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Bound Water in Starch Hydrogels with High Dispersed Silica
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MeTo0M MOCIOHHOTO BRIMOpakuBaHus x)UIKoH ¢a3sl ¢ 'H SIMP peructparmeii cursana Hezamep3aroleil BOAbI M3ydain
reneo0pasHble KOJUIOUAHBIE PACTBOPHI KpaxMalla M BIIMSIHIE BBICOKOANCIICPCHOTO KpeMHe3eMa Ha HX (pa30BOe COCTOSIHUE. YCTAHOBIICHO,
YTO IpH pa30aBJICHIH Teliei KpaxMaia Mexxda3Hast SHEpTusi CUCTEMBI “OHOTIONIMEp-Boa” yBenmmurBaeTcs ot 65 o 194 JLx/r. Kpemuezem
OKa3bIBACT CHIIBHOE BIHMSHHE Ha (ha30BOE COCTOSHME Tellsl KpaxMana. B ero mpucyTcTBHH pa3pymIacTcsi BTOPHYHAs CTPYKTypa
aMIJIOTIEKTHHHBIX IeTiell 1 GOpMUPYIOTCS CTAOMIBbHBIC KOMILIEKCHI “KpaxMai-kpeMHe3eM™ . KoHIIeHTpaIus cBA3aHHOH BOJBI B TAKUX
KOMITIEKCaX MEHBIIIE, YeM B TeJIIX KpaxMasa, ¥ CHIBHO 3aBHCUT OT COOTHOIICHHMS KOHIICHTPAINi KpaxMan-kpeMHe3eM. Mexdasnas
9HEPrus BOJKI B CHCTEMAX “Kpaxmal-Boga-kpemHezeM” coctapisier 21-103 Jx/r.

Kniouesvie cnosa: xpaxmai, kpemuaesem, mexdastas soaa, 'H SIMP crieKTpocKoIus.

3a MeTOZOM MOIIApOBOrO BUMOpPOXKYBaHHs pinkoi ¢asu 3 'H SIMP peectpauiero curHaay BOAHM, IO HE 3aMep3ae, BUBYAIH
resenoi6Hi KOJOIHI PO3YHHN KPOXMAIIIO 1 BIUIMB BHCOKOIHMCIIEPCHOTO KpeMHe3eMy Ha iX (a3oBuil craH. BcTaHOBIICHO, 110 TIPH
PpO3BENEHHI Tenel KpoxMalto Mixkdas3Ha eHepris cucTeMu “OilonoimMep-Boaa” 30inbmyeThes Big 65 mo 194 Jx/r. KpeMHe3eM cHIIbHO
BIUTMBAE Ha (ha30BHI CTaH IeN0 KPOXMal0. B HOro mpucyTHOCTI pyiHHY€eThCsl BTOPHHHA CTPYKTYpa aMUIONIEKTHHHHX JIAHLIOTIB Ta
(bopMyroThCs CTabLIBHI KOMIUIEKCH “KpoxMaiib-kpeMHe3eM™ . KoHIeHTpallis 3B’ s13aHOT BOJM B TAKUX KOMILIEKCAX MEHINA, HiXK Y TeIIsIX
KpPOXMAJTIO, 1 CHIIBHO 3aJIC)KHTh BiJ CIIiBBiTHOIICHHS KOHLICHTPALii KpoXMallb-KpeMHe3eM. Mix(a3Ha eHepris y CHCTeMaX “KpOXMaJlb-
Bona-kpeMHe3eM ckimagae 21-103 Jx/r.

Kniouosi cnosa: xpoxmanb, kpemHeseM, mixdasua Boga, 'H SIMP criekrpockorisi.

Gel-like colloid starch solutions and the effect of high dispersed silica on their phase state were studied using the method of liquid
phase layered freezing-out with "H NMR recording of unfrozen water signal. Interphase energy of “biopolymer-water” system was
established to increase from 65 to 194 J/g during starch gel dilution. Silica greatly affects the phase state of starch gel. Secondary
structure of amylopectin chains is disintegrated in its presence and the stable “starch-silica” complexes are formed. Concentration of
bound water in such complexes is lower than in starch gels and greatly depends on starch-silica concentration ratio. Interphase water
energy in “starch-water-silica” systems makes 21-103 J/g.

Key-words: starch, silica, interfacial water, '"H NMR spectroscopy.

Bricokonucnepcusie kpemueseMmsl (BIK) B
MOCJIeNHUEe TOABl HIMPOKO HCIOJB3YIOTCS Kak
ancopOeHTHl MEAUIIMHCKOTO HAa3HAuYeHHs, CBA3BI-
BaroIue OOJbIIOE KOMUYECTBO OETIKOBBIX MOJIEKYI [ 1,
2, 5] u oOnagaronyie aHTAMUKPOOHBIM 3 dexToM [3].
OpHako Mpu HEOOJBIINX KOHIICHTPAIUSAX YaCTHIIBI
BAK oka3piBaloT Ha KIETKHU CTUMYJIHUPYIOIIEE
Bo3zelcTBue. [Ipu KpHOKOHCEPBUPOBAHUH PEMPO-
JTyKTUBHBIX KJIETOK IIPUCYTCTBUE B KOHCEPBUPYIOIECH
cpeae BJIK cyniecTBEHHO MOBBINIAET BHIXKUBAEMOCTD
kieTok [4]. OgHOHM 13 MPUYHH MOXET OBITH 00pa3o-
BaHME KOMIUIEKCOB “KJI€TKa-4acTHIa”, KOTOPHIE
CIIOCOOCTBYIOT (POPMUPOBAHUIO BOIH3HU MTOBEPXHOCTH
KJIETOK MHKpOTeIe00pa3HbIX COCTOSHHM, XapaKTe-
PU3YIOLIUXCA BBICOKMM COJIEpKAHHEM CBA3AHHOM
Boawl [8]. Takas Bojma 3amep3aeT MpH TeMmIepaTrype
Hwke 0°C u sBisgeTcss cBOeoOpa3HbIM pe3epByapoM,

High dispersed silica (HDS) has been recently used
for medical indications as adsorbents, binding a big
number of protein molecules [1, 2, 5] and having anti-
microbial effect [3]. However HDS particles under
low concentrations cause a stimulating effect on cells.
HDS presence in preservation medium when
preserving reproductive cells considerably increases
cell survival [4]. Formation of “cell-particle” complexes,
contributing to microgel-like states formation near cell
surface, characterized by a high content of bound water
can be considered as a reason [8]. This water freezes
at temperature lower than 0°C and is a singular
reservoir, where salts and low molecular organic
substances, passing through cell membrane during
freezing are solved and thereby reduce concentration
stress. Polysaccharides are ones of the main
components, forming cell membrane, therefore of great
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I/l pacTBOPSIOTCS COJIM M HU3KOMOJIEKYJISIPHBIE
OpraHMYECKHE BEIECTBA, KOTOPBIE MPOXOAAT Yepe3
KJIETOYHYI0 MeMOpaHy B TpOIecCCEe 3aMOPaKUBaHUS
U TEM CaMBIM YMEHBIIAIOT KOHIIEHTPAaI[MOHHBIN
crpecc. [lonucaxapuasl — OOMH M3 OCHOBHBIX
KOMITOHEHTOB, 00pa3yIOIIUX KJIETOYHYIO 00OJIOUKY,
[I03TOMY M3Yy4YEeHHE B3aMMOJEHCTBHS C HUMHU YaCTHUI]
BJK npexncrapiser 3HauuTENbHBIA MHTEpPEC. 1lpu
3TOM Ba)KHO HCCIIEIOBAHKE MTPOLIECCOB (POPMUPOBAHUS
U pa3pyleHHs reneo0pasHbIX COCTOSIHUIE OHOMaKpo-
MOJIEKyN moj Bo3aeicTeueM vyactui BJIK.

J11s KOoTM4eCTBEHHOTO OTPEAeTIEHIS XapaKTepuc-
TUK pa3INYHbIX THIIOB CBSI3aHHOW BOJBI B MpoIiecce
3aMOpaKMBaHHUA-OTTAUBAaHUS BOJHBIX CYCIEH3UHN
TUAPATHUPOBAHHBIX MHHEPAJbHBIX YacTUIl U OHO-
MaKpOMOJIeKyJl Hanbolee d3PPEKTUBHBIM SBISICTCS
METOJI ITOCIIOMHOTO BEIMOPAXHBAHUS KHUIKON (hazbl C
'"H SAIMP perucrpanueii cursaia He3aMmep3aronien
Boasl [9-11]. Ha ocHOBe 3TOro MeToga MOXHO
YCTAaHOBUTD BEJTHYMHY MEXK(Aa3HOM SHEPTUU CHCTEMBI
“komnouaHas yactuua (OmoMakpomosneKyia)-Boga”,
KOTOpas ONpeAeNsieT CyMMapHO€ IMOHHXEHHE
CBOOOMHON PHEPTUU CHUCTEMBI, 00yCIOBIEHHOE
MIPUCYTCTBUEM TPAHMIIBI pasnena (as.

Lenp HacTose paboTl — U3yueHHe reaeodpas-
HBIX KOJUIOMJHBIX PacTBOPOB Kpaxmalla U BIHSHHA,
koropoe oka3zbiBatoT BJIK Ha ux azoBoe cocrosiHue
TIPY BapbHPOBAHHH B IIMPOKUX MPeZieNnax KOHIIEHTPAIH
JHMCIIEPCUOHHOM (pa3bl U COOTHOILEHHUS KOHLIEHTPALIUA
KpaxMal-KpeMHE3eM.

Matepunanbl 1 meToAbI

OO0bexkToM HUccleAoBaHUN ObUT BBIOpaH KapTo-
¢enpHBIN KpaxMai. V3ydanu BogHbIE rey Kpaxmaina
(4-50 macc% OuononumepHoi (pasbl), THAPATHPOBAH-
HBI€ TOpPOIIKH Kpaxmana (52-70 macc% Oumonommmep-
HoM (ha3bl) 1 ruIporeny kpaxmaina ¢ godaskamu BIK
[IPY COOTHOIICHHUSX KOHLIEHTPALUi KpaxMall-KpeMHe-
3eM 9:2; 1,4:1; 1:1,4 u 1:3. I'uaporenu roTOBUIH
THIATEIFHBIM [TepEMEIIMBAaHIEM TTOPOIIKOOOPa3HBIX
KOMITOHEHT, 100aBlieHueM TpeOyeMoro KOJIN4YecTBa
BOJBl M HarpeBaHWEM NPU MHTEHCUBHOM IiepeMe-
HIMBaHUH 10 Temneparypsl 87°C.

'H AMP cnexmpockonus. Cnexktpbl SIMP
cHumanu Ha SIMP cnekTpomeTpe BBICOKOTO pas3pe-
menus Bruker WP-100 SY (I'epmanus) ¢ paboueit
gactotor 100 MI'1 u moocoit npomyckanus 50 k1.
Temmeparypy B JaTuWKe perylHpOBaId TEPMO-
npuctaskoil Bruker VT-1000 (I'epmanus) ¢ Tou-
HOCTBIO £1 rpan. IHTEHCHBHOCTH CUTHAJIOB OMpee-
JISTA DJIEKTPOHHBIM MHTETPATOPOM C TOYHOCTHIO
+10%. [ns mpenoTBpameHus mepeoxXIaxIeHUs
CYCIIEH3MIl KOHLIEHTPALUIO He3aMep3alouieil BOIbI
U3MepsId IpU HarpeBaHHWH CYCIIEH3MH, IpenBa-
PHUTEIIBHO OXJaXKaAeHHBIX 10 —63°C.

VYcnoBueMm 3amep3aHus BOAbl Ha MexX(a3zHOU
rpaHuiie ~aacopOeHT-0nooNMuMep-Boaa” SBISETCS
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interest is to study the HDS particle interaction with
them. At the same time it is important to investigate
the processes of formation and destruction of
biomacromolecule gel-like states under HDS particle
effect.

The method of liquid phase layered freezing-out
with '"H NMR recording of unfrozen water signal is
the most efficient for a quantitative determination of
characteristics for different bound water types during
freeze-thawing of aqueous suspensions of hydrated
mineral particles and biomacromolecules [9-11].
Basing on this method we can establish the value of
interphase energy of “colloid particle (biomacro-
molecule)-water” system, which determines a total
decrease in system free energy, stipulated by interface
presence.

This work was aimed to study gel-like colloid starch
solutions and HDS effect on their phase state when
varying dispersion phase and starch-silica concentration
ratio within a wide range.

Materials and methods

Potato starch was selected as investigation object.
Starch aqueous gels (4-50% (w/w) of biopolymer
phase), hydrated starch powders (52-70% (w/w) of
biopolymer phase) and starch hydrogels with HDS
additives at 9:2; 1.4:1; 1:1.4 and 1:3 starch-silica
concentration ratio were studied. Hydrogels were
prepared by thorough mixing of powder-like compo-
nents, with addition of required water amount and
warming up to 87°C with an intensive mixing.

'H NMR spectroscopy. NMR spectra were
recorded using Bruker WP-100 SY NMR spectrometer
of high resolution (Germany) with 100MHz operating
frequency and 50 kHz-pass band. Temperature in
sensor was adjusted with Bruker VT-1000 (Germany)
thermodevice with £1 grad accuracy. For preventing
suspension overcooling, concentration of non-freezing
water was measured when warming suspensions, pre-
cooled down to —63°C.

Condition for water freezing at “adsorbent-
biopolymer-water” interface is the parity of free
energies of adsorbed water and ice molecules. When
low molecular components are absent, a decrease in
freezing temperature of interphase water T=0°C is
determined by a reduction of water free energy, caused
by adsorbed interactions (AG=G -~ G, where G is free
ice energy at 0°C) [8]. Since ice free energy with tempe-
rature (T) decrease changes by linear law [6], then

AG = 0,036(273 — T) (1)

Value of interphase energy of colloid particles
depends on square under AG (C ) curve

Y= KOI AG dC,,, )
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PaBEHCTBO CBOOOIHBIX SHEPTUH MOJIEKYIN ancopOu-
poBaHHOM BobI U nibaa. [Ipu oTCyTCTBUM HU3KOMOJIE-
KYJSIPHBIX KOMIIOHEHT MOHUXKEHUE TeMIepaTyphl
3amMep3aHusd MeX(pa3HOU BOJIBI ONpenenseTcs
YMEHbBIIIEHHEM CBOOOIHOM SHEPTHUH BOIbI, BEI3BAHHBIM
a7copOITMOHHBIMHA B3anmMoiecTBusIMH (AG = Gof G,
e G, — ceobonnas sueprus japaa npu 0°C) [8].
[TockoipKy cBOOOAHAS SHEPTHS JIbAa C TOHWKEHUEM
temnepatypsl (1) u3mMeHseTcs 1o THHEIHOMY 3aKOHY
[6], TO

AG =0,036(273 - T) (1)

[Mnomans nmox xkpusoit AG(C,,) onpenensiet
BENUYMHY MeK(a3HOH SHEPTUH KOJUTOUIHBIX YACTHII :

ys=1<0“f AG dC,, )

roe C,,m —
mipu 0°C.

[To 3aBucumoctsm AG(C,,) MOXHO paccuuTaTh
TaKKe IMapamMeTphl CII0EB CUIIBHO- U CIIA00CBSI3aHHON
Bonbl. [Ipu 3ToM moxa cmaGocBA3aHHOW BOJIOH
MIOHMMAIOT Ty YacTh He3amep3aroliel Bobl, CBOOOI-
Has 2HEPTUs KOTOPOW JIHUIIbL HEMHOTO NMOHMXEHA
afICcOpOLMOHHBIMUA B3aUMOJAEHCTBUSIMHU C MOBEPX-
HOCTBIO afcOpOeHTOB MM OuomonumepoB. OHa
3aMep3aeT npu Temieparype okono 0°C. Hamporus,
CHUJIPHOCBSI3aHHAsS BOJA HE 3aMep3aeT Jaxe IpHu
CHJIBbHOM oxJiaxaeHun cycmnensuu [12]. Komu-
YEeCTBEHHBIE 3HAYECHUS TONIIIHBI CIIOEB KayKO0T0 THITA
Boael (C,° u C,W Wi CHIbHO- B CIab0CBSI3aHHOM
BOZIbI COOTBETCTBEHHO) U MaKCUMAaJIbHBIE BEITMYUHBI
MIOHIKEHHSI CBOOOIHOM SHEPTUH BOJIBI, 00y CIIOBIICHHEIE
ancopouueit (AG* u AGY), momy4aroT 3KCTpanosiuei
COOTBETCTBYIOLINX YYaCTKOB 3aBUCUMOCTEH K OCAM
abcuucc v OpauHAT.

TOJINIMHA CJIOA He3aMep3anmeI71 BOJbI

Pe3yAbTaThl M 00CyXXAeHHe

TemmneparypHble 3aBUCUMOCTH M3MECHEHUSI KOH-
nentpanuu cBsizanHoi Boawl C,(T) n 3aBucumoctn
AG(C,,), paccunTasbl B cOOTBeTCTBHU ¢ (hopmyroii (1)
0 TEMITEPATyPHBIM 3aBUCUMOCTSIM HHTCHCHUB-HOCTH
CHTHaJIa He3aMep3alolield BOABI B Mpoliecce OTTau-
BaHMA THPAaTHPOBAHHBIX TOPOIIKOB (pHC. 1, a) u rene
(puc. 1, 6) kpaxmana. B oboux ciydasx Ha 3aBHCH-
moctsix AG(C,,,) Habmonanu BepTUKaIbHbIA yUacTOK,
MOJIOKEHHE KOTOPOTO 1715l THAPATUPOBAHHBIX ITOPOIL-
KOB OIpeZessieTcs ColepKaHueM BOIbl B oOpasle, a
B cly4ae THAPOreJied MpH BBICOKOW KOHLIEHTPALUH
TBepAOH (a3bl MOXET 3aBUCETh M OT APYTHX
napameTpoB (HarnpuMep, CTPYKTYPHBIX 0COOEHHOCTEH
obpasyromierocs rens). [losBiieHre BepTHKAIBHOTO
yuactka 3aBucumoctu AG(C,,) cBUAeTensCTBYET 00
OTCYTCTBHH 3aMEP3aHUs BOJIbI B IIMPOKOM JTHAITA30HE
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where C,,™ is layer thickness of unfrozen water at
0°C.

We can also calculate the parameters of layers for
strongly- and slightly bound water with AG (C,,)
dependencies. Slightly bound water means that a part
of unfrozen water, which free energy is a little bit
decreased by adsorption interactions with adsorbent
or biopolymer surface. It freezes at approximately 0°C.
In contrast, strongly bound water does not freeze even
under strong cooling of suspension [12]. Quantitative
values of layer thickness for each water type (C,°
and C,," for strongly- and slightly bound water,
correspondingly) and maximum values of free water
energy reduction, stipulated by adsorption (AG® and
AGY), are obtained by extrapolating corresponding sites
of dependencies to abscissa and ordinate.

Results and discussion

Temperature dependencies of concentration change
of bound water C_ (T) and those of AG(C,,), are
calculated according to the formulae (1) by temperature
dependencies of unfrozen water signal intensity during
thawing starch hydrate powders (Fig. 1, a) and gels
(Fig. 1, b). In AG (C,,) dependencies to both system
types corresponds a vertical site which position for
hydrated powders is determined by water content in a
sample, and in hydrogel case under high concentration
of solid phase may depend on other parameters (e.g.
structural peculiarities of formed gel). Appearance of
vertical site of AG(C,,) dependency testifies to the
absence of water freezing in a wide range of
temperature change. For hydrated starch molecules
this is the water, free energy of which is decreased by
adsorption interactions with biopolymer molecules in
such extent, that it can transform into a solid state only
under considerable temperature reduction [11]. The
bend point in AG (C,,) dependencies (Fig. 1, a)
corresponds to a minimum decrease in free Gibbs
energy of water, bound in starch powders.
Consequently, with an increase in a part of polymer
phase this value shifts into the area of big AG values.
Changes in AG (C,,,) dependencies for water, adsorbed
in starch are similar to dependencies of free Gibbs
energy of water in microporous adsorbents, where AG
value reduces due to a strong water interaction with
pore walls [12].

For gels to the right of vertical site (Fig. 1, b) a
small site of slight change in AG value, which can be
referred to slightly-bound water appears [11]. The latter
is not recorded in spectra at T<§°C, that corresponds
to a decrease in free Gibbs energy approximately by
0.5 kJ/mol. The rest of unfrozen water in starch gels
may be strongly-bound. Characteristics of different
types of bound water for starch hydrated powders and
gels are presented in Table 1.
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Puc. 1. TemneparypHbie 3aBUCUMOCTH KOHIIEHTpaIMK He3amep3atomen Bojpl C,,, ¥ TOCTPOCHHBIE HA KX OCHOBE 3aBUCHMOCTH
M3MeHeHUs SHepruu [ mO0ca BOMBI T THIPATHPOBAHHEBIX TOPOIIKOB (@) U reneii kpaxmaina (0). — KOHIICHTpAITUsL
KpaxMmaina B Mmacc %.

Fig. 1.Temperature dependencies of concentration of unfrozen water C,,, and built on their base dependencies of change
of Gibbs energy of water on C,,, for hydrated powders (a) and starch gels (b). [25,4 |- starch concentration in % (w/w).

W3MEHEHHUs TeMrepaTypsl. st THApaTUPOBAHHBIX The data of Fig.1, b and Table 1 testify to a decrease
MOJIEKYJI Kpaxmaja 3TO Ta Bojaa, cBoOomHas sHeprus  in unfrozen water concentration with a rise of
KOTOpPOH HACTOJBKO MOHHMXKEHa aJcopOuuoHHBIMU  biopolymer phase concentration, that is stipulated by
B3aUMOJICHCTBUSIMH C OMOTIONIMMEPHBIMU MOJIeKyiamu,  overlapping hydrate membranes of colloid particles
YTO OHA MOJXKET MEePEHTH B TBepAoe cocTostuue juib  (biopolymer molecules) during suspension concen-
MIPH 3HAYMTENLHOM MOHWXeHUH Temreparypsl [11].  trating [11]. When the “particle-particle” bonds are
Touka neperuba Ha 3aBucumoctsix AG(C,,) (puc. 1,a) formed a certain amount of bound water molecules
COOTBETCTBYET MHHUMAJIBHOMY MOHMKEHUIO cBoOon-  should be removed out interparticle gap. Since a colloid
Ho#i sHeprun ['160ca Bombl, cBsA3aHHOW B MOpomikax  system is equilibrated, the change in system interphase
kpaxmana. CiemoBaTensHO, C yBEIMUYEHHEM A0JH  energy, calculated according to the formulae (2), is
nonuMepHoO# ¢as3pl 3Ta BenuumHa cmemaeTcs B characterized by the energy of interparticle interactions
obnactp Oonpmux 3nHaueHudl AG. M3menenus during suspension concentrating. For starch gel this
sapucumoctent AG(C,,,) st Bosl, afgcopoupoBanHoii  value is equal to difference of interphase energies of
B Kpaxmalie, aHaJIOTHYHBI 3aBUCUMOCTSIM cBoOoaHo#  strongly diluted and maximally concentrated gels.
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sHeprun ['m60ca BOOBl B MUKPOIIOPHUCTHIX aacop-
O0eHTax, rae BeanuuHa AG moHHMXKaeTCA H3-3a
CIWJIBHOTO B3aMMOJEHMCTBHS BOJBI CO CTEHKaMH IOp
[12].

Hns reneit cnpaBa OT BEpTUKAJIbHOTO ydacTKa
(puc. 1, 6) mosiBIIsIeTCA HEOOMBIION yUacTOK c1aboro
n3MeHeHus BeTUInHbl AG, KOTOpPBIH MOXET OBIThH
OTHeceH K ciabocBsazannoil Boze [11]. [locnennsis ve
pEeTUCTPUPYETCSA B CIEKTpax MpHU TeMIepaType
MeHblneld 8°C, 4TO COOTBETCTBYET MOHMKEHHIO
cBobogHol »sHepruum [ub6Oca mnpumepHo Ha
0,5 x/Ixx/mMonb. OcTanbHYI0 4acTh He3aMep3aromei
BOZBI B TESAX Kpaxmaja MOXXKHO CUHTAaTh CHIJIBHO-
CBSI3aHHON. XapaKTEPUCTUKHU Pa3HBIX THUIIOB CBS3aH-
HOMW BOABI U THAPATUPOBAHHBIX IIOPOILIKOB U reliei
KpaxMaia MpHuBeJIeHbI B Ta0m. 1.

Hannusie puc. 1, 6 u Tabn. 1 cBUAETETBECTBYIOT 00
YMEHBIIIEHUH KOHIEHTPAIMN He3aMep3aroliel BOABI
IIpH pOCTE KOHIEHTpALMu OMomonnMepHoi (asel B
CyCHEH3HUH, 4TO 00YyCIOBIEHO MepeKpbIBAaHNEM
THAPATHBIX 000JI0YEK KOJUTOMIHBIX YacTHII (OHUOTIONH-
MEpPHBIX MOJIEKYIT) TIPH KOHLIEHTPHUPOBAHHIH CYCIICH3UH
[8]. ITpu obpa3oBanum cBs3eil ‘“‘yacTuna-yacTuua” U3
MEXUYaCTHYHOTO 3a30pa JOJIKHO YIAIATHCS ONpese-
JIEHHOE KOJMYECTBO MOJIEKYJ] CBSI3aHHOW BOJBI.
[TockonbKy KOJJIOMAHAS CUCTEMa HaXOAUTCS B
paBHOBECHH, TO M3MEHEHHE MEX(Pa3HOH SHEPrUH
CHCTEMBI, PACCYUTAHHOE B COOTBETCTBUH C (POpMYIIOi
(2), xapakTepu3yeT SHePT U MEKIACTUIHBIX B3aUMO-
JIEHCTBUH B IPOLIECCE KOHLIEHTPUPOBAHUS CYCIIEH3UH.
Jnst rens kpaxmalia 3Ta BeJIMYWHA paBHA pa3HUIIE
Mex(azHbIX dHEPTUH CHIBHO pa30aBIEHHOTO U
MaKCHMaJIbHO KOHLIEHTPUPOBAHHOIO resiei. Mexxmo-
JIEKyJsIpHBbIE B3aUMOJACHCTBUS B TeNAX Kpaxmana
cocraBistor 160 JIx/T (cMm. Tabm. 1).

Hns rens, conepxkamero 4,2 mace %
TBepaol (asel Ha 3aBucumocT AG(C,,),
HabmronaeTcs BEPTUKAIBHBIA YYaCTOK,
[IOATOMY MOXXHO TIPEATNOJIO0KHUTH, YTO B

Intermolecular interactions in starch gels make 160 J/g
(see Table 1.).

For gel, containing 4.2% (w/w) of solid phase a
vertical site is observed on AG(C,,) dependency,
therefore we can assume that in aqueous medium the
starch molecules keep the capability to strong
intramolecular interactions. Closely adjacent biopoly-
mer chains or their fragments form microporous system,
filled by strongly-bound water (i.e. a porous structure,
formed by closely adjacent polymer chains) where
molecules of bound water participate as well. That is
the difference of “starch-water” system from aqueous
protein solutions, where no vertical sites of AG(C,,,)
dependency are found [10, 11].

Inclusion of high dispersed silica particles into
starch gels can completely change colloid system state.
Fig. 2 shows the AG(C,, ) dependencies for starch gels
with silica additives and those of interphase energy on
solid phase concentration for all studied systems are
presented in Fig. 3. Characteristics of bound water
layers are summarized in Table 2. As proceeded from
Fig. 1, band Fig. 2, in silica presence in the majority of
AG(C,,) dependencies there are no vertical sites, and
their shape resembles AG(C,,,) dependencies, obtained
for water suspensions of high dispersed oxides or
biomacromolecule solutions [7, 10]. Disappearance of
vertical sites in AG(C,,) dependencies may be
explained by the rupture in silica presence of a great
number of intramolecular bonds in starch molecules
and by formation of biomacromolecule bonds with
HDS surface instead of them.

Phase changes in “starch-water-silica” colloid
system are manifested on dependencies of interphase
energy on solid phase concentration Y (C,,) (Fig. 3).
Of note are the peculiarities of system behavior when

Ta6auua 1. XapaKTepUCTUKU CJI0EB CBA3aHHOM BOJIbI B BOJHBIX
CYCIIEH3HUSX ¥ TUAPATUPOBAHHBIX MOPOIIKAX Kpaxmalia

Table 1. Characteristics of bound water layers in aqueous

suspensions and hydrated starch powders

BOJHOHN cpele MOJIEKYJIbl Kpaxmala
COXPAHAIT CIOCOOHOCTHh K CHIIBHBIM Cpeaa Macc % Yo AK/T AG. c vwr/r | C /e

3 Medium Y.J/g KAK/MOAR C . mg/g C_cmg/g
BHYTPUMOJIEKYJISPHBIM B3aUMOJEHUCT- % (o) s AG,kJ/mol |
BHsM. biiu3ko pacmosokeHHble ONOTONH-
MEpHBIE LEeNHu WIH uX (pparmeHTsl obpa- ! 8 3 B 5%0
3YIOT MUKPOIOPUCTYH) CUCTEMY, 3aIO- Mopotox 65,6 37 3 _ 340
HEHHYIO CHUJIBHOCBSI3aHHOW BOJOH (T.€.
COXpaHseTcs MOPUCTask CTPYKTypa, 00pa- 70,1 43 3 - 300
30BaHHAas OJIM3KO PacIioNOKEHHBIMH TOJIU-

42 194 35 1300 500
MEPHBIMHU LIEMSIMH), B KOTOPBIX BEPOSITHO
Y4acCTBYIOT U MOJIEKYJIbI CBA3aHHOM BOABI. 1 128 325 850 300
B 3TOM COCTOHUT OTIHYHE CHCTEMBI
« » Cycnensus 25,4 85 375 600 150
Kpaxmai-BoJa” OT BOJHBIX PACTBOPOB  Suspension '

OeNKoB, NI KOTOPBIX B pa30aBIEHHBIX 18 166 3 300 100
pacTBOpax BEPTUKAIbHbBIE YHaCTKH 3aBUCH-
moctent AG(C,,,) He Habmomarotces [ 10, 11]. 50 65 3.5 400 50
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Puc. 2. 3aBucumocT cBOOOIHOW 3Heprun ['mOOca OT KOHIEHTPALMK He3aMep3arolell BOABI AJIs rejield Kpaxmaa,
coaepxanux noodasku BJIK. — KOHIIEHTpAIHsI Kpaxmasia B Macc %o.

Fi%.Z. Dependencies of Gibbs free energy in unfrozen water concentration for starch gels, contained HDS additives.

— starch concentration in % (wW/w).

Bxurouenmne B renm Kpaxmana 4acTHI[ BEICOKO-
IUCIIEPCHOTO KpeMHE3eMa MOXET MOJHOCTHIO
M3MEHUTH COCTOSTHUE KOJUTOMTHOM crcTembl. Ha puc. 2
npuBeaeusl 3aBucumoctu AG(C,,) ansg remei
Kpaxmaina, cojepkamux go0aBKH KpemMHe3eMma, Ha
puc. 3 — 3aBUCHMOCTH MexK(]a3HOU dHEPTUU OT
KOHIIEHTpAIMK TBepaoil (a3l i BceX UCCIeno-
BaHHBIX CUCTEM. XapaKTEePUCTUKHU CJIOEB CBSI3aHHOMN
BOZBI MaHbl B Ta0n. 2. I3 manubIX puc. 1, 6 u puc. 2
CleNyeT, YTO B NPUCYTCTBUH KpeMHe3eMa Ha
6onpmunacTBe 3aBucumocteid AG(C,,) BepTu-
KaJIbHBIE YYaCTKH OTCYTCTBYIOT U MO (OpMe OHU
roxoku Ha 3aBucumoctu AG(C,, ), moryqaemMsbie s
BOJIHBIX CYCTIIEH3U BRICOKOAMCIIEPCHBIX OKCHIOB HITH
pacTBopoB Onomakpomoiekyi [7, 10]. McyesnoBenue
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varying concentration ratio of its components. When
starch concentration is lower, than that of silica (see
Fig. 2, a) a sharp increase in concentration of slightly
bound water, which becomes considerably higher, than
in starch gels (see Fig. 1, b) or silica water suspension,
is observed [11]. If starch concentration exceeds silica
concentration, Y,(C,,) dependencies are of unusual
form: y, value augments with an increase in solid phase
concentration, that corresponds to a decrease in bound
water concentration during suspension concentrating.
Such a process is possible only in case of such
rearrangement of colloid particles, when a growth in
interparticle interactions results in appearance of
significant number of new centers of water binding.
Number of water molecules, adsorbed on such centers
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BCPTUKAJIIBHBIX YYA4CTKOB Ha 3aBHCHU-

Tab6amnua 2. XapakTepuCTHKH CJIOEB BOJBI B TeJISIX KpaxMaia

mocTax AG(C,,) MOXHO OOBSCHUTH ¢ no6askamu BJIK
PasprIBOM B IIPUCYTCTBUHM KPEMHE3EMA  Taple 2. Characteristics of water layers in starch gels with HDS additives
3HAYUTENBHOTO YHCIIa BHYTPHMOIIEKY-
%1 OrHouleHne
JUIDHBIX CBA3CH B MOJICKYyJIax KanMaH? Kpaxmaa:Sio, Maké)?:”% Yo AK/T A/Gs' C, . mr/r C, . mr/r
u 00pa3oBaHMEM BMECTO HHUX CBS3EH Starch:SiO C L/ KAK/MOND | o™ /g | € mg/g
i 2 % (;l\a’l;k‘lﬂ) Y579 AG, kJ/mol uw uw
OMOMaKpOMOJIEKYJI C MOBEPXHOCTHIO i
BJK. 8 32 25 400 300
®da30BbIC H3MEHEHUS B KOJIOMIHOM
cUCTeMe “‘Kpaxmall-Boja-KpeMHe3eM” 174 47 2% 0 400
MPOSIBISIOTCS HA 3aBUCHMOCTSIX MEXK- 92
o 206 67 -3 120 600
(ha3HOW PHEPTUH OT KOHIEHTPAIUU
TBepaoi ¢aser Y (C,,) (puc. 3). Crue- 30 71 -3 0 520
JyeT OTMETHTh OCOOCHHOCTH MOBEACHUSI
CUCTEMBI IIPH BapbUPOBAHUU COOTHO- 6 21 =35 350 150
[ICHUS KOHIICHTPAIINi €e KOMITOHEHTOB.
o 1,4:1 8,7 25 —2,75 140 210
[pu MeHbIIel KOHIIEHTPAIH KpaxMaJia,
yeM KpeMmHe3ema (puc. 2), HabIw0- 16 32 —275 280 320
JaeTcs pe3Koe yBelMYeHUe KOHLEHTpa-
nuu cnaboCBA3aHHOW BOJBI, KOTOpas 7 96 —35 800 400
CTaHOBUTCS 3HAYUTEIHHO OOJIbINEH, YeM
11,4 13 61 -35 500 400
B reisix Kpaxmaia (cM. puc. 1, 0) wmu
BOJHOU cycmeH3uu kpeMHeszema [11]. 20,8 60 35 2000 700
Ecnu e KOHIEHTpAIus Kpaxmala
MIPEBBIIIACT KOHLEHTPALUIO KpEMHE3e- 512 103 —32 2500 550
Ma, To 3aBucuMocTH Y(C;)) umeroT 13
9 9,1 80 -32 2000 500
HEOOBIYHBIN BHJ: C yBEITHMYEHHEM KOH-

LHEeHTpaluu TBepaod (a3bl pacTeT
BEJIIMYUHA Y, YTO COOTBETCTBYET YMEHBIICHUIO
KOHIICHTPalM! CBA3aHHOI BOABI MPU KOHLEHTPH-
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Puc. 3. 3aBucumoctu MexdasHoil 3HEpPruuM B cucremMax
“kpaxMman —Bojaa” M “Kpaxmal — BoJa — KpeMHe3eM: ® —
renb; A —nopommok; O — COOTHOLIEHHE kpaxmai:Si0,=9:2;
®-14:1;0-1:1,4;m—1:3.

Fig. 3. Dependencies of interphase energy in “starch-wa-
ter” and “starch-water-silica” systems: : ® — gel; A —pow-
der; O— starch:SiO, ratio=9:2; € —1,4:1; 0—1:1,4;m —1:3.
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should exceed a number of subsiding water due to its
removal out of interparticle space.

Consequently, HDS particles are capable to
strongly affect conformation of starch biopolymer
molecules. At certain stoichiometric ratio in “starch-
water-silica” three-component system the aggregates
with a minimum amount of bound water are formed.
Water interphase energy in such colloids reduces down
to 20 J/g. Basing on Fig. 3 data we can conclude, that
for such particles formation the total concentration of
solid phase (“silica-starch’) should not exceed 10 %
(w/w). During suspension concentrating a reduction
of water concentration in system impairs water
stoichiometry and results in formation of colloid
aggregates of other type, which are characterized by
a large amount of bound water and, consequently, have
higher value of interphase energy.

Dependencies of interphase energy on starch
concentration in systems with different concentration
of solid phase are shown in Fig. 4. The minimum value
Y 1s typical for suspensions, containing about 60%
(w/w) of starch. These suspensions have the maximum
“starch-silica” interaction. Free energy of “starch-
silica” interaction for suspensions with different
concen-trations of solid phase can be determined as
the difference of y, values.
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poBanuu cycrieH3un. [10100HBII TIpoIiecc BOZMOXKEH
TOJIBKO B CJIy4ae TAaKOM NMEepeCTPOMKH KOJJIOMAHBIX
YacTHUI[, KOTJa POCT MEXYaCTHUYHBIX B3aUMO-
JEHUCTBUH MPHUBOAUT K MOABICHHUIO 3HAYUTEIBHOIO
YHCJa HOBBIX IIEHTPOB CBA3BIBAHUS BOJbI. Umcio
MOJIEKYJI BOABI, a7IcCOpOMPOBAHHOM Ha TAKUX LIEHTPAX,
JOJKHO MPEBBIIATh KOIWYECTBO yOBIBAIOIIEH BOIBI
3a CYeT €€ yJaJeHHUsd U3 MEXKYaCTMYHOTO IMPOCTpaH-
CTBa.

CnemoBarenbHo, yacTuibl BJIK crmocoOHbI CHIEHO
BIUATH Ha KOH(OPMAIHIO ONOTIOMMMEPHBIX MOJIEKYIT
kpaxmana. [Ipu onpeneneHHOM CTEXHOMETPHIECKOM
COOTHOILIEHUH B TPEXKOMIIOHEHTHOM CHCTEME “Kpax-
MaJI-BoJa-KpeMHe3eM 00pa3yloTcs arperarsl,
coJiepKallie MUHUMAJIBHOE KOJIMYECTBO CBA3aHHON
BOIbl. Mexda3Has SHeprus BOAbI B TAKUX KOJUIOMIAX
ymensbiiaercs g0 20 Jx/r. Ha ocHOBaHWM MaHHBIX
pHC. 3 MOXXHO 3aKJIIOYHUTh, YTO A1 (POPMHUPOBAHHS
TaKUX YacTHUI] CyMMapHas KOHLIEHTpPaLHs TBEpAOH
(a3l (“kpeMHe3eMtKkpaxman’) He JOJKHA MPEBBI-
mats 10 macc %. IIpu KOHIIEHTPHUPOBAHHUH CyCTIEH3UN
yMEHbIIeHHE KOHLEHTPAIUN BOJBl B CHCTEME
HapyllaeT CTEeXHOMETPHIO BOJBI M MPHUBOAUT K
00pa30BaHMIO KOJUIOMIHBIX arperaroB APyroro TUIIa,
KOTOpbIE XapaKTepu3yIOTCs OOJBIINM KOIHYECTBOM
CBSI3aHHOM BOJIBI M COOTBETCTBEHHO HMEIOT OOJIBIIIYIO
BENNYMHY MEX(a3HON SHEPTHU.

3aBrcUMOCTH MeX(a3HON PHEPTUH OT KOHIIEHTPa-
LMY KpaxMalla B CHCTEMax C pa3HOM KOHLIEHTpauuen
TBepaoH (a3bl NpUBEAEHH Ha puc. 4. MUHUMaNbHAas
BEJIMYHMHA Y, XapaKTepHa [UIs CYCIIEH3HH, COePIKAIIIX
okoio 60 macc % kpaxmana. Takue CyClIeH3UH HMEIOT
MaKCHMaJIbHOE B3aUMOJEUCTBUE “‘KpaxMall-KpeMHe-
3eM”. [lng cycmeH3ud ¢ pa3HOW KOHIEHTpaumuen
TBep0¥ (a3bl CBOOOIHAS SHEPTHS B3aNMOICHCTBHS
“KpaxMai-KpeMHe3eM  MOXET OBITh Ope/esieHa KaK
pa3sHULA BEUYHH Y.

BbiBOADI

Jns BOAHBIX Teieil Kpaxmayna XapaKTepHBI
CUIIbHBIC MEX- U BHYTPUMOJEKYJISPHBIE B3aUMO-
NeWcTBUS OMOMONUMEpPHBIX MoJsiekyd. [lpu sTom
MTOCJIETHAE BO3MOXKHBI IIPU YYACTHH CHITbHOCBSI3aHHOU
BOJIBI B BHJIE BEPTHKAIBHBIX YUYACTKOB 3aBUCUMOCTEH
yMeHblIIIeHHusT ¢cBoOoaHOM 3Heprun Boasl AG(C,,).
BricokonucniepcHBI KpeMHE3eM CHIIBHO BIIHSET Ha
CTPYKTYpy reneit kpaxmana. KoHueHTpaius CBsi3aHHOM
BOJABI B CUCTEME NPH M3MEHEHUHM COOTHOIICHHS
KOHIICHTPAINH KOMITIOHEHTOB MOKET JTUOO pacTH, THO0
yMeHbIIaThCss. ECiau KoHLEHTpaus Kpaxmaja B
TBepaoil (aze cocraBmsger 60 macc %, To HabIIO-
JIaeTcs mepecTpoiika (BEposiTHO, KOAryJsmus)
KOJUIOMTHOW CHCTEMBI, KOTOpas COMPOBOXKIAETCS
PE3KHUM YMEHbIICHUEM KOHIICHTPAIUU CBSI3aHHOU
BoAbl. B pe3ynpraTe 00pa3yloTcs arperartsl ¢
MaKCHMaJbHO JeTUAPATUPOBAHHOW MUHEPAIHLHOU U
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Puc. 4. 3aBucumMocTb MeK(azHOH 3HEPTUH OT IPOLICHTHOTO
coJieprKaHus Kpaxmaia B TBEpAO (paze s reneii kpaxmana
¢ 106aBKaMH KpeMHe3eMa JI0 KOHLIEHTpaluu B Macc %: A —
4;0 —10; O—-15; ® —20.

Fig. 4. Dependencies of interphase energy on percentage
content of starch in solid phase for starch gels with silica
additives with concentrations of (in % (w/w)): A —4; @ —
10, O-15; @ -20.

Conclusions

Strong inter- and intramolecular interactions of
biopolymer molecules are typical for starch water gels.
At the same time the latter is possible with participation
of strongly bound water in the form of vertical sites of
AG (C,,) dependencies. High dispersed silica strongly
affects the starch gel structure. Concentration of bound
water in system when changing ratio of components
concentration may either augment or reduce. If starch
concentration in solid phase makes 60% (w/w), a
rearrangement (probably, coagulation) of colloid
system, accompanied with a sharp decrease in bound
water concentration, is observed. As a result, the
aggregates with maximally dehydrated mineral and
biopolymer components are formed. However, such
aggregate formation is concentration-dependent.
Concentration growth of solid phase is accompanied
with colloid system formation with higher concentration
of bound water.

Similar processes may occur in cell suspensions
with HDS particles. In contact area of nano-particles
with cell surface depending on morphology and size of
particles, as well as structure of polysaccharide sites
of cell walls, a rise or reduction of bound water
concentration are possible.
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