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MNoBbllleHNe 4YyBCTBUTE/IbHOCTW, MNPOCTPAHCTBEHHONO W BPEeMEHHOro paspelleHuMsl B MarHUTHo-
pe3oHaHCHOM TomorpagumM U CrneKTpPocKonuu 6MosiorMvyeckux O6bHEKTOB B eCTeCTBEHHbIX cCpepax
SIBNSIeTCS aKTya/ibHOW 3aayen, KOTOPYIO MOXHO pelnTb, COBMECTUB MeTOAbl CKaHMPYIOLLLE 30HA,0BOM
Mukpockonum wu  SAMP-cnektpockonuu. OpurnHasbHass nporpaMmMHo-annapatHas naatdopma
No3BOJIUT OJHOBPEMEHHO NPOBOAUTbL U3MepeHne Mop$OIorMnu, CTPYKTYpbl U MOJIEKYJISPHOrO coCTaBa
61MOMaKpoOMOIeKyl, UMMO6UIN3MPOBAHHbIX HA MOBEPXHOCTU TBEPAOM MOAJIOXKKN.

Nowadays, the crucial task in the spectroscopy of biological objects in the natural conditions
and magnetic resonance tomography is to increase the spatial and time resolution and
sensitivity. It may be solved by combining the methods of scanning probe microscopy and
NMR spectroscopy. It was shown that the original hardware and software platform permits
to measure simultaneously the morphology, structure and molecular composition of
biomacromolecules immobilized on a hard substrate surface.

KaHHPpYIoIlas 30HA0Basg MUKPOCKOIIMS I103BO-  aKTHBHO IPUMEHSIOTCS AJIsl IIOBBIIIEHHUS YyBCTBU-
CJIHET BHU3ya/JTM3UPOBATh OOBEKTH C aTOMHBIM  TeJIBHOCTH, IIPOCTPAHCTBEHHOIO U BpeMEHHOTO pas-
pa3pellleHHeM Ha BO3[yXe U B KHUJKOCTH [1, 2].  pelmleHHS MAarHUTHO-Pe30HAHCHOM TOMorpaduu
B HacTosIee BpeMs MeTOJbl COBMEIeHHOM OITH- (MPT). C moMOILIb0 a30TO-3aMelleHHOK BaKaHCHUU

YeCKOM M CKaHHPYIOLlel 30HJ0BOM MHKPOCKOIIMK B ajiMa3se OCyIleCcTBJIeHa PeTMCTPallHs CIKMHOBOTO
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MaTrHUTHOTO Pe30HaHCa OT OJUHOYHOMN 6elKOBOM
MoJeKy/H [3]. CKaHHUPYIOIIUM TyHHeJIbHBIM MUKPO-
CKOIIOM C IIOMOIIbI0 MATHUTHOIO pe30HaHCa MO0y~
4yeHOo n3obpaskeHHe ofMHOYHOro aromMa Ti ¢ cybaHT-
CTPEMHBIM IIPOCTPAHCTBEHHBIM pa3penieHueM [4]
Y 3aperUCTPUPOBAHBl pa3jiMuyHble U30TONH Fe (56
u 57 a.e.M.) [5]. TaKksKe C IIOMOIIBIO MeTOZa MAarHUT-
HOTO pe3oHaHca oIlpe/ieeH0 KOHKPeTHOe PacIioyo-
JKeHHe M30TOIIOB TUTAHA Ha ITIOBEPXHOCTH alaTOMOB
KpucTtaania MgO. ATOMBI 230Ta B BAKAHCHAX a/IMa3-
HOIl pelIeTKH MOTYT CJIY>KUTb B KaueCTBe MarHUTO-
MeTPOB aTOMHOI'0 pa3Mepa, YTO II03BO/ISIeT U3MePATh
MOJISIpPU3aLiHIo siiep B aHCaMOsx [6] 1 perucTpupo-
BaTh OT/Je/IbHbIE CIIMHBI [7], B TOM 4HC/le B OOBIYHBIX
YCJIOBUSIX Ha Bo3zyxe [8]. ObmenpusHaHO, 4YTO, HECMO-
TPS Ha CyIecTBeHHBIe ycrexu, MPT obazaeT MeHb
IIex 4yBCTBHUTEJbHOCTBIO, YeM, HalpUMep, Macc-
CIIeKTPOMETPHS, BC/IeACTBHE He3HAUUTe/IbHOU BeJlU-
YHHBI II€PHOr0 HaMarHUYMBaHU. [IpeofoeTs 3TOT
He[0CTaTOK I103BO/IsIeT MCIIO0Nb30BaHMe CIIMHOBOU
TUIIePIIOASAPU3ALNU ANep MCCAeNyeMbIX BellecTs,
CIIMHOBBIX METOK Y HOBBIX HUMITY/IbCHBIX PAAHOPH3H-
YeCKHX MEeTOZ0B PerMCTPALIHMH I10JIe3HbIX CUTHAJIOB.
OCHOBHas Lie/Ib Halllero poeKTa COCTOUT B IOy~
YeHHUH HOBBIX JAHHBIX O CTPYKTYpe U MOJIeKY/IsIPHOM
CTpoeHHU 6HOoNIornueckKUX MojeKy (6enKoB, BUPY-
coB, 6akTepuH, KJIE€TOK) U MX KOMIIJIEKCOB B ecTe-
CTBEHHBIX Cpe/lax C IIOMOIIbI0O M3MepHUTeIbHOHU
anmnapatypsl MPT Ha 6a3e MeTOHOB CKaHUPYOLIEH

Puc.1. CkaHupyowul 30H008bIU Mmukpockon "®emmoCkaH"
Fig.1. FemtoScan scanning probe microscope

30H/I0BOM MHUKPOCKONMHH. KIIOUeBHM B JaHHOH
pabote sBisieTcs pa3paboTKa M HUCIIOTB30BAHUE CIIe-
LIMAIbHBIX KAaHTHJIEBEPOB C MATHUTHBIMHU CBOH-
CTBAMH B COUYETAHUHU C OIITUMH3HUPOBAHHBIMHU IIpe-
L[M3HOHHBIMU METOJAaMH PerucTpally CUTHaIa
B Pe30HAHCHBIX M UMITYJIbCHBIX PeKHUMaXx [ JOCTH-
>KeHHUsI CyOHAaHOMeTPOBOI0 MPOCTPAHCTBEHHOIO
pa3pelleHHs B eCTeCTBEHHBIX /I GMOTOTHYeCKUX

canning probe microscopy allows

to visualize objects with atomic

resolution in air and liquid [1,2].
Nowadays, methods of combined
optical and scanning probe micros-
copy are actively used to increase
the sensitivity, spatial and tempo-
ral resolution of magnetic and reso-
nance imaging (MRI). Registration
of spin magnetic resonance from a
single protein molecular was car-
ried out using nitrogen-vacancy cen-
ter [3]. Obtained is the image of a sin-
gle atom of Ti with sub-micron spa-
tial resolution [4] and different iso-
topes of Fe (56 and 57 a.m.u) [5] were
registered using scanning tunnel
microscope with the magnetic reso-
nance. Besides, a specific arrange-
ment of titanium isotopes placed on

the MgO crystal adatoms surface was
determined by magnetic resonance
method. Atoms of nitrogen placed in
vacancies of a diamond lattice may
be used as the atom scale magnetom-
eters and permit to measure polar-
ization of nuclei in ensembles [6] and
register the separate spins [7] includ-
ing measurements in air under nor-
mal conditions [8]. Despite the mean-
ingful progress, it is well known that
MRI has a lower sensitivity than
mass-spectrometry because of insig-
nificant value of the nuclear mag-
netization. It is necessary to use the
spin hyperpolarization of nuclei of
the investigated substances and spin
markers along with the pulse radio-
physical methods of useful signal
registration.

The main idea of our project is to
obtain the new data about struc-
ture and molecular composition
of biological molecules (proteins,
viruses, bacteria, cells) and their
complexes in natural environments
by applying MRI measuring equip-
ment using the scanning probe
microscopy. The key aim of our
research is to develop and use spe-
cial magnetic cantilevers with opti-
mized precision signal registration
methods to record signals in reso-
nance and pulse modes in order to
achieve the subnanometer spatial
resolution in natural environments
for biological objects such as airand
liquids.

The unique design of cantilevers is
due to use of:
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00BbeKTOB Cpeflax - Ha BO3JyXe M B KHIKOCTH.

OpPHUIHHAABHOCTh KOHCTPYKIMK KaHTHU/IEBEPOB

3aKJ/II0YAeTCs B MCIIO0/Ib30BAHUM:

* 30H/IOB Ha OCHOBe aJiMa3a C BHeJpeHHBIMHU aTo-
MaMH a30Ta,

* 30H[0B C eppOMArHUTHBIMH BK/IIOUeHHUSIMHU HAHO-
MeTpOBOIo MacIITaba,

* 30HJIOB C MOJIEKY/ISIPHBIMHU KOHCTPYKLIUSIMHU OCTPHS
Ha 6a3e eTUHUYHBIX ATOMOB M UX KJIaCTEPOB.
MHOroQyHKIHOHAaAbHAS CKAHHUPYOLAsl 30HM0-

Basi MUKPOCKOIIMS II03BOJIUT JOCTHYb BEICOKOTO IIPO-

CTPAaHCTBEHHOTO paspemeHus B MPT 6i1aromaps

MHOTOYHC/IeHHBIM PeXXHMaM: CKaHHUPYOLeH TYH-

HeJbHOM, aTOMHO-CHUJIOBOM, CKaHUPYIOLeH pe3u-

CTUBHOMU, KallWJUISIPHOH, MarHUTHO-CUJIOBOM, KeJlb-

BUH-MHUKPOCKOIIHH, 37IeKTPOCHUIOBOM MHUKPOCKOIIHH

B COUETAaHUHU C MUKPOCKOIIMeN MarHUTHO-Pe30HaHC-

Hol ToMorpaduu. [is JOCTUKeHU S BBICOKOI'O Bpe-

MeHHOro paspelleHHs 6ymeT fopaboTaHa U Monep-

HHU3HUPOBaHa ObICTPOAEHCTBYOMIAS 3IeKTPOHIKA CKa-

HUPYIOLIero 30HA0BOr0 MUKpocKomna "demtoCKaH"

(puc.l) u mporpaMmMmHoe obecrieyeHue "®emToCKaH

Onnann" [9]. B 4acTHOCTH, B 31eKTPOHUKY byneT

MHTeTPUPOBaHA CHCTeMa BbIAeIeHUs €1aboro cur-

HaJla B IIyMOBOM QOHe C HCII0Ib30BaHHEM CUHXPOH-

Horo ycunurens SR844 (Stanford Research Systems,

Benuxobpurtanus). M3mepeHus 6yqyT IpOBOSUTHCS

C MCII0Ib30BAaHHEM IPelM3HOHHBIX IUPPO-aHAIOTO-

BBIX U aHAJIOTOBO-LIUGPOBLIX IIpeobpa3oBaTesiell pas-

psinHOCTBIO 20 OUT U TAKTOBOH YacTOTOMU 1 MIII.
Hcmonb30BaHUe TUIIEPIONSIPHU30BAHHOIO H30-

Toma Xel29 11 BU3yaaru3alku KJIeTOYHBIX CTPYKTYP,

HAaHOIIOp U MOHHBIX KaHa/lIoB B MeMbpaHe KJIeTOK
[103BOJISIeT CYIeCTBEHHO IIOBBICUTh YPOBEHb I10JIe3~
HOI'0 CUTHasa.

KceHOH B3aMMOJEHNCTBYeT CO MHOTUMH Pa3/IHi-
HBIMH pelLelTOPaMH U MOHHBIMU KaHa/JIaMHU KJIeTOK
Y ABJISETCA MePCIeKTHBHBIM KaHIUAATOM B Kave-
CTBe aHecTeTHKa. KCeHOH ABJISIeTCS aHTaTOHUCTOM
peuentopa NMDA ¢ BRICOKMM CPOJCTBOM K IJIMIIH-
HOBOMY cauTy [10]. C/remyeT 3aMeTHUTh, YTO KCEHOH
He SIBJISIeTCSI HeMPOTOKCUYHBIM M OKa3blBaeT HeMu-
POIIPOTEKTOPHOE IelcTBHe. B paboTe maaHUpyeTcs
BHU3yaJTU3UPOBATh MHIUOHMPOBAHHE KCEHOHOM
Ca2*-AT®da3pl I1a3sMaTUvecKol MeMOpaHEI, a TaKKe
M3YYUTh IIPOCTPAHCTBEHHOE PACIIOJIOXKeHUe APy~
TMX HOHHBIX KaHAJIOB KJIeTOYHOM CTeHKH. [JIJIs 3THX
Leser byneT MUCII0Ib30BATHCS BOAHBIN QHU3HOIOTH-
YeCKUU PacTBOP, oOorameHHbIN H30TOIIOM KCEHOHA
Xel29.

[MIepriongpr30BaHHBIN KCEHOH MOKHO HCIIO/Ib30-
BaTh TaK>Ke [IJIs OIlpefie/leHM s XMMHUYeCKOro cocTaBa
MOBePXHOCTH. O6BIUHO IPeACTaBIISIETCS TPYIHEIM
0XapaKTepH30BaTh IIOBEPXHOCTHU C IMOMOIIbIO IMP,
IIOCKOJIBKY CUTHAJ/IBl OT II0BEPXHOCTHU CYIeCTBEHHO
MeHbIIe CUTHAJIOB OT aTOMHBIX f7ep B obbeMe
obpasiia, KOTopble HAMHOTI0 60/lee MHOTOUHC/IEHHBI,
UeM ITOBEPXHOCTHBIE aApa. OMHAKO siAepHbIe CITHHBI
Ha TBepABIX IIOBEPXHOCTIX MOXKHO H36HMpPaTenbHO
II0/IIpHU30BaTh, [IePEHECS Ha HUX CITMHOBYIO IIOISPH-
3aLIMI0 M3 THUIIePIIO/IAPU30BAHHOI0 KCEHOHOBOTO rasa.
9TOo JejaeT MOBEPXHOCTHBIE CUTHAJIBL JOCTATOYHO
CUJIBHBIMU, YTOOBI U3MEPSITh U OTIUYATh OT 06BeM-
HBIX CUTHaja0B. COOTBETCTBYIOIIHE SKCII€PUMEHThI

+ diamond-based probes with
embedded atoms of nitrogen;
« probes with nano-scale ferromag-
netic inclusions;
 probes with molecular composi-
tion of a tip based on the single
atoms and their clusters.
Multifunctional scanning probe
microscopy is applied to achieve a
high spatial resolution in MRI due to
anumber of modes, such as scanning
tunnel, scanning resistive, capillary,
atomic power magnetic-force, Kelvin
microscopy and electric power micros-
copy combined with the magnetic
resonance tomography. To achieve a
high temporal resolution, the high-
speed electronics of the FemtoScan

scanning probe microscope (see Fig.1)
and the FemtoScan Online software
(9] will be finalized and upgraded. In
particular, a system for extracting a
weak signal out of background noise
using the SR844 synchronous ampli-
fier (Stanford Research Systems,
Creat Britain) will be integrated into
electronics. Measurements will be
carried out using precision digital-to-
analog and analog-to-digital convert-
ers of 20 bits capacity and a clock fre-
quency of 1 MHz.

Use of the hyperpolarized Xel29
isotope to visualize cell structures,
nanopores and ion channels in the
cell membrane makes it possible
to significantly increase the useful
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signal level. Xenon interacts with
many different receptors and ion
channels of cells and is a promising
candidate as an anesthetic. Xenon is
an antagonist of the NDMA receptor
with high affinity to glycine site [10].
Moreover, xenon is not neurotoxic
and has a neuroprotective effect. It
is planned to visualize inhibition
of plasma membrane Ca2* -ATPase
by xenon and to study the spatial
arrangement of other ion channels of
the cell wall. For these purposes, an
aqueous saline solution enriched by
xenon Xel29 isotope will be applied.
Hyperpolarized xenon can also be
applied to determine chemical com-
position of the surface. It is usually
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difficult to characterize surfaces
using NMR because the signals from
the surfaces are much weaker than
the signals from atomic nuclei in the
sample volume as far as their quan-
tity is much greater than the surface
nuclei number. However, it is possi-
ble to selectively polarize the nuclei
spins on the solid surfaces by trans-
ferring on them the spin polarization
from hyperpolarized xenon gas. This
operation makes the surface signals
sufficiently strong to measure them
and distinguish from volume signals.
Corresponding experiments may be
carried out by using combined meth-
ods of scanning probe microscopy and
nuclear magnetic resonance. For local

delivery of the solutions enriched
by hyperpolarized xenon it is advis-
able to apply the capillary micros-
copy. We planned to use the diamond
substrates with embedded atoms of
nitrogen as quantum magnetome-
ters. To analyze biomacromolecules,
viruses and cells, the combined meth-
ods of atomic power microscopy and
NMR spectroscopy should be applied.
Additionally it is necessary to assess
a possibility to use diamond probes
with embedded atoms of nitrogen as
a magnetic sensor (quantum magne-
tometer) with optical detection of the
signal. As a result, an experimental
installation that combines possibil-
ities of scanning probe microscopy

and the spin resonance method will

be developed to enable the following

measurements and studies:

+ measurements in controlled gas-
eous atmosphere of cell structures
and model samples;

¢ measurements in helium atmo-
sphere (xenon isotope 219) of cell
structures and model samples;

 study of NMR contrast of cell
membrane signal from the con-
tent of hyperpolarized xenon
in the solution. [ |
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