
AMP 0,25 nmol/ml

staining intensity in cytoplasm and ACC
(2.05+0.029 rel. u.) did not change in
comparison with the baseline values. These
results confirm the fact that addition of CBF
to incubation medium promotes glycogenolysis
in frozen-thawed neutrophils, and glucose
produced in this process is used in glycolytic
reactions for further ATP synthesis.

Since CBF is isolated from cord blood rich
in bioactive substances, one cannot exclude
that its beneficial effect on cell energy status
is attributed to energy substrates such as
glucose, adenylic precursors or regulatory
biomolecules contained in it. In view of this we
analyzed CBF composition (Table 2).

The data summarized show that there are
energy substances and metabolites represented
by glucose, creatinine, lactate, ATP, ADP,
and AMP as well as metabolism regulators
represented by hormones, calcium ions
and macro/microelements in the fraction.
Currently, it turns to be impossible to ascribe
the biological activity of CBF to a certain
component; its mechanism of action is most
likely to be due to a complex action of low-
molecular substances.
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Thus, the study results showed that DMAc
as a component of protective solution for
cryopreservation of packed white cells provides
preserving sufficiently large numbers of viable
cells. However, taking into consideration the
data on impairment in bioenergy balance of
cells, we can conclude that leukoconcentrate
quality still worsens after cryopreservation.

Use of the low-molecular fraction (below
5 kDa) from cord blood as a component of
rehabilitating medium for frozen-thawed
leukoconcentrate cells contributed to
improvement of their energy status, which
was manifested as augmentation in the total
adenylic pool and glycogenolysis activation.

Using glycolysis inhibition, we revealed
that CBF effect on energy system of cells
could be mediated at least by two mechanisms.
First, it is possible that CBF low-molecular
components are directly involved in glycolytic
reactions, since glycolysis pathway of
energy generation is the major one for cells
of leukocytic series. Second, we cannot rule
out CBF influence on other pathways of
ATP synthesis, in particular on oxidative
phosphorilation.
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Mertoro poboru 6ys10 BusHAUUTU Oi0eHEpPTreTHY-
Hi IOKa3HUKHU KJIITUH JeHKOKOHIIEHTPATY IIiCJIs
KPiOKOHCEPBYBAHHA Ta MOKJIUBICTH iX BiZHOB-
JIeHHS TIicJisg iHKkyOarii B cepeloBUIIli 3 HUBBKO-
MOJIEKYJISIPHOIO (PpaKIliero KopaoBoi KpoBi. Jleii-
KOKOHIIEHTPAT OJePsKyBai 3 TOHOPCHKOI KPOBi
METOIOM CceAMMeHTalii; KpioKoOHCepBYBaHHSA
IPOBOLUJIN B PEIKUMI MOBLIBHOTO 3aMOPOIKYBaH-
H i 3axucTom 5% -ro fuMeTHIaeTaMiny; Kiab-
Kicte ATD, AII® i AMD BusHaUYaIM XeMOJIOMi-
HECIeHTHUM, a I'NIIKOTeH — IIMTOXIMiuHuM Me-
TomamMu. BecTaHOBIIEHO, 0 IIicad KPioKOHCEDPBY-
BaHHS BiIOyBAEeThCA MOPYIIIEHHS €HePreTUIHOTO
fOaJiaHCY KJITHH JeHKOKOHIleHTpaTy. IlokasaHo,
110 HUBbKOMOJIEKYJIAPHA (PpaKIisi KOPAOBOI KPOBi
(0,15 mr/mut) cupuse TJIIKOTeHOJII3Y 1 migBUIlleH-
Hio BMicTy AT®, AII® i AM® B 1eKOHCEPBOBAHUX
raiTuHax. I[o ckmany ¢pakrmii KopgoBoi KpoBi
BXOJATH eHepreTudHi cydcTpaTu i merabosiTu,
TOPMOHU, MaKpPoO- Ta MiKpPOEJIeMeHTH.

Bukopucranmua ¢pakriii xopmoBoi Kposi
y cKJaai peabiniTyBasbHOrO cepemoBHINA IJA
MIeKOHCEePBOBAHUX KJITHH JeHKOKOHIIEHTPATY
CIIPUSAE TOJTITIIIIEHHIO IXHBOT0 eHePTreTUYHOT0 CTa-
TyCY, III0 BUSABJIAETLCS V 30iIbIIIeHHI 3araJIbHOTO
aJleHiJIaTHOTO IIyJIy i akTuBaIlil mpoIieciB ririkore-
HOJIiBY.

Knarwuwosi cnoea: JIeKOKOHIEHTPAT, Kpio-
KOHCEpPBYBAHHs, €HEPreTUUYHHI OOMiH, KOpZOBa
KPOB.
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ITenbio paboThl OBLIO OIpeaesieHe OMO9HED-
TeTUYEeCKUX TOoKaldaTejiell KJIETOK JIEMKOKOH-
IMeHTpaTa MOCJe KPUOKOHCEePBUPOBAHUS U BO3-
MOJKHOCTH WX BOCCTAHOBJIEHHUS IIOCJe MHKYyOa-
WU B cpele ¢ HU3KOMOJIEKYIAPHOH (hpaKiumei
KODPAOBOH KpoBU. JIEIKOKOHIIEHTPAT IIOJIyYau
M3 TOHOPCKOM KPOBU METOIOM CeIMMEeHTAINU;
KPUOKOHCEPBUPOBAHUE IIPOBOAUIU B PEIKU-
M€ MEIJIEHHOrO 3aMOPaKMBAHUSA IO 3AIUTON
5% -ro muMmeruiameramMuga; Koauuectso ATD,
AlID® u AM® onpenensdsu XeMOJIOMUHECIIEHT-
HBIM, a TJINKOTeH — IIUTOXUMUUYECKUM METOSaMMU.
YcTaHoBIEHO, UTO OCTE KPUOKOHCEPBUPOBAHUSA
TIPOUCXOAUT HaPYIIIeHNe 9HePreTuuecKoro bajaH-
ca KJIeTOK JeHKOKOHIleHTpaTa. IlokasaHo, UTO
HUBKOMOJIEKYJIAPHAA GpaKIusd KOPAOBOH KPOBU
(0,15 Mr/mu) crmocoOCTBYET TJIMKOTEHOJIU3Y U
noBwIIeHUIO comep:kanud AT®, AII® u AMD B
IeKOHCEepPBUPOBAHHBIX KJIETKax. B cocTaB ppak-
MUY KOPAOBOM KPOBUW BXOAAT dHEPreTUUECKUe
cybcTpaThl 1 MeTab0JUThI, TOPMOHBI, MAKPO- U
MUKPOJIE€MEHTHI.

Wcnonb3oBaHue Ppakiuu KOPAOBOM KPOBU
B cocTaBe peabUJIUTUPYIONIeH cpenbl I
IeKOHCEePBUPOBAHHBIX KJIETOK JIEHKOKOHIIEHTPATA
CIIOCOOCTBYET YJIYUIIIEHUI0 UX dHEPTeTUUEeCKOTO
cTraTyca, 4TO BhIPAKAETCS B YBEJIUUEHUN O0IIEero
aJeHUJIATHOTO IIyJia M aKTUBAIUU IPOIECCOB
TJINKOTeHOJIM3a.

Kntouesnvle cnosa: JTeIKOKOHIIEHTPAT, KPUOKOH-
CepBUpOBaHME, 3JHEPreTUYEecKUil oOMeH, KOpHo-
Bas KPOBb.
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Aim of the work was to determine the efficiency of combined application of lime and high-viscous
suspensions, containing the aluminium nanoparticles as a precursor in treatment of sugar-containing
solutions.

At the first stage the aluminium nanopowder, encapsulated into a salt matrix, was produced by the
combined precipitation from a gas phase of metal and halogenide of alkali metal (NaCl). For the long-term
stabilization of aluminum nanoparticles the method, developed by the authors, for dispersing these
powders in the composition of polyethylene glycols was used, providing the colloidal solution of high
viscosity (gel).

At the second stage, as an object of investigation a juice of sugar beet, produced in the laboratory
conditions by water extracting from the beet chips, was applied. In the produced juice the main
characteristics of its quality were determined: the content of solids, sucrose, its purity was calculated
(ratio of sucrose to solids content, in%). The content of protein and pectin components was also
determined (as the main components of the colloidal fraction of the diffusion juice). Conventionally, as a
basic reagent for the process of a lime pretreatment a lime milk of 1.18 g/cm3 density, prepared by liming
the burned lime using hot water, was used.

During the experiments the effectiveness of reagents, containing aluminum in nanoform, their
influence on the degree of removal of the colloidal dispersion substances in the process of juice purification
in sugar beet production and improvement of its quality, is shown. However, the obtained results show
that, depending on the method of producing, the additional reagents with aluminium nanoparticles have
different effect on change of diffusion juice purity in the process of its treatment by the lime milk.

Key words: nanopowders, defecosaturation treatment, sugar-containing solutions.

Today, to attain the required quality of
sugar, it is necessary to have the high quality
of semi-products, it concerns, in particular,
juices after the defecosaturation treatment
by using a lime milk and saturation gas. Due
to the fact that the beet of a low technological
quality is supplied often into processing, the
diffusion juice has a high content of different
compounds (so-called non-sugars), which
reduce greatly its purity [1]. To purify this
juice it is necessary either to increase the
consumption of the lime milk and saturation
gas or to apply additionally in the technology
such reagents which could improve sufficiently
the effectiveness of the carried out processes
of the juice purification, and also reduce the
consumption of conventional reagents. The use

of the additional reagents in the technology of
treatment of the sugar-containing solutions
is the rather urgent problem for the sugar
complex of Ukraine, as this is the most simple
and economic way for the improvement of
characteristics of the ready products. This
problem was studied in many works, in
particular in [2—-8]. However, the variety of
processes, proceeding under conditions of
a diffusion juice treatment, does not give
an opportunity to evaluate precisely the
mechanism of interaction of added additional
chemical reagents with non-sugars of the
diffusion juice. First of all, it concerns the
process of coagulation of colloids. On the other
hand, the adding of additional reagents to the
processes of the juice treatment should be in
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compliance with a number of conditions, in
particular these are a minimum dose of reagent
at high efficiency, the absence of interaction
with the sucrose, removal in the process of
production together with other wastes [9-13].

On the basis of investigations of properties
of colloidal high-viscosity solutions, produced
by encapsulation of metallic aluminium
particles into a salt coat, the present work
deals with their effect on the quality of semi-
products at applying the nanoreagents for an
additional treatment of the sugar-containing
solutions in the beet sugar production. The
work considered the possibility of applying
the additional reagents on the base of
aluminium nanoparticles in the process of
lime pretreatment of the diffusion juice.

Materials and Methods

The nanopowders of biogenic metals were
produced by the combined precipitation of
metals and halogenide of alkali metals from the
gas phase [14, 15]. Encapsulation of metallic
particles into a chemically inert matrix limits
them by sizes on the one hand and on the other
hand it provides formation of a protective
coat on their surface (Fig. 1). This does not
only prevent the processes of consolidation
of particles during storage, but also protects
them from their interaction with environment.

Statistic processing of results of
measurement using the computer program
Image Pro Plus is given in Table 1, that
allowed plotting a diagram of distribution of
nanoparticles by sizes, given in Fig. 2. It is
seen from the diagram that the sizes of these
particles are 6—7 nm.

Such composite structure allows the
encapsulated nanoparticles to be stored for
a long time in ordinary atmosphere and then
to be used by dissolution of the salt coat for
producing the colloidal solution [16—18].

Fig. 1. Electron-microscopic image of condensate:
light background
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To provide a long-time stabilization of
the nanopowders in the form of a colloidal
solution, a method of dispersion of these
powders into compositions of PEG (PEG
1500-8000 in the volume of 4—7 parts and
PEG 400-600 in the volume of 3—6 parts)
was developed. The initial powder, placed
into fluid, was subjected to dispersion for
60 min, accompanied by heating up to 60—80 °C.
However, the same as any colloid, this system
will tend to agglomeration under the action of
external factors. Therefore, to prevent this
phenomenon, the rapid cooling of the colloidal
solution is used at the last stage of producing.
Such an approach makes it possible to store the
produced gel for a long time in a compact form.
The appearance of high-viscosity colloidal
solution (gel) is shown in Fig. 3.

To reduce the viscosity of this gel is possible
by introducing into the water suspension. The
properties of this produced suspension were

Table 1. Statistic processing of the nanoparticles
observation using the computer program
Image Pro Plus

Diameter of | Frequency, | Number of investi-
particles, nm % gated particles
4 15 298
5 16 325
6 21 421
7 12 236
8 15 292
9 9 185
10 6 124
11 6 128

Hereinafter: * — P < 0.05.

254

20 4
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10

Frequency, %

3 4 5 6 7 8 98 10 11 12
d, nm

Fig. 2. Distribution of particles by sizes
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investigated by using the device Malvern
Zetasizer Ver. 7.11. From Fig. 4, at which
the distribution of particles by sizes is
presented, it is seen that such reducing of
viscosity does not cause an aggregation
process. The size of particles remains within
the nanorange [19].

By comparing Fig. 2 and 4, it is possible
to conclude that the average size of particles
in the solution is smaller than in a precursor.
It can be assumed that the particles in the
precursor are more agglomerated, and in the
process of solution producing the division
of agglomerated particles is occurred, in
particular, under the ultrasound effect.

Effectiveness of reagents for additional
treatment of sugar-containing solutions

During investigations a diffusion
juice was used, produced in the laboratory
conditions by water extraction from beet
chips. In the produced juice the main its
quality characteristics were determined,
namely: content of solids, sucrose, its purity
was calculated (ratio of sucrose content to
solids content, in % ). Content of protein and
pectin components (as main components of

Fig. 3. Appearance of high-viscosity colloidal
solution (gel)

g

Particle or Volume (a

————— - -
00 03 06 09 12 15 18 21 24 27
Diameter (nm)
Fig. 4. Distribution of aluminium particles by sizes

colloidal fraction of diffusion juice) was also
determined, which makes the proceeding of
treatment processes difficult to the greatest
extent. As a main reagent for carrying out the
process of lime treatment, a lime milk of 1.18
g/cm? density was used, prepared by liming of
burned lime by hot water [20].

As the main aim of the lime pretreatment
of the diffusion juice consists in maximum
precipitation of components of colloidal
dispersity (protein and pectin components)
by the lime milk and producing a well-
structured precipitate [20], then at the first
stage of the investigations the task was put for
determination of effect of additional reagents,
containing aluminium in a nanoform, on
colloidal component of the diffusion juice
proper. Two modifications of reagents were
used: DAI4 (No.807) and DAI5(No0.805).
Characteristic of these reagents is given in
Table 2.

Experiment was made according to the
following procedure. Six test samples of
diffusion juice of 100 cm? volume were
heated up to 60 °C temperature (typical
temperature of carrying out the process of
lime pretreatment of juice). The preliminary
calculated value of reagent in the range of
0.25...1.5 g (with content of Al nanoparticles
in the limits of 0.0013...0.0078 g) was added
to the preheated samples at continuous
stirring. The obtained samples were stirred
for 10 min at constant temperature and
then at stirring during 15 min the lime
milk was added up to producing of value
pH of mixture of 11.2..11.3 (final point
of lime pretreatment). Then, precipitate
was separated in the obtained samples by
a filtering and in the filtrates the purity,
content of protein and pectin components
were determined. The obtained results are
given in Tables 1 and 2. For comparison, the
treatment of the diffusion juice was also
made by the lime milk without adding of Al
nanoparticles (reference sample). In this
case the quality of initial diffusion juice
was the following: purity — 83.3%, content
of protein components — 0.887 g/100 g of
juice; pectin components — 0.29 g/100 g of
juice.

The obtained results show that the
additional reagents have a different effect on
value of changing in purity of the diffusion
juice in the process of its treatment. Thus,
when adding the reagent DAI4(No0.807) in the
amount of 0.0052...0.0078 g/100 g of juice the
improvement of its quality characteristics is
observed (purity, content of protein and pectin
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Table 2. Characteristic of colloidal solutions of high viscosity (gels)

Characteristic of reagent
No. of reagent . Concentration of nanoparticles
& Volume fraction of nanopar- of Al in colloid high-viscosity Dav, nm
ticles in precursor .
solution
DAI4 ( No.807) 25% 52mg/10 g 1.2-1.5
DAI5 (No.805) 30% 51 mg/10 g 1.2-1.5

Table 3. Results of interaction of reagent DA14(No0.807) in the process of diffusion juice treatment

with a lime milk

Quantity of Content in test sample
No. of test | 1, 14(No.807), /100 Purity, % : :
sample (No.807), g/ urity, /o Protein components, | Pectin components,
g of juice g/100 g of juice 2/100 g of juice

0

Control 0 84.3 0.414 0.212
1 0.0013 84.55 0.406 0.210
2 0.0026* 84.84 0.368 0.206
3 0.0039 85.20 0.350 0.200%
4 0.0052 85.36 0.344 0.198%*
5 0.0065 85.40 0.346% 0.192%
6 0.0078 85.39 0.350 0.201

Hereinafter: * — P < 0,05 compared with control

Table 4. Results of interaction of reagent DA15(No0.805) in the process of diffusion juice treatment

with a lime milk

Quantity of Content in test sample
No. of test DAI5(No.805 Purity, % - :
sample (No.805), urity, /o Protein components, | Pectin components,
g/100 g of juice g/100 g of juice g/100 g of juice
0 Control 0 84.3 0.414 0.212
1 0.0013 84.25 0.226%* 0.110%*
2 0.0026 84.10 0.210% 0.100%
3 0.0039 82.12 0.115% 0.094*
4 0.0052 80.29% 0.112% 0.086%*
5 0.0065 77.34% 0.100% 0.080*
6 0.0078 77.39% 0.098%* 0.079%*

components) as compared with a control sample
without the reagent addition. The visual
inspection for the formation and quality of the
precipitate showed that at such consumptions
the active formation and quick precipitation of
the precipitate particles is observed. This gives
an opportunity to separate this precipitate
and avoid its effect on proceeding of further
processes of the diffusion juice treatment (for
example, main lime pretreatment, carried out
under the conditions of high alkalinity and
temperature, which destroy the earlier formed
precipitate).
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For the reagent DAI5(No0.805) the results
of experiments showed its negative effect on
the result of treatment of the juice samples.
Though the effect of removal of protein and
pectin components is rather higher than that
in reagent DA14(No0.807), but the purity of this
juice is occurred to be very low, that proves
about the additional removal of sucrose from
the juice. The decrease in content of sucrose
for treatment of the diffusion juice can be,
probably, explained by the formation by an
aluminium saccharate, which is precipitated
into the precipitate together with other
colloidal particles in system [AI(OH); +
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CioHy,0,9 — C;9H,,0,5A1 + 3H,0]. For the
technology of sugar production from the
beet this effect is not admissible. The visual
inspection for the formation of the precipitate
showed the similar results. Therefore, this
reagent has, possibly, the higher purifying
effect on other semi-products of the beet sugar
production, which do not contain sucrose, for
example, feed water for proceeding the process
of sugar extraction from the beet.
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Metoo poboTu 6yJsi0 BUsHAUUTU e(DeKTUBHICTh
CYMiCHOT'O BUKOPUCTAaHHA BallHAKY Ta CyCII€H3iit
BHCOKOI B’ABKOCTi, III0 MiCTATH SK IIPEKYPCOP
HaHOYACTUHKU aJIOMiHil0, IIiJl Yac OUUIIeHHS Iy -
KPOBMIiCHUX PO3UUHIB.

Ha nmepmomy etamnmi orpuMyBaau iHKamncy-
JIBOBAHUI y COJBOBY MATPUIII0 HAHOIOPOIIOK
aJIOMiHiIO CIIIBHUM OCaIKEeHHAM i3 ImapoBOi
dasum mMerany Ta raJoreHify JYKHOTO MeTaay
NaCl. Husa tpuBajoi crabimisamii HaHOUacTH-
HOK aJIIOMiHiI0 3aCTOCOBYBAJI PO3POOJIEHU aB-
TOPaMHU CIIOCi0 AUCIIEPTYBAHHS IUX IMOPOIIKIB ¥
KOMIIO3UIIil IToJlieTUIeHTIIIKOIeH, OfepiKyI0oun
KOJOIAHUI PO3YMH BUCOKOI B’SIBKOCTI — TeJsb.
Ha gpyromy erami K 00’€KT IOCTiI:KeHHSA BU-
KOpHUCTOBYBaMu NUQPYIiAHUN CiK, OTPpUMAaHUN
B 1ab0paTOpPHUX yMOBaX eKCTparyBaHHAM BO-
o0 OYypAKOBOI CTPY:KKU. BusHayaam OCHOB-
Hi MOKa3HUKU AKOCTi COKY: BMiCT CyXux pe-
YOBUH, CAXapo3u, IPOTEIHOBUX i MEeKTUHOBUX
peuyoBUH (AK OCHOBHUX CKJIAJOBUX KOJOimHOI
dpaxkiii 1udysiiHOTO COKY), a TAKOMK HOT0 UYu-
CTOTY — CHiBBiJHOINIEHHA BMicTy caxaposu i
cyxux peuoBuH (y %). K OCHOBHUI peareHT
IJIA IPOBENEeHHA IPOIecy IOIepPeIHBOTO Ball-
HYBaHHS BUKOPHUCTOBYBAJIU BaITHAHE MOJIOKO 3i
mrigpaicTio 1,18 I‘/CM3, OPUTOTOBAaHE MIJISIXOM
raciHEs o0maJieHOTO BamHa rapAdv0i0 BOJOIO.

Y xonmi excmepuMeHTIB MOKas3aHO edex-
TUBHiCTb IpemnaparTiB, IO MicTAThH ajlloMiHil
y HaHodopwMmi, ix BOJUB Ha CTYIiHb BUJAJIEH-
HS PEUYOBUH KOJOIZHOI IMCIEPCHOCTI y mpoiieci
ounIleHHA AU(Qy3iiHOTO COKY B IMYKPOOYPSAKO-
BOMY BUPOOHHUIITBI Ta HmMifBUINEHHSA HOro AKO-
cri. Omeps:kaHi pesyabTaTH CBiguaTh HPO Te,
10 3aJIe’KHO BiJ cmoco0y OTPMMAHHSA TOCJi-
M'KYBaHiI HOMAaTKOBI peareHTHM 3 HAHOUYACTUH-
KaMy aJIOMiHiI0 CIpPaBJIATHL PisHUU edeKT
Ha 3MiHY YHCTOTU AUPY3iHHOTO COKY B IIPO-
meci #oro o6poOJIeHHA BANHAHUM MOJOKOM.

Knwo4o6i cnosa: HaHOIOPOIIOK aJNlOMiHif0, Balm-
HAKOBE OUUIIEeHHA IIYKPOBMiCHOT'O DO3UMHY.
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ITenno paboTeI 66170 OIpeaesieHe 3O HEKTUB-
HOCTH COBMECTHOTO WMCIIOJIb30BAHUS MU3BECTU U
BBICOKOBSIBKUX CYCIIEH3UHU C COep:KaHueM B Ka-
YecTBe IPeKypcopa HAHOUACTUI AJTIOMUHUSA IPU
OYUCTKE CaxXapoCoAePIKaIUX PACTBOPOB.

Ha mepBoM sTame mosaydanm WHKAICYJUPO-
BaAHHBIA B COJITHYIO MATPUITY HAHOIOPOIIIOK aJIi0-
MUHHUS COBMECTHBIM OCaKJEeHUEM M3 IIapoBOU
(asbl MeTasIa U TaJIOTEHUAA IIEJIOUHOTO MeTaJl-
aa NaCl. [Insa gauTeabHOM CcTaOUIM3AIIUY HAHO-
YacTUI aTIOMUHUA IPUMEHAJN paspaboTaHHbIN
aBTOpaMM CIOCO0 AUCIEPTUPOBAHUA HTUX IIO-
POIIIKOB B KOMITOBUIINY TOJUITUJIEHTIUKOJIEH,
moJiyyas KOJIJIOUJHBIN PACTBOP BBICOKOU BSBKO-
cTu — resib. Ha BTOpOM aTame B KayecTBe 00hb-
eKTa MCCJIeJOBaHUSA NCI0JIb30BaJIN COK CaXapHOU
CBEKJIBI, IOJYUYEHHBIH B 1a00PATOPHBIX YCIOBUAX
SKCTParupoOBaHUEM BOJIOM CBEKJIOBUYHOM CTPYK-
Ku. Onpeesisiu OCHOBHBIE TOKa3aTeJ I KauecTBa
COKa: coNep:KaHle CyXUX BeIecTB, CaXapos3bl,
MIPOTENMHOBBLIX U MEKTUHOBBIX BeIleCcTB (KakK oc-
HOBHBIX COCTABJIAKINUX KOJJIOUAHON (parkmuu
IUPPY3UOHHOTO COKA), a TaKiKe ero YuCTOTy —
COOTHOIIIEHNE COJEPIKAaHUA Caxapos3bl U CYXUX
BemiecTB (B % ). B KauecTBe OCHOBHOTO peareHTa
JLJIsI IPOBEIeHUA IIPoIlecca IpeaBapUTeIbHOTO U3-
BECTKOBAHUS UCIIOJIb30BATIY U3BECTKOBOE MOJIOKO
¢ mwroTHOCTHIO 1,18 r/cM®, mpuroToBIeHHOE IyTEM
ramreHusa 000KKEeHHOM N3BECTU TOPSAUe BOIOM.

B xone skcnepuMeHTOB nokasaHa a(hheKTuB-
HOCTH TIIPEnapaToB, COAEPIKAIUX AJTIOMUHUNA B
HaHO(OpPME, UX BIUSHUE HA CTEIEeHb YAAJEHUA
BEIIeCTB KOJIJIOUIHOI AUCIIEPCHOCTU B IIPOIlecce
ouncTKU AUMPY3UOHHOTO COKAa B CBEKJIOCaXap-
HOM IIPOUM3BOJICTBE U IOBHIIIIEHNE €TI0 KauecTna.
ITonmyueHHBIE PEBYIBTATHI CBUETEIBCTBYIOT, UTO
B 3aBHCUMOCTHU OT cIIOc00a MOJTyUYeHUs UCCIeye-
MbI€ IOTIOJIHUTEJbHBIE PeareHThl ¢ HAaHOYAaCTUIIA-
MU aJIOMUHUS OKa3bIBAIOT PA3IUUHBIN 9)HEKT
Ha U3MeHeHUe YUCTOTHI Au(P(Py3nMOHHOTO COKa B
mpoiiecce ero 06paboTKM N3BECTKOBLIM MOJIOKOM.

Knrouesvie cnosa: HaHOIIOPOIIIOK aJIFOMMHNA, 13BECT-
KOBasf OUYHCTKA caxXapocoaepixalliero pactasopa.
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The aim of the research was to develop the technology of introduction of the Gentiana lutea L. plants
obtained by microclonal propagation into conditions in situ. Methods of cultivation of plant objects in
vitro were used. There were chosen optimal conditions for rooting G. lutea shoots obtained through
microclonal propagation in vitro: MS/2 medium with twice decreased concentration of NH,NO;without
vitamins and sucrose supplemented with 3 g/l of mannite and 0.05 mg/1 kinetin, and agar (4 g/1) in
combination with perlite (16 g/1) used as a maintaining substrate; or the nutrient medium (MS/2 without
vitamins and smaller concentration of NH,NO3) with gradual decrease of carbohydrates from 10 g/1 to
2 g/1, and further rooting experimental shoots in tap water. Rooted plants were adapted to conditions ex
vitro through planting them into flowerpots with soil and gradual changing hothouse regime for exposed
one. The share of adapted to in situ conditions plants (21% after a year of planting) proves the used
method to be resultative and promising. Thus, there was suggested the most efficient technology for
revival of disturbed G. lutea populations that includes repatriation of rooted and adapted to ex vitro

conditions plants obtained through microclonal propagation in vitro.

Key words: Gentiana lutea L., rooting in vitro, adaptation ex vitro, repatriation in situ.

Within a concept of preserving biodiversity
of plant and animal world, the investigations
aimed at finding ways to stabilize the number
of disturbed populations and revival of
destroyed natural populations of rare plant
species are of current relevance. While
protecting such plant species, it is necessary to
apply not only passive preservation methods
(inventory, including into local lists of rare
plants and Red Books of various ranks,
conserving on reserved territories), but use
active methods (growing in botanical gardens,
increasing number of rare species in natural
conditions by seeding and planting of obtained
in vitro cultures) too [1].

Rare plant species, requiring protection and
revival, include medicinal Gentiana lutea L.
The complexity of G. lutea seed restoration,
excessive pastoral load and recreation have
led to reducing areas and violated structures
of this species population. G. lutea value for
conventional and nontraditional medicine,
determined by the pharmacological properties
and potential need in raw material, has caused

the necessity to estimate the species resources
in Ukraine for creating fundamental principles
of preservation and developing new approaches
to its population revival.

The recent years being marked by the
developed methods of G. lutea microclonal
propagation in vitro [2, 3], the repatriation
of propagated in vitro plants into natural
conditions has become of great importance.
The essential condition for successful
repatriation is the use of individuals grown in
most approximated to natural conditions, and
therefore minimally changed genetically [4].

The objective of the investigation was to
develop a scheme of reintroducing G. lutea
plants developed by microclonal propagation
into in situ conditions.

Materials and Methods

The object of the investigation was G. lutea —
a perennial with indefinitely long life cycle
(over 50 years) and lasting pre-generative
period (5—-10 years) [5]. The initial seed
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material was gathered during expeditions in
the Ukrainian Carpathians in mountainous
populations on Petros Marmarosky,
Pozhyzhevska, Sheshul-Pavlyk, Menchul
Kvasy mountains and Lemska and Rogneska
mountainous valleys.

For choice of rooting G. lutea shoots in
vitro we took into consideration biological and
ecological peculiarities of the species and the
results of G. lutea introduction in vitro culture,
obtained in the laboratory of ecology and
biotechnology of Volodymyr Hnatiuk Ternopil
National Pedagogical University. For rooting,
we used G. lutea shoots obtained by microclonal
propagation and then grown for 1.5—3 months
until they became 15-20 mm high with 3-5
pairs of leaves. Each testing variant included
three samplings with 8-10 shoots.

Fourteen variants of media were tested
(tables 1, 2). In eight tested variants, the
cultivated in vitro shoots were planted in
Murashige and Skoog medium (1962) with half
concentration of macro- and microsalts (MS/2)
without sucrose and vitamins (table 1). There
were experimented two MS modifications
media: MS/2 (variants I, II, III, IV); and MS/2
with twice decreased concentration of NH,NO4
(variants V, VI, VII, VIII), as the decrease
of macro- and micro-elements and nitrogen
concentration are known to promote rooting
wild strawberry, apple-tree and other plant
cuttings [6—9]. In addition, the research of
the component soil composition from natural
G. lutea areas showed that the amount of both
available and general nitrogen in them was
comparatively low. Growth regulators are
known to negatively influence adaptation of
plants to ex vitro conditions [9], so kinetin
(Kin) concentration in all media was reduced
t0 0.05 mg/1.

For each modification of nutrient medium,
we used various maintaining substrates such
as agar (8 g/1) (I, V); agar (4 g/1) and perlite
(16 g/1) (IV, VIII); agar (4 g/1) and ground
perlite (16 g/1) (III, VII); foam (II, VI);
vermiculite (IX). We also attempted to enroot
shoots in a sterilized soil from natural G. lutea
habitats combined with peat and perlite in
correlation 1:1:1 (X).

There was tested nutrient medium MS/2
without vitamins with twice decreased
concentration of NH,NO; which was added
with 2 g/l sucrose (as the main CO, source) (XI);
two variants with different concentrations of
sucrose and mannite in correlation 1:1 (XII,
XIII); a variant with mannite only (XIV) with
its concentration 3 g/l (table 2). Agar (4 g/1)
combined with perlite (16 g/1) was used as
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a maintaining substrate. Adding mannite
was caused by its being osmotically active
substance providing antioxidant protection
and promoting plant survival in stress [10,
11]. Plants were cultivated for 120 days on the
media mentioned above.

G. lutea was cultivated in jars with
ventilatory covers. The plants, infected during
relocation or not forming roots on nutrient
media, were placed into settled tap water.
Rooted specimens were planted into flowerpots
with soil, having their roots previously washed
with distilled water to relieve them from the
medium remains.

To avoid dehydration of the plants and
create the greenhouse effect the flowerpots
were covered with glass. Every day the plants
were sprayed and once a week they were
watered with settled tap water. Air expositions
were used to make them adapt to ex vitro
conditions. In 1-1.5 months the flowerpots
were definitely opened, watering was done in
dependence on soil drying (1-2 times a week),
and spraying was daily.

In early June (after 8—10 months of the
experiment beginning) the adapted to ex vitro
conditions and then grown for 3—4 months
G. lutea were planted in situ conditions in
the places of bare soil near adult gentian
individuals.

General state of plants in ex vitro and in
situ conditions was estimated by morphological
values (plant height, number of shoots,
pairs of leaves and number of internodes per
plant). The obtained data were processed
statistically [12].

Results and Discussion

The adaptation efficiency of the obtained
in vitro plants to ex vitro conditions depends
in the first place on their successful rooting,
as the existence of well-developed root system
provides better adaptation of plants to growth
in soil and unstable conditions of unsterile
environment (fluctuations of humidity,
temperature, etc.). Thus, the research included
three stages: rooting obtained by microclonal
propagation plants in vitro, adaptation of
rooted plants to ex vitro conditions, transfer of
adapted to ex vitro plants to conditions in situ.

Rooting G. lutea sprouts obtained by
microclonal propagation. The results of the
research show that both the composition of
nutrient medium and the type of maintaining
substrate (table 1) influenced G. lutea rooting.
G. lutea shoots planted in agarized media (8 g/1)
(I, V) and in vermiculite (IX) necrotized on the
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20-30'" day of cultivation, and those placed
in media with agar (4 g/l) in combination
with ground perlite (16 g/1) (III, VII) — on
20-40" day. Evidently, the consistency of
nutrient medium decelerates absorbing of
nutrient substances by plant roots that leads
to their death. This result is confirmed by
scientific literature data, pointing to the
fact that growth and development of roots in
vitro are dependent on aeration of nutrient
medium that, in its turn, is dependent on
agar concentration. Rooting plant cuttings
is decelerated; the development of secondary
roots does not take place [ 7].

The shoots planted into the nutrient
media with foam substrate and decreased
concentration of agar (up to 4 g/l1) in
combination with perlite (16 g/1) survived and
rooted in dependence on medium composition.
The individuals cultivated in MS/2 without
vitamins and sucrose (II, VI), died on the
20" (II) and 30" (VI) day. Twice decreased
concentration of NH,NO; in MS/2 medium
(VI, VIII) was more efficient. As a result, the
share of viable specimens on the 50" day of
cultivation constituted 45% (VI) and 66%
(VIII), and on the 120" day, it was 10 % and

15% respectively. Obviously, the composition
of nutrient medium serves as a limiting factor
in such a combination of nutrient medium and
maintaining substrate.

Thus, one can assume that using MS/2
medium with twice decreased NH,NO;
concentration and maintaining substrates such
as foam and agar (4 g/1) combined with perlite
(16 g/1) positively influences rooting shoots.
As the results of shoots survival on conditions
of using foam and agar with perlite did not
sufficiently differ, one can use both variants
for further cultivation. However, referring to
the objective of the research, we find the use
of the second variant more efficient as semi-
solid maintainig substrate will enable better
adaptation of plant root system to growth
conditions in soil. Other researchers prove
positive effect of using agar combined with
perlite as a maintaining substrate: plants of
wild strawberries, apples, pears, ashes, lilac
formed a well-developed root system on such a
substrate [7].

On conditions of rooting G. lutea shoots
in sterilized soil with adding peat and perlite
in correlation 1:1:1 all the tested shoots died
on 20-30'" day. Evidently, soil sterilization

Table 1. Rooting of G. lutea shoots in vitro

Percentage of viable shoots, %

MS/2 medium without vitamins and MS/2 medium without vitamins and sucrose; ®
sucrose supplemented with 0.05 mg/1 with twice decreased concentration of NH4NOsg, =

. Kin supplemented with 0.05 mg/1 Kin §
E Maintaining substrate g
Ag F Ag+gPr | Ag+Pr Ag F Ag+gPr Ag+Pr ~

I II II1 v A% VI VII VIII IX

10 | 51+3.8 | 84+3.5 | 42+2.4 100 49+3.2 100%* 100* 100* 100

20 0 0 0 27+1.8 0 100%* 18+1.4% 93+5.4% 43+3.2

30 0 0 0 0 0 100%* 44+2.8% 93+5.4% 0
40 0 0 0 0 0 85+5.4% 0 71+4.7% 0
50 0 0 0 0 0 45+3.6* 0 66+4.2% 0
60 0 0 0 0 0 30+3.1% 0 48+3.9% 0
90 0 0 0 0 0 10=+1.5% 0 43+3.3% 0
120 0 0 0 0 0 10+1.5% 0 15+1.8% 0

Notes: Ag, F, Ag + gPr, Ag + Pr — maintaining substrates;

Ag — agar (8 g/1), F — foam, Ag + gPr — agar (4 g/1) combined with ground perlite (16 g/1), Ag + Pr —
agar (4 g/1) combined with perlite (16 g/1);

* — marked variants of the experiment in which the parameters of share of viable shoots during use of
modified variants MS/2 media with twice decreased concentration of NH,NOj reliable (P < 0.05) differ from
the results on nutrient media MS/2 with full NH,NOj concentration.
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leads to death of mycorrhizal organisms that
negatively affects growth and development of
G. lutea, which is a mycorrhizal species [13].

An attempt to enroot G. lutea shoots on the
medium suggested by Petrova and colleagues
[14] and which was efficient for rooting and
further adaptation of obtained in vitro G. lutea
plants to ex vitro conditions, and then to in situ
in Natural Park of Vitosha (Bulgaria) failed to
have any positive results in our case. None of
the cultivated in vitro shoots formed roots that
is probably caused by genotype peculiarities
and heterogeneity of natural habitats of
plants.

The shoots cultivated on the medium
without sucrose and additional supply of CO,
died probably because of the complexity of
adaptation to autotrophic type of nutrition,
little photosynthetic activity and scarcity of
oxygen. Therefore, for further cultivation, we
used nutrient medium MS/2 without vitamins
with twice decreased concentration of NH,NO;
and added carbohydrates (XI, XII, XIII, XIV)
(Table 2).

The shoots cultivated on XI, XII and XIII
variants of the medium were viable on the 30"
day, but they did not form roots. That is why
all the specimens for rooting were planted
in tap water, covered with caps, which were

gradually opened to adapt the plants to ex
vitro conditions. On the 20" day after planting
into water 38% of specimens demonstrated
rhizogenesis, and on the 90" day 94% of the
specimens formed roots. The G. lutea shoots
grown on XIV variant of the medium also formed
roots (Fig.1), the percentage of adaptation on
the 120" day of cultivation was 97 (Table 2).

The analyzed results show that efficiency
of rooting G. lutea shoots can be provided only
by combination of optimal composition of
nutrient medium and favourable for rooting
maintaining substrate. The optimal medium
among those tested proved to be MS/2 medium
with twice decreased concentration of NH,NO;
without vitamins and sucrose supplemented
with 38 g/l mannite and 0.05 mg/1 Kin and agar
(4 g/1) combined with perlite (16 g/1) used as
a maintaining substrate. Gradual diminishing
carbohydrates from 10 g/l to 2g/1 in the
nutrient medium (MS/2 without vitamins and
twice decreased concentration of NH,NOj;)
with further rooting of the shoots in tap water
proved equally efficient (Fig. 1).

Adaptation of the rooted plants to ex
vitro conditions. Repatriation in disturbed
populations of plants obtained through
microclonal propagation in vitro first requires
solving the problem of their adaptation

Table 2. Rooting of G. lutea shoots

Percentage of viable shoots, % / Percentage of rooted plants, %
MS/2 medium with twice decreased concentration of NH,NO3 without vitamins, supplemented

@ with 0.05 mg/1 Kin, and agar (4 g/1) in combination with perlite (16 g/1) used as a maintaining

= substrate

A

2 g/l sucrose, 1 g/1 sucrose, .
2 g/l sucrose 2 g/1 mannite 1 g/l mannite 3 g/l mannite
X1 XII1 X111 X1V
10 100/0 100/0 100/0 100/0
20 100/0 100/0 100/0 100/0
100/0 100/0 100/0
30 100/54+3.2
Shoots planted into tap water

40 100*/0 97+4.7%/97+4.7
50 100%/38+2.8 97=+4.7%/97+4.7
60 94+5.3%/72+6.1 97=+4.7%/97+4.7
90 94+5.3%/94+5.3 97=+4.7%/97+4.7
120 94+5.3%/94+5.3 97=+4.7%/97x4.7

Note: * — marked variants of the experiment in which the parameters of the share of viable shoots, on
conditions of using modified variants of MS/2 media with twice decreased concentration of NH,NOj3 supple-
mented with carbohydrates reliable (P < 0.05) differ from the results on the nutrient MS/2 medium with twice
decreased concentration of NH;NO3 without carbohydrates (Table 1, VIII variant of nutrient medium).
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Fig. 1. Rooting G. lutea shoots in vitro:
A — rooting in the medium MS/2 with twice decreased concentration of NH;NO3 without vitamins
and sucrose, supplemented with 3 g/l mannite and 0.05 mg/1 Kin, the maintaining substrate is agar (4 g/1)
combined with perlite (16 g/1); B — rooting in tap water

to ex vitro conditions. According to the
research literature data [15—17], this process
is labour intensive, as specific conditions
of in vitro culture in many cases cause the
formation of microshoots with defective
physiological processes, morphological and
anatomical structure. After transplantation
from cultivation-vessels to ex vitro conditions
such plants may be damaged because of altered
cultivation conditions and therefore they
require adaptation.

For adaptation G. lutea to ex vitro
conditions the plants which formed roots
in tap water and in the medium with twice
decreased concentration of NH,NO; and
mannite were planted in soil (Fig. 2) To avoid
drying of plants and their better adaptation
to ex vitro conditions the flowerpots with
planted specimens were covered by glass.
Air expositions were done for 4-6 weeks,
the duration and frequency of openings were
gradually increased.

Percentage of adaptation for plants from
various experimental variants somewhat
differed (Fig. 3). Thus, on the 30*" day
the share of adaptation for plants which
previously formed roots in water was higher
compared to the plants cultivated in nutrient
medium (XIV). However, the percentage
of viable plants from both variants did not
significantly differ hereafter and on the 150"
day constituted 72.4% (rooted in tap water)
and 70.8% (rooted in nutrient medium).

To estimate the condition of G. lutea
individuals, we determined some morphometric
parameters: height of plants (to clarify their
adaptive capacity), number of pairs of leaves
(leaves are the main organs of photosynthetic
activity), and the number of internodes (to show
adaptive changes of plants to ex vitro conditions,
as internodes formation is the peculiarity of
G. lutea plants cultivated in vitro ).

It was shown that within the period from
the 1% to 30" day the accretion of plants rooted

Fig. 2. G. lutea planted in soil:

vegetation duration 30 (4), 60 (B), 90 (C), 120 (D) days
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Fig. 3. Adaptation in soil for plants rooted
in vitro:

I — percentage of adaptation for plants which

formed roots in tap water;

II — percentage of adaptation for plants rooted in
the nutrient medium MS/2 with twice
decreased concentration of NH;NO3 without
vitamins and sucrose, supplemented with
3 g/l mannite and 0.05 mg/1 Kin, the main-
taining substrate is agar (4 g/1) combined
with perlite (16 g/1)

in the nutrient medium was 1.6 times higher
compared with the plants which formed roots
in water (Table 3). This phenomenon can be
explained by the available reserve of nutrient
substances stored in the organs of plants from
the nutrient medium. From 30" to 90" day,
the results were the opposite: accretion of
the rooted in water plants was twice bigger
that may testify to faster adaptation to ex
vitro conditions. From 90™ to 120*® day the
accretion of plant height was 1.3 times bigger
for specimens rooted in the nutrient medium.

During growing in soil, the rooted in tap
water plants formed on average 4—5 pairs
of leaves and those rooted in the nutrient
medium — 2—3 ones. That proves more intense
photosynthetic activity, better viability and
adaptation to ex vitro conditions. The number
of internodes was the same in both variants.
Besides, merome formation decreased in
the process of cultivation and on 150" day
it stopped (Table 3). Evidently, in ex vitro
conditions G. lutea acquire morphological
structure of intact plants, as the formation of
radical rosette is representative for this species
in nature [18].

Thus, the percentage of adaptation and
accretion of plants rooted in tap water and in

82

the nutrient medium did not practically differ.
For rooting and further adaptation to ex vitro
conditions, G. lutea can be planted in both
water and medium MS/2 with twice decreased
concentration of NH,NO; without vitamins
and sucrose, supplemented with 3 g/l mannite
and 0.05 mg/1 Kin. It is reasonable to use
agar (4 g/1) combined with perlite (16 g/1) as a
maintaining substrate.

Transplantation of adapted ex vitro plants
into conditions in situ. At the beginning of June
all viable and adapted to ex vitro conditions
individuals were planted in natural conditions
on Pozhyzhevska mountain (territory of the
Carpathian National Natural Park) (Fig. 4).
The area is located on the slope of northern-
western exposition with steepness 20-40°
1450 m high above sea level.

According to literature data[19, 20], which
were confirmed by our research, germination
and taking to root of undergrowth for
Gentiana species, including G. lutea, take place
best in conditions of disturbed gramineous
sodding. That is why the individuals were
planted in places of bare soil to reduce the
level of interspecies competition and provide
optimal conditions for G. lutea adaptation and
growth.

On the 3™ day of growth in natural
conditions, we observed the loss of turgor in
15 = 1.2% plants; on the 30" day the share
of adapted plants constituted 97 = 2.5% . The
plants were viable, 2.5-7.5 cm high, with
6—16 pairs of leaves (Table 4). Evidently,
their adaptation in situ was favoured by
weather conditions of highland, as it rained
almost every day in June—July, 2013. On the
60" day of growing the share of viable plants
was 51 = 1.8% . However, almost 40% of
individuals died, having been eaten by small
animals (rodents, lizards). Next year the share
of viable plants equaled 21% .

General accretion of G. lutea height after
60 days of growing in natural conditions was
insignificant (5.8 mm) that is probably caused
not only by the complexity of adaptation,
but biological peculiarities of the species too.
Particularly, in the first years of ontogenesis
G. lutea are known to grow slowly (2—-5 cm/
per year), forming 5—8 pairs of leaves [5]. The
accretion of plants height from 30" to 60** day
compared with the same value from 1% to 30"
day was almost 3 times bigger that proves the
successful adaptation. From 1% to 30" day the
number of leaves was observed to increase, and
from the 30" to 60" day — to decrease (Table 4).
Probably the lack of rains in the first half of August
resulted in drying out lower pairs of leaves.
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Table 3. Morphometric parameters of G. lutea planted in soil

Morphometric parameters of plants rooted in tap water
Parameters g}; It)}f:;tl;;lg 30" day 60" day 90" day 150" day acr(I:‘:gglon
X+ Sx 29+3.2 34=2.5 42+3.4 44+4.0 53+6.2 -
PH, mm
Accretion - 5+0.4% 8+0.6% 2+0.2% 9+0.6* 24+0.7
NPL, X=+ Sx 7.8+0.77 9.3+0.82 10.1+0.75 10.3+0.76 12.0+0.89 -
pieces | Accretion - 1.5+0.2% 0.8+0.1 0.2+0.1 1.7+0.2% 4.2+0.3
NI, X+ Sx 3.1+0.35 4.2+0.33 4.3+0.33 4.5+0.43 4.5=0.37 -
pieces | Accretion - 1.1+0.1 0.1+0.04 0.2+0.05 0 1.4+0.2
Morphometric parameters of plants rooted in the nutrient medium!
X+ Sx 43+4.3 51+6.4 56+7.9 57+8.1 69+6.8 -
PH, mm
Accretion - 8+0.5 4+0.4 1+0.2 12+0.7 25+0.8
NPL, X=+ Sx 8.8+0.73 9.5+0.80 10.2+0.84 10.5+1.10 10.8+1.16
pieces | Accretion - 0.7+0.1 0.7+0.1 0.3+0.05 0.3+0.05 2.0+0.2
NI, X=+ Sx 3.9+0.83 4.7+0.99 5.1+0.96 5.3+0.30 5.3+0.30 -
pieces | Accretion - 0.8+0.1 0.4=0.09 0.2+0.06 0 1.4+0.2
Notes: PH — plant height, NPL — number of pairs of leaves, NI — number of internodes; ! _ the medium MS /2

with twice decreased concentration of NH,;NO3 without vitamins and sucrose, supplemented with 3 g/l mannite
and 0.05 mg/1 Kin, the maintaining substrate is agar (4 g/1) combined with perlite (16 g/1);

* — marked variants of the experiment in which the morphometric parameters of plants rooted in the nutrient
medium MS/2 with twice decreased concentration of NH;NO3 without vitamins and sucrose, supplemented with
3 g/l mannite and 0.05 mg/1 Kin reliable (P < 0.05) differ from the parameters of plants rooted in tap water.

Fig. 4. G. lutea planted in natural conditions:
on 3 ), 3 30" (B), 0th (C) days of vegetation and a year after planting (D)

Within 60 days’ period of G. lutea
growing in natural conditions the length and
width of lamina increased 7.8 and 2.9 times
respectively. The formation of internodes
stopped, and on the 60" day sporadic
individuals had 1-2 internodes left, that
proves that the plants acquired characteristic
for the species habitus [18].

Thus, the conditions for rooting G. lutea
shoots obtained by microclonal propagation
have been chosen. It has been established
that the biggest share of rooting shoots was
provided by optimal combination of nutrient
medium composition and supporting substrate.
The medium MS/2 with twice decreased
concentration of NH,NO; without vitamins
and sucrose, supplemented with 3 g/1 mannite
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Table 4. Morphometric parameters of G. lutea planted in situ
(Mt. Pozhyzhevska, 1450 m a.s.l.)

Time of measurement Increase of morphometric parameters
Parameters
1°day | 30" day | 60" day | 1-30""day 30-60'" day 60-90'" day
X 41.4 42.9 47.2
Sx 1.3 1.3 0.35
Plant height, ,
mm Sx 1.84 1.63 1.70 15 4.3 5.8
Min 20.0 25.0 30.0
Max 70.0 75.0 75.0
X 4.19 2.23 0.6
Sx 1.12 0.41 0.02
Number of
internodes per Sx 1.47 0.58 0.13 967 _1.63 _4.30
plant, pieces
Min 1.0 0 0
Max 10.0 4.0 1.0
X 8.54 9.16 8.75
Number of Sx 2.49 2.38 0.71
pairs of leaves ,
per plant, 8x 2.69 2.64 2.97 0.62 -0.41 0.21
pieces Min 4.0 6.0 4.0
Max 13.0 16.0 14.0
X 7.8 8.2 10.9
Sx 0.08 0.1 0.13
Lengthoof lam-| g, 0.26 0.35 0.39
8, 0.4 2.7 3.1
Min 5.0 5.0 7.0
Max 12.0 15.0 20.0
X 3.6 4.7 6.8
Sx 0.02 0.04 0.05
of laﬁiﬁ;hmm Sx’ 0.09 0.1 0.17
’ 1.1 2.1 3.2
Min 1.5 3.0 5.0
Max 4.5 7.0 10.0

and 0.05 mg/1 Kin and agar (4 g/1) combined
with perlite (16 g/1) as a maintaining substrate
proved to be the most efficient among all tested
variants. Quite effective was also gradual
diminishing of carbohydrates from 10 g/1 to
2 g/l in the nutrient medium (MS/2 without
vitamins and decreased concentration of
NH,NOs;) and further rooting of shoots in tap
water.
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There are chosen conditions for adaptation
of rooted in vitro plants to conditions ex vitro.
It has been found that plants rooted on both
mentioned above variants can be used for
this purpose. The obtained initial results of
repatriation of G. lutea plants (21% ) in natural
habitats testify to efficiency of the suggested
technology and rationality of its use for revival
of disturbed gentian populations.
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AJTAIITAIIIA OJEP;KAHUX in vitro
POCJIUH Gentiana lutea L.
O YMOB ex vitro TA in situ

O. IO. Matioposa
JI. P. 'puyax
H. M. Ipoour

TepHoOIiNbCHKUI HAITIOHAJIBHUN ITEaTOTiUHUHT
yHiBepcuret imeHi Bomogumupa I'maTioka,
Ykpaina

E-mail: majorova@i.ua

MeTor0 poboTu 6yI0 PO3POOUTH TEXHOJIOTiIO
mepeHeceHHA OJeprKaHUX IMJIAXOM MiKPOKJIO-
HaJILHOTO PO3MHOKeHHs pocaul Gentiana lutea L.
B YMOBU in Situ. BukopucToByBajau MeTOAU KYJIb-
TUBYBaHHSA POCAUHHUX 00’ €KTiB in vitro. Ilixiopa-
HO ONTUMAJbHI YMOBU AJA BKOPiHEHHS OTpUMA-
HUX MiKPOKJIOHAJIbHUM PO3SMHOKEHHAM HIaTrOHiB
G. lutea in vitro: ;xuBunbHe cepenoBurie MC/2 3
nonoBuHHUM BMicrom NH,NO; 6es BiTamiziB Ta
caxaposu, gomnoBHeHe 3 r/a manity Ta 0,05 Mr/a
KiHeTHUHY, 3 BUKOPUCTAHHAM SAK IIiATPUMYBaJb-
HOro cybcTpary arapy (4 r/a) y moegHaHHi 3 mep-
gitom (16 r/m) abo moeTanmHe 3MEHIIEHHS B Ce-
penoBumii MC/2 6e3 BiTamiHiB Ta 3i 3MeHIIIEHOIO
rouneHTpanielo NHNO; kornenrpanii Byriaeso-
niB 3 10 r/m oo 2 r/n i3 moAanbIIUM YKOPiHEHHAM
IUX HaroHiB y BOAOIPOBiAHINA BoAi. YKOpiHeHi
POCIMHU afalTOBAHO M0 YMOB eX Vitro IJISX0M
BUCAMKYBAHHS IX Yy TOPIUKY 3 'PYHTOM Ta IIO-
CTYIIOBUM TePeBeAeHHAM TEIJUYHOTO PEKUMY
Io BigkpuToro. YacTka agamnToBaHUX OO YMOB in
situ pocnun — 21% uepes piK micasa BUCAMIKY-
BaHHA — CBiAYUTH IIPO MEPCIEKTUBHICTh PO3PO-
6JIeHOTO CTI0CO0Y KYJIbTUBYBaHHA. TaKUM YMHOM,
3aIPOITOHOBAHO OAWH 3 e()eKTUBHUX CIIOCO0iB
BifHOBIIEHHA YIHIKOMKeHUX monyaamnii G. lutea,
110 BKJIIOYAE pellaTpialliio B HUX YKOPiHEHUX Ta
aalTOBAHUX IO YMOB ex Vitro poCIuH, OTpUMA-
HUX MiKPOKJOHAJBHUM POSMHOMKEHHAM in vitro.

Kanamwuwosi cnosa: Gentiana lutea L., BKOpiHeHHS
in vitro, aganrarida ex vitro, penarpiaiisa in situ.
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ATAIITAIIAA IUIOJIY‘IEHHLIX in vitro
PACTEHMUMU Gentiana lutea L.
K YCJIOBHUAM ex vitro U in situ

0. IO. Maiioposa
JI. P. I'puyax
H. M. Ipoovix

TepHOTIONBCKUH HAITMOHATBHBIN
meIarornyecKuil YyHUBEPCUTET
nMmenu Baragumupa 'maTioka, YKkpanHa

E-mail: majorova@i.ua

ITenp paboThl — pa3paboTKa TeXHOJOTUU IIe-
peHeceHUA MOJYUYEHHBIX TYTEM MUKPOKJIOHAJIb-
HOTO pa3dMHOKeHus pacrenuir Gentiana lutea L.
B yCJ0BU4 in situ. Vcmmoib30BaaIl METOABI KYJIb-
TUBUPOBAHUS PACTUTENBLHBIX 00BLEKTOB in vitro.
ITomo6paHbl OITUMAJIbHBIE YCIOBUA YKOPEHEHU S
MOJIYYeHHBIX MUKPOKJIOHAJIBHBIM Pa3MHOMKEH-
em mmoberoB G. lutea in vitro: muTaTeJbHas cpe-
na MC/2 ¢ nonoBuaHBIM comep:karreM NH,NO;
0e3 BUTaAMWHOB U CaxXaposbl, AOMOJHEeHHAA 3 T'/JI
magHuTta u 0,05 Mr/; KuHETHMHA, C UCIOJIH30BA-
HUEeM B KauyecTBe HOAJePKUBAIOIEro cyocTpara
arapa (4 r/xa) B coueranuu c¢ nepautom (16 r/i)
aunbo mosTamHOe yMeHbIleHue B cpene MC/2 Ges
BUTAMHHOB U C YMEHBIIIEHHON KOHIleHTPAI[Ue
NH/NO; xonuenrpanuu yriuesogos c 10 r/x ro
2 1/7 ¢ mocyenyIONuM YKOPEeHeHueM 3TUX 1o0e-
T'OB B BOJOIIPOBOHOM BoJle. Y KOPDEHUBIIIMECA Pac-
TeHUs afalTUPOBAJU K YCIOBUAM eX Vitro, BBI-
CasKMBasA UX B TOPIIKHU C ITIOUYBO, U ITOCTETIEHHBIM
epeBOIOM TEMJIMUYHOTO PeKMMa B OTKPBITHIHU.
KoanuecTBO afanTupoBaHHBIX K YCJIOBUAM in Situ
pactenuit — 21% uepes roj mocje BhICAKUBAHUS
CBUETEJbCTBYET O MEPCIEeKTUBHOCTU paspabdo-
TaHHOTO crocoba KyJIbTUBUPOBaHUA. TakuM 00-
pasoM, IpeaJyioKeH OAUH U3 5(P(PeKTUBHBIX CIIOCO-
60B BOCCTAaHOBJIEHUA MTOBPEKICHHBIX TOMYJIAIUNA
G. lutea, cocTogaInuii B penaTpUaIiy B IPUPOIHbBIE
MecTa Ipom3pacTaHuAa YKOPEHEHHBIX 1 afallTUPO-
BaHHBIX K YCJIOBUAM eX Vitro pacTeHUM, IIOJyUeH-
HBIX MUKDPOKJIOHAJIbHBIM PA3MHOKEHUEM in VItro.

Knrwuesvie cnosa: Gentiana lutea L., ykopeHeHUE
in vitro, amanranud ex vitro, penatTpuanusa in situ.
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THE STATE OF THE WATER IN BRAIN TISSUE
IN PRESENCE OF TS-100
SILICA NANOPARTICLES

T.V. Krupskal !Chuiko Institute of Surface Chemistry
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By the method of low-temperature 1H NMR spectroscopy the structure of the hydrate layers of water
associated with brain cells, the changes of these parameters during necrotic lesions (stroke) and in the
presence of trifluoroacetic acid, which suggest to differentiate intracellular water clusters according to
their ability to dissolve the acid, were studied. Also the impact of silica TS-100 nanoparticles on the state
of water in brain tissue, namely on the water binding parameters in the air and in the presence of a weakly
polar solvent was considered.

The distributions by the radii and change of Gibbs free energy for clusters of strongly bound interfacial
water were obtained. It was shown that the hydration properties of the native brain tissue differ from the
hydration properties of necrotic damaged tissue by the structure of weakly bound water clusters. In intact
tissue all the water is associated and is a part of clusters and domains, most of which have a radii R = 2 and
20 nm. The media with chloroform stabilizes water polyassociates with the radius up to R = 100 nm and
trifluoroacetic acid stabilizes water polyassociates with radii R = 7—20 nm. It was found that the partial
dehydration of the investigated tissue samples is accompanied by decreasing of weakly bound water
amount and some increasing of strongly bound water that indicates a change of molecular interactions
between the components of cells-nanoparticles composite system. The ischemic necrosis area presence
leads to decrease of water binding due to the average size water polyassociates increasing. This effect is

observed both in air and in a weakly polar organic solvent medium (deuterochloroform).

Key words: ischemic stroke, the strongly and weakly bound water, 'H NMR spectroscopy.

There are great achievements in the
study of electrophysical characteristics of
the different parts of brain at biotechnology
development [1, 2], which can be compared
with details of its morphological structure
determined by magnetic resonance tomography
(MRT) [3, 4]. It is known, there is 84% of
intracellular water in brain (in neurons and
glia). The presence of so much water amount
in brain suggests the possibility of its active
participation in the brain function not only as
a medium providing delivery of nutrients to
the cells and removing decomposition products
(it is carried out by neuroglia cells) but also in
specific functions performing.

The water in brain tissue cells is studied by
NMR spectroscopy for more than 50 years [6—
9] which served largely as the basis for creation

and wide spreading of MRT methods. As a
basic research method the low-temperature
'H NMR spectroscopy was chosen [10-13],
whereby we can determine the amount of
strongly and weakly bound water by changes
in the intensity of the NMR signal during
the thawing process of samples, and using
Gibbs-Thomson equations — the nonfreezing
water clusters radii distribution [14, 15]. The
magnitude of water chemical shift made it
possible to calculate the average association
degree of water molecules in polyassociates.
This takes into account the fact that protons
of not associated (weakly associated) water
have a chemical shift 6; = 1-1.5 ppm, ice-
like structures characteristic for hexagonal
ice have 6; = 7 ppm [16], and liquid water has
Oy =4.5-5ppm.
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Decreasing of the brain tissue cells
interaction may be realized by silica nano-
particles administration into intercellular
space. This allows determining the
contribution of intercellular interactions in the
thermodynamic properties of water associated
with brain cells.

The aim of the work was to determine
water parameters associated with brain cells,
their parameters change in the case of necrotic
lesions (stroke) and in the presence of an acidic
agent (trifluoroacetic acid — TFA) allowing
differentiation of intracellular water clusters
by their capability to solve the acid [17, 18].

Materials and Methods

Materials. Samples of brain tissue were
obtained by dissection of 50 years man’s
cadaver with the postmortem diagnosis:
cerebrovascular disease, ischemic cerebral
stroke (death occurred within 10 days after
the onset of the disease). An autopsy of the
body of the deceased was carried out in 6 hours
followed by the detection of biological death.
Sampling was carried out directly from the
section of ischemic necrosis and distant part
of the brain (macroscopically — the zone of
intact tissue). Macroscopic description of the
brain, photography in macro mode on Digital
Cameras Canon Pover Shot A510 (Canon,
China), selection of brain tissue samples for
histological and NMR spectroscopic studies
were carried out.

For the manufacture of histological
preparations the fragments of the tissue after
fixation with 10% neutral formalin solution
according to a standardized method were
dehydrated in increasing concentrations of
ethanol and then embedded in paraffin blocks.
Block sections with thickness of 3—5 microns
were prepared using a sledge microtome,
stained with hematoxylin-eosin by standard
procedure.

Histological preparations (slices) were
photographed by the camera Canon Power
Shot A510 (Canon, China) using the separation
capacity of 5 megapixels on the microscope
Leica DM LS2, a lens 10x, 20x, ocular 10x
and sim out adapter Leica DM LS2 (Leica
Microsystems Wetzlar GmbH, Germany ) using
the program Remote Capture (Canon, China).

For NMR studies the tissue slice of about
2 cm thick was used. Tissues were frozen and
stored at a temperature of 258 K. For the
initial sample (Norm) obtaining the substance
from the inside of frozen brain slice was taken
by the puncture with 4 mm glass tube and
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placed in a 5 mm NMR ampoule and then in a
pre-cooled to 210 K NMR spectrometer sensor.
The intensity of the water signal was measured
during the thawing of the sample up to a final
temperature of T = 300 K.

To study the effect of the hydrophobic
liquid media (deuterochloroform — CDCly)
0.5 g of frozen tissue was ground up to pieces
of 1-3 mm? size, pieces were thawed and placed
in CDCl3 medium and maintained for 1 h. Then
the tissue was placed in a 5-mm measuring
ampoule and cooled up to 210 K, and then
the measurements of 'H NMR spectra during
defrosting were carried out.

Effect of the solid medium was studied
by administering the brain tissue in a matrix
of silica TS-100 (manufactured by Cabot
Corporation, USA). For this purpose 0.5 g of
tissue was mixed with 100 mg of silica. Five
minutes after the mixing of tissue with silica
a homogeneous powder mass was formed in
which the pieces of tissue up to 100 microns,
and possibly a small group of individual cells,
were coated with silica particles. Then a
composite powder was placed in a 5-mm NMR
ampoule in which in one and the same sample
the state of the water in the initial sample and
chloroform and (or) other organic substances
additive containing sample could be studied.
Partial dehydration of tissues containing
particles of TS-100 silica was carried out at
313 K with an electronic scales provided with
a heating device (a halogen lamp). In this way,
the water content in the samples was adjusted
to 50% of the original.

Low-temperature 'H NMR spectroscopy.
NMR spectra were recorded on the NMR
spectrometer of high resolution (Varian
“Mercury”) with an operating frequency
of 400 MHz. Eight 60°- sounding pulses of
duration 1 ps at a bandwidth of 20 kHz were
used. The temperature in the sensor was
regulated by the Bruker VT-1000 temperature
controller with an accuracy of = 1 degree. The
signal intensity was determined by measuring
the peak areas using the procedure of signal
decomposition into its components, assuming
a Gaussian waveform and optimizing the zero
line and phase with an accuracy that for well-
resolved signals did not fall below 5% and
for overlapping signals of £10%. In order to
prevent water super-cooling in the studied
objects, the concentration of non-freezing
water was measured at heating the samples,
pre-cooled to a temperature of 210 K. The
temperature dependences of NMR signals
intensity were obtained in an automated
cycle, when incubation of samples at a
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constant temperature was 9 minutes, and the
measurement time was 1 minute.

As the main parameter that determines the
structure of water hydrogen bond network, the
chemical shift of the protons (55) was used.
It was assumed that the water in which each
molecule is involved in four hydrogen bonds
forming (two due to protons and two due to
unshared electron pairs of oxygen atoms) has a
chemical shift 8; = 7 ppm (for hexagonal ice),
and weakly associated water (not involved in
the formation of hydrogen bonds as proton-
donor) has the chemical shift 6; = 1-1.5 ppm
[10-13]. For the geometric dimensions of the
adsorbed water clusters determination, the
Gibbs-Thomson equation, relating the radius
of the spherical or cylindrical water cluster
or domain (R) with the depression value of the
freezing temperature [14,15], was used:

_ 20,7, . 1)

AT =T (R)-T, ., ’

© AH,pR
where T, (R) is the melting temperature of
the ice localized in the pores of radius R,
T, 1s the bulk ice melting temperature, r is
the solid phase density, sy is the solid-liquid
interface energy and AH; is the bulk enthalpy
of melting. For practical use, equation (1)
can be used in the form AT, = (k/R), where
the constant £ for many heterogeneous water
containing systems is close to 50 degrees-nm
[13]. The methodology of NMR measurements
and methods of determining the radii of
interfacial water clusters has been described in
detail in [10—13]. At that poly-associates with
aradius R<2 nm may be considered as clusters,
while larger polyassociates — as domains or
nanodrops as they contain several thousand
molecules of water [11].

The changes in the Gibbs free energy due
to the effects of the limited space and the
native interface correspond to the process
of freezing (melting) of bound water. The
smaller are differences because freezing in

the volume; farther away from the surface is
a layer of water. At T = 273 K water freezes,
the properties of which correspond to the
bulk water, and with temperature decreasing
(excluding the effect of hypothermia) the
water layers, located closer to surface, freeze.
For the free energy of bound water (ice) change
the following relation is valid

AG;., = -0.036(273.15-T), (2)

where the numerical coefficient is a parameter,
associated with the temperature coefficient
of Gibbs free energy for ice change [19].
Determining by the magnitude of signal
intensity the temperature dependence of
nonfreezing water C,,(T) concentration, in
accordance with the procedure described in
detail in [10—13], the quantities of strongly
and weakly bound water and thermodynamic
characteristics of these layers can be calculated.

Water interfacial energy at the interface
with solid particles, or in aqueous solution was
determined as the modulus of total lowering
of water free energy due to the presence of the
phase boundary [10-13] by the formula:

CoX
7s ==K [ AG(C,)dC,,, 3)

0

where C™%,, is the total quantity of
nonfreezing water at T = 273 K.

Results and Discussion

Signs of a moderate edema-swelling of
encephalon are marked macroscopically
(furrows smoothness, tissue flabbiness,
effusion on the cut surface of a transparent
liquid drops), the area of ischemic necrosis
(stroke) is determined in the left parietal-
temporal zone as a structureless necrotic
brain tissue about 4x5 cm in size, without
clear borders (Fig. 1, a, b).

Fig. 1. Brain:
a — in health; & — an ischemic necrosis (stroke) zone without clear borders
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The irregular blood filling of micro-
vasculature vessels is noted on the light-optical
level at pathomorphological investigation.
There are blood redistribution into plasma
and blood cells and intravascular erythrocytes
aggregation in some part of vessels. The
moderate sclerosis and plasmatic impregnation
are observed in the vessel walls. Marked
perivascular and pericellular edema, moderate
net edema of varying prevalence are noticed.
The degenerative changes of neurocytes with
varying severity dominate: a significant
portion of neurons are in swollen state, with
karyorhexis, as a “melting” neurons and
cells — “shadows”. Extensive necrosis regions
with karyolysis and neurocytolysis signs
are registered. There is expressed glial cell
response along the periphery of necrosis area
(Fig. 2, a, b).

Fig. 3, a, b shows 'H NMR spectra of
the initial brain tissue sample registered at
different temperature and device sensitivity,
respectively. One broad signal is observed
which chemical shift changes from 6, = 4.5 ppm
at T = 300 K till 85 =5.8 ppm at T = 220 K.
It may be related to the strongly associated
water [8—11]. Protons of lipid structures, as of
biopolymers, do not appear in the spectra due
to the short time of proton relaxation. Splitting
into two signals with different intensities is
observed in the spectra after thawing. This
can be caused as by spatial inhomogeneity of
the sample as by the existence of two forms
of strongly associated water with different
ordering which are the highest for the signal
corresponding to larger value of the chemical
shift. The signal intensity decreases with
temperature reduction as a result of partial
water freezing.

The width of the spectrum is significantly
reduced after holding the tissue pieces in
chloroform medium which also could fill the
gaps between the individual pieces of tissue

and penetrate into the bilipid layer of cell
membranes (Fig. 3, ¢, d). Besides strongly
associated water the group of signals lying
in the range of 35 = 1+4 ppm appear at
the spectra. The most intense signal has a
chemical shift 6; =1.25 ppm which can be
caused by the lipid component. The intensity
ratio of water and lipids signals shows that
their quantity is 5—6 wt% relative to the total
water quantity. This is consistent with the
amount of lipids in the brain determined by
biochemical methods [5]. The appearance of
lipids’ signal in chloroform presence indicates
that CDCl;, dissolving in the substance of cell
membranes, transfers them from the liquid
crystal state (characterized by small time of
nuclear magnetic relaxation) to more mobile —
liquid state. It should be noted that the signal
of weakly associated water may be located in
the same spectral range [8—11]. However, we
can assume that this form of water is absent
or its NMR signal is very low at the chosen
experimental conditions.

The cell structures in the brain are
associated with intercellular interactions,
which are implemented by neurotransmitters,
and also by hydrogen, van der Waals and
other types of interactions. In previous works
on studying of the hydrated hydrophilic
nanosilica interaction with hydrophobic
organic substances [19, 20] or lactic zoogloea
cell cultures with nanosilica TS-100 [21] it was
found that the stable heterogeneous structures
of micron size may be formed in a wide range of
component concentrations where hydrophobic
and hydrophilic sites coexist without phase
stratification. This method can be used for
brain tissue components encapsulating by
silica. Nanoparticles reduce intercellular
interactions penetrating into the intercellular
gaps. The changes in the characteristics of
intracellular water enable to estimate the
influence of intercellular interactions on the

Fig. 2. Brain fragments:
a — necrosis zone with marked pericellular edema (x100);
b — “melting” neurons and cells — “shadows”, necrosis zone with the neurons decomposition (x200).
Hematoxylin-eosin
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Fig. 3.'H NMR spectra of the tissue:
at different temperature (a, b) and higher sensitivity of NMR spectrometer (b, d), native tissue sample (a, b)
and exposed for 1 h in CDCl3 medium (c, d)
Note: hereinafter there are the typical experiment results.

water mostly located within cells (glia and
neurons).

Fig. 4 shows registered 'H NMR spectra of
brain tissue samples containing silica T'S-100
in the air (a, b) and in CDCl; medium (c, d) at
different temperatures. In comparison with the
similar spectra on Fig. 3, the spectra feature
on Fig. 4, a—d is a little bit larger signals
width. This complicates the registration and
separation of the signals of proton containing
groups belonging to the lipid component.
Significant reduction of intracellular water
freezing temperature indicates the clusters
(R £ 2 nm) or domains (R > 2 nm) formation in
cells, which size is determined according to the
equation 1.

It is known that acids are dissolved well in
the bulk water but its solubility drops sharply
at its transition into nanostructured state
(when water polyassociates are less than 20 nm
of size) [17, 18]. This effect could be caused by
reducing of hydration energy of acid molecules
in strongly associated water clusters (domains)
due to the necessity for significant hydrogen
bonds restructuring. Inasmuch as the proton
chemical shift in acids is significantly more
(11 ppm in acid) then in strongly associated
water (4—5 ppm), so in the presence in cells
of water polyassociates differently dissolving

TFA, several signals with different chemical
shift value could be observed in 'H NMR
spectra.

The addition of 20 wt% TFA into the cell
mass (Fig. 4, e, f) results in three signals (1-3
at Fig. 4, e, f) of water-acid solution with
different component concentrations. There
is the maximal acid concentration in strongly
associated water clasters, corresponding to
the signal 1, a bit smaller concentration is
for the clusters manifested as the signal 2.
The chemical shift values for the signal 3 are
the same as in the samples without TFA. As
its intensity is maximal it could be concluded
that a significant portion of intracellular
water practically does not dissolve TFA. A
redistribution of signals intensity and their
displacement in the region of larger chemical
shift values take place in the spectrum with
temperature decreasing. Mainly that water
freezes which does not contain TFA. The signal
intensity of H,0-TFA solution increases again
(T = 210 K) after reaching some minimal value
at T = 220 K. This can be related with the
existence of metabolic processes (with water
molecules, acid or protons participation) that
occur among solution clusters located inside
a cell mass and adsorbed on the surface of the
solid silica particles.
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Fig.4.'H NMR spectra of the tissue:
at different temperatures (a, ¢, €) and spectrometer sensitivity (b, d, f); containing silica TS-100 in the air
(a, b); CDCl3 medium (¢, d) and CDCl3 medium with 20% TFA (e, f)

The layer characteristics of different forms
of water (C,,°and C,,* for strongly and weakly
bound water, respectively) and interfacial
energy value (yg) which characterizes the
total decrease in the free energy of water,
caused by the presence of phase boundaries,
and calculated on the basis of changes in the
concentration of nonfreezing water depending
on the temperature (Fig. 5, a) and Gibbs free
energy changes depending on the concentration
of nonfreezing water (Fig. 5, b) are shown
in the table. Fig 5, ¢ shows the bound water
clusters distribution by radii.

According to the table data, the maximum
value of the free energy reduction in the
layer of strongly associated water (AGYS) is
practically independent on the medium, in
which measurements were accomplished. The
exposure of the sample in chloroform medium
leads to some reduction in the contribution
of strongly associated water. Respectively,
yvs value decreases from 36 to 28.5 J/g.
Addition of TFA to organic medium results
in significant yg value increasing (2 times).
Probably, it is related to salvation effect of
water and acid interaction, which contributes
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to lowering the freezing temperature of water
in aqueous acidic solution.

Water in the initial sample is presented as
a system of clusters and domains, for which
the maximum of the distribution responds to
domains with R = 20 nm. Except this there
is a small maximum with R = 2 nm. The
exchange of the air on chloroform medium
leads to decreasing of the main maximum and
to increasing the total volume of domains with
R = 100 nm. Thus, weakly polar organic
medium reduces the energy of the water
interaction with the internal interfaces.
Acid addition results in relative increasing
of the influence of domains and clusters of
smaller radius (Fig. 5, ¢). This is due to the ice
crystallization from an aqueous TFA solution
when strong intermolecular water-acid
interactions hinder the formation of hexagonal
ice bulk crystals.

Despite the fact that silica nanoparticles
penetrate into neuroglia intercellular space
and into the gaps between neurons, thereby
reducing intercellular interactions, the
significant increasing in the interfacial
energy of associated water is observed in the
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investigated brain tissue samples (table). It
can be assumed, that destruction of the gel
glia structure is accompanied by formation of
composite silica-cells particles with low content
of weakly bound water. The difference in the
values of interfacial energy of the initial brain
tissue and its encapsulated form should be
attributed to the energy predominance in the
composite formation. At the same time there
o 4000
S
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2

are significant changes in the characteristics of
intermolecular interactions in the intercellular
gaps. Accordingly, the main maximum on the
distribution curve AC(R) shifts toward lower
values and corresponds to domains with R=7nm
(table, Fig. 5, c¢). The chloroform medium in
the encapsulated sample stabilizes domains of
larger radius. This process is accompanied by a
significant decrease in yg value.

’ ___CE: ° M
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(g SBW
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—=—in CDCI,
—4—in CDCI, + 20% TFA
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Fig. 5. The temperature dependences:
a — nonfreezing water concentration; b — changes of Gibbs free energy;
¢ — distribution of water clusters associated with brain tissue by radii

The characteristics of the water layers in the brain tissue samples in different media

. s ”
Sample Medium o | admod | oo | o |
*Norm Air 4000 -2.25 250 3750 36
*Norm CDClg 4000 -2.25 225 3775 28.5
*Norm CDCl3+20% TFA 4000 -2.25 900 3100 76
+ *Norm Air 4000 -2.25 900 3100 89.5
g ° *Norm CDCl, 4000 -2.25 400 3600 34
23 [*Norm Air 2000 2.8 1000 1000 66
: % **Lesion Air 2000 -2.25 500 1500 39.5
'§ _% *Norm CDClg 2000 -2.25 1200 800 69.4
M a **Lesion CDCl, 2000 -2.25 300 1700 23.5

Notes: * — normal brain tissue; ** — brain tissue from the region of ischemic stroke.

93



BIOTECHNOLOGIA ACTA, V. 8, No 6, 2015

Fig. 6 shows 'H NMR spectra obtained at
different temperatures for the investigated
brain tissue samples containing 2 g/g of
bound water for samples of initial tissue and
of the tissue located in the ischemic stroke
zone. Measurements were performed in air
(Fig. 6, a, b) and CDCl; medium (Fig. 6, c, d).
The temperature dependences of nonfreezing
water concentration, changes in Gibbs free
energy and clusters (domains) distribution by
radii, calculated according to the equation of
Gibbs-Thomson, are shown in Fig. 7, a—c.

For both samples, in air in 'H NMR
spectra one signal is registered with the
chemical shift of 5—6 ppm which corresponds
to better ordering of hydrogen bonds structure
in the brain in comparison with liquid water,
which usually has 65 = 4,55 ppm [8]. The
signal of lipid component appears in the spectra
in chloroform medium at 5 = 1-3 ppm. When
temperature is lowering the signals intensity
decreases due to water and lipid transition to
the solid state.

A comparison of the C,,(T) dependences
and strongly and weakly bound water amounts
calculated on their basis (table) demonstrates
that the dehydration leads to reduction of
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260
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e 240

o
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8, ppm

280 K
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270
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260
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230
220
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0
8, ppm

weakly bound water amount while strongly
bound water amount increases significantly.
For the brain tissue sample obtained from
the area of ischemic stroke the contribution
of weakly bound water is much greater as
evidenced by a comparison of the respective
C,. > C,," and yg values.

The partially dehydrated sample of normal
tissue (Norm) has greater contribution of
water clusters with a radius R = 2 nm in
comparison with initial sample (if compare
Fig. 5, ¢ and Fig. 7, c¢). The domains
contribution with R = 20 nm increases when
placing this sample in a weakly polar medium.
The presence of ischemic necrosis area leads to
stabilizing of water polyassociates with radius
R = 20 nm, and in CDCl; medium — with
radius R = 100 nm, which are characteristic
for weakly bound water.

The measurements of an ability of strongly
associated water polyassociates (clusters,
domains) to dissolve TFA were performed
for tissue samples in CDCl; medium (Fig. 8).
Addition of 20% TFA, that can be dissolved
in cell water, into CDCl; medium results in
three signals (1-3) with chemical shifts in the
range of 85 = 5—10.5 ppm (Fig. 8). Taking into

80 K
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Fig. 6. 'TH NMR spectra of brain tissue samples containing silica nanoparticles TS-100:
for normal tissue at different temperatures (a, c); from the area of ischemic stroke (b, d) in the air (a, b)
and in CDCl3 medium (c, d) at CH20 =2g/g
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account that the chemical shift of strongly
bound water in brain tissue is 6; = 4.5—6 ppm
and 8y = 11 ppm for pure TFA, it may be
concluded that the signal 3 was caused by the
water clusters (domains), which practically
do not dissolve TFA (the TFA concentration
is less than 10 wt% there); signal 2 (65 =
7—8 ppm) — by polyassociates, which are able
to dissolve up to 30 wt% of TFA; and signal
1 — by concentrated solution of water—TFA.
With temperature lowering the intensity of
all signals decreases due to water freezing
(likely, in the form of hexagonal ice), but at
low temperatures so does — TFA.

The ratio between different types of water-
TFA polyassociates differs significantly
for normal tissue and tissue from ischemic
necrosis area (Fig. 9). In the normal tissue
the largest amount of interfacial water is a
part of the clusters (domains) responsible for
signal 2 while signal 3 is recorded only at low
temperatures. Exactly this signal is dominant
in a wide temperature range in tissue damaged
by necrosis. For the damaged tissue also the
signal 1 has relatively lower intensity.

Thus, almost all the water, located in the
brain tissue, is associated and is a part of the

a . 2000 .
= —=— Norm in Air
E’ —e— Lesion in Air
515004 Norm in CDCI,
& —v— Quar in CDC,
1000 -

500+

04

200 210 220 230 240 250 260 270 280 290
Temperature, K

domain and clusters, significant part of which
have radii R = 2 and 20 nm. The chloroform
medium stabilizes water polyassociates with
radius less than R =100 nm, and TFA stabilizes
water polyassociates with radii R = 7—20 nm.

Addition of silica nanoparticles TS-100
into the brain tissue leads to formation of
composite systems where parts of the tissue
(and possibly separate cells) are surrounded
by silica nanoparticles. This composite looks
like a wet powder that facilitates to study the
impact of the organic medium on the water
polyassociates structure. In the composite
system of brain tissue / silica the average
size of water polyassociates is considerably
less than in the initial tissue (R = 7 nm). The
average domain size increases up to 20 nm in
CDCl; medium. At least three types of domain
differently dissolving acid are observed in the
spectra in the presence of TFA.

Partial dehydration of the investigated
brain tissue samples is accompanied by
reducing in the amount of weakly bound
water and some increasing in the amount
of strongly bound water, that indicates a
change of molecular interactions between the
components of cell-nanoparticle composite
system.

—=— Norm in Air
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Fig. 7. The temperature dependences:
nonfreezing water concentration (a); changes in Gibbs free energy (b); and distribution by radii of water
clusters (c); connected by normal brain tissue and by tissue from the ischemic necrosis area containing silica
nanoparticles TS-100 (amount of residual water 2 g/g)
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Fig. 8. 'H NMR spectra:
of brain tissue samples at different temperatures in CDCl3 medium with addition of 20 wt% TFA
for normal brain tissue (a, b) and for tissue from ischemic necrosis area (c, d)
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Fig. 9. The temperature dependences for water concentration, being a part of the different types
of water-TFA polyassociates:

a — intact tissue, b — stroke

The presence of the ischemic necrosis
area in the brain tissue increases the size of
bound water polyassociates, which occurs as
in air and in a weakly polar organic solvent
(deuterochloroform) media.

The addition of TFA in an organic medium
enables to differentiate the clusters (domains)
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of cell water with respect to their ability to
dissolve the acid. In the normal brain tissue
the bulk of the water is in a composition of
polyassociates capable of dissolving up to 30%
of acid. For the tissue obtained from ischemic
necrosis area the bulk of the water is in the
domains slightly dissolving the acid.
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CTAH BOJHU B TRAHHUHI I'OJIOBHOTI'O
MO3RY 3A IIPUCYTHOCTI
HAHOYACTHHORK KPEMHE3SEMY TS-100
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Nueruryr ximii noepxHi im. O. O. Uyiika
HAH Vxpainu, Kuis
’[laTonoro-amaromiune Bigmimennsa
OsexcanapiBcbKol KaiHiuHOI JikapHi, Kuis
KuiBcbKuit MiKHApOaHMII YHiBEPCUTET,
MequKo-(hapMaleBTUUHUNA (PaKyJIbTEeT

E-mail: krupska@ukr.net

MeronoM HusbKoTeMmueparyproi ‘H SIMP-
CIIEKTPOCKOIIil BUBUEHO OyAOBY TiApaTHUX IIIapiB
BOJAU, 3B’sA8aHOI KJITMHAMU TI'OJIOBHOTO MO3KY,
3MiHy IMX mapaMeTpiB 3a HEKPOTUYHUX YIIIKO-
IoKeHb (1HCYJIBT) i 3@ MPUCYTHOCTL TPUMTOPOILTO-
BOI KUCJOTH, IO Ta€ 3MOTy audepeHIlitoBaTU
KJIacTepH BHYTPIIMTHBOKJIITIHHOI BOAU 3a IXHBOIO
3MATHICTIO PO3UMHATH KUCJIOTY. PO3TIsAHYTO Ta-
KOJK BILIMB HaHOUACTUHKaMu Kpemuesemy TS-100
Ha CTaH BOJAM Y TKAHWHI I'OJIOBHOTO MO3KY, a caMe
Ha mapaMeTpu 3B’ sI3yBaHHA BOAM HA MOBIiTpi Ta 3a
TPUCYTHOCTI CJIa00II0IAPHOTO POSUNHHHUKA.

Huia KaacTepiB CHUIBHOACOIiIOBAHOI MiK-
daszHoi BOAM OTPUMAHO PO3MOLiIN 3a pagiycamu
i smimamu BinbHOI eHeprii I'i66ca. IlokasaHno,
0 TifpaTHi BJIACTHMBOCTI HATUBHOI TKAHUHU
BiIpiBHAIOTHCA Bij] BJIacCTUBOCTEN 3a HEKPOTUU-
HUX YITKOMKEeHb O0yI0BOIO0 KJacTepiB ciaboaco-
miioBaHOol Bogu. B iHTaKTHIN TKaHMHI BCa Boza
€ 3B’sI3aHOI0 i BXOAUTH A0 CKJAAy KJacTepiB i
IOMEeHiB, 3HaUHA YacTMHAa AKUX Mae€ pamiycu
R = 2 i 20 um. CepenoBuiiie i3 xjaopoopMom
crabinmisye BomHiI moJsiacoliaTu 3 pamiycom mo
R =100 um, a TpudTOpOIITOBA KUCJIOTA — 3 Pai-
ycamu R = 7—20 um. BeTaHOBIIEHO, IO YaCTKOBA
Jerigparaliis JOCHiJ)KyBaHUX 3Pas3KiB TKAHUHU
CYHIPOBOIKYETHCA 3MEHIIIeHHAM KiJIbKOCTi cja-
003B’A3aHOI BOAM i IesIKUM 3POCTaHHAM KiJbKO-
CTi CMJIbHO3B’ A3aHOI BOAH, 1110 CBiAUUTH PO 3MiHY
MOJIEKYJIAPHUX B3A€EMOJAIA Mi’K KOMIIOHEHTaAMU
KOMIIOBUTHOI CHUCTEMM KJITHMHU—HAHOYACTHUH-
Ku. [IprucyTHicTb OocepeaKky ileMiuHOT0 HEKPO3Y
NPUBBOAUTDL 10 3MEHINeHHsS 3B’ sA3yBaHHSA BOAU
yepes 30iabIIIeHHsS BOJHUX IMOJIiacoiiiaTiB cepe-
Hix posmipiB. Ileit epeKT criocTepiraeThcd AK Ha
moBiTpi, Tak i B cepemoBUIli cIa00MIOJIAPHOTO OP-
TaHIYHOTO PO3UNHHUKA — JeUTepoXJopodopmy.

Knawouwosi cnoea: imemiunumii iHCYJBT, CHJIBHO-
i cabosB’s3ana Boga, 1H AMP-crieKTpocKoIis.
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COCTOAHUE BOJAbI B TKAHHU
I'OJIOBHOI'O MO3T'A B ITPUCYTCTBHUH
HAHOYACTHUII KPEMHE3SEMA TS-100
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A.T. Boaux®
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'MucTnTyT XMMUM IOBEPXHOCTH
um. A. A. Uyiixo HAH Vkpaunsi, Kues
ITaTos0r0-aHATOMUUECKOE OTHEICHNE
AJlexcaHAPOBCKOM KIMHUYECKOH 00IbHUITEI, K1ieB
KueBcKuil MeXXIyHAaPOAHBIN YHUBEPCUTET,
MeIuKOo-(hapMaleBTUYeCKUN (PaKyabTeT

E-mail: krupska@ukr.net

MeTtonomM HU3KOTeMIIepaTypPHOU 'H amPp-
CIIEKTPOCKOINY U3YUYEeHO CTPOECHUE TUIPATHBIX CJIO-
€B BOJbI, CBA3aHHOU KJETKaMU I'OJOBHOTO MO3ra,
U3MeHeHNe 9TUX ITapaMeTPOB IIPU HEKPOTUUECKUX
HOBpeKIeHUAX (MHCYJIbT) U B IIPUCYTCTBUU TPU-
(GTOPYKCYCHOII KUCJIOTHI, MO3BOJISAIONIEN mudde-
PEHITMPOBAThH KJIaCTePhl BHYTPUKJIETOUHOI BOIBI IO
UX CIIOCOOHOCTHU PaCcTBOPATDH KMCJIOTY. PaccMoTpero
TaK’Ke BInAHne HanouacTull kpemuesema TS-100 na
COCTOSHME BOJBI B TKAHU TOJIOBHOTO MO3Ta, 4 UMEeH-
HO Ha IIapaMeTphI CBA3LIBAHMA BOJbI HA BO3AYXE U B
MIPUCYTCTBUU CJIA0OIIOIIPHOIO PACTBOPUTEIIA.

Iiss KJaacTepoB CUJIbHOACCOIMMUPOBAHHOMN
MesK(pasHOW BOABI MOJYUYEHBI pacIpeesieHusd
o pagumycaM W U3MeHeHUSM CBOOOMHON dHep-
ruu I'm66ca. IlokasanHo, UTO ruApaTHbIE CBOM-
CTBa HATUBHOU TKAHU OTJIMUYAIOTCS OT CBOICTB
IPpU HEKPOTHUUYECKUX IOBPEKAEHUAX CTPOEHU-
eM KJacTepoB cyiaboaccoMUPOBAHHOI BOALI. B
MHTAKTHOU TKAHU BCA BOJA SBJIAETCA CBA3AH-
HOM M BXOIUT B COCTaB KJIACTEPOB W JOMEHOB,
3HAUYUTEJbHAS YaCTh KOTOPBIX MMEeT PagnyChl
R = 2 u 20 am. Cpegna c xaopodopmom cTabuam-
3UPYyeT BOAHBIE IIOJMACCOIIUATEI C PAJUYCOM IO
R = 100 M, a TpudTOpyKCYyCHAA KUCJIOTa — C
R = 7-20 EM. YCTaHOBJIEHO, UTO YaCTUYHAA Je-
TUApAaTAIusa UCCIeAyeMbIX 00pas3IloB TKAHU CO-
MIPOBOKIAaEeTCsA YMEHbBIIIeHNeM KOJIMYecTBa CcJia-
0OCBSIBAHHON M HEKOTOPBLIM POCTOM KOJIMUECTBA
CUJIBHOCBABAHHON BOABI, YTO CBUIETEJHbCTBYET
00 M3MeHEeHUU MOJIEKYJIAPHBIX B3auMOJeiCcTBUI
MeXKIy KOMIOHEHTAaMHW KOMIIO3WUTHOM cucTe-
MBI KJIETKM—HAHOYACTUIBI. [IpucyTcTBUE ouara
UITeMUYEeCKOTO HEKPOo3a MPUBOAUT K yMeHbIIIe-
HUIO CBASBIBAHUSA BOJABI 34 CUET POCTA BOIJHBIX
IMOJINacCOIIaTOB CPeIHEero pasMe pa. ITOT (-
(dekT HaOIIOMAETCA KaK Ha BO3AyXe, TaK U B cpele
¢J1a60TIOIAPHOT0 OPTAaHUYECKOT'0 PACTBOPUTEIST —
nerTepoxJyiopodopma.

Knrouesnvle cnosa: nieMunyecKUi HHCYJIbT, CUJIb-
HO- u cyabocBsazanuasa Boga, H AMP-crnekTpo-
CKOIII.



