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Ha6nopgeHue XUBOW MpuUpoabl C HAHOMETPOBbLIM MPOCTPAHCTBEHHbIM pa3pelleHneM umeeT
nepBocTeneHHoe 3Ha4YeHue A/ NOHMMaHUSA MHOTUX PyHAAMEHTaIbHbIX MPOLECCOB, Hanpumep
GYHKLMOHNPOBAHUSA CETEN U3 XUBbIX HEAPOHOB, 6aKTepUasbHOW aHTUBMOTUKOPE3UCTEHTHOCTH,
B3aMMOAENCTBUA BUPYCOB C MOJIEKY/IAPHbIMU peuenTtopamMu. [Ong Mosy4yeHUs MNOSHOLeHHOM
M pocCcToBepHOW WHPopmauum TpebyeTca KOMEMHALUA BbICOKOMH(POPMATUBHbLIX METOAO0B,
K KOTOpPbIM OTHOCSATCA ONTUYeckas M CKaHUpylowas 30HAO0Bas MuUKpockonus. Ha ux 6ase
co3paeTcsa undpposas niatpopma 6MOHAHOCKONUN.

Wildlife observation with nanometer spatial resolution is of paramount importance for
understanding many fundamental processes, for example, the functioning of living neurons
networks, bacterial antibiotic resistance, and the viruses interaction with molecular receptors.
To obtain complete and reliable information, a combination of highly informative methods
is required, which include optical and scanning probe microscopy. On this basis a digital
bionanoscopy platform is being created.

THYeCKHUX CHCTEM IIPpHJIATAOTCA SHEPru4iHbIE
yCUIHuAg O IIOBBIIIEHHU 6I>ICTPO,E[eI:ICTBI/IH
IIpu 063ope 6O0BIIOrO II0JIA C COXpaHEeHHEM BBICO-
KOI'O IIPOCTPAHCTBEHHOI'O pa3pellleHK s Ha YPOBHE

B HacCTosIlee BpeMs IIpH BU3YyallKM3allKU 6umoso-

eIMHUI HAHOMEeTPoB. TaKkyl BO3MOKHOCTb IIpe-
NOCTABJISIIOT OIITUYeCKIe MeTOIbl BBICOKOTO pa3pe-
IIeHH s C UCII0/Ib30BaHHUEM QJIYOpeCeHTHBIX areH-
TOB K MeTO/J bl CKAHHUPYIOIeH 30HL0BOM MUKPOCKO-
nuu. B 2011 rogy Zengbo Wang paspaboTas HOBYIO
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TeXHOJIOTHI0 MU KPOJINH30BOM OIITHKHU C paspelle-
HHeM Ha ypoBHe 60 HM [1, 2, 3]. Hay4Hou rpymn-
nou Z.Wang 65171 pa3paboTaH ONPUHIUI ONTHYe-
CKOV MHKPOCKOIIUHY C [IOMOIIBIO0 TBEPAON UMMeP-
CHOHHOW MMKPOJHH3B Ha OCHOBE MeTaMmaTe-
puana - mSIL (metamaterial Solid Immersion
Lens) [4]. MukponuH3sa mSIL U3roTraBIuBaeTCs
IIyTeM IJIOTHOM yKJaJAKH HAaHOYACTHUIL C BHICOKUM
IokasaTejeM IIpelloMJieHUS (HallpuMep, aHaTa3a
TiO,) B monycdepuuecKyio TBepPAYO UMMePCHOH-
HYI0 MUKPOIHH3Y nraMeTpoM 10-30 mrM. Takas
MHUKPOJHH3a OCYIlecTB/sIeT Npeobpa3oBaHUe 3Ba-
HeCIeHTHOH BOJIHBI M3 OJMKHEN 30HH BOIU3U
CBOEeI I'PaHUIB B PAaCIPOCTPAHSAIOMIYIOCS BOTHY
B aJIbHEeM Iojse. MUKPOIKMH3A ycIemHO paboTaer
B 6esioMm cBeTe. IIo CpaBHEHUIO C APYTUMHU MHUKPO-
nuH3aMu mSIL paborawT 3o deKTHBHee, CO3LaBas
6osiee KauyeCcTBeHHbIE ONITHYeCKHe H300paskeHHU S
CTPYKTYP HAHOMETpPOBOIO JHalla30Ha, BKIOYAS
[I0BEPXHOCTH MHKPOCXeM U 00beKTOB bHroorude-
CKOTO ITPOUCXOXKIEeHHU S — KJIeTOK U aJJe HOBUPYCOB.
OnVHOYHBIE TUH3B HAa OCHOBe MHUKpocdep
AaKTHBHO HCIIOJIB3YIOTCS B QyHAAMeHTAaIbHBIX
HCCIeL0BAHUIX KaK /151 yBeJHUYeHU s pas3pelle-
HUS ONTUYEeCKUX MUKPOCKOIIOB C IIPeofoIeHHeM
IUGPaKILIMOHHOrIO Ipefena, Tak U COBMECTHOTIO
HCII0JIb30BAHUS C aTOMHO-CHUJIOBBIM MHKPOCKO-
II0M 32 CUeT 3aKpellieHU s MUKpochepsl U3 KBapla
UIU TUTaHaTa 6apus Ha KaHTUIeBepe. OgHAKO
B IIPe/IJIO’KeHHBIX PelleHHUIX HMeITCs CyIleCTBeH-
Hble HeJOCTATKH: Masoe Iose ob3opa, HU3KOe
OBICTpOMENCTBHE U, KaK C/Ie[ICTBHE, [IPOBeleHHe
CHUJIPHO YCEUYEHHOI'0 10 BpeMeHH U IPOCTPAHCTBY

Puc.1. YcmaHoska 04 kanuaasipHol mukpockonuu Ha 6ase on-
muy4ecko20 UHBepMUpPo8aHHo20 mukpockona Nikon Ti-U
Fig.1. Capillary microscopy unit based on Nikon Ti-U optical
inverted microscope

urrently, in the imaging of

biological systems, vigor-

ous efforts are being made
to increase the speed of a large
field survey while maintain-
ing high spatial resolution at
the level of a few nanometers.
This opportunity is provided by
high-resolution optical meth-
ods using fluorescent agents
and scanning probe microscopy
methods. In 2011 Zengbo Wang
developed a new microlens
optics technology assuring reso-
lution of 60 nm [1, 2, 3]. Z.Wang
scientific group developed the
optical microscopy principle

using a solid immersion micro-
lens based on a metamate-
rial - mSIL (metamaterial Solid
Immersion Lens) [4]. The mSIL
microlens is manufactured by
dense packing of nanoparticles
with a high refractive index
(for example, anatase TiO,) in a
hemispherical solid immersion
microlens of 10-30 pm diameter.
Such a microlens transforms
the evanescent wave from the
close to zone near its boundary
into a propagating wave in the
far field. The microlens works
well in white light. As com-
pared with other microlenses,

mSIL works more efficiently by
creating better optical images
of structures in the nanome-
ter range, including the micro-
circuits surfaces and biological
objects.

Single lenses based on
microspheres are actively used
in fundamental research both
to increase the resolution
of optical microscopes by
overcoming the diffraction
limit, and to use them together
with an atomic force microscope
by attaching a quartz or
barium titanate microsphere
to a cantilever. However, the
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HablogeHHUs MPOLECCOB B KUBOM IIPHUPOLeE.
B onTH4Yeckoll MUKPOCKONHM AN Hpeofose-
HHUS JUPPaKLHOHHOIO IIpeesa MHUPOKO UCIIOIb-
3YIOTCSI METOJIBI, OTMeueHHBle HobeneBCcKoM Ipe-
Mmuen mo xuMuu 2014 roxa (E.Betzig, S.W.Hell,
W.E.Moener). 3TU MeTOMBbI [I03BOJIAIOT IIOJIY4YHUTh
NUCKPeTHOe OIITHYeCKoe H306paskeHHe C HAHOMe-
TPOBOM AeTanu3alikel. K orpaHUYeHUSIM 3TOTO
METO/Ja OTHOCHUTCS He0OXOLHMMOCTh HCIIONb30-
BaHHA QIyopeCleHTHBIX METOK U BeIlecTB, UYTO
HajlaraeT ocobble yC/JIOBHUS HAa IPOOOMOATOTOBKY
U Ha caMU HabnomaeMble 06beKTHI.

CoBMeleHHEe MHUKPOJIHMH30BON TEXHOJOIHUU
U COBOKYIIHOCTH MeTOJO0B 30HA0BOKM MHKPOCKO-
MK, BK/I0OYAsl aTOMHO-CHUJIOBYI0 MHKPOCKOIIHIO,
CKAaHUPYOIYIO KalHU/IJISPHYI MHUKPOCKOIHIO,
3/IeKTPOXUMHUUYECKYI0 MHKPOCKOIIHIO, BBICOKO-
CKOPOCTHYIO 30HI0BYI0 MHUKPOCKOIIHIO, pa3pa-
baTeiBaeMble B HallleH HAy4YHOM IpYIIIle, I103BO-
7sieT co3naTh HUGPOBYIO IaTGopmMy OMOHAHOCKO-
MU C PeKOPAHBIMU IIapaMeTpPaMHU 10 CKOPOCTH
HabnIofeHUS U NPOCTPAHCTBEHHOMY pa3spelle-
HHI0. KpoMe TOro, 3TOT IIOAXOJ faeT BO3MOKHOCTh
M3y4aTb 00beKTHl HA IOJISAX BIJIOTH O MUJIIHUMe-
TPOBBIX pa3MepoB. binarogaps co3maBaeMo ud-
poBoM naaTtdopme MOKHO MOAYUYHUTH AeTaTbHYIO
Y IIOJIHOLIEHHYIO KapTUHY HabnromaeMblx siBie-
Hu. C ee MOMOIIBIO CTAHOBHUTCS BO3MOSKHBIM
HaKOIlJIeHHe HOBBIX 3KCIIePUMEHTANbHBIX JaH-
HBIX W Pe3y/JIbTaTOB IIPU M3y4eHHH TaKHUX BaKHBIX
3ama4 6MoMeqUIIMHEL, KaK paHHee oOHapykeHUe
BUPYCHBIX areHTOB U UHOEKI NI, OaKTepHalbHAS

aHTUOHMOTHKOPE3UCTEHTHOCTD, TOIIONIOTHS U QYHK-
LHOHHMPOBAaHHE CeTeH KMBBIX HEUPOHOB.
BBICOKOCKOPOCTHAs CKaHHMPYyWINas 30HI0BAL
MHKPOCKOIIHA B ITIOC/IeJHee BpeMs aKTHBHO Pa3BH-
BaeTCs 715 HabniogeHuUs mpoleccoB B 6uonoruye-
CkuX cucteMmax. Tak, B 2019 roagy B >kypHase Nature
Opls1a ony6IKMKOBaHA CTaThsl, IJe aBTOPHI CAeAUIH
3a M3MeHeHHeM MeXaHHYeCKOHU KeCTKOCTH Typ-
ropa KJeTKH IIpU ee AeneHHUH [5]. OmHaKO 3aperu-
CTPUPOBATH IPOLECC MePeKPBITHI CAMOro Iepe-
HIerka JeasIiuXCcd KJAeTOK He YA4aJI0Ch M3-3a orpa-
HUYeHUS B CKOPOCTH M3MepeHHU M. JIpyruM OrpaHu-
yeHHeM ObICTPO/eHCTBYOMEH 30HA0BOM MHUKPOCKO-
IIMU B/ISIeTCS, KaK IIpaBu/o, HeboblIoe [mojie cKa-
HUDPOBaHHMA. DTOT HEJOCTATOK IIPHU3BaHa PeIlUTh
MaTpPHYHAas MHUKPOJHH30Basg ONTHKA. JTa ONTHKA,
HaIllpuMep, MOXeT peajnu30BaTh OBICTPHII MMOUCK
baKkTepHH, COBepLIAONeH OCI MY HAaHOMETPO-
BOro mMacmrTaba, a 30H/10Basi MUKPOCKOIUS IIPOBe-
CTH IOC/IeyIollee AeTaJlbHOe U3yyeHHe XapaKTepa
3TUX KosebaHum. TakUM 06pa3oM, MOXHO Cylle-
CTBEHHO COKPAaTHTh 0b1Ilee BpeMsi oIIpe/ie/IeHHU s BO3-
NeHCTBUS aHTUOMOTHKA Ha 6aKTepUaIbHYIO KJIETKY.
BaskHO, UTO 30HJ0BAasg MHUKDPOCKOIUS JAaeT BasKHYIO
JOMONHUTENbHY0 HHGOPMALMIO O KJIeTKAX, IOy~
YUTh KOTOPYIO APYTHUMHU crocobaMH He ygaeTcs.
B pabore [6] c mOMOLIBI0 ATOMHO-CH/IOBOK MHKPOCKO-
KU 6BI710 IIOKA3aHO, UTO TUIIONPOTEHH Lpp perynu-
pPyeT MexaHHUYeCKHe CBOMCTBA KJI€TOYHOM 0060/I0YKHU
KHUIIeYHOM IaJ0YKHU U ee YCTOMUYHBOCTb K aHTHUOHO-
THKaM. 30/I0THIM CTaHZAPTOM OIIpe/ie/IeHHs YCTOk-
YHUBOCTH 6aKTepHil K aHTUOMOTHKAM SIBJISIETCS U X

proposed solutions have sig-
nificant drawbacks: a small
field of view, low speed and,
as a consequence, observa-
tion of processes in the living
nature which is greatly reduced
in time and space. In order to
overcome the diffraction limit,
the optical microscopy widely
uses the methods awarded
by the 2014 Nobel Prize in
Chemistry (E.Betzig, S.W.Hell,
W.E.Moener). These meth-
ods provide a discrete optical
image with a nanometer detail.
Limitations of this method
include a need to use fluorescent
labels and substances, which

necessitates special conditions
to sample preparation and to the
observed objects themselves.
Combination of microlens
technology and a set of probe
microscopy methods, includ-
ing atomic force microscopy,
scanning capillary microscopy,
electrochemical microscopy
and high-speed probe micros-
copy developed in our research
group, allows us of creating
a digital bionanoscopy plat-
form with record parameters in
terms of observation speed and
spatial resolution. In addition,
this approach makes it possible
to study objects in fields down
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to millimeter sizes. Thanks to
the digital platform being cre-
ated, one can get a detailed and
complete picture of the observed
phenomena. With its help it
becomes possible to accumu-
late new experimental data and
results when studying such
important problems of biomed-
icine as the early detection of
viral agents and infections,
bacterial antibiotic resistance,
topology and functioning of the
living neuron networks.
Recently the high-speed scan-
ning probe microscopy has
been dynamically developed to
observe processes in biological
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BhIpallluBaHUe Ha KYJIbTypaJibHOM cpefie ¢ fobaBs-

KaMH aHTHO6HMOTHKOB. OLHAKO 3TOT Ipoliecc

4acTo 6BIBaeT OYEHDb JIUTENbHBIM, UTO CTAHO-

BUTCS HeJONYCTHMBIM IIPH BBISIBIEHHUH Xapak-

Tepa 6aKTepHa/IbHON MHOEKLUH U IPU NPUHATHU

pellleHMS 0 MeJMKaMeHTO3HOM JIeYeHHUH.
CymecTBeHHBIHM NPOrpecc B BHU3yaJHU3aLUHU

SKHBBIX HEHPOHOB IIPOJeMOHCTPHUPOBA/IH aTOMHO-

cunoBas [7] U cKaHUpyIOIas KanuaasapHas (MoH-

nposofsimiasi) MUKpocKonus [8]. B pesyinbraTte
yHdaeTcs C HAHOMEeTPOBBIM IIPOCTPAHCTBEHHBIM Pa3-
pellleHHeM HabII0[aTh TOIIOJIOIUIO CeTel HeHPOHOB

B 6ydepHEIX pacTBopax. CymecTByomue paboTel

B 06/1acTH M3y4YeHUs] HEHPOHOB B OCHOBHOM CBSI-

3aHB ¢ HabnofgeHHeM TOIOrpadUU HeHMPOHHBIX

ceTer. OQHAKO OCTAIOTCA HaWBa’kKHeHIIHe U BMe-

CTe C TeM 3KCIepHMeHTA/bHO IIJIOX0 M3y4YeHHBbIe

BOIIPOCHI: CBS3b MeXXy TOIoTpadrer HeHPOHHBIX

ceTel U TpaeKTOPHeH MPOXOXAeHHS CUTHAJOB,

yCTaHOBJIeHHEe B3aHMMOCBSI3HM MeX/y HEHPOHAMH

B IIpOLiecCe UX POCTa, MOJIeKY/ISpHble MeXaHHU3MBbI

MaMSTH U 3alIHCh MHQOpMAIIMU Yepe3 Tororpaduio

HEHPOHHBIX CeTell U MHOTHe [ Pyrue HepelleHHbIe

3agauu. Lludpposas naarpopma 6MOHAHOCKONUU

[IPHU3BaHa UX PEIIMUTb.

[IpeparaeMoe ammapaTHOe pellleHHe COCTOUT

U3 IByX OCHOBHBIX YaCTeH:

1. MaccuBa ONTHYECKUX MUKPOJIHH3, PacIIONOKeH-
HOTI'0 Ha MHBEPTHPOBAHHOM OITHYeCKOM MHKPO-
ckore ¢ 40-100-KpaTHBIM yBeIHYEHUEM,

2.MHOTOQYHKIUMOHAJNBHOIO0O CKAaHHUPYIO-
I1ero 30HA0BOT0 MHUKPOCKOIIA C PeKHMMaMHU

ATOMHO-CHJ/IOBOI0, KallM/IISPHOTO U 3JIeKTPO-
XUMHUYECKOT0 U3MepPeHHUH, YCTAHOBIEHHOIO
Ha MHBEPTUPOBAHHOM MHUKPOCKOIIE C JLOCTY-
IIOM JIJIS1 CKAHHPOBAHU A KAaHTH/IeBEPOM IIOBepPX-
HOCTH MAaCCHBAa MUKPOJIMH3 H/U/IK CEHCOPHOU
[IOBEPXHOCTH.
30H/10Bass MUKPOCKOIIMS I103BO/ISeT IPOBOJUTH

BH3ya/lM3alHIo 06beKTOB Ha BO3JyXe U B KUAKHUX

cpefax ¥ OAHOBPEMEHHO BBIIIOJHATE CIeyIollue

GYHKIIHM:

* OCYWIeCTB/ISATH JOCTABKY BelleCTB U PeareHTOB
B 06/1aCTh HAHOMETPOBBLIX Pa3MepOB,

* NPOBOAMUTL 31eKTPOPU3IUONOrHYECKHE
HCC/IeIOBaHUS,

* M3MepATh KAPTHHY IIPOXOXKAEHUS 3eKTpUYe-
CKHX CUTHAJIOB,

* PeaJM30BBIBATH
BO3EHCTBUS,

e obpabaTeiBaTh OaHHBEe U H306paskeHHUS
C MCII0/Ib30BaHHEM aJITOPUTMOB UCKYCCTBEHHOIO
WHTeJJIeKTA.

C IOMOIIBI0 alIIapaTyphl, CO3JAHHOM Ha OCHOBE
ONTHYECKOU U CKAHUPYIOIIeH 30HL0BOU MHKPO-
CKOIIHMH, BO3MOXHO M3y4eHHe HMIHPOKOTO Kjacca
00beKTOB, BK/IOYas OMOMNOJKMMepHBbIe IJeHKH
u MeM6paHBbl, BUPYCHl U OaKTepUU, KUBble KIeTKH
BBICIIMX OPTaHH3MOB.

B pesynpraTe nupposas naarpopma 6ruoHaHO-
CKOIIMH I103BOJIsIeT IPOBOJUTh HAOMIOeHUS CIIOK-
HBIX 6MO0OrMYeCcKHUX CUCTeM C PeKOPAHBIMU I1apa-
MeTpaMH I10 6BICTPO/IEICTBHIO U IIPOCTPAHCTBEH-
HOMY pa3pelleHHUIo.

HaHOMeXaHHYeCKHe

systems. Hence, in 2019 an arti-
cle in the Nature was published
that described how the authors
monitored a change in the
mechanical rigidity of the cell
turgor during its division [5].
However, it was not possible to
record the process of overlap-
ping the dividing cell isthmus
because of the measurement
speed limitation. Another lim-
itation of the high-speed probe
microscopy is the generally
small scan field. This drawback
is intended to be solved by the
matrix microlens optics. Such
optics, for example, can perform
a quick search of a bacterium

making nanoscale oscillations
while the probe microscopy can
carry out a subsequent detailed
study of the nature of these
oscillations. Thus, it is possible
to significantly reduce the total
time to determine the effect
of the antibiotic on a bacterial
cell. It is important that probe
microscopy provides important
additional information about
cells that cannot be obtained by
other methods. In work [6] it was
shown with the aid of the atomic
force microscopy, that Lpp lipo-
protein regulates mechanical
properties of the E. coli cell wall
and its resistance to antibiotics.

The gold standard for determin-
ing resistance of bacteria to
antibiotics is to grow them on a
culture medium supplemented
with antibiotics. However, this
process is often very long, which
becomes unacceptable when
identifying the nature of the
bacterial infection and when
deciding on drug treatment.
Atomic force [7] and scan-
ning capillary (ion conduc-
tance) microscopy [8] have dem-
onstrated a significant progress
in visualization of living neu-
rons. As a result, it is possible
to observe the topology of neu-
ron networks in buffer solutions
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Paboma sbinoaHena npu ¢urancosoil noddepxke
Poccuiickozo HayuHozo ¢oHda (npoekm N2 20-12-00389)
u Poccuiickozeo ¢poHda pyHdamenmanbHbix uccaedosaHuil
(npoexm Ne 20-32-90036).
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with nanometer spatial res-
olution. The existing papers
devoted to study of neurons
deal, mainly, with observation
of the neutral networks topogra-
phy. However, the most impor-
tant and, at the same time,
poorly studied experimentally
issues remain: a relationship
between the neutral networks
topography and the trajectory
of signals; establishment of the
relationship between neurons
in the process of their growth;
molecular mechanisms of mem-
ory and information recording
through the neural networks
topography; and many other
unsolved problems. The digital
bionanoscopy platform should
solve them.

The proposed hardware solu-
tion consists of two main parts:
1. an array of optical microlenses

located on an inverted optical

microscope with 40x-100x

magnification,

2.a multifunctional scan-
ning probe microscope work-
ing in the modes of atomic
force, capillary and electro-
chemical measurements that
is installed on an inverted
microscope and is capable
of scanning the surface of a
microlens array and / or a sen-
sor surface with the aid of a
cantilever.

The probe microscopy allows
objects visualization in air
and in liquid and simultane-
ously performs the following
functions:

« to deliver substances and
reagents to the nanometer-
sized area,

 to conduct electrophysiologi-
cal studies,

 tomeasure the pattern of elec-
trical signals,
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e to implement nanomechani-
cal effects,

« to process data and images
using artificial intelligence
algorithms.

With the help of the equip-
ment developed on the basis
of optical and scanning probe
microscopy it is possible to study
a wide class of objects, includ-
ing biopolymer films and mem-
branes, viruses/bacteria, and
living cells of higher organisms.

As a result, the digital
bionanoscopy platform makes
it possible to observe complex
biological systems with record
parameters in terms of speed
and spatial resolution. |
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