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DEVELOPMENT OF A BIOSENSOR OF UREA
WITH THE APPLICATION OF POLYMER TECHNOLOGIES
FOR BLOOD AND URINE ANALYSIS

Abstract. Based on polymeric nanotechnologies, enzyme sensors and microreactors have been developedin the
way, that they can determine urea in liquids. The technology of manufacturing an enzymatic biosensor does not
differ significantly from the known technology of manufacturing microcapsules with an enzyme by the laer-by-laer
method. This allows us, when constructing a biosensor, to use the information obtained on encapsulated enzymes by
other authors. It is shown that urea biosensor is able to work for a long time (up to 2 months) without significant loss
of enzyme activity. Polymer technology for manufacturing sensors is less laborious and expensive compared to other
similar technologies. We propose to develop biosensor devices — urea analyzers with polymer enzyme chips for
express diagnostics of biological fluids (blood, urine). One of the significant results of this work from our point of
view is two factors. The first factor is the optimization of the conditions for the production of a functionally active
enzyme immobilized in a polyelectrolyte coating, when the enzyme after the immobilization procedure shows an
activity comparable to that of a freshly prepared free enzyme. Such a result will allow reducing the cost of enzymes
when creating a sensitive layer of the developed urea analyzer. And the second factor is that the polymer coating
with the enzyme is able to work not only as an enzyme electrode, but also as an enzyme microreactor, without de-
creasing the rate of signal registration after passing the catalytic urease-urea reaction.

Keywords: enzyme biosensors, polymeric nanomaterial, portable analyzer, microreactor, microcapsules, urea.

Introduction. The volume of laboratory research worldwide is steadily increasing and reaches 45
billion analyzes per year, and in industrialized countries the number of analyzes per person reaches 40-60
per year. Universal biochemical analyzers analyze any biological fluids (substrates, enzymes, lipids,
drugs, hormones, proteins, electrolytes, drugs). They are produced by about 60 companies, the main pro-
ducers are Abbott (USA), ABCI (Austria), Koné (Finland), Nova (USA), Corning (England), Beckmann
(USA), "Radiometer" (Denmark). Ready-made sets of reagents are in great demand. Their market is about
27 billion dollars in the world market of laboratory instruments in 6 billion dollars.

Spectroscopic analyzers are used for biochemical studies (determination of organic and inorganic
chemicals, such as potassium, sodium, calcium, magnesium, lithium, chlorine, substrates, metabolites,
enzymes of biochemical processes in blood and other human biological fluids). Universal biochemical
analyzers with the help of which an analysis of any biological fluids for the content of various compo-
nents are recognized as promising. However, at the present time there are no portable devices of this class.
The development of portable devices for the analysis of biological fluids is an urgent task of modern
medical diagnostics. Of particular interest among portable analyzers of various substances undoubtedly
represent analyzers based on biosensors. Any biosensor consists of two functional elements: a biosensor
containing a bioselective material, and a physical converter that transforms any generated signal (ion
concentration, mass, color, etc.) into an electrical signal. In the role of biosecting material are all types of
biological structures - enzymes, antibodies, receptors, nucleic acids and even living cells. In biosensors
are used a variety of physical converters: amperometric, conductometric, optical, luminescent, fluorescent,
acoustic, gravitational, etc.

— 5 —
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The development of biosensors is an extremely time-consuming process. The most important stage in
the development of enzyme sensors is proper immobilization of enzymes on solid supports (substrates).
We have developed a method for immobilizing enzymes using polymer technologies, in which the
immobilized enzyme is in a functionally active state [1-3]. Immobilization of enzymes was carried out in
a biosensor sensitive coating, which is a combination of nanometer polyelectrolyte layers and micro-
encapsulated enzymes placed between these layers (figure 1).

— o
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= 1 - polyelectrolite layers
F— 2 - polvelectrolite capsules
3 - molecule enzyme
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A B C

Figure 1 — Enzyme electrode with sensitive biosensor coating:
A —is a glass pH electrode with a sensitive coating containing the enzyme urease;
B — image of a polyelectrolyte coating with microcells in a light microscope;
C —is a schematic representation of a sensitive coating with an enzyme

As it was shown in these works, enzymes in microcells of a polymeric material are reliably protected
from aggressive influences of environment (microbes, proteases, etc.); able to detect substrates for a long
time (up to 3 weeks in storage at room temperature). This work continues to improve the characteristics of
the developed urea biosensor.

Materials and methods. For the production of enzymatic biosensors and enzyme micro-reactors,
lyophilized urease (EC 3.5.1.5) was used from the Canavalia ensiformis beans of Sigma and Fluka, an
urease solution from the Urea KT(200) kit, (Deacon-DS) with an activity of 253000 U/l., Urea extra clean
(Reachim), MES buffers (Sigma), Tris-HCl (Sigma). Salts of CaCl,, Na,COs;, NaCl and KCI had a
gradation of chemically pure or pure for analysis. Ethylene glycoltetraacetic (EGTA) and ethylenedia-
minetetraacetic (EDTA) acid (both Sigma-Aldrich, USA). To form films and shells of microcapsules,
domain enzymes, polyelectrolytes were used: polyethyleneimine (PEI) weight 600000-1000000,
polystyrene sulfonate (PSS), polyallylamine hydrochloride (PAAH), (all - Aldrich) with a mass of
60000-70000. The test substances were used as solutions in 0.33 M NaCl. All salt solutions were prepared
on deionized water obtained by purifying distilled water with Arium 611-UF (Sartorius). The conductivity
of the water was 1 pS/cm.

The following instruments were used in the work: spectrophotometer Bekman UV/Vis DU 520
(USA), Nikon eclipse E200 microscope, 4-channel potentio-microamperometric analog-digital amplifier
"Record-4usb" with computer connection (development of IBK RAS), pH- meter Bekkman F 690 pH /
Temp/mV/ISE Meter (USA), Axiovert 200 microscope, photometer (model 680 BIO-RAD, USA), Vortex
(shaking and mixing device), ultrasonic bath, magnetic stirrer, table centrifuge, semi-automatic micro-
pipette for 2-20 ul, 20-200 ul, 200-1000 pl, 5000 pl, chamber Goryaev.

Preparation of enzyme-containing calcium carbonate crustal particles. Composive microspherolites
CaCOs— protein were used as core microparticles for the preparation of polyelectrolyte capsules.

CaCO; microspherolites were obtained by the ion exchange reaction when mixing solutions of
calcium chloride and carbonate in the presence of protein (enzyme) — by biomineralization [4-7].

Preparation of enzyme-containing polyelectrolyte microcapsules. Polyelectrolyte microcapsules with
urease were produced by the method of alternate layer-by-layer adsorption with the application of
polystyrene sulfonate (PSS) and polyallylamine hydrochloride (PAAH) molecules to composite calcium-
carbonate spherulites containing urease as described in [4-6, §].
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Alternate layering of oppositely charged macromolecules of polyelectrolytes on colloidal particles
was carried out three to five times, obtaining three/five shells with the architecture of
PAAH/(PSS/PAAH), and PSS/(PAGE/PSS), where n=1.2. The procedure for the formation of micro-
capsules was carried out at room temperature (15-25°C). Microcapsule size and sphericity of calcium
carbonate particles were monitored with a Nikon eclipse E200 light microscope. The removal of calcium
carbonate particles from the microcapsules was carried out while maintaining the solution with
microcapsules in dialysis bags for 3 hours to 12-15 hours in 25 mM EGTA or EDTA at a temperature of
4°C or 20°C with basic alkalinization (pH 7.2-7.5). The number of capsules in the solution was counted
using a cameraGoryaev.

Potentiometric method for determination of urea concentration with a standard pH electrode. Using
the technique described in [1, 2], a potentiometric polymer biosensor of urea was prepared on the basis of
a modified glass pH electrode (figure 1A). Measurements of the hydrogen ion concentration in the test
solution were carried out using a four-channel ADC — "Record 4usb". The solution was stirred with a
magnetic stirrer and maintained at 25 = 1 °C with a U-1 thermostat (Germany). Then, the enzyme prepa-
ration was added thereto in the required quantities or a modified pH electrode was introduced. The
alkaline pH shift recorded (in mV) was saturated for 20-30 seconds.

Results and discussion. For the first time, the possibility of measuring the urea concentration by a
modified glass pH electrode on which an ultrathin sensitive polymer coating with urease was deposited
was demonstrated by us in [1, 2]. The following properties of the polymer coating provided this possi-
bility: good permeability of polyelectrolyte multilayers for the substrate (urea) and its decomposition
products by urease; impermeability of these layers for the enzyme; preservation of the enzyme in the cells
of the coating, high activity for a sufficiently long time; as well as significant alkalization of the medium
during the decomposition of urea to carbon dioxide and ammonia. Improving the characteristics and
properties of the polymer sensitive coating of the urea sensor is associated with an increase in the initial
activity of the immobilized enzyme, an increase in the duration of the sensor operation, and the ability to
measure urea in biological fluids. As was shown in [9], we managed to achieve a sufficiently high activity
of the immobilized enzyme, which amounted to 40-50% of the activity of the free freshly prepared
enzyme.

In this paper, data are presented on the continuation of studies related to an increase in the initial
activity of the urease sensor. Figure 2 shows the data on the dependence of the response of the glass pH
electrode on urea concentration in the measuring cell for the free (line 1) and encapsulated (line 2)
enzyme.

It can be seen from the figure that the activity of the encapsulated enzyme is comparable to the
activity of a free freshly prepared enzyme and was about 75% of its activity. In the encapsulation process,
the enzymes are partially damaged, and in the first studies on capsules with the enzyme, a high initial

-
g 8,0 -
S _'T
<] /
v 6,0 -
g papy
% 4.0 //.
c j .4
E 2,0 /E/
0 -4 -3 =2 -1
0 10 10 10 10

Urea concentrate, M

Figure 2 — Dependence of the response of the glass pH electrode on the urea concentration
(0.5 ng enzyme concentration was determined by the Bradford method): 1 - free enzyme (urease);
2 - encapsulated enzyme contained in microcapsules with the architecture of the PSS-PAAG-PSS envelope.

Study medium: 1 mM Tris-HCI, 1 mM MES, 100 mM NacCl, initial pH 5.3.
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activity of the encapsulated enzyme was not achieved. Usually, the activity of encapsulated enzymes
decreased by a factor of 6-7 [1, 6, 10-15]. Close results to our experimental data presented in this study on
encapsulated urease were obtained in [16-19]. Authors, using the enzyme dextranase, obtained encap-
sulated enzymes with a catalytic activity equal to 80% of the activity of the free enzyme (the capsules
were formed from calcium alginate with the inclusion of silica).

Since unmodified glass pH electrodes were used for measurements in cells with a free and en-
capsulated enzyme, we tried to compare pH measurements during the passage of the urease-urea catalytic
reaction using a modified by our method an electrode and an unmodified electrode that were simul-
taneously placed in a measuring cell. In this case, the decomposition reaction of urea passed in the
biosensitive layer of the modified electrode (figure 3).

T N e M s M
0,14 - 10 pM 20 pM 50 pM _ 100 LM _

L. TS SR .rea . |.amea
0,13 v | 1;rega . N - l i lj; _ urea
0,12 : f - :
0,1 i

h‘

0,10
0,09
0,08
0,07
0,08
0,05
0,04
0,03
0,02

Figure 3 — Diagram of the experiment for measuring urea concentration with unmodified (upper curve)
and modified pH electrodes.
A sensitive coating with urease is deposited on the ball of the lower electrode. Microcells of sensitive coating with the
architecture of the shell of PAAG-PSS-PAAG.
Study medium: 1 mM MES, 100 mM NaCl, initial pH 6.0

Since unmodified glass pH electrodes were used for measurements in cells with a free and encap-
sulated enzyme, we tried to compare pH measurements during the passage of the urease-urea catalytic
reaction using a modified by our method an electrode and an unmodified electrode that were simul-
taneously placed in a measuring cell. In this case, the decomposition reaction of urea passed in the
biosensitive layer of the modified electrode (figure 3).

It can be seen from the experimental diagram that the response time after the catalytic reaction of the
enzyme-substrate with the help of the modified and unmodified electrodes is practically the same. This is
due to the fact that the substrate — urea and the decay products of the urease-urea catalytic reaction —
carbon dioxide and ammonia easily penetrate through the nanometer polyelectrolyte shell that separates
urease from the external solution. Such experimental results allowed us to create not only enzyme
electrodes, but also enzyme microreactors (when the recording electrode is separated from the sensitive
layer).

As a microreactor, plastic and glass cuvettes with a polyelectrolyte coating were applied, the same as
for a ball of a modified pH electrode. This coating, which is a multilayer film, between layers of which
was a layer of polyelectrolyte capsules with a diameter of about 2-5 microns filled with urease molecules,
was applied to one of the walls of the cuvette. The presence of several, not less than five polyelectrolyte
layers separating enzymes from the external environment, prevented the latter from inactivation, for
example, by foreign enzymes or microbes. One of the features of the coating was that the total thickness
of the polymer layers was less than 2% of the inner cell diameter in it.

Figure 4 presents data on the catalytic activity of the urease microreactor.
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Figure 4 — Dependence of the response of the glass pH electrode on urea concentration
(enzyme concentration 3 pug was determined by the Bradford method):
1 - free enzyme (urease); 2 - enzyme immobilized on the lateral surface of the spectrophotometric cell and contained
in the microcells of the sensitive coating with the architecture of the PAAG- (PSS-PAGE) 2 shell.

Study medium: 1 mM MES, 100 mM NacCl, initial pH 6.0

Thus, it has been shown that by potentiometric method using a new type of polymeric urease sensor
on a glass pH electrode it is possible to measure urea concentrations ranging from 10-20 uM. The upper
limit of the measurement depends on the concentration of urease placed in the polyelectrolyte coating and
on the properties of the electrode. We were able to measure more than 100 mM urea. In fact, when deve-
loping a urea sensor for medical diagnosis, it is not necessary to measure such high urea concentrations,
since the normal urea content in the human blood is between 1.8 and 7.5 mM, depending on the age.

Studies of the stability of a new type of urea sensor showed that when stored in distilled water at a
temperature of 4 °C, the sensor is capable of operating for up to 2 months. At the same time, the decrease
in activity of immobilized urease is initially 40-50%. The stability of the sensor over time can, among
other things, be due to the stability of the polyelectrolyte shells that protect the enzymes from the external
environment in the microcells of the coating. Perhaps in this case, the size of the microcapsules, as well as
the number of polyelectrolyte layers forming the microcapsule shell, will be important for increasing the
stability of the polyelectrolyte coating.We carried out preliminary studies of the strength of 10 um
microcapsules containing a calcium-carbonate core with the help of a NanoScan-4D nanodidomer [20].
It was shown that the destruction of a single microcapsule occurred when it was compressed by 1.1 um
and a load value of 25 mN. Investigation of the strength of microcapsules with a remote calcium carbo-
nate nucleus depending on the size of microcapsules and the number of layers of capsule shell polyelec-
trolytes is of interest for improving the stability of microcapsules and a new polyelectrolyte coating.

The necessary component of research in the development of biosensors is testing on biological fluids.
Investigations of the urease polymer sensor for the determination of urea in biological fluids were
conducted using urine and blood as an example. These experiments are presented in [9], from which it
follows that if the accuracy of measuring by our method the concentration of urea in daily urine diluted
100 times approaches the error obtained during dilution of urine, then a different picture is observed when
measuring urea in serum. Blood in different people has its own pH and buffer capacity, so when mea-
suring urea in blood serum, we tested the "double additives" method, which increased the accuracy of
measurements to 5%.

The sensitivity of the urease sensor can be significantly increased by using pH-sensitive field effect
transistors (figure 5).

As can be seen from the figure, the field effect transistor has increased the sensitivity of the sensor by
more than an order of magnitude. The enzyme consumption during the creation of a sensitive field-
transistor coating was 20 ul from the 3 ml set (see Materials and Methods). This amount of enzyme is
used for one or two measurements in enzyme analysis by the usual spectral method in polyclinics.

— 9 —
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Figure 5 — Comparison of the response of the pH-sensitive field-effect transistor
and the glass pH electrode to the urea concentration.
The sensitive coating is applied to the glass electrode ball and to the surface of the recording element of the transistor.
Study medium: 2 mM Tris-HCI, 200 mM NacCl, initial pH 7.8

Conclusion. The urea biosensor manufactured with the help of polymer technologies and repre-
senting a combination of polyelectrolyte layers and microcapsules with an enzyme inside and a shell of
the same polyelectrolytes, as shown by the experimental data, is perfectly suitable for determining the
urea concentration in blood and urine. The technology of manufacturing an enzymatic biosensor does not
differ significantly from the known technology of manufacturing microcapsules with an enzyme by the
laer-by-laer method [4-6]. This allows us, when constructing a biosensor, to use the information obtained
on encapsulated enzymes by other authors. In this case, the urea biosensor is able to work for a long time
(up to 2 months) without significant loss of enzyme activity. One of the significant results of this work
from our point of view is two factors. The first factor is the optimization of the conditions for the pro-
duction of a functionally active enzyme immobilized in a polyelectrolyte coating, when the enzyme after
the immobilization procedure shows an activity comparable to that of a freshly prepared free enzyme.
Such a result will allow reducing the cost of enzymes when creating a sensitive layer of the developed
urea analyzer. And the second factor is that the polymer coating with the enzyme is able to work not only
as an enzyme electrode, but also as an enzyme microreactor, without decreasing the rate of signal regis-
tration after passing the catalytic urease-urea reaction. This is due to the fact that the layers of poly-
electrolytes separating the enzyme from the external analyte solution have a nanometer thickness and are
easily permeable to urea and decomposition products of the urease-urea catalytic reaction. Separation of
the sensitive sensor from the recording electrode provides many opportunities for designers of urea
analyzers based on a polymer ultrathin coating.
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C. K. U6aaynaesa’, M. I'. ®omkuna’, H. O. Annasos’, JI. O. Kycynoa'

'"KopksIT ATa athiHaars! Kpi3bLiopa MemekeTTik yausepeureri, Koisbiiopa, Kasakcran,
? Peceit FoutbiM AkageMusichIHbIH TeOPHSITBIK XKOHe TOKipuberik Guodmsnuka nucTHTYTHI, [ymmHo, Peceit

KAH )XOHE HECEITI TAJJIAY YIITH TOJIMMEPJI TEXHOJOTUSIJIAPABI AU JAJIAHY
APKbLJIBI MOYEBUHA BUOJATYUI'TH ’KACAY

Annotanusi. [lomvMepii HaHOTEXHOJOTHWSUIAP HETi3iHIE CYHBIKTHIKTap/a MOYCBMHAHbI AHBIKTAH ajaThiH
(hepMeHTTI TipKeyimTep MEH MUKpopeakTopuap xacauapl. GepMeHTTI TIpKEeYIIIT] jkacay TeXHOJIOruscHl laer-by-laer
omiciMeH (epMEHTTI MUKpOKAICyIajiap >kKacayIblH OeNriTi TeXHOIOTHACHIHAH aUTapNbIKTail epekmeneHoenai. by
Oi3re Oacka aBTOpIIapMEH WHKAICYISIIUSsUIAHFaH (PepMEHTTEpCH allbIHFaH MATIMETTepiH OMOTIpKeyil xKacayaa ak-
napar periHjie MyMKiHIIK Oepe/i. MoueBrHa OMOCEHCOPBI Y3aK YakbIT 001ibl hepMEHTTIH OeNCEHAUTINH aiiTapIibIK-
Tail JKOFajiTHai y3aK yakeIT Ooiibl (2 aiifa JeiliH) )KYMBIC acail anaThlHIBIFbI TaObUIAbL. [loJguMepi TeXHOIOTusl
backa [1a yKcac 9icTepre KaparaHaa )KeHLT )KoHe ap3aH 00JIbI TaObu1aabl. BHOIOTHSUIBIK CYHBIKTApabl (KaH, HECeI)
9KCIIPECC aHbIKTay YIIIH monumepiti GpepMeHTT ynmi 6ap MOYeBHHA aHAIM3aTOPbI YChIHBUIAABL. byl skymbicta 0i3-
JIH OWBIMBI3LIaaUTAPIIBIKTAH €Ki apTHIKWIBUIBIK (akTopbl Oap. BipiHmi ¢akTtop — MOIMANEKTPOIMUTTI KaObIHFA
HMMOOMITH3AIMsUIaHFAH (QYHKIIHOHAIIBI-0eCceH Il (GepMEHT ay JKaFqaiblH OHTAWITAHIBIPY, MYHIA IMMOOMIH3AIINS
opeKeTiHeH KeHiH (hepMeHT kaHa JasipianraH 6oc gepMeHTTIH OesceHinirine ykcac OesceHinik kepcereai. MyH-
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Jlaif HOTH)KE MOYEBHMHA aHAJIM3aTOPhI KOH/BIPFBICHIH jKacayia ce3iMTan KabaTThl JAaiibiHnayaa GpepMeHTTepre Kere-
TiH IIBIFBIHIAPABR ap3aHnaTansl. Exinmn ¢akrop, depmenTi 6ap moimmMepii xaObH GEpMEHTTI dJEKTPOI PETiHIe
FaHa MYMBIC JKacall KoiMail, ypeaza-MOUYeBHHA KATATUTUKAIBIK PEAKIMACHl OTKCHHEH KEHiH TipKey *KbUILIaM/IbIFbIH
TOMEHICTIIEH (PePMEHTTI MUKPOPEAKTOP PETIH/E A€ IiC aTKapaibl.

Tyiiin ce3nep: dhepMeHTTI OHOCEHCOPIIAp, TOJUMEPITI HaHOMAaTEepHaJl, IIOPTATHBTI aHATU3ATOP, MUKPOPEAKTOP,
MHKpOKAIICyanap, MOUYeBHHa.

C. K. U6anymnaesa', M. I'. ®omkuna’, H. O. Annasos’, JI. A. Kycynosa'

'KbI3BbLIOpAMHCKHIT FOCY 1apCTBEHHBIH yHIBepeuTeT uM. KopkbiT Ata, Kei3sutopaa, Kaszaxcran,
*MHCTHTYT TEOpEeTHYECKOH 1 IKCIIEPUMEHTAIbHOI Grodusuku Poccuiickoii Akagemun Hayk, [Tymuno, Poccus

PA3PABOTKA BUOJATUMKA MOYEBUHBI C IPUMEHEHUEM INOJIMMEPHBIX TEXHOJIOT U
JJIsA AHAJIM30B KPOBU 1 MOYH

AnHoTanus. Ha ocHOBe MmoiMMepHBIX HAaHOTEXHOJIOTHH CO3JaHbl (PEepMEHTHBIC AATUYUKH M MUKPOPEAKTOPHI,
CIIOCOOHBIE OIPENeNsATh MOUYEBHHY B JKUAKOCTSX. TEXHOJOTHS M3rOTOBIEHHS (PEPMEHTHOTro OMOIATYHKa CYLIecT-
BEHHO HE OTJIMYACTCS OT M3BECTHON TEXHOJIOTHH M3TOTOBJICHHS MHKpPOKAINCyJ ¢ (hepMeHTOM MeTooM laer-by-laer.
OTO MO3BOJISIET HaM NPU KOHCTPYHUPOBAHUM OMOAATUMKA IOJIB30BATHCS MH(pOPMAIMEH, IT0JIy4eHHON Ha MHKAICY-
JIMPOBAHHBIX (pepMEHTax APYrMMH aBTopami. [lokazaHo, 4To OMOCEHCOP MOYEBHHEI CIOCOOEH paboTaTh B TCUCHHUE
JUINTEIBHOTO BpeMeHH (110 2 MecsiieB) Oe3 3HaYUTEeNILHOM 1oTepu akTHBHOCTH (hepMmeHTa. [ToaumepHas TeXHOIOTUs
M3rOTOBJICHHS JATYNKOB MEHEE TPYJIOEMKasi U JJOPOTOCTOSIIAS 10 CPAaBHEHHIO C JPYTMMH aHAJIOTUYHBIMH TEXHOJIO-
rusmu. [Ipenmararorcst Kk pa3paboTke OMOCEHCOPHBIE MPUOOPH — aHANM3AaTOPHl MOYEBUHBI C TTONUMEPHBIMA (ep-
MEHTHBIMH YHUIIAMH JUIS SKCIPECcC-ANarHOCTUKN OMOJIOTHIECKUX JKUIKOCTeH (KpoBb, Moua). OXHUM M3 CYIECTBEH-
HBIX PE3YJIbTATOB HACTOAMIEH padOTHI C HaIleW TOYKH 3peHHs SBILTIOTCS ABa (akrtopa. [lepBrri ¢axTop — 3TO
ONITHMHM3AIMA YCIOBUIl MONMy4eHUs (YHKIHMOHAIBHO-aKTUBHOTO (pepMEeHTa, MMMOOMIN30BAHHOTO B MOJMAIEKTPO-
JHUTHOE MOKPBITHE, KOrAa (hepMeHT mocie MpoLeaypbl HIMMOOHIM3AIMY II0Ka3bIBAET aKTUBHOCTD CPAaBHUMYIO C aK-
THUBHOCTBIO CBEXEHPUTOTOBICHHOTO CBOOOAHOTO (epMeHTa. Takol pe3ynbTaT MO3BOJIUT YACIIEBUTH Pacxoibl Ha
(epMEHTBI NP CO3[aHUM YyBCTBUTEIBHOTO CIIOsl pa3zpadaThiBaeMoro npubopa-aHain3aTopa MOYeBHHBL. 1 BTOpOI
(hakTop, 3TO TO, YTO MOJUMEPHOE MOKPHITHE C (HEPMEHTOM CIIOCOOHO PabOTaTh HE TOJILKO KaK (DePMEHTHBINH JICKT-
POA, HO M Kak (pepMEeHTHBI MUKPOPEAKTOp, IPH 3TOM HE YMEHbIIAs CKOPOCTh PETHCTPAllMU CHI'HAaIa MOCIe Mpo-
XOXKJICHUS KaTATUTHYECKON peakny ypea3a-MO4eBHHA.

KitroueBble ciioBa: GpepMeHTHBIE OMOCEHCOPHI, ITOJMMEPHBIH HaHOMAaTEpHall, IOPTATUBHBII aHAIN3ATOP, MUK-
POpEeaKTop, MUKPOKAIICYJIbl, MOYEBHHA.
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