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PaccMoTpeHbl KOHCTPYKLUS Nbe30KepaMU4eckoro KaHTUeBepHoro 6uoumna n cnocobbl 06Hapy>KeHuUs
C ero NoMoLL b 6e/1KOBbIX MaKpOMOJIEKY/ AJ1S1 UCMOIb30BAHMUS B MeAULIUHE.

The design of the piezoceramic cantilever biochip and methods for detecting protein
macromolecules for use in medicine are considered.

pHMeHeHHe MeTO0B 30H,0BOM MHUKPOCKOIIMHU

Ayist o6HapyskKeHU S 6HMOTOrUYeCKUX MaKPOMO-

JIeKyJI BJISIeTCSI OTHOCHUTE/IbHO HOBBIM HaIlpaB-
neHueM. PaHee HaMU ObIIM Ipe/CTaB/eHbl CIIO-
cobsl o6HapyskeHuUs BupycoB [1] u THK [2, 3] c momo-
B0 Mbe30KepaMHYeCKHUX JATYUMKOB. B yacTHoO-
CTH, A1 06HapykKeHHsl BUPyCa TPUIINa A IpefJio-
’KeH 610CeHCOp, B KOTOPOM B KadecTBe buocmenudu-
YeCKHX PaCHO3HAMIMIHNX PpeareHTOB HUCIOIb3YITCS
CHaJIoBble KHUC/IOThI, KOTOPBIE CIIOCOOHBI CBSI3bIBATHCS
C reMarTIOTHHUHOM 0007104KHU BUpYyca. [lis obHa-
pyxeHus JJHK MOTyT IpHMeHSAThCS IIbe30KepaMude-
CKHe OMOYMIIBI, HA I0BEPXHOCTH KOTOPhIX KMMOOU-
JIM30BaHbl OJIUTOHYK/IEOTHHbIE 30H/bl H3BECTHOM
[I0C/IeJ0BAaTe/IbHOCTH. IIPUHITUII OIlpefie/IeHU s OCHO-
BaH Ha rUOPU/IM3aLIM U 3THUX 30H/IOB C KOMILIeMeHTap-
HBIMH ¢pparmeHTaMu Mosiekyn JHK 13 aHanusupye-
Moro obpasra.

Ienb maHHOM PaboThl - IpoBepKa aKTHBHOCTHU
aHTHTe/l HA MUKPOa/JbOyMHH /1711 Aa/IbHeHIIek pas-
paboTKM mbe3okepaMHyeckoro 6uoduma, ompese-
JNISII0IeT0 MUKPOaAbOyMUH C UCII0/b30BaHKEM CIle-
UUPUIeCKUX aHTUTeT. MUKPOa1bbyMUHYPUS CUH-
TaeTcsl MpeJBeCTHUKOM 3a60/1eBaHU I BHYTPEHHUX
OpPraHOB, B YaCTHOCTH IT0YeK, MOXKeT CBHUJeTe/IbCT-
BOBaTh O Pa3BUTHH CepAeUYHOH HeJOCTAaTOYHOCTH
Y TIOPa>KeHHUH CoCyno0B. Takum 0b6pa3om, IoKasaTenb
MHKpPOanbbyMHHa B MoUe SBASeTCS BaKHBIM GaKkTo-
poM, oIlpejie/sOIMUM 0bIlee COCTOSIHHE OPraHU3Ma
nanueHTa [4].

st uccimemoBaHMsI MCIIO/Ib30BaIMCh IBA BUIA IThe-
30KepaMUYeCKHUX JUCKOB (prc.1): KpyIJble OGHHOY-
Hble IIbe30KepaMHUYecKHe MIACTUHKUA JHAMeTPOM
16 MM ¥ TonmuHOoM 0,1 MM M CABOEHHBIE JUCKH,
COCTOsIIIKe UX IBYX II1be30KepaMHUUYeCKHUX IIaCTH-
HOK JIMaMeTPoOM 4 MM U TOJNIIHHOM 0,1 MM Kaskaas.
II1acTUHKY JHaMeTpoM 4 MM BBIpe3ajiUCh MeXxa-
HUYEeCKHUM CII0c060M K3 IIACTUH 60JbIIero pas-
Mepa U 3aTeM CKJIeHBAIHCh TAKUM 06pa3om, 4TO6kI
HAIPaBJIeHUS UX MOASIPU3ALUU ObIIH PAa3HBIMHU.
K 3/mexTpoAaM IJIACTHHOK IIPUITIAMBAIMCh COeTUHH-
TeJIbHBIE IIPOBOJA; II0 JiBa IIPOBO/A /I/Is JUCKOB IIep-
BOT'O BUJA U ITI0 TPH [1J151 [UCKOB BTOPOTO BH/IA.

B skcrieprMeHTe MBI HCII0/Ib30Ba/IH I1eCTh JHCKOB
AHuaMeTpoM 16 MM U TPU CABOEHHBIX JHCKa JHaAMe-
TpoM 4 MM. Ha Bce IHCKHU C TIOMOIIBI0 HATBLIUTEIb-
HoM yctaHOBKU Q300T D (Quorum Technologies Ltd.,
BenukobpuTaHusI) 66T HAHECeH CI0M 30JI0Ta TOMIIHU-
Hol 40 HM. Cpasy mocje HaHeCeHHs 30JI0Ta 110 TPH
CABOEHHBIX JUCKA AHAMETPOM 4 MM U OJUHAPHBIX
OUCKa JUAaMeTpOM 16 MM OBIJIM IIOMeIIeHBl B pPac-
TBOP 4-aMHUHOTHOGEHO/IA B 3THJIOBOM CIIUPTe C KOH-
neHTpanued 0,16 r/n (Habop Ne 1), a mOoTOM TPH JUCKA
nuameTpom 16 MM (Habop N2 2) 6bIIM ITOMeIIeHEI
B 3THJIOBBIM CIIMPT Ha HIeCTb AHEHN IPU KOMHATHOMN
TeMIlepaType.

[IpUMeHSIHUCh MBIIIHMHBIE MOHOKJIOHAJIbHBIE
anTtutena ("UMMyHoTex", PoccHs) K CBIBOPOTOY-
HOMY anpbymuny denoseka (H-C15, "Buamexca",
Poccus). Ha Ha6op ouckoB Ne 1 rmocie MOogUPUKALTUU
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[IOBePXHOCTH aMHHOTHO}EHO0JIOM HAaHOCU/IHU aHTH-
Tesna B pactBope EDC (1-3Tui-3-[3-0UMeTHIAaMHHO-
nporui] KapbomUMMHU TUAPOXIOPUIA) 151 KOBaJIeH-
THOT'O CBSI3bIBAHU I KAPOOKCHIIBHOM I'PYIIIIBI KMMYHO-
I7I00YJIMHOB C aMHUHOTPYIIIION Ha IIOBEPXHOCTH HOCH-
Tend. Ha IMCKY AHamMeTpoM 16 MM HaHOCHJIM aHTH-
Tena ¢ EDC B Ko/mnvecTBe 29 MKII ¢ KOHL@HTPALIUIMHU
5, 50 1 100 MKI/MJI, Ha CIBO@HHBIE JHCKHA JHAMETPOM
4 MM - 110 5 MKJI C TaKOH >Xe KOHLIeHTpallHeH, Iocie
Yero Mx OCTaBJISIM Ha 12 1 ripu Temmeparype —4°C.

BTopoit Habop AHCKOB IIOMeIaax Ha 12 4 B pacTBOp
LMCTaMHHa (MepKaIITO3TUIAMUHA) C KOHIIeHTpallken
0,05 M. 3areM Ha Ka>k[bIH [1be30KePAaMUYECKHH JHUCK
HAHOCHJH pacTBop aHTHUTeNl ¢ EDC B 06beMe 29 MK
C KOHILIeHTpaUMuaIMHU 5, 50 1 100 MKI/MJI.

Jlmcku u3 niepBoro Habopa f1rameTpom 16 MM 06bemH-
HUJIH CO BTOPBIM Hab0opoM, II0CIIe Yero feTeKTUPOBAIH
MMMOOHUIIM30BAHHBIE AHTHUTE/IA C UCII0Ab30BAHUEM
KOHBIOTAaTa aHTHTEJI KO3bl IIPOTHUB aHTHUTEeJ MBIIIH,
MeUyeHHBIX [TIePOKCUA30H XpeHa. MHKybaLIHIo ITPOBO-
nunu B 6ypepe PBST (pocoaTHBIH 6ydepHBIN pacTBOp
¢ TBUHOM 20), IIpU AeTeKUHU GepMeHTaTUBHOHN aKTHUB-
HOCTH IePOKCHUA3BI HCII0NB30BAIK CYyOCTpAT TeTpame-
TUnbed3unrHa (TMB).

I1o pesynbTaTaM [IPOBeIeHHOIO M3MepeHHU I MeTOIOM
H®A 65110 II0KA3aHO, YTO /1 MOGUGUKALIMHU I10BEP-
XHOCTH HOCHUTeJIS JIy4Ille UCIIONb30BaTh aMHUHOTHOde-
HOJI, YeM LIUCTAaMUH (pHC.2).

[MapannensHo ¢ UPA IpoBOLUIICS IKCIIEPUMEHT C IIbe-
30KepaMHUYeCKUMHU JUCKAMU JUaMeTpoM 4 MM (Habop
Ne 1). CABOeHHBIE JUCKU C KOHIIeHTpallMel aHTUTeN
50 MKI/MJ IIOMEIIAJIKCh B IPOTOUHYIO CHCTeMY 6Ho-
ceHcopa [5]. [lns u3mepeHus mymoB B PBST-6ydepe

Puc.1. Mbe3okepamuyveckue OUCKU C HAHECEHHbIM CAOeM 30A0-
ma. Caesa — ducku ouamempom 4 mMmm, cnpasa — oucku duame-
mpom 16 mm

Fig.1. Piezoceramic discs with layer of gold. 4 mm disks - on the
left, 16 mm disks - on the right

ompefensiyiach 3aBUCHMOCTb aMIIIUTYAbl Koneba-
HUM IUCKA OT YacTOTHI B 06/1aCTH Pe30HAHCHOIO MHKa.
HM3MepeHU s IIOBTOPS/TMCh C MIHTePBasIoM B 1 . [Tocie 3Toro

he use of probe microscopy

to detect biological macro-

molecules is a relatively new
area. Earlier we presented meth-
ods for detecting viruses [1] and
DNA [2, 3] using piezoceramic
sensors. In particular, to detect
the influenza A virus, a biosen-
sor is proposed in which sialic
acids that are capable of bind-
ing to the hemagglutinin of the
virus envelope are used as bio-
specific recognition reagents.
For the detection of DNA, piezo-
ceramic biochips can be used, on
the surface of which oligonucle-
otide probes of known sequence

are immobilized. The princi-
ple of detection is based on the
hybridization of these probes
with complementary fragments
of DNA molecules from the ana-
lyzed sample.

The aim of this work is to
check the activity of antibod-
ies on microalbumin for further
development of piezoceramic
biochip, which detects microal-
bumin using specific antibod-
ies. Microalbuminuria is con-
sidered a harbinger of diseases
of internal organs, in particu-
lar kidneys, and can indicate
the development of heart failure

and vascular damage. Thus,
the index of microalbumin in
the urine is an important factor
determining the general state of
the patient's body [4].

For the study, two types of
piezoceramic discs were used
(Fig.1): round single piezoc-
eramic plates with a diameter of
16 mm and a thickness of 0.1 mm
and twin discs consisting of two
piezoceramic plates with a diam-
eter of 4 mm and a thickness of
0.1 mm each. Plates with a diam-
eter of 4 mm were cut mechani-
cally from plates of a larger size
and then glued in such a way
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AMUHOTHODEHON

/ 1 MepkanTosTnnammH
Aminothiophenol

Mercaptoethylamine

100 mKr/mn
pg/ml

50 MKr/mn
pg/ml

5 MKr/mn
pg/ml

Puc.2. Pesynabmambl IOA-aHanu3a cneyuguyeckux aHmumen, um-
MOb6UAU308AHHBIX HA NOBEPXHOCMU OUCKO8. HauAyullee ces13bi8a-
Hue npoucxoo0uno Ha NOBepXHOCMU Oucka, MooUGUUUPOBAHHO20
amMuHOMUOGEHOAOM, NpU KOHUeHmMpauuu aHmumen 50 Mmxz2/ma
Fig.2. Results of immunoenzymatic analysis of specific antibodies
immobilized on surface of discs. Best binding occurred on surface
of disk modified with aminothiophenol at antibody concentration
of 50 yg/ml

IJISL KaXK/I0TO M3MePeHHU s BhIUMCISIACh Pe30HAHCHAS
YJaCcToTa MeTO/IOM OITpe/ie/IeH s LieHTPa Macc. I1o JaHHBIM
M3MepeHUI CTPOUJICS IPadUK 3aBUCMOCTU Pe30HaH-
CHOY 4aCTOTBI IIbe30KePaMHYeCKOro 610UHIIa OT BpeMeHH
(HOMepa u3MepeHH I — CKAHUPOBAHUS YacTOTHI) (prC.3).

Ha cnepymomeM 3Tare B 6ydepHEIE pacTBOp ObI1T
n06aB/leH KOHBIOTAT aHTHUTe/ KO3bl IPOTUB aHTUTEN
MBIIIIH, MeUeHHBIH IIe€POKCHIa30H. OTHOIIEHHEe KOHBIO-
rara K 6ydepy coctaBuio 1:4000000. IKCIIepUMEHTHI
IIPOBOJMJIMCH IIPU TeX Ke yC/IoBUAX. Ha puc.4 mpuse-
JleHbl pe3y/IbTaThl )15 [Ibe30KepaMHUYeCKOro JUCKA JHa-
MeTpoM 4 MM C KOHLIeHTpallhek aHTUTesT 50 MKI/MII.

IIpu cpaBHeHUH pe3y/bTaTOB H3MepeHHUI pa3sHbIX
KOHLIEHTPALUM CllelfuPUUeCKUX aHTUTeJI K anbby-
MHUHY (50 B 5 MKI/MJI) BBISIBJIEHO, YTO IIPU CHHKe-
HHUHU KOHLEHTPAIlUH AHTUTEN, UMMOOUIH30BaHHBIX
Ha IIbe30KepaMHYeCKOM JUCKe, YyMeHbIIaeTCs AHUa-
[1a30H M3MeHeHH sl 3HaueHU U Pe30HaHCHOI YacTOTH,
4YTO MOATBEPXKAAeT Pe3y/bTaThl, II0JIyYeHHble MeTO-
nom M®A (puc.2). OTCyTCTBHe pe3yabTaTa IIpHu H36bI-
TOYHOU KOHI@eHTPAlMH CHeUPUIeCKHX aHTUTeI
(100 MKT/MJI), HAaHeCeHHBIX Ha IIbe30KepaMHUUeCKUe
IOUCKH, 0OBSICHSIETCS TeM, UTO Ha IIOBEPXHOCTH 06pa-
3yeTCsl HeCKOJIBKO MOHOCJIOeB, KOTOPbIe CBSI3bIBAIOTCS
OpYT C ApyTroM 3a cBobofHble dparmMeHTHI. F3-3a 3TOr0
no6aB/IeHHBIN B CUCTeMY KOHBIOTAT IIPaKTHYECKHU
He CBA3BIBAETCS C AaHTHUTEJAMH U He BHOCHUT BKJIAJ
B M3MeHeHHe Pe30HAHCHOM YacTOThI. TaKOM >Ke BEIBOJ,
noxaTBepaun U MPA-aHanus.

Takum obpasom, paspaboTaHa MeToAHKa KOBa-
JTeHTHOM MMMOOU/IN3AIUHU ClleluHUUecKUX aHTH-
TeJl Ha IIOBePXHOCTHU IIbe30KepaMHUYeCKUX 6Ho-
YHUIIOB. B manpHeinmeM 6HMOCEHCOPE MOTYT OBITH
HICIIOJIB30BAHBI ISl UAEHTUOUKALIUU MUKPOAIBOY-
MHHa. KoHIleHTpanuss MUKpoansbymMHuHa B mpobe
OymeT ompefnensiTbCa IO CABUIY Pe30HAHCHOM
4acToTHL. Ilo/lydeHHBbIe JaHHBIE CBUJETe/IbCTBYIOT

that their polarization directions
were different. Connecting wires
were soldered to the electrodes of
the plates: two wires for disks of
the first type and three for disks
of the second type.

In the experiment, we used six
disks with a diameter of 16 mm
and three twin discs with a diam-
eter of 4 mm. All the disks were
coated with a 40 nm thick gold
layer using the Q300T D (Quorum
Technologies Ltd., UK) deposi-
tion system. Immediately after
the deposition of gold, three twin
discs with a diameter of 4 mm
and three single 16 mm discs (set
No.1) were placed into a solution
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of 4-aminothiophenol in ethyl
alcohol with a concentration of
0.16 g/1, and then three 16 mm
discs (set No.2) were placed into
ethyl alcohol for six days at room
temperature.

Mouse monoclonal antibod-
ies (Immunotek, Russia) against
human serum albumin (H-C15,
Bialexa, Russia) were used. On
the set of disks No.1, after modi-
fication of the surface with ami-
nothiophenol, antibodies were
applied in a solution of EDC
(1-ethyl-3-[3-dimethylaminopro-
pyll carbodiimide hydrochloride)
for the covalent binding of the car-
boxyl group of immunoglobulins

to the amino group on the carrier
surface. Antibodies with EDC in
an amount of 29 pl with concen-
trations of 5, 50 and 100 pg/ml
were applied to 16 mm discs, and
5 pl of the same concentration
were placed on twin 4 mm discs,
after which they were left for 12
hours at -4°C.

The second set of disks was
placed for 12 hours into a solu-
tion of cysteamine (mercapto-
ethylamine) at a concentration of
0.05 M. Then, a solution of anti-
bodies with EDC in a volume of
29 pl with concentrations of 5,
50 and 100 pg/ml was applied to
each piezoceramic disk.
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Puc.3. KoHmponbHoe usmepeHue omkAauka 6uoceHcopa 8 bypepe PBST. 3a 1000 ¢ cpedHee 3HaYeHUe pe30HAHCHOL 4acmombl cme-

cmuaocb Ha 0,3 Ky,

Fig.3. Benchmark measurement of biosensor response in PBST buffer. For 1000 seconds average value of resonant frequency has

shifted by 0.3 kHz

0 BO3MOXKHOCTH IPUMEHEHHUS IIbe30KepaMuue-
ckoro 6buoceHcopa Ajasi o6HApyskeHHUS OeTKOBBIX
6HOMaKpPOMOJTIEKYII.

CrenyeT 3aMeTHUTD, YTO CYLleCTBEHHOE YBeJIUUeHHe
4yBCTBUTE/IbHOCTH [Ibe30KepaMU4eCKOro KaHTHJIeBep-
HOro 610CeHCOpa MOXKHO OyZleT IOy4YUThb IPU BeIbope
OIITHMAJIbHOM FeOMeTpHUH 61ovHIIa. YMeHbIIeH e reo-
MeTPHYeCKHX Pa3MepoB 6HOYHIIa 0 MUKPOHHBIX pa3-
MepOB II03BOIMT MHOTOKPATHO IIOBBICUTh YYBCTBUTE/Ib
HOCTb MeTofa. TeXHO/IOrM4eCcKH peau3yeMbl ClIe1yIo-
IIMe pasMepsl brounma: gruamMeTp - 50-100 MKM, ToJI-
mHHa — 5-10 MKM.
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16 mm disks from the first
set were combined with a sec-
ond set, after which immobi-
lized antibodies were detected
using a conjugate of goat anti-
bodies against mouse antibodies
marked by horseradish peroxi-
dase. The incubation was carried
out in PBST buffer (phosphate
buffer solution with Tween-20),
the substrate of tetramethyl-
benzidine (TMB) was used to
detect the enzymatic activity of
peroxidase.

Based on the results of the
immunoenzyme analysis, it was
shown that aminothiophenol is
better suited for modifying the

carrier surface than cysteamine
(Fig.2).

In parallel with immunoen-
zyme analysis, an experiment
was performed with 4 mm piezoc-
eramic discs (set No.1). Twin discs
with an antibody concentration
of 50 pg/ml were placed in the
biosensor flow system [5]. To mea-
sure the noise in the PBST buffer,
the dependence of the oscilla-
tion amplitude of the disk on fre-
quency in the region of the reso-
nance peak was determined. The
measurements were repeated at
intervals of 1 second. After that,
for each measurement, the reso-
nant frequency was calculated

by the method of determining
the center of mass. According to
the measurements, a graph of
the resonance frequency of the
piezoceramic biochip was plotted
against time (measurement num-
ber - frequency scan) (Fig.3).

In the next step, a conjugate
of goat antibodies against mouse
antibodies marked with peroxi-
dase was added to the buffer solu-
tion. The ratio of the conjugate
to the buffer was 1:4,000,000.
The experiments were carried
out under the same conditions.
Fig.4 shows the results for a 4 mm
piezoceramic disc with an anti-
body concentration of 50 pg/ml.
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Puc.4. Kpueasi cesi3b18aHUS KOHBHO2AMA AHMUMeA KO3bl NPOMU8 AHMUMeA MbllWU C UMMOBUAU308aHHBIMU AHMUMEAdMU HA Nosep-
XHocmu 6uoyuna. Mee3okepamuyeckuli duck (N0dAOXKKA 30A0MO + amuHomuodeHoA + aHmumena H-C15 K aAbbymMuHy) nomelueH 8
npomouHyto aueliky (MomeHm apemeHu — 50 c). B o6sem 6ydepa PBST 0,75 ma dobasneHo 0,25 MA KOHB02ama ¢ 6ypepom ¢ COOMHo-
weHuem 1:1000000. 3a 1000 c cosuz no yacmome cocmasua 0,8 Ky,
Fig.4. Binding curve of conjugate of goat antibodies against mouse antibodies with immobilized antibodies on biochip surface. Piezoceramic
disk (substrate of gold + aminothiophenol + H-C15 antibodies to albumin) was placed into flow cell (time point of 50 sec.). 0.25 ml of conju-
gate with buffer (ratio of 1:1,000,000) was added to 0.75 ml of PBST buffer. For 1000 seconds, the frequency shift was 0.8 kHz
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Comparing the results of mea-
surements of different concen-
trations of specific antibodies to
albumin (50 pg/ml and 5 pg/ml) it
was found that when the concen-
tration of antibodies immobilized
on a piezoceramic disk decreases,
the range of the resonance fre-
quency changes decreases, which
confirms the results obtained by
immunoenzyme analysis (Fig.2).
The lack of result at excess con-
centration of specific antibodies
(100 pg/ml) deposited on piezo-
ceramic discs is explained by
the fact that several monolay-
ers are formed on the surface,
which bind to each other by free
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fragments. Because of this, the
conjugate added to the system
practically does not bind to the
antibodies and does not contrib-
ute to the change in the resonant
frequency. The same conclusion
was confirmed by the immuno-
enzyme analysis.

Thus, a technique has been
developed for the covalent immo-
bilization of specific antibod-
ies on the surface of piezoc-
eramic biochips. In the future,
biosensors can be used to iden-
tify microalbumin. The con-
centration of microalbumin in
the sample will be determined
by the shift of the resonant

frequency. The obtained data
testify to the possibility of
applying a piezoceramic biosen-
sor for the detection of protein
biomacromolecules.

It should be noted that a signif-
icant increase in the sensitivity of
the piezoceramic cantilever bio-
sensor can be obtained by choos-
ing the optimal geometry of the
biochip. Reducing the geomet-
ric dimensions of the biochip to
micron sizes will greatly improve
the sensitivity of the method. The
following dimensions of the bio-
chip are technologically feasi-
ble: diameter of 50-100 microns,
thickness of 5-10 microns. [



