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Effect of pH and water irradiation with the electromagnetic field
on the gelation of gelatin solutions

The rate of gelation was determined from the curve slope of the dependence of the gelatin solution relative
viscosity on time at different pH. It was found that slow gelation of 2 % gelatin solution occurs at T =293 K,
and the degree of fluidity significantly depends on pH. The most stable jellies are formed at the isoelectric
point (pH =4.7). There are significant differences in the physical state of jellies prepared on irradiated water
and control samples. Prepared on unirradiated water jellies are more mobile and retain fluidity at T =293 K
regardless of pH. There is a partial or full melting of the jellies with the increase in temperature at 297 K;
however solid state remains for irradiated systems at pH = 4 and 4.7. It was shown that the viscosity of the ir-
radiated solution and the rate of its increase are higher in comparison with the control samples at all pH val-
ues except pH = 2. The observed phenomenon can be caused by the weakening of the hydration of polymer
macromolecules in the activated water, which facilitates their association and the formation of a structured
system.

Keywords: gelatin, gelation rate, relative viscosity, electromagnetic field, frequency, medium acidity, irradiat-
ed water.

Introduction

Currently a large amount of experimental material has been accumulated, indicating significant changes
in the physical and chemical properties of water [1-3] and aqueous solutions of polymers as a result of expo-
sure to magnetic and electromagnetic fields. Thus, the effect of the electromagnetic field on glutamic acid
solutions was studied by A. Ninno and A.K. Castellano using IR-spectroscopy [4].

It was shown that the solutions with a pH less than the isoelectric point (IEP) demonstrated a shift to-
wards deprotonation of a carboxyl group as a result of field exposure. The deprotonation of residual amino
groups was observed for solutions with pH above the IEP. The same authors studied the effect of weak elec-
tromagnetic fields on the structure of L-glutamine and L-phenylalanine in aqueous solution. It was assumed
that the magnetic field changes the structure of water around hydrophobic molecules and their interaction,
which allows the aggregation of amino acids molecules [5]. The influence of low-intensity extrahigh-
frequency (EHF) radiation (27—-120 GHz) on the processes of structuring of water and aqueous solutions of
amino acids has been studied [6]. The strengthening of the structure of water and upgrading of hydrophobic
interactions near the macromolecules of the polymer as a result of field exposure have been demonstrated.
The effect of microwave electromagnetic radiation on the formation of supermolecular particles in aqueous
solutions of non-hydrolyzed polyacrylamide has been studied in [7]. It was shown that the heating of the
sample contributes to the emergence of large supermolecular particles. The possibility of pulse-discharge
technologies using in the food industry with the aim to develop the hydration of biopolymers and improve
the physical and chemical properties of the products has been discussed in [8].

The idea of relationship between the structure of water and the biological molecules dissolved in it is
based on the methods of high frequency therapy used in the treatment of respiratory and blood circulation.
Structural properties of water, solutions of electrolytes and non-electrolytes and their changes in the electro-
magnetic field have been analyzed in [9, 10]. The boundary of the first structural zone where the order is
based on the original tetrahedral structure of water has been determined. It was shown that the appropriate
concentrations are important for tissue cells, since they control the characteristic changes in the physical and
chemical properties of aqueous systems and the possibility of jel-like structures formation. The effect of a
magnetic field on the sol-gel transition of methylcellulose in water was studied by Wang K. et al. They found
that the influence of the magnetic field reduced the sol-gel transition temperature by 3 °C, showing an effect
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similar to that of salt additives. There is a slight increase in jelly hardness [11]. The influence of a pulsed
magnetic field on the rate of change in the mechanical strength of fibers was shown using examples of a
number of fibrous polymeric materials (viscose, polyacrylonitrile, polyamide, cotton, cellulose wool) [12].
The effect of electromagnetic water treatment on the dyeing of woolen fabrics has been determined [13]. The
action of an external magnetic field on the cis-trans isomerization of polybutadiene rubber has been demon-
strated [14].

Previous studies have shown significant changes in physical and chemical properties of water, caused
by irradiation of water with a low-intensity high-frequency (30-240 MHz) electromagnetic field (EMF) and
subsequent shift in intermolecular interaction [15—-17]. It was shown that the magnitude of the observed
changes in the water surface tension, rate of evaporation and parameters of wetting depends on the EMF fre-
quency and exposure time. It was also found that the degree of expansion of biopolymers such as gelatin,
carboxymethylcellulose (CMC) and its sodium salt change in irradiated water, increasing the viscosity of
these high molecular mass compound solutions [18-20]. The change in the energy of solvatation processes in
activated water can be the reason of the observed phenomena as a result of the strengthening of its
supramolecular organization, which, in turn, determine the viscosity of polymer solutions, the rate and de-
gree of polymer expansion.

The aim of this work was to study the effect of pH and preliminary irradiation of water with an electro-
magnetic field on the rate of gelation of gelatin solutions.

Gelatin is a polydisperse mixture of polypeptides. It is formed from collagen with prolonged alkaline
treatment of cartilage, tendons, bones, dermis with subsequent extraction with water at 50—-100 °C [21].
Gelatin is a very promising matrix material for in vitro cell culture and tissue engineering. When forming a
medical implant of soft tissue gelatin improves the mechanical properties of hydrogels. In the pharmaceutical
industry gelatine is used to manufacture hard and soft capsules, in the production of artificial plasma extend-
ers, in the production of hemostatic agents, the hemostatic dressings.

Experimental

The high frequency generator G3—19A with an output power of 1 W and a range of variation of the fre-
quency from 30 to 200 MHz has been used as the source of the electromagnetic field. A 200 ml capacitive
cell was used to expose water with EM field.

We used deionized water purified by reverse osmosis, specific conductivity of which was 1.2 us/m.
Water samples were exposed with the field frequency of 130 MHz for 3 hours. The choice of EMFs frequen-
cy was due to previously conducted experiments, in which the exposure fields of the given frequency leads
to significant changes in water properties (electrical conductivity, surface tension, heat and rate of evapora-
tion) [15-16]. Time of exposure has been also selected on the basis of previous studies. In this case, the ex-
posure efficiency is controlled by the value of the water specific conductivity, comparing its initial and finite
value. As a result of field exposure, the electrical conductivity increased by 2.7+0.2 times. To prepare gelatin
solutions, we used water kept in hermetically sealed plastic vessels for a week after irradiation. During this
time, no relaxation of the electrical conductivity of water to the initial value was observed.

2 % solutions of powdered food gelatin (GOST 11293-89) have been used for studies. The choice of
the concentration is due to the fact that solutions of this concentration flow, gel slowly (over days) at room
temperature and when the temperature drops to 15 °C gelation proceeds within 1540 min, that allows to
study the kinetics of this process. Solutions of gelatin were prepared in 2 stages. First a portion of gelatin was
placed in 50.0 ml flasks. Then 20 ml of activated or non-activated water at room temperature was added and
left to swell for 30—40 minutes. After that, the mixture was placed in a water bath (60—70 °C) and gelatin was
dissolved with stirring until a clear solution. The resulting solutions were adjusted to the mark with water
and cooled to room temperature. The required pH values were obtained by adding 0.1 M HCI or NaOH to the
water used for the preparation of solutions. The acidity of the medium was controlled using the pH-meter
"Anion 4100" with an accuracy of £ 0.05 pH units. Three series of parallel experiments were carried out.

Determination of kinematic viscosity was carried out using flow-through capillary viscometer VPI-2
with a capillary diameter d = 1,31 mm. The relative viscosity of solutions was calculated by the relative expi-
ration time out of the viscosimeter of the solution of gelatin and water. The rate of gelation was determined
from the slope of the curve of the dependence of the gelatin solution relative viscosity on time at different
pH. The gelation time was determined from the time the solution stopped flowing out of the viscometer. The
study of the kinetics of the solutions gelation process was carried out at a temperature of 288 K (15 °C). The
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required temperature was maintained with a TJ-TB-01 thermostat (temperature measurement accuracy
0.1 °C).

Results and Discussion

As a result of the studies, it was found that slowly (within a day) gelation of 2 % gelatin solution pro-
ceeds at T =293 K, and the degree of their fluidity depends significantly on pH. Flowage or non-flowage of
the obtained systems was estimated by the presence or absence of their outflow from the tube when it was
turned over. The most solid gels are formed in the IEP when pH = 4.7. Noticeable differences in the physical
state of the jellies have been observed in those prepared from the activated water (f = 130 MHz), and control
samples (f=0). Jellies, prepared from the non-activated water were turbid and fluent. They kept the fluidity
regardless pH. The only jelle, obtained at pH = 10 was in non-flowing state. Jellies, prepared from activated
water at all pH values except pH = 2 showed solid properties (Table 1) and were transparent.

Table 1
State of the gelatin jellies at T =293 K and 1 day after preparation
pH 2.0 4.0 4.7 6.0 8.0 10
(S;it%;) Flelly flowing slow-flowing | slow-flowing | slow-flowing flowing non-flowing
State of jelly . . . . . .
(f= 130 MIiz) flowing non-flowing | non-flowing | non-flowing | non-flowing | non-flowing

It is known that the structure is stabilized in jellies, which is appeared in the decrease of their flowage.
After 4 days the non-activated systems became less fluid, and the activated kept a solid state and did not leak
out of the vessels in which they were stored (Table 2).

Table 2
State of gelatin jellies at T =293 K and 4 day after preparation
pH 2.0 4.0 4.7 6.0 8.0 10
(Sftit%)o flelly slow-flowing | slow-flowing | slow-flowing | slow-flowing | slow-flowing | non-flowing
State of jelly . . . . . .
(f= 130 MIiz) flowing non-flowing | non-flowing | non-flowing | non-flowing | non-flowing

Partial or full melting of the jellies occurred with the increase in temperature to 297 K, however, solid
state remained for activated systems at pH = 4 and 4.7 (Table 3).

Table 3
State of gelatin jellies at T =297 K
pH 2.0 4.0 4.7 6.0 8.0 10
(Sfti[%;) Felly flowing flowing slow-flowing flowing flowing flowing
State of jelly . . . . . .
(f= 130 MIiz) flowing non-flowing flowing slow-flowing | slow-flowing | slow-flowing

The kinetics of a 2 % solution of gelatin gelation at T = 288 K has been studied. The obtained jellies
were melted in water bath when heated and then quickly cooled in a thermostat to specified temperature.
Cooling of the gelatin solutions was carried out in the viscometer. The viscosity of solutions was measured
with an interval of 1 min when reaching T = 288 K. It was shown that the viscosity of the activated solutions
and their rate of increase is much higher compared with control samples at all pH values. Only at pH = 2 the
viscosity of the studied and control samples increased with the same rate, and along with this no gelation was
observed within 1 hour. Figure 1 shows the kinetic curves of increase in the relative viscosity of the activated
and non-activated gelatin solutions at pH = 10.
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Relative viscosity

Time, min

1 — non-activated water; 2 — activated water (130 MHz)
Figure 1. Dependence of relative viscosity of 2 % solutions of gelatin on the time at T =288 K and pH = 10

It is known that gelation process runs faster in solutions of proteins of the same concentration, provided
that the protein molecules have no electrical charge and they are less hydrated, i.e. they are in isoelectric
state. Therefore, the rate of gelation depends on the acidity of the medium and best of all occurs at a pH cor-
responding to the isoelectric point (IEP) of the protein [21], which was confirmed by our experiments. Rates
and time of gelation of polymer solutions at different pH values are presented in Table 4.

Table 4
Rate (- d/ndt) and time (t) of gelation of 2 % gelatin solutions at T =288 K
pH 2.0 4.0 47 6.0 8.0 10
E(fii/%t))' 10, min” 11402 | 1.3+£0.3 | 1.640.1 | 1.4+£0.2 | 1.3+03 | 1.2+0.2
E‘fi'l/ ?261&1?;_1 12601 | 18404 | 39:03 | 2.5:04 | 22802 | 22402
E’ffoi)“ ; 4244 1942 243 3642 48+5
E’ffiﬁ 0 MHz) 5843 181 111 1343 182 162

The fluidity of the jelly is determined by the strength of the bond that occurs between the polymer mac-
romolecules during the gelation process. The grid nodes can be caused by the hydrogen bonds, the interac-
tion of electric charges or dipoles and chemical bonds. The strength of the bonds in the jell is small in the
case if this bond is hydrogen or electrostatic (dipole), and its ability to melting and decomposition increases.
Gelatin jellies are good examples of such systems [21]. The macromolecules of proteins comprising gelatin
are positively charged in the acidic medium due to the suppression of dissociation of carboxylic groups and
protonation of amino groups; the force of electrostatic repulsion is high, which prevents the association of
molecules and the formation of a polymer three-dimensional grid in an aqueous medium. Gelling does not
occur in such case. The charge of macromolecules is small (or zero in the IEP at pH = 4.7) in weak acid and
weak-alkaline medium, which leads to weakening of the electrostatic repulsive forces. As a result, the pro-
cess of formation of intermolecular bonds (dipole-dipole and hydrogen) is facilitated and the gelling of gela-
tin solutions occurs. The intensification of the gelling processes in water exposed to EMF may be due to the
weakening of the hydration of ionogenic groups of the polymer due to increase of dipole-dipole interaction
between water molecules. Strengthening the cohesive interaction in the aquatic medium was confirmed in
[16]. The result is a reduction in the degree of dissociation of carboxylic groups and decrease in the total
charge of the macromolecules, which contributes to their association and the formation of a structured sys-
tem. The well-known fact that the addition of salts containing well-hydrated ions (sulfates, citrates) to gelatin
solutions accelerates this process, indicates the influence of the hydration degree of the polymers polar
groups during gelling. The greater the ability of the ion to hydrate, the more active is the dehydration of the
polymer macromolecules in its presence, what facilitates their connection to each other and the formation of
a structured system. Thus, it can be assumed that the effect of EMF on water is similar to the effect of elec-
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trolyte additives. An increase in the viscosity of electromagnetic field solutions in activated water can also be
a consequence of the enhancement of the macromolecules association due to the adhesion of their dehydrated
sections.

Conclusions

The dependence of gelation of 2 % gelatin solution on pH at 293 and 297 K has been determined. It has
been shown that solid systems are formed at pH = 4—6 and 10. Gelling does not occur at pH=2.

Strengthening of the gelatine structuring in water, exposed to the electromagnetic field of 130 MHz fre-
quency was shown, that appears in the formation of solid systems at all pH values except pH=2.

The kinetics of gelation of gelatin solutions according to the changes in relative viscosity during the
time has been studied. The processes acceleration in activated water has been demonstrated.
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N.E. Cracp, C.C. IlaBnoBa

KenaTun epitinainepinin kKarawobina pH nen cyabl
3JIEKTPOMATHUTTIK OpicIieH 6H/Iey/IiH dcepi

Tenbain TY3idy KBUIIaMABIFB OPTaHBIH pH-HBIH op Typii MOHAEPIHAE KETaTHH epITIHIICIHIH CaIBICTHIP-
MaJIbl TYTKBIPJIBIFBIHBIH YaKbITKA TOYSJAUTIK KHUCHIFBI KeibeyimeH aHbIKTamgsl. T =293 K kesinge 2 %
JKETTATHH CpITIHAIIEpiHIH KaTysl Oasyrnaiifbel, ajd onapIblH aKKBIITHIK Aopexkeci pH-ka OaifmanbicTel. ER
6epik xene pH=4,7 uzoanextprik Hykrene Tysineni. CoyneneHmipinreH cyna AaiibIHIaIFaH jKele MeH
Gakpliay YITiIepiHiH (QU3MKANIBIK KaFqalblHIA aWTapibIKTail aiblpMmainbuibikTap Oaiikamansl. CoyneneH-
OereH cyna OalbIHOANFaH jKeJle HEFYpJbIM JKbUDKbIMajbl jkoHe pH-ka kapamactan T =293 K kesinge
aKKBIITHIKTHI cakraiiasl. Temneparypa 297 K neilin keTepiirenze jxeine inriHapa HEMece TOJBIK OalKHIb,
Oipak coyneneHaipinren xyienep ymiH pH =4 sxoHe 4,7 Ke3iHIe KarThl Kyl cakramanpl. bakpuiay
YJITinepiMeH CajbICTHIPFAaHAa COYJICJICHI€H epITIHAUIEPAIH TYTKBIPIBIFEl XKOHE OHBIH ©OCY JKBUIIaMIBIFBI
pH=2-nen OGacka pH Oapnelk MoHAepiHAE >XOFaphl eKeHAIri kepceriinreH. baiikaaraH KyObuIbICTap
COyJIETICHAIPUIreH Cy/arbl IOJMMEpI MaKpOMOJIEKyIaTapIblH TUIPATAUACHIHEIH JICipeyiHe OailaHbICTHI
60JTyBI MYMKiH, OYJI OJIap/BIH aCCONMANUSICHIH XKoHE KYPBUIBIMIBIK JKYHEHIH KIBIITACYBIH )KEHIJIETe .

Kinm co30ep: renb, )enaThH, TeIbAIH TY31Ty KbUIIaMABIFbI, CANBICTHIPMANBI TYTKBIPIIBIK, IEKTPOMArHUTTIK
epic, KUK, OPTaHbIH KIIIKBLIIBIFbI, COYJICICHICH CY.

N.E. Cracs, C.C. IlaBmoBa

Bunsinne pH 1 00pa6oTKku BoAbI 3J1IEKTPOMATHUTHBIM 110J1€M
HA 3aCTy/IHeBaHHE PACTBOPOB KeJATHHA

CkopocCTh TeneoOpa3oBaHus OIPE/eNICHa 110 HAKJIOHY KPHBOW 3aBHCHMOCTH OTHOCHTEIBHOI BS3KOCTH pac-
TBOpA JKeJIaTUHA OT BPEMEHU IIPU pa3Iu4HbIX 3HadeHUsAX pH cpenst. Ycranosneno, uro npu T =293 K npo-
HCXOIUT MEJUICHHOE 3acTyAHEeBaHHe 2 % PacTBOPOB KENAaTHHA, a CTENEHb X TEKY4eCTU CYLIECTBEHHO 3aBHU-
cut ot pH. Hanbonee npounsle ctyann o0pa3yroTcst B M30eKTpudeckoi Touke npu pH = 4,7. Habmonarot-
Csl 3aMETHbIE PA3IMYMsA B (PU3MYECKOM COCTOSHHHU CTyAHEH, IPUTOTOBJICHHBIX HA OOIydeHHOH BOAE, U KOH-
TPOJBHBIX 00pa3uoB. CTyaHH, IPUTOTOBIEHHbBIC HA HEOOIYUeHHOH Boze, OoJiee MOABMXKHEI U COXPAHSIOT Te-
kyudecTs npu T =293 K nezaBucumo ot pH. Ilpu noseimenun temnepatypsl 10 297 K npoucxoaur yactud-
HOE WU TIOJIHOE IIIaBJIeHHUE CTYIHEH, ofHako i oOmydeHHbIX cucteM npu pH =4 u 4,7 tBeprooOpasHoe
cocrostHue coxpansiercs. [loka3aHo, 9TO BI3KOCTH OOJIydEHHBIX PACTBOPOB M CKOPOCTh €€ HapacTaHMS BBIIIE
110 CPaBHEHUIO C KOHTPOJBHBIMU 0OpasnaMu npu Bcex 3HaueHusx pH, kpome pH = 2. Habmonaemsle siBie-
HUSL MOTYT OBITH OOYCIIOBJICHBI OCIabJeHHUEM THApATAllMM MAaKPOMOJIEKYJ IoluMepa B 0OIy4eHHOH Boje,
YTO 00JIETYAET UX ACCOIMAIIMIO U 00pa30BaHUE CTPYKTYPUPOBAHHOM CUCTEMBI.

Kniouesvie cnosa: T'€Jib, )KEJIATUH, CKOPOCTh reneo6pasosaﬂm, OTHOCUTEJIbHAS BA3KOCTb, DJIEKTPOMArHUTHOE
I0JIC, 4aCTOTa, KUCJIOTHOCTb CPE/bI, 06Hy‘I€HHaﬂ BOIaA.
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