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Mpoponxas pacckas O KaHTUAeBepHbiXx 6uMoceHcopax, BO BTOpPOM 4YacTu CTaTbw
(Hauvano cm. "HaHouHpaycTpua”, 2016, N2 4(66), c. 26—-35) pacCMOTpeHbl BApMaHTbl UHTErpauumn
KaHTU/IeBepHbIX CEHCOPOB B COCTaB 6MOaHANIUTUYECKUX YCTPOMCTB U COOTBETCTBYHOLLME UM
o61acTu npumMeHeHuUsl, NpuMmepbl 6MOCEHCOPOB AN AeTeKuun 6MoMoneKky, NpevmyliecTBa
M Hef0CTaTKu 6MOCEHCOPOB HA OCHOBE MUKPOKAHTW/IEBEPOB, a TAKXe aKTya/ibHble HanpaB/eHUs
nccnenoBaHUin.

The continuation of the article about cantilever biosensors (first part — "Nanoindustry”, 2016,
No. 4(66) pp. 26-35) considers the integration of cantilever sensors in the composition of
bioanalytical devices and the corresponding applications, examples of biosensors for detection
of biomolecules, the advantages and disadvantages of biosensors based on microcantilevers,

as well as relevant areas of research.

AHTHJIeBepHBble OHMOCEHCOPHI SIBJISIOTCSI MHOTO-

obemarommen m1aTbopMo I CO3LAHUS BBICO-

KOUYBCTBUTEJIbHBIX U CeJIEKTHUBHBIX CEHCOPHBIX
YCTPOMCTB.

BAPUAHTbI UHTEMPALLUN B COCTAB
BUOAHAIMTUYECKUX YCTPOWCTB

bnarogaps cBoer KOMIAKTHOCTH, KaHTHJIeBepHbIe
CeHCOPBbl MOTYT JIeTKO BCTPAaUBAThCSl B COCTAB KOM-
IJIeKCHBIX 6HMOaHAaTUTUUYeCKUX YCTPOMCTB. YacTo
TaKasi MHTeTpaliusi OCyIeCTBIIsIeTCS B MUKPOQIIOU -
HoM dopMare (1. MUKPOQIIOUIHBII YHII I103BOJISIET
NpelH3MOHHO YIPaBAATh MaJeHbKUM 06beMOM
KUAKOTO obpasia, mocnemsoBaTelbHO obecrmevu-
Bas CTagHUHU IIpobOIMOATOTOBKHU U aHaIM3a. Takue
KOMIIJIEKCHBIe CHCTeMBl Ha3bIBAIOT 'CHCTeMa II0JI-
HOTO MHKPOaHalu3a" 1iH "nabopatopusi-Ha-4uuIle'.
KaHTu/IeBepHble CEHCOPBI TaK>Ke MOTYT ObITh 06Bbe -
HeHBI C JPYTUMHU THUIIAMH CeHCOPOB /ISl IIpoBefe-
Hus 60/lee ITOJHOTO aHANMK3A. B [2] KaHTHIeBepHBIH
PEe30HAHCHBII CeHCOP OBIT COBMeIleH C e MKOCTHBIM
Y KaJIOPUMETPHUUECKHUM JAaTYUKAMHU C LIeJIbI0 CO3a-
HUSI Ta30BOT0 CeHcopa /sl aHa/IM3a COfepsKaluXCs

B BO3JyXe JIeTY4HUX OPTaHHUYECKHUX COeJHHe-
HuM (puc.l). [lonHasg UHTerpalusi MUKPO3JIeKTPOH-
HBIX U MHKPOMeXaHHYeCKHX KOMIIOHEHTOB Ha OJJHOM
yure obecrnedynBaeT yIpaBleHHe U MOHHUTOPUHT
GYHKIMI JaTuKKa, a TakKe MOBBIIIAET ero obmyio
IIPOM3BOAUTENBHOCTb 61arofaps yCUIEHUIO CUT-
Hajna. CxeMa TaK>Ke BK/IKYaeT aHAJIOro-IHu$poBbIe
npeobpa3oBaTenyu U HHTepeC nepefaun JaHHBIX
Ha BHEITHUM MOJYJIb 3aIIHCH.

KaHTH/IeBepHbIe CEHCOPHl MOLYT MHTErPHUPO-
BaTbCSl CO CPeACTBAaMHU OeCIIpOBOJHOM Iepefayuu
OaHHBIX [JI CO30aHMS IIOJHOCTbIO aBTOHOMHBIX
yCTpPOMCTB. ABTOPHI paboTsl [3] pa3paboranu u co3-
Jany KaHTHUJIeBePHBIM CeHCOP [Jid OIpefe/eHus
C-peakTHUBHOTO belka ¢ HHTeTPUPOBAHHBIM bec-
IPOBOAHBIM MofayneM. IlogobHBle yCTPOMCTBA
MOTYT OBITh IPOTOTUIIAMHU UMIIAHTHUPYEeMBIX CEH-
copoB (pHC.2), KOTOpble BIIEpPBhIe y1a/loCh CO3MATh
OTHOCHTeJIbHO HeJaBHO [4]. TaKk KaK pereHepanus
6roceHCcOpa IOBOJIBHO TPyJHA, HMIIITAHTHPYeMoOe
YCTPOKCTBO OBIJIO HCIIOIb30BAHO IS JeTeKI[ UK ra30B
KPOBH, HaIllpUMep CIIUPTOB. [JIsI 3TOr0 Ha 0OpaTHYIO
CTOPOHY KaHTH/IeBepa 651710 HAHeCeHO ruAPodpobHOe
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Puc.1. Mukpogomozpadus 4yuna 2a308020 MUKPOCEHCOPA
(pazmep 7x7 mm) [2]
Fig.1. Micrograph of the chip of gas microsensor (size of 7x7 mm) [2]

IIOKPBITHE, a 30JI0TYI0 CTOPOHY MOAUGUIIUPOBAIH
MO MEPHBIM THOJIHPOBAHHBIM QTOPCHUIOKCAHO-
BBIM CIIMPTOM. IIOT/IOIMeH e CIMPTa PelleITOPHBIM
C/10eM IIPUBOAUT K U3ruby KaHTH/IeBepa.

OBJIACTU MPUMEHEHWUS BUOCEHCOPOB

B 3ABUCUMOCTHU OT BAPUAHTA MHTErPALIUA
OCHOBHBIM HaIlpaBJIeHHUeM IIPHUMeHeHHUs 6HoceHco-
POB SIB/ISeTCSl IUAarHOCTHKA. KaHTH/IeBepHbIe CeH-
COPEI TI03BOJISIIOT OIIpefleNaTh OeNKH, SABISIOMIHECS
MapKepaMH pa3lH4HbBIX 3aboseBaHUN. Hampumep,
IIOKa3aHa BO3MOXKHOCTD IeTeKTUPOBAHUS IIPOCTAT-
crleniupUIeCcKOro aHTUTeHa — MapKepa 3aboneBaHUI
IIpeJiCTaTe/IbHOM SKeJle3bl - Ha KIIMHUYeCKH 3HAaYHMOM
yPOBHe KOHLIeHTpaluH [5]. B gpyror pabore [6] orpe-
Jensiiachk KOHIeHTPAlMs MUOIIOOKMHA, SIBJSIOIIe-
rocsi MapKepoM CepZ,euHO-COCYIUCThIX 3ab0eBaHUM.

Puc.2. imnagHmupyembiii KaHmMuAe8epHbili CeHCop BAs aHAAU-
30 2a308 Kposu [4]
Fig.2. Implantable cantilever sensor for blood gas analysis [4]

MHorue TeCThl TPebYIOT 3HAaUHUTEIBHOIO BpeMeHH,
CIlel[MaIbHO 0Oy4eHHOro IIepCoHaIa U II0X0Aa B J1a60-
paTopuio. KOMIaKTHBIE U aBTOHOMHBIE CEHCOpPHBIe
YCTPOMCTBA Ha OCHOBe MHKPOKAHTH/IEBEPOB, HHTe-
I'PHPOBAHHBIX B MUKPOQIIOHUIHBIE YHIIbI, UMEIOT I1ep-
CIIEeKTHBBI [/IS1 HCIIONb30BAHHUSI B Ka4eCTBe YCTPOHCTB
[IepCOHAIIM3HUPOBAHHON AHUATHOCTUKU [7]. BpeMs
OTKJIMKA ITOJOOHBIX YCTPOMCTB COCTABIISET JECITKH
MHUHYT. CTallHOHApHBIe IIPHOOPEL MOT'YT HCII0Ib30-
BaThCs B KTHHUYECKHX JIAG0PaTOPUSIX B Ka4eCTBe alb-
TePHATHUBBI U1 JOIOTHEHHUS K CTAHAAPTHBIM METO-
IaM JUATrHOCTHUKH.

OfHaKO OUArHOCTHUKA SIBJISIETCS He eUHCTBeH-
HBIM NIPUMeHeHHEeM KaHTHJeBEePHBIX CEHCOPOB.
OCHOBAHHBIN Ha MAaCCHBe M3 HECKOJIBKUX KaHTHUJIe-
BEPHBIX JATYMKOB "JIeKTPOHHBIM HOC' MOXeT IIpH-
MEHSIThCS JI/I1 MOHUTOPHUHTIA OKPY>KAIOIel CPefbl.

but also increases its overall perfor-

antilever biosensors are a prom-

ising platform for creation of

highly sensitive and selective
Sensors.

ALTERNATIVES TO INTEGRATION

IN BIOANALYTICAL DEVICES

With its small footprint, cantile-
ver sensors can easily be embedded
in the bioanalytical devices. Often
this integration is carried out in a
microfluidic format [1]. Microfluidic
chip allows precise control of small-
volume liquid sample, consistently
providing sample preparation and

analysis. Such an integrated system
is called the "full-microanalysis sys-
tem" or "lab-on-a-chip". Cantilever
sensors can also be combined with
other types of sensors for more com-
plete analysis. In [2] cantilever reso-
nant sensor has been combined with
capacitive and calorimetric sensors
with the aim of creating a gas sen-
sor for the analysis of airborne vola-
tile organic compounds (Fig.1). Full
integration of microelectronic and
micromechanical components on
the same chip provides control and
monitoring of sensor functions,

mance because of signal gain. The
circuit also includes an analog-to-
digital converters and interface for
data transfer to the external writer.
Cantilever sensors can be inte-
grated with systems for wireless
data transfer to create a completely
autonomous devices. The authors
of [3] have designed and built can-
tilever sensor for determination of
C-reactive protein with the inte-
grated wireless module. Such devices
can be the prototypes of the implant-
able sensors (Fig.2), which have been
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Puc.3. OduHouHas 6akmepus E.Coli Ha nosepxHocmu KaHmu-
negepa [12]
Fig.3. Single E. Coli bacterium on the surface of the cantilever [12]

Hcnonb3ysa BOCBMUKAaHTH/IEBePHEIM AATYKUK C KOH-
COJIIMH, MOKPBHITHIMHU PAa3/IMYHBIMHU IIOTUMEPaAMH,
aBTOPBHI [8] ITOKa3a/I BOSMOXKHOCTb Pa3/IM4aTh B BO3-
nyxe "3amaxy’ pa3MYuHBIX CITUPTOB.

XoTs1 60/IBITMHCTBO UCCIeJ0BAaHU I ONIEPUPYIOT IaH-
HBIMH OT OJHOTO MJ/IM HeCKOJIbKUX CEHCOPHBIX KaHTH-
JIeBEPOB, y’Ke II0Ka3aHa BO3MOXXHOCTh M3TOTOB/IEHHU A
TBICAY KAHTH/IEBEPOB Ha OJHOM YMII€ B HECKOJIbKO
MUIHEMETPOB. Komnanusa IBM npoaeMOHCTPUPO-
Bajia pa3MellleHHe 100 KaHTH/IeBepoB Ha 1 MM?. TaKUM
obpasom, M0 IJIOTHOCTH YIaKOBKH CEHCOPHBIX 3jIe-

MEHTOB KaHTHJ/IeBepHbIe JAaTUKMKU IPUOIHKAIOTCS K
OJHK-mukpouunaM. [Ipy 3ToM TaKHhe YHIIEI He Tpe-
OyIOT GyopecLieHTHBIX MeTOK. OCHOBHOH ITPo6/1eMOF
ocTaercsa QyHKIUMOHAIM3ALKMA TAKOI0 KOJIMYeCTBA
KaHTHJIEBEPOB PEeLeIITOPHBIMH MOJIEKY/TAMH.

NPUMEPbI BUOCEHCOPOB HA OCHOBE
MWKPOKAHTWU/IEBEPOB ANA AETEKLIUU BUOMOJIEKYI
3a BpeMsI Pa3sBUTHS KaHTHUJIEBEPHBIX 6HMOCEHCOPOB
IIPO/IeMOHCTPHUPOBAHO 60/IbIIOe KOTHYECTBO IIPHJIO-
SKeHHUH 10 JIeTeKLIUH PA3THYHbBIX BULOB OMOMOJIEKYI:
6enkoB (5, 6], HyKJIeNHOBBIX KHCJIOT, YIJIeBOAOB [9].
Bbly1a ITOKa3aHa BO3MOKHOCTb 3aPerUCTPUPOBATD €11~
HUYHBIU HyK/IeOTUAHBIM HonuMopdusm [10].

OcobBIlT MHTepec MpeCTaBIIsIeT pa3paboTKa CeHCo-
POB, YYBCTBUTEIBHBIX K OHOIOTMYeCKUM 0OBEeKTaM,
IIpe/ICTaB/ISIONIMM OIIACHOCTD J1/151 3[0POBLS YeJIoBeKa.
[TaToreHHBIe AaT€HTHl MOT'YT OBITh AeTeKTHPOBAHBL C
IIOMOLIIbI0 KAHTH/IEBEPHBIX CEHCOPOB KaK HAIIPSIMYIO,
TaK U 10 aHAJ/IM3y UX FeHOMa, IIPOJIyKTOB BhI/Ie/IeHH I
W/IA TOKCHHOB.

OnpeneneHue HAaAHUYHS LeblX HaTOTeHHBIX
KJIETOK YacTO MCIIOJNB3yeTCs A/ AeTeKIUU bakTe-
puii. ONHUM U3 MONYISIPHBIX 06BEKTOB /IS OTPa-
6oTKU MeTona (B 3HAUMTEBHOM CTelleHU biaromaps
ee Ha/IMUUIO B pa3/M4YHBIX 06paslax ebl U BOABI)
sBasieTcst E.coli. OTa 6akTepHss MOXKET CIYXHUTh
MHJKMKAaTOPOM KauecTBa BoAHI [11]. /leTeKTHpOBaHHUe
OTAenbHOM KIeTKH E.coli 6b110 TPogeMOHCTPHPOBAHO
C IIOMOIII b0 KAHTHUJIEBEPHOI'0 CEHCOPa B pe30HAHCHOM
peskuMe [12] (puc.3). OgHaKko B JaHHOM paboTe Ast
MOBBbIIIEHUS] YyBCTBUTEIBHOCTH HM3MepeHUs IPo-

developed relatively recently [4].
Since regeneration of the biosensor is
rather difficult, implantable device
was used for detection of blood gases
such as alcohols. For this purpose
on the back side of the cantilever a
hydrophobic coating was applied,
and the gold side was modified by
the polymer thiolised fluorine-silox-
ane alcohol. The absorption of alco-
hol by the receptor layer causes bend-
ing of the cantilever.

APPLICATIONS OF BIOSENSORS
DEPENDING ON TYPES

OF INTEGRATION

The main area of application of bio-
sensors is the diagnosis. Cantilever
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sensors allow to identify proteins
that are markers of various diseases.
For example, the possibility of detec-
tion of prostate-specific antigen, a
marker of prostate cancer, in clini-
cally significant concentrations was
shown [5]. In another project [6] the
concentration of myoglobin, which
is a marker of cardiovascular dis-
eases, was determined. Many tests
require considerable time, specially
trained staff and a work in the lab-
oratory. Compact and Autonomous
sensor devices based on microcan-
tilevers integrated into microfluidic
chips have prospects for use as a per-
sonalized diagnostic devices [7]. The
response time of such devices is tens

of minutes. Stationary devices can
be used in clinical laboratories as an
alternative or supplement to stan-
dard diagnostic methods.

However, diagnosis is not the only
application of cantilever sensors.
"Electronic nose" based on arrays of
cantilever sensors can be used for
environmental monitoring. Using
an eight-cantilever sensor with can-
tilevers coated with different poly-
mers, the authors of [8] showed the
possibility to distinguish in the air
"smells" of different alcohols.

Although most studies use the
data from one or more sensor can-
tilevers, the possibility to produce
thousands of cantilevers on a single
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BOJMJIMCh B BaKyyMe U TpeboBanach CTafUs CyIIKH.
JlaHHOe OrpaHHYeHHe MOXeT ObITh IIpeoioieHo 61a-
rojaps NpUMeHeHHIO KAHTHU/IeBePOB C BHYTPeHHUM
KaHaJIOM, KOTOPBIHM MOKeT paboTaTe B BaKyyMe, IIpH
3TOM aHJIM3UPYS KUAKOCTD B KaHae [13]. B nipyrou
paboTe mpe303/1eKTPUUECKUN KaHTUIEBep MHUJLIH-
MeTPOBOro pasmMepa 6blT HCII0JIb30BAH [JIsI OIlpese-
nenwus E.coli B 6ydpepHOM pacTBOpe ¢ pefenoM obHa-
pykeHHus 700 kaeTok/Mi [14]. OH MO3BOMSN BeCTH
HM3MepeHH s HeloCPeJCTBeHHO B SKMKOCTH C IOy~
YeHHeM JAHHBIX IIPAKTHYECKH B PeSKHMe PeabHOro
BpeMeHH.

Hcronb30BaHHUe CTATUYECKOIO peXkKMMa I10Ka3aso
3HA4YHTe/lIbHO XYAIIHI Ipefesl oOHapy>KeHHUs 0KOJIO
106 KOE/mi1 [15]. BUumuMo cBS3bIBaHHE TAKUX OOJIBIIKMX
06beKTOB KaK 6aKTepHUH He CO3/laeT HA II0BEPXHOCTH
PaBHOMEPHOTIO II0BEPXHOCTHOI'O HAaIPsKeHUs. [is
6akrepuu S.Typhimurium KaHTH/IeBep B pe30HAHCHOM
peskHMe IoKasall Inpefen obHapykeHUs Ha YPOBHe
510 keTok/Mi [16], a B peskMe HU3MepeHHsI II0BePX-
HOCTHOTO HanpspkeHHUs — 106 KOE/mi [17]. Kamnbenn
Y COaBTOPBI KCII0/Ib30Ba/IM KaHTHIIeBep, MOAUUIIU-
POBAaHHBIH MOJHKIOHAJIBHBIMU AaHTHUTENAMHU K 6aK-
Tepuu B. Anthracis, 1151 U3MepeHUs B IIOTOKe U IIOKa-
3a/IKM 9yYBCTBUTEeIBHOCTD B 300 criop/mi [18]. B npyrom
vccaenoBaHuu [19] ¢ Mcmonb3oBaHHEM KaHTHIIeBep-
HOTo ceHcopa 651710 3aperucTprupoBaHo 50 CIIOp B BOJe.

B mocieHMe HECKOJIBKO JIeT MOMYASPHBIM CTAjI0
co3saHHe 6MOCEeHCOPOB AJIsl JeTeKTUPOBAHU S BUPY-
COB B OKpYy>Kalolllel cpefie. [elaTUT SIBJSTCS OGHUM
13 CAMBIX OITACHBIX BUPYCHBIX 3a00/IeBAHUH B MUPe.
TUMypIOraH ¢ coaBTopaMu [20] MCII0NIb30BaIN KAHTH-

TleBepHBII 610CeHCOP 151 OIIpefie/IeH sl BUPYCOB rella-
TUTa A 1 C B ObIUubeli CBIBOPOTKe. AHTHTe A K TelaTH-
TaM A 1 C 6pI7TH UMMOOMIM30BaHBL HAa PAa3HBIX KaH-
THJIeBepax, Impefes obHapyskeHUs cocTaBuI 0,1 HI/MIT
(1,6 mM). T'ynTa B pabote [21] moka3as, YTO YYBCTBU-
Te/IbHOCTH KaHTHJ/IeBePa 10 U3MEePEeHH 0 MaCChI 10CTa-
TOYHO, YTOOBI B3BECUTh OTHE/IbHBIN BUPYC KOPOBbeH
OCIIBbI, O HAKO OH He HCII0Ib30BaJl CIIeLIUPUUHOTO CeH-
COPHOTO CJI0A.

B pabore [22] 6b110 ITOKA3aHO IeTEKTHPOBAHHE B CTa-
THYeCKOM pesKHMMe BUPYCa yTHUHOIO IPUIINA A C IIOMO-
b0 KAHTHJIEBEPa, MOAUPUIIMPOBAHHOIO CUHTETH-
YeCKH IJIMKOIIOJIMMEPOM, COAEePKAIIMM OCTaTKH CHa-
JIOBBIX KHCJIOT. ABTOPBHI II0JIaraloT, YTO CJIOH IO Mepa
Ha IIOBEePXHOCTH KaHTHJ/IeBepa Co3JaBaja MaTPHUKC,
KOTOPBIM YCHUJ/IMBAJI IOBEPXHOCTHOE HATSKeHHE 3a
CYeT JOIMOTHHTEIBHOIO B3AaUMOJEHUCTBUS C BUPYC-
HBIMHU YacTULIAMHU. [Ipefes o6HApysKeHUS B JaHHOM
CHCTeMe COCTaBHUJI 10° BUPHOHOB/MIL.

ITpe303/1eKTPUYECKUI KaHTHJ/IeBePHBIN CEHCOD,
paboTarouui B pe30HaHCHOM pe>kHuMe, OBl UCII0Nb-
30BaH /11 JEeTeKTHPOBAHMS Xe/IMKa3bl BUPYCa rema-
tuta C ¢ KoHLeHTpanuen 100 or/mi [23]. Xenukasa
ABseTCsa GepMeHTOM, OTBEYAIOUUM 3a Pa3BepThl-
BaHMe BUPycHOM PHK u cenuouvHa A7 JaHHOTO
BUPYyca. B KauecTBe pelienTopa 6bLJIM HCII0Tb30BAHEL
PHK amTaMephbl - KOPOTKHE II0C/I€L0BATE/IbHOCTH
HYKJIEOTHU/IOB, CIIOCOOHBIe criellMPUYecKH CBSI3bIBATh
aHTHureH (6e10K). IX MOKHO JIETKO CHHTE3UPOBaTh, U
oHU 6oJiee CTabBUIBHBI ITPH XpPaHEHUH, UeM aHTHUTea.

JpyruM BapHaHTOM JeTeKTHPOBAHMUS [IaTOreH-
HBIX aTeHTOB ABJISETCA OIlpeJe/leHHe HaTUYHA UX

chip of few millimeters is already
shown. IBM has demonstrated the
location of the 100 cantilevers on
1 mm?. Thus, by packing density of
sensor elements, cantilever sensors
are close to the DNA microchips.
However, these chips do not require
fluorescent markers. The main prob-
lem is the functionalization of such
number of cantilevers with receptor
molecules.

EEXAMPLES OF BIOSENSORS

BASED ON MICROCANTILEVERS

FOR DETECTION OF BIOMOLECULES
During the development of canti-
lever biosensors a large number of
applications for detecting various

types of biomolecules (proteins [5,
6], nucleic acids, carbohydrates [9])
was demonstrated. The possibility to
register single nucleotide polymor-
phism [10] was shown.

The development of sensors for
biological objects that are danger-
ous for human health is of particu-
lar interest. Pathogenic agents can
be detected using cantilever sensors,
both directly and by analysis of their
genome, waste products or toxins.

Determination of the presence
of whole pathogenic cells is often
used for the detection of bacteria.
One of the most popular objects for
testing of methods (largely thanks
to its presence in various samples

of food and water) is E.coli. This
bacterium may serve as an indica-
tor of water quality [11]. The detec-
tion of individual E. coli cell was
demonstrated using the cantile-
ver sensor in a resonant mode [12]
(Fig.3). However, in this project, for
sensitivity increase measurements
were carried out in vacuum and
required stage of drying. This limi-
tation can be overcome through the
use of cantilevers with an internal
channel that can work in a vac-
uum, wherein analyzing the fluid
in the canal [13]. In another study,
the piezoelectric cantilever of mil-
limeter size was used to determine
E.coli in a buffer solution with a
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HYKJIEMHOBBIX KHCJIOT B 06paslie. B oT/IHYHe OT KpyI-
HbIX 00BekTOB, JJHK u PHK He ob1amaioT 3Ha4yu-
Te/IbHOM MacCOM, HO OBbIJIO IOKa3aHO, YTO CBSA3bIBA-
HHe HYKJIEMHOBBIX KHUC/IOT C KOMIIIMMEHTAPHBIMHU
MOJIeKy/IaMHU Ha IIOBEPXHOCTHU KAHTHJIEBEPA BBI3bI-
BaeT 3HAYMTE/IbHOE IIOBEPXHOCTHOE HAIIpsSIsKeHHe,
beIJIO IPOAEMOHCTPUPOBAHO JeTeKTHPOBaHHE
HeaMIUTUPUIIUPOBAHHOM MaTpu4uHOM PHK B 0b1mert
Macce PHK kJjleTKH C mpefenoM obHapykeHUS
10 mMmons. C MCIoNb30BaHHMEM MHKPOKaHTHIIEBEP-
HOTO CeHCOpa U YCHUJIEHHU S C IIOMOIIbI0 KPeMHUHEBBIX
HAaHOYaCTUI YIaJI0Ch JOCTHYD onipefeneHus JHK
BHpYyCa rernaTHuTa B Ha eMTOMOIsIpHOM ypoBHe [24].
®parmeHnT JHK BHupyca AAHHOHN 243 HyKJIeoTH A
GBI EeTeKTUPOBAH C IIOMOIIBIO 30H/Ia HA YPOBHE
MHUKOMOJIeH. [lanpHellee yBeJIMYeHHe YyBCTBH-
TeJbHOCTHU 10 GeMTOMOJIek ObIIO [TOyUeHo 3a cueT
rUOpUAK3A UK CO BTOPBIM 30HJOM, COAEp>KalluM
HaHOYaCTHULY.

B paborte [25] onrcaHO NeTeKTUPOBAHHE IIPOU3-
BOJSIIEN TOKCHHB IHaHOoOaKkTepuHu M. aeruginosa
10 BUAOCIEeMGUIHOMY YUACTKY reHa 16S puboco-
ManpHOU PHK Ha ypoBHe KOHLleHTpaLUu 50 Kie-
TOK/MJI. /I 9TOr0o Ha KaHTHJIeBepe 6BIIM MMMO-
6unusoBaHbl JHK 0lIMTOHYKJIEOTHIBI, COLEPKa-
mue 27 OCHOBAHHUH, KOMIIJIMMeHTapHbIe K HCKO-
MOMY y4acTKy redoma. CeHcop QUKCHUPOBAJ CABUT
Pe30HAHCHOM YaCTOThl KAHTHUJIeBepa, BEI3BAHHBIM
rubpupmu3anuen MojaeKyJl KOMIIJTHMEeHTapHBIX
JHK, nponopuroHaAbHBIN KOHLEHTPAaLUU 6aKk-
TepHI B pacTBope. [l0CTOBEPHOCTb THOpUAM3AI LU
Obl1a moATBepkAeHa GayopecLieHTHBIMU H3Mepe-

detection limit of 700 cells/ml [14].

HUSMU U BTOPUYHON ru6p1/1,a1/13au1/1e171 OHK-30H10B
C IpUIIKTON HaHOYACTHUIEH 30/I0Ta.

[Ibe30pe3UCTUBHBIN KAaHTHIEeBEPHBIHM CEHCOP
ObI71 IpUMeHeH [26] AIs perucTpanuu cradpuio-
KOKKOBOTO SHTEPOTOKCHHA b ¢ KoOHLleHTpanueun
1 HMoOJIB € MCIIONb30BAHHEM THOMOAHUPULIMPOBAH-
HBIX allTAMEePOB B KayecTBe pellelITOPOB. JJaHHBIHN
TOKCHH MOXeT BbIe/JSIThCSI HEKOTOPBIMH BUJAMHU
cTadHIOKOKKA. TakKe OB LeTeKTUPOBAH PUIUH
B KOHUeHTpauuu 0,14 u 0,28 HMoab. B KauecTBe
peLiernTopa KUCII0/Ib30BATIHUCh MeUeHble OMOTHHOM
IIOJUKJOHAJNIbHbIe aHTUTeNa. PUIIUH SIBISEeTCS
Ype3BBIYANHO SIJ0BUTHIM TOKCHHOM PacTUTETbHOIO
IIPOUCXOKIEHHUS.

JKOHOMMWYECKAS LLENECOOBPA3HOCTDb
NCNnoJib30BAHUA MUKPOKAHTU/IEBEPOB

B KAYECTBE BUOCEHCOPHbIX YCTPOICTB
OCHOBHBIM M3MEPUTEJNBHBIM 3/IEMEHTOM B KaHTH-~
7IeBepHOM CeHCOpe SBJIsIeTCSl KpeMHHUEeBbIH JAaTUHK.
TeXHOJOTHH MHUKPOO6PabOTKM KPeMHHS XOPOIIO
M3ydeHBl 61arofaps IpUMeHeHUIO B MUKPO3JIeK-
TPOHHKE., DTO JAeIaeT UX JOCTYIHBIMH U HeJOpO-
rumu. Ilo faHHBIM Yole Development, Muxrpoo6pa-
6oTka 1 cM2 KpeMHHU S 06XOLUTCS [IPOU3BOLUTESIM
B 0,165 moyn. CIIIA. Ha ofHOM KBaJpaTHOM CaHTH-
MeTpe KpeMHHEBON IOJJIOKKU MOXKeT CBO60gHO
yMecTUThCS 6oee 10 KAHTH/IeBEPHBIX JaTUHKOB.
BrimosiHeH psiZi paboT, HalleJIeHHBIX Ha Pa3paboTKy
3KOHOMMYHBIX METOAUK IIPOM3BOACTBA KaHTHIIe-
BePHBIX NATYUKOB [27, 28]. B pe3ynbTaTe OBLIK CO3-
JaHbBl METOOMKH, I03BOJIAIOIIKE U3TOTABIMBATH

It allows to measure directly in the
liquid with data receiving in near
real time.

The use of static mode showed
significantly worse detection limit
of about 10° CFU/ml [15]. Apparently
the binding of such large objects
as the bacteria does not create a
uniform surface tension. For the
S.Typhimurium bacteria the can-
tilever in resonance mode showed
a detection limit at the level of
5103 cells/ml [16], and in the mode
of measuring of surface ten-
sion - 10° CFU/ml [17]. Campbell and
co-authors used a cantilever mod-
ified with polyclonal antibodies
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against B.Anthracis bacteria for
measuring in the flow and have
shown a sensitivity of 300 spores/ml
(18]. In another study [19] with the
use of cantilever sensor it has been
registered 50 spores in water.

In the last few years the creation
of biosensors for the detection of
viruses in the environment became
popular. Hepatitis is one of the most
dangerous diseases in the world.
Timurdogan and co-authors [20] used
a cantilever biosensor to identify
viruses of hepatitis A and C in bovine
serum. Antibodies to hepatitis A
and C were immobilized on differ-
ent cantilevers, the detection limit
was 0.1 ng/ml (1.6 pmole). Gupta in

[21] showed that the sensitivity of
the cantilever to measure the mass
is enough to weigh single vaccinia
virus, but he did not use a specific
sensor layer.

In paper [22] it is shown the
detection in the static mode of
duck influenza A virus with a can-
tilever modified with syntheti-
cally glycopolymer containing res-
idues of sialic acids. The authors
suggest that the polymer layer on
the surface of the cantilever cre-
ated a matrix that increased sur-
face tension due to the additional
interaction with viral particles. The
limit of detection in this system
amounted to 106 virions/ml.



CONTROL AND MEASUREMENT

KaHTHJ/IeBepHble CEHCOPbl BBICOKOI'O Ka4deCTBa
C MUHHMAJIBHBIMH 3aTpPaTaMH.

KOMMEPYECKW AOCTYMHbIE KOMMOHEHTDI
nmoavau ang MOCEHCOPOB HA OCHOBE
MUKPOKAHTWU/IEBEPOB
B HacTosimee BpeM sl HECKOJIBKO KOMIIAHUH ITPOAAIOT
KOMMepUeCcKHe KaHTH/IeBepsl [ pa3paboTKHU ceH-
COPHBIX YCTPOMCTB [29, 30] (puc.4). Ha peIHKe Takxke
IpeJiCTaB/IeHbl TOTOBBIE YCTAHOBKH JIJIsI IIPOBeJIeHHU S
SKCIIePUMEHTOB I10 U3y4YeHHIO B3aUMOJENUCTBUH Ha
IIOBEPXHOCTH KaHTHUJIEBEPOB, KOTOPble MOLYT CIIy-
SKHUTb OCHOBOM /ISl CO3JaHUS CeHCOPa. BoIBIIMHCTBO
3JIeMeHTOB OMOCEHCOPHOIO YCTPOMCTBA, TaKHe KaK
HCTOYHUKH JIa3€PHOTO U3/1y4eHusi, GOTOLeTeKTOPHI,
3/IeKTPOHHBbIe KOMIIOHEHTHI Tak>Ke KOMMepUYeCKH
JOOCTYIIHBL.

Hri>ke IprBeJieH CIIHMCOK OCHOBHBIX IIPOM3BOAUTE-
7eyl KAaHTUJIeBEPOB:
* NanoAndMore (Www.nanoandmore.com);
« Bruker (brukerafmprobes.com);
+ Olympus (probe.olympus-global.com);
» NanoScience Instruments (Www.nanoscience.com).

NPEUMYLLECTBA W HEAOCTATKU BUOCEHCOPOB

HA OCHOBE MUKPOKAHTU/IEBEPOB

OOHUM M3 OCHOBHBIX IIPEHMYIIeCTB KaHTH/IeBep-
HBIX CEHCOPOB SIB/ISIETCS TO, YTO OHU 06ecreunBaioT
IIPSIMOK aHAIHK3, He Tpebys BBeIeHHU S JOIIOTHUTEb-
HBIX METOK. ITO I103BOJIsIeT MAaKCUMAJIBHO YIIPOCTUTD
IpoLeAypy NpobornoAroTOBKY U BeCTH HeIIPepbIBHBIL
MOHHUTOPHUHT B pe>KMMe peasibHOro BpeMeHH.

500 MKM

Puc.4. Mukpogomozpaduu kommep4ecku d0CmynHbIX KaH-
munesepos 045 Co3daHuUs CeHcopos: cAesd — ArrowTL8AU
(Nanoworld, Waeeliuapus) [29], cnpasa - Octosensis Chip
(Micromotive, repmanus) [33]

Fig.4. Micrograph of commercially available cantilevers for sen-
sors: left - ArrowTL8Au (Nanoworld, Switzerland) [29], right -
Octosensis Chip (Micromotive, Germany) [33]

HecMoTpsa Ha TO YTO KaHTHUJIeBepHBIe CEHCOPHI
MOTYT HallPSIMYIO U3MePSTh B3aHMOJENCTBHE MEXAY
AHTHUTEJAMHU U AHTUTeHAMHU WU THOPHUIM3ALIUIO
JHK, uX 4yBCTBUTE/IPHOCTb 3a4acTy0 HeJOCTaTOYHA
JUISI IPAKTUYeCcKoro npuMeHeHus [31]. PazpaboTaHel
CIIocobbl yCHIJIEHUSI CUTHala, TaKKe KaK HCI0/b30-
BaHHe HaHoYacTul] [24] UK co3laHUe CIelHallb-
HOI'0 MaTPHKCa Ha IIOBEPXHOCTU KaHTHJIeBepa [22].
Ba>kKHBIM TUMHUTHPYIOITUM GaKTOPOM A SOCTHKe-
HHS MaKCHMAaJbHOM YYBCTBUTEJIBHOCTH SBISETCS
Hecrenrduyeckoe CBg3blBaHHe. KaHTH/IeBepPHBIE CeH-
copbl, paboTarmnire B CTATUYECKOM peXUMe, HUMEeIOT
BBICOKYIO CTeIIeHb 3aIUThI OT HeCIIelIuPHUUeCKOro CBs-
3BIBAHMS, TaK KaK S3HePrus HecrennpHuyecKoro B3au-

The piezoelectric cantilever sen-
sor operating in resonant mode,
was used to detect helicase of hep-
atitis C virus with a concentration
of 100 pg/ml [23]. Helicase is the
enzyme responsible for the deploy-
ment of viral RNA and is specific to
this virus. RNA aptamers, a short
sequences of nucleotides, which are
able to specifically bind the anti-
gen (protein), were used as receptor.
They can be easily synthesized, and
they are more stable in storage than
antibodies.

Another option for the detection
of pathogenic agents is the detection
of their nucleic acids in the sample.
Unlike large objects, DNA and RNA

does not have substantial mass, but
it has been shown that the binding
of nucleic acids with complementary
molecules on the surface of the can-
tilever causes a large surface stress.
It was demonstrated detection of not
amplified template-RNA in the total
mass of RNA of the cell with a detec-
tion limit of 10 pmole. With the use
of microcantilever sensor and gain
by means of silicon nanoparticles it
was succeeded to achieve detection of
DNA of the hepatitis b virus at femto-
molar level [24]. The DNA fragment of
the virus with a length of 243 nucleo-
tide was detected using a probe at the
level of picomoles. A further increase
in sensitivity to femtomoles was

achieved by hybridization with a sec-
ond probe containing a nanoparticle.

Paper [25] describes the detection
of toxins producing M.aeruginosa
cyanobacteria by the specific sec-
tion of the 16S gene of ribosomal
RNA at the level of a concentration
of 50 cells/ml. For this purpose,
DNA oligonucleotides containing
27 bases that are complementary to
the desired region of the genome,
was immobilized on the cantilever.
The sensor registered the shift of
the resonance frequency of the can-
tilever caused by the hybridization
of complementary DNA molecules
that is proportional to the concen-
tration of bacteria in solution. The
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MOZIEVICTBUSI BHOCHUT JIUIIb HeGOMBIION BRI B U3rub
KaHTHIeBepa. CeHCOpsI, paboTaromniye B pe30HAHCHOM
peskrMe, HAIIPOTHB PearupyroT Ha J00YIo IIpHUcoes-
HEHHYIO Maccy.

Elle OMHUM MHHYCOM SIBIseTCs 6osbluas oaBep-
SKeHHOCTb KAaHTHJIeBePOB (0COO@HHO B CTATUYECKOM
peskrMe) BHEIIHEMY BO3/I€HCTBUIO, HALIPUMED H3Me-
HEHUIO TeMIIePaTypsl, GAYKTyaILHUsIM IOTOKA SKUJ-
KOCTH, CeCMUYECKHUM IIyMaM, 4YTO BeJeT K yBe-
JTUYEeHUIO IIOTPeIIHOCTH H3MepeHUN. CeHCOPHI,
paboTaromue B pe30HAHCHOM peskuMe, bojee ycToH-
YUBBI K T0JO0OHBIM GpaKTOpaM, OLHAKO B SKUIKOCTHU
IO06POTHOCTH Pe30HAHCHBIX U3THOHBIX KoNMebaHU T
CHJIBHO I1aJjaeT, YTO TaKKe BeJeT K YMEeHbIIeHUIO
YyYBCTBUTEJIBHOCTHU. H36€eKaTh 3TOr0 BO3MOXKHO,
HCIIOMTB3YsI 11l ©U3MEPEHU I IIPOIOIbHBIE MO BI KOJIe-
6auuii [32].

AKTYA/IbHbIE HAMPAB/IEHUS UCC/IEOBAHUM
KaHTuneBepHBIe 6HOCEHCOPHI SIBISIIOTCSI MHOT006e-
Mamer M1aTGOPMOK A/ CO3/IaHHUS BBICOKOYYB-
CTBUTE/IbHBIX U CeIeKTHBHBIX CEHCOPHBIX YCTPOKMCTB.
ITpu 3TOM CyILeCTBYeT psijf KpUTUYECKUX PaKTOPOB,
OIIpe/ieNIII0NIMX Pa3BUTHe JAHHON TeXHOJIOTHH.
BaskHeHNIIMM HallpaB/leHHEeM HCCIeSOBAHUM IS
CO3JaHHS CEeHCOPOB Ha OCHOBe MUKPOKAaHTHJIEeBe-
POB SIBJISIETCS TIOBEPXHOCTHASI XUMHUS. OT KauecTBa
PeLIeIITOPHOrO €051 3aBUCST PaboTOCIIOCOOHOCTD U
XapaKTepUCTUKH BCero ceHcopa. He cymiecTByeT yHU-
BepCaJIbHBIX CII0C060B MOTHUHKAIIMK KaHTHIEBEPOB.
JUJIst Ka>KI0T0 KOHKPETHOI'0 CEHCOPHOTO ITPHJIOKEHHU S
HY>KHO pa3pabaThIBaTh OTAEIbHYIO MeTOAHKY, obecrie-

reliability of the hybridization was
confirmed by fluorescence measure-

ECONOMIC FEASIBILITY
OF USE OF MICROCANTILEVERS

YMBAIOIIYI0 HaM/Iy4llhe pe3yabTaThl. TakKUM 06pa-
30M, pa3paboTKa IPOTOKOJIOB CO3LAHHS pellelI TOPHBIX
C/IOEB U HMX HCCIeI0BaHMEe SIBISIOTCSA KIKYeBBIMHU
3afla4aMHU [/14 YCIeIIHOr0 CO30aHU S CeHCopa.

Jpyroe Ba>kHellllee HallpaBleHHe — IOKMCK HOBBIX
MaTepuanoB. Kak 6b110 IIOKa3aHO, XapaKTePUCTHKH
MaTepHasa CyleCTBeHHO BIHSIOT Ha YYBCTBUTEJIb-
HOCTb JATUHKA, U, UCIIOIb3Ysl HOBble QYHKIIMOHATIb-
Hble MaTepHaJIbl, MOKHO JOOHUTHCS CYyIeCTBEHHOIO
yBeJIMYeHHsI YyBCTBUTEIBHOCTH CHUCTEMBI perucTpa-
uuu. [lupoxkue mepcrekKTUBH OTKPBIBaeT IIPUMeHe-
HIe [T0JIMMEepPHBIX MaTepuasoB. OJHAaKO TeXHOJIOTUU
HM3TOTOBJIEHUSI MUKPO3JIeKTPOMEXaHUYECKUX CHUCTEM
W3 HUX 0TPaboTaHbI He TaK XOPOIIO, KaK [/ KpEMHHS
M ero COeJUHEeHUH.

KoHeu4HOI1 [1eJ1bI0 COBEPIIEHCTBOBAHHU I TEXHOJIOTUH
KaHTHJIeBEPHBIX CEHCOPOB JOJIKHO CY>KUTh JOCTHKe-
HHe UyBCTBUTE/JIbHOCTH, I103BOJISIOIIEl JeTeKTHUPO-
BaTh eJUHUYHYIO MOJIeKy/ly BellleCTBa IIPH COXpaHe-
HHHU CeJIeKTUBHOCTH.

Hccaedosanue 8binoAHeHo npu ¢uHancosoil noddepske
Munucmepcmaa obpa3zosanus u Hayku Pocculickoii dedepayuu
(npoexm 02.G25.31.0135).
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AS BIOSENSOR DEVICES

The basic measuring element in a
cantilever sensor is a silicon sen-
sor. The microprocessing of silicon
is well studied for its use in micro-
electronics. This makes it accessi-
ble and affordable. According to Yole
Development, the cost of micropro-
cessing of 1 cm? of silicon is $ 0.165.
One square centimeter of a silicon
substrate can easily accommodate
more than 10 cantilever sensors. A
number of researches aimed at the
development of economical methods
of production of cantilever sensors is
executed [27, 28]. The results were the

minimal costs.

COMMERCIALLY AVAILABLE
COMPONENTS AND MODULES

FOR BIOSENSORS BASED

ON MICROCANTILEVERS

Currently, several companies sell
commercial cantilevers for the devel-
opment of sensor devices [29, 30]
(Fig.4). Devices that are ready for
experiments to study interactions on
the surface of the cantilever, which
can be used as the basis for sen-
sors, are also presented on the mar-
ket. Most of the elements of biosen-
sor devices, such as laser sources,
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photo-detectors, the electronic

components are also commercially

available.
The following is a list of the major

manufacturers of cantilevers:

e NanoAndMore (Www.nanoand-
more.com);

* Bruker (brukerafmprobes.com);

+ Olympus (probe.olympus-global.
com);

» NanoScience Instruments (Www.
nanoscience.com).

ADVANTAGES AND DISADVANTAGES
OF BIOSENSORS BASED

ON MICROCANTILEVERS

One of the main advantages of canti-
lever sensors is that they allow direct

analysis without use of additional
marks. This allows to simplify the
procedure of sample preparation and
to conduct continuous monitoring in
real-time.

Despite the fact that the canti-
lever sensors can directly measure
the interaction between antibod-
ies and antigens or hybridization
of DNA, their sensitivity is often
insufficient for practical applica-
tions [31]. Methods of signal ampli-
fication, such as using nanoparti-
cles [24] or the creation of a special
matrix on the surface of the canti-
lever [22] are developed. An impor-
tant limiting factor for maximum
sensitivity is non-specific binding.

Cantilever sensors operating in the
static mode, have a high degree of
protection against non-specific bind-
ing, since the energy of nonspecific
interaction makes only a small con-
tribution to the bending of the canti-
lever. Sensors operating in the reso-
nance mode, on the contrary react to
any attached mass.

Another disadvantage is the
high susceptibility of the cantilever
(especially in static mode) to exter-
nal influences, e.g. temperature
variations, fluctuations of the fluid
flow, seismic noise, which leads
to increased measurement errors.
Sensors operating in the resonant
mode, are more resistant to such
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factors, however, in liquids quality
factor of the resonant flexural vibra-
tions strongly decreases, which also
leads to a reduction of sensitivity.
To avoid this, it is possible to use the
measurements of the longitudinal
vibration modes [32].

CURRENT AREAS OF RESEARCH
Cantilever biosensors are a promis-
ing platform for highly sensitive and
selective sensor devices. However,
there are some critical factors that
determine the development of this
technology.

The most important area of
research to create sensors based
on microcantilevers is surface
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chemistry. The quality of the recep-
tor layer determines the performance
and the characteristics of the entire
sensor. There are no universal meth-
ods of modification of the cantile-
ver. Each specific applications needs
in development of a special method-
ology that provides the best results.
Thus, the development of protocols
for the creation of receptor layers,
and their study is key to the success-
tul creation of the sensor.

Another important area is the
search for new materials. As shown,
the characteristics of the material
significantly affect the sensitivity
of the sensor, and using new func-
tional materials, it is possible to

significantly increase the sensitivity
of the registration system. The use
of polymeric materials opens broad
prospects. However, the manufac-
turing of microelectromechanical
systems on basis of them is worked
out not so well, as for silicon and its
compounds.

The ultimate goal of improving
the technology of cantilever sensors
would be the achievement of sen-
sitivity, allowing to detect a single
molecule of a substance while main-
taining selectivity. [ |
The study was performed with the finan-
cial support of the Ministry of education
and science of Russian Federation (project
02.G25.31.0139).



