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Mony4yeHne BbICOKOro paspelueHust usobpaxeHus
CTPYKTYpbl 6MOIOrMYECKNX HAHOYACTUL, aKTYa/IbHO
B CBSI3U C pasBUTUEM 6MOHAHOTEXHO/IOTUMN.

[ng 3TOro TpaAVLIMOHHO UCMOJIb3YIOTCS
PEHTreHOCTPYKTYPHbIN aHaNU3, S4EePHO-MarHUTHbIN
pe30oHaHC, CMMHOBbIE METKU, IIOMUHECL,eHLLeHTHbIe
M cneKkTpockonuyeckue metoabl. B nocnegHee
pecsaTunneTve akTUBHO NPUMeHsieTcs
npoceeumBawolas (TPaHCMUCCUOHHAA) 3NeKTPOHHAs
Mukpockonusa (TOM). ABTopbl 0630pa o06cyxaatoT
NyTX NOBbILLIEHUS KOHTPacTa n3obpaxkeHUs npm
nccneaoBaHMM 6MOHaHOYaCTUL,.

TSOM npeBpaTHUIach B IIOJTHOLIEHHBIK MeTO[, CTPYKTYp-
HOM HaHOTeXHOJIOTHH B pe3yybTaTe yIyUlleHUs MeTO-
JHK, II03BOJIAIOLINX C paspelleHueM oT 2-5 10 0,2 HM
BH3Yya/IN3UPOBaTh TPeXMEPHYIO CTPYKTYPYy MaKpoMorie-
KyJ ¥ IUHAMHUKY IIPOLIeCCOB B OHHOIOTMYeCKUX 06BeK-
Tax [1-6], a Tak>Ke MOBBIIIEeHM S 3GPeKTUBHOCTH pacyeTa
TaKUX CTPYKTYP [7]. /11 onyueHHUst 06beKTHUBHBIX aH-
HBIX He0DX0IMMO COXpaHeHHe HAaTUBHOM CTPYKTYpPHL
r3y4yaemoro obbexTa. IIporpecc B JaHHOM HaIIpaBe-
HHH HCC/IeI0BATeIH CBSI3BIBAIOT C IIOSIBUBIIEHCS B 80-¢
FOZBI IIPOIIJIOr0 BeKa KPHOMUKPOCKOIIMEH, II03BOIHB-
IIel onpee/siTh BHYTPEHHIOI CTPYKTYPY MOJIeKY]
Y 13y4daTb 00beKTH 6e3 OKpaIllMBaHUS IPU UX IIOMe-
IeHUH B OBICTPO3aMOPOSKEHHBIH /10U (0KoJIo 0,5 HM)
BOZBI [8].

NOAroTOBKA bUOJIOTMYECKUX HAHOYACTUL,

Jins monyuenust TOM-u3obpaskeHus: 06pa3Iisl IIoMe-
I[AIOTCS B KOJIOHHY 3/IeKTPOHHOI0 MHUKPOCKOIIA C BBICO-
KHUM BaKyyMoM. [I0CKOJIBKY TaKHe 0bpa3Iisl, KaK IIpa-
BUJIO, TU/IPAaTHPOBAHBI, UX He0bXonquMo 06e3BOIUTH
WK CTabUIHU3HUPOBATH B BOAHOM PAacTBOpe IIPU HU3-
KoM Temmepartype [9]. IIpu 3aMOpaskMBaHUU CoJlepsKa-
muX OMOHAHOYACTULIE BOAHBIX PACTBOPOB BOASHAS
IIJIeHKa JJIS OTBOAA TeIla oT obpasLa 6bIcTpo mOrpy-
SKAaeTCs B OXJIKIeHHBIN SKUAKUM a30ToM (-182°C) aTaH
vy nponad (8. BUOHAHOYACTHIIEI 3aCTHIBAIOT B CJI0€
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Obtaining of high-resolution images of

the structure of biological nanoparticles
becomes more important with development of
bionanotechnology. The methods traditionally
used for this purpose are X-ray structure
analysis, nuclear-magnetic resonance, spin
marks and also luminescent and spectroscopic
methods. In the recent decade the transmission
electron microscopy (TEM) has been actively
applied. The authors of the review discuss

the ways of increasing the image contrast of
bionanoparticles.

TEM has turned into a full-fledged method of structural
nanotechnology as a result of improvement of the
techniques allowing us to visualize with a resolution
of 2-5 nm a 3-D structure of the molecules and the
dynamics of the processes in biological objects [1-6],
and also improvement of the efficiency of calculation of
such structures [7]. In order to obtain objective data we
need to preserve the native structure of the examined
object. Researchers’ hopes for progress in this field are
bound with cryomicroscopy, which appeared in 1980s
and allows us to determine the inner structure of the
molecules and study objects without coloring of them,
just by placing them into a quickly frozen layer (about
0.5nm) of water [8].

PREPARATION OF BIOLOGICAL NANOPARTICLES

In order to obtain TEM images the samples are placed
into a column of an electronic microscope with high
vacuum. Since, as a rule, such samples are hydrated,
first, they have to be dehydrated or stabilized in a water
solution at a low temperature [9]. During freezing of
the water solutions containing bionanoparticles, in
order to ensure a heat rejection the water film is quickly
submerged into ethane or propane cooled by liquid
nitrogen (-182°C) [8]. The bionanoparticles freeze in the
layer of the amorphous ice, at that, the crystals capable
to damage a sample are not formed. Another advantage
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aMopdHOro 1ba, U KPUCTAJLIBL, CIIOCOOHBIE IIOBPEIUTh
obpaserw, He obpasyroTcs. [IpeuMyIecTBO KPUOTIM
COCTOHMT TaK’Ke B TOM, YTO HM3Kas TeMIlepaTypa 3aMe/-
JsIeT TIoBpeskieHHe 06pas31ia 37IeKTPOHHBIM MY IKOM.

IIpu MccaeoBaHUU OHOTOTHYECKHUX 06BEKTOB
HapsiAy C TepMHU4YeCKON HeCTabUIbHOCTBIO Cepbes-
HOI ITpo6/1e MO}t SIB/ISIeTCSl X IIPOBOAMMOCTS. Jles cam
1o cebe - IU3TeKTPUK, U HAKOIUIEHHe 3apsifia, BbI3BaH-
HOe 3JTeKTPOHHBIM ITy4YKOM, MOXKET IIOBPeJUTh 06pa-
3el] U YXYALIUTh u306paskeHUe. [[/1s IOBBIIIEHHUS I1PO-
BOJMMOCTH HCIIONb3yeTCs yIIepogHas Io/I0KKa 1160
MartepHalsl ¢ 6o1ee BHICOKOL IIPOBOJUMOCTBIO, HAIIPH-
Mep KOMILIeKC TUTaHa c KpeMHHeM [10].

OnHako, Korga 6MoHaHOYaCTHUIIBI OCAKIAIOTCS Ha
IIOA/IOKKY, OHA BHOCHUT JOIIOJIHHUTEIbHOE paccesHUe
Y CHHU’KaeT KOHTPACTHOCTh U300paskeHU I, IIOCKOJIBKY
TaKHe YacTHILbl (BUPYChl, MAaKPOMOJIEKYJIbI, U30HUPO-
BaHHBIe KOMIIOHEHTBI KJIETOK) COCTOSIT U3 371eMeHTOB
C HU3KUMHU aTOMHBIMHU HoMepaMHu (O, C, N, S), cnabo
pacceMBarOMMMHU IIPOXOAALIHE 3/IeKTPOHEBL. B pe3yis-
TaTe 06pas3libl HY>KJAI0TCS B JOIIOJIHUTEIbHOM KOHTPa-
cTUpympoIen obpaboTke.

Hawubornee pacripocTpaHeHbl HeTaTUBHOE KOHTPACTH-
poBaHMe U BaKyyMHoe oTTeHeHHe [11]. CyTb KOHTPaCcTH-
POBaHHS — Ha CeTKY C MOJJIOKKOL C YaCTUIIAMHU KaIla-
eTCsl paCTBOP 3/IeKTPOHHO-TIIOTHOTO BellleCTBA (KOH-
TpacTepa), pABHOMEPHO 3a/IMBAIOLIEr0 BCIO IIO/JIOXKKY,
KPOMe 3aHSATHIX YaCTUIIAMH MHKPOYYaCTKOB, BBITJIS-
JAIKMX CBETJIBIMU Ha TeMHOM $poHe. KoHTpacTep MOsKeT
I0o6aBIsATHCA B CyCIIeH3HI0 B KOHLIeHTpauuu 0,5-2%,
IIpUYeM 371eKTPOHBI B 60/IbIIel cTerleHU OyayT paccen-
BaTbCs B 0671aCTH €ro cocpefioToueHHUsI. BemecTa 1/1s
HeraTHMBHOI'O KOHTPaCTHPOBAHM S He LOJIKHBI BCTYIIATh
B PeakIUio C 06beKTOM, U, HMes BHICOKHE 3JIeKTPOH-
HYIO IJIOTHOCTEH M TOYKY IJIABJIeHHS, He IJIABUTHCI
Y He BO3TOHSAThCS 10 3/IeKTPOHHBIM J1y4oM. [IJIs 3STUX
LleJiell MCIIONb3YIOTCS YpaHMIALleTaT, HaTpHUeBasl UK
KanueBas conu GpochopHOBOIbOPAMOBON KHUCJIOTHI,
KpeMHeBOIbPpPaMOBOKUCIBIN HAaTPUI, MoNHbIeHalle-
TaT ¥ HeKOTOphle [pyrye coefuHeHu [12].

BBICTPBIE (2-5 MUH) U IIPOCTOM MeTOJ, HeTaTUBHOTO
KOHTPACTHUPOBAHUS obecreyrBaeT IIOBBIIIEHHE KOH-
TpacTa UcciegyeMmoro obbekra. bosee Toro, KOHTpa-
CTUPYIOIHI areHT 3alllUIIaeT ero oT PaJHaLIIOHHOIO
IOpaskeHM s, TaK KaK IIY4OK 3JIeKTPOHOB B IIEPBYIO OYe-
pelb B3aHMOJEHCTBYeT C KOHTpacTepom. OIHAKO H3-3a
MCKPUB/IEHUS MOJIEKYJI [IPH BBICBIXaHUH U [IOTepe UMH
HAaTHBHOU CTPYKTYPbl MeTOZ, MOKET IIPHBOAMTD K I105IB-
7neHuIo apredpakToB. Kpome 3TOro, ec/iv Ha IOBEPXHO-
cTu obpasia oKpacka He oJMHAKOBa, IPHU UHTepIIpe-
TallUK CTPYKTYPBl MOI'YT BOSHUKHYTh JOIIOTHHUTEIb
Hble apTedaKThl, IPUYeM HEKOTOPbIe 06/1aCTH KaskKyTCsl
boslee KOHTPACTHBIMH BCJIe[ICTBHE HATHUYHS O0/IBIIEro

CONTROL AND MEASUREMENTS

VA

of cryo-TEM is that a low temperature slows down the
damage caused to a sample by an electronic beam.

Besides thermal instability, the most serious problem
in the studies of biological objects is their conductivity.
Ice itse lf is a dielectric, and accumulation of the charge
caused by an electronic beam can damage a sample and
deteriorate the image. For improvement of conductivity
a carbonic substrate is used or materials with higher
conductivity, e.g. a titanium-silicon complex [10].

However, when the bionanoparticles precipitate on
a substrate, it intensifies the dispersion and lowers
the picture contrast, because such particles (viruses,
macromolecules, isolated components of cells)
consist of the elements with low nuclear numbers
(O, C, N, S), scattering weakly the passing electrons.
As a result, samples require an additional contrast
processing.

The most wide-spread methods are negative
staining and vacuum shadowing [11]. The method of
staining boils down to the following: a solution of an
electron-dense substance (contraster) is dropped on the
net with a substrate with the particles, the solution
spills evenly over the whole of the substrate, except
the micro-sites, occupied by the particles, which look
bright on a dark background. A contraster can be added
to the initial suspension in concentrations of 0.5-2%,
and the electrons will be more dispersed in the areas
of its concentration. The substances for a negative
staining should not react with an object, and having
high electronic density and melting point, they should
not melt and get sublimated under the influence of
an electronic beam. For this purpose uranyl acetate,
sodium or potassium salts of phosphotungstic acid,
silicotungstic acidic sodium, molybdenum acetate and
some other compounds are used [12].

Fast (2-5 min) and simple method of negative
staining ensures a substantial increase of contrast of
an examined object. Moreover, the contrasting agent
protects objects from a radiating defeat, because a
beam of electrons first of all interacts with it. However,
due to a curvature of the molecules during drying and
loss of their native structure this method can lead to
occurrence of artefacts.

Besides, if the sample coloring on the surface is
not even, additional artefacts can appear during the
structure interpretation, and some areas can seem
more contrast owing to the presence of a thicker layer
of the contrasting agent. The resolution of the objects
is limited by the size of the particles of the contraster
(2 nm). At that, application of the particles of a
smaller size (uranyl formate, molybdenum acetate)
allows us to raise this parameter only insignificantly
(up to 1.5-1.8 nm).
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72 KOHTPO/Ib U USMEPEHUSA

CJI0SI KOHTPACTHUPYIOIIero areHTa. PaspemeHue o6bek-
TOB TMMUTHPOBAHO Pa3MepOM YaCTHI KOHTPAcTepa
(2 HM), IpHUYeM IIPUMeHeHHe YaCTHUI MeHBIIero pas-
Mepa (ypaHUI GopMHAT, MONUOAEH alleTaT) II03BO-
JISIeT JIUIIb He3HAYUTEJIbHO [IOBBICUTD 3TOT ITapaMeTp
(mo1,5-1,8 HM).

B3AUMOJEWCTBUE JNIEKTPOHHOIO
MYYKA C O6PA3LIOM
H3ob6paskeHHe, IoIydyaeMoe B 31eKTPOHHOM MHKPO-
cKorle, 611arofapsi KOPOTKOK JI/THHE BOTTHBI 3/IeKTPOHOB
TeopeTHYeCKHU MMeeT BBICOKOe pa3pelleHHUe. IIpu B3a-
HMMOJIEHCTBUH YCKOPEHHOTIO0 IyuKa 371eKTPOHOB, chop-
MM POBAHHOI'0 OCBETUTE/bHOM CHUCTeMON MHKPOCKOIIA
C uccnegyeMbIM 06b€KTOM, BO3HUKAIOT BTOPUYHBIE
u3nydeHus (puc.l).

XapaKkTep TaKoro B3aMMOJEHCTBUS 3aBUCHUT OT UX
SHePruM U cocTaBa obpasua. HeKoTopsle 3/1eKTPOHBDI
npoxonsit 6e3 B3auMoAeHCcTBUS ¢ 0b6paslioM, Apyrue,
CTaJIKMBAsCh C aTOMHBIMU SIPaMU, OTK/IOHSIIOTCS JIeK-
TPOCTaTUYeCKUM I07eM. YacTb 371IeKTPOHOB YIIPYro
pacceuBaeTcs 6e3 moTepu SHEPruH, Apyras nepefaer
4acTh S3Hepruu obpasuy (Heympyroe paccesHue). OHa
MOXKET HOHU3UPOBATh aTOMBI 06pasiia, BbI3bIBas PEHT-
TeHOBCKOe U3/1yueHue, IIeper Py POBKY XUMUYeCKUX
cBsi3el1, obpa3oBaHUe cBOOOAHBIX pafUKaIOB UK Pac-
cerBas BTOPHUUHBIE 3IeKTPOHBI, UTO U3MEeHseT CTPyK-
Typy obpasua. CiiefiyeT MUMeTh B BUAY, YTO PeHTI€HOB-
CKOe M3JIy4eHHe B ThICAYYy pa3 pas3pylluTe/bHee, 4YeM
paccessHHBIX 37IeKTPOHOB, OJHAKO pPa3Mep Iy4Ka MpHU
paccestHUU 3/1eKTPOHOB B 100 ThIC. pa3 6osbllie, II03TOMY
B 37IeKTPOHHOI MUKPOCKOIIUH PaIHaI[FOHHOE [T0BPesK-
IeHMe 06beKTOB - cepbe3Hasi pobema (puc.2).

Jins npemoTBpalleHUs] TaKoro

INTERACTION OF AN ELECTRON BEAM WITH A SAMPLE
The image obtained in an electronic microscope
theoretically has a high resolution due to a short
wavelength of the used electrons. Interaction of
an accelerated beam of electrons formed by the
microscope’s lighting system with the examined object
generates secondary radiations (Fig.1).

Character of such an interaction depends on their
energy and composition of a sample. Some electrons pass
without an interaction with a sample, others, colliding
with the atom nuclei, are deviated by an electrostatic
field. Some electrons are elastically scattered without
a loss of energy, others give part of it to the sample
(inelastic scattering). This energy may ionize the
sample’s atoms, causing an X-ray radiation, regrouping
of the chemical bonds, formation of free radicals or
scattering of the secondary electrons, which changes
the sample’s structure. We should keep in mind that
an Xray radiation is a thousand times more destructive
than that of the scattered electrons. However, the size
of the beam of the scattered electrons is 100 thousand
times bigger, therefore a radiation damage of objects in
electronic microscopy presents a serious problem (Fig.2).

In order to prevent a radiation damage a sample
is cooled, which, unfortunately, does not prevent its
damage completely, therefore the sample should not
be subjected to a superfluous electronic radiation (a
low dose mode). Typical expositions for the biological
samples are 10-20 e/A%s. As a result the signal/noise ratio
is decreased, which limits the amount of information
received from one molecule. At the same time, it is
practically impossible to ensure a high resolution by
using only one molecule. Theoretically 10 thousand

moBpekAeHUs obpasel] oxIaxkma-
eTCsl, UTO, K COKaJeHHIO0, He IIOTTHO-
CTBIO IIPeJOTBPAIIAET ero IOBPexK-
meHUe, MO3ToMy obpaser crapa-
I0TCSL He IOABeprarb HU36BITOY-
HOMY 3JIeKTPOHHOMY H3/Iy4YeHHIO
(pe>kuM HH3KOH [103BI). TUIIMUHBIE
9KCIIO3UIUH A1 6HOIOTHYeCKUX
o6pasuoB - 10-20 e/A%c. B pe3syib-
TaTe OTHOLIEHHe CUTHAJ/IIyM CHH-
SKAeTCsl, YTO TUMUTHUPYeT KOTHUYe-
CTBO HUHOOPMALIMHU, [OTydaeMOH
OT OHOM MOJIEKY/IBL. BMecTe ¢ TeM,
obecme4uTh BHICOKOE paspelie-
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HHe, HCII0b3Ys TOAbKO OAHY MoOJIe-
KyJly, IPAaKTHY€CKHU HEBO3MOXKHO.
Jl1s 3TOTO TeopeTUUeCKU TpebyeTcs
10 TBIC. MOJIEKY/, a HA IIPaKTHKeE
emte 6onbiue [13].
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Puc.1. PacnpedeneHue 3Hepauu ny4Kka yCKOPeHHbIX 3AeKMpPOHO08, NpoLedux
CK803b NAEHOUHbIL 06BeKM

Fig.1. Distribution of the energy of a beam of accelerated electrons, which have
passed through a film object




MOBbILWEHUE KOHTPACTA

U30BPAXXEHWNA B TOM

MuKpockonu4yeckre 1u306paskeHUS MPeICTaBISIOT
coboil M3MeHeHHUS HHTEHCHBHOCTH, BbI3BaHHBIE
JIOKAJIBHBIMU PA3TUUYHUSIMH B IIPOIYCKAOMIEH CII0C06-
HOCTHU obpasua. OHU oIpefeNnsoTcs pasTUuuYHbBIMU
perucTpupymomumMu cuctremamu (I[13C-kaMepamu,
doTonmnacTUHKaAMHU, APYTHMHU JeTeKTOpPaMu).
KoHTpacT u3o6paskeHHs (OTHOLIEHHE Pa3HUIIB HAHU-
boree IpKUX U TeMHBIX TOUeK K CpeHEMY 3HAUeHHUIO
MHTEHCUBHOCTH), T10/ly4aeMbIH 3a CUeT IIOI/IOMeHH
YaCTH aJaloLlero jgy4a, Ha3blBaeTCsl aMIIUTYAHBIM
(puc.3a), a 3a cyeT pacceMBaHUS U U3MeHeHHUS das -
dazoBbIM (puc.36).

OfHO M3 Pa3IMYUI CBETOBOTO M 371eKTPOHHOIO
MHKPOCKOIIOB — MeXaHH3M GOPMHUPOBAHHUS KOHTPA-
CTa U306paskeHUsI. B CBETOBOM MUKPOCKOIIE OH HosbIIe
COOTBETCTBYeT a6COpOLIMOHHOM pelleTKe, TOCKOIBKY
OKpalleHHBIN IpenapaT U30HUpaTe/NbHO MOIJIOIAET
CBeT ollpe/le/IeHHBIX YIaCTKOB CIIEKTPa. B 3/1eKTpoHHOM
MHUKPOCKOIIe MeXaHH3M pOPMUPOBAHHUS KOHTPACTa
M300paskeHU s COOTBETCTBYeT $pa30BOM pPelleTKe, Tak
KaK IIPOUCXOAUT OTKJIOHEHHe 31IeKTPOHOB OT UX I1epBO-
Ha4a/IbHOTO HallpaBJIeHH .

Buonoruueckrie MoIeKyJIbl CO3/IaI0T OUeHb HU3KHUM
AMIIIUTYAHBIM KOHTPAcT. OHU He abCOpOUPYIOT 371eK-
TPOHEI MTaIAIOIEro y4a, a OTKJIOHSIOT UX. B pe3yp-
TaTe YMC/IO0 3/IeKTPOHOB B BEIXOJ I BOJIHEe OCTAeTCS
npexkHUM. Clle[loBaTeIbHO, AeTalu H300paskeHHUs
c1abo pasnUYUMbl. AMIUIUTYQHBIN KOHTPACT MOKET
OBITH yBeJMYeH C IpuMeHeHHeM guadpparmsl 06bek-
THBA [14]. MeKTPOHHI, paccesiHHbIE HA OOMBILINE YIJIHL,
3aJep>KHUBaIOTCS AuadparMol B 3agHeH GoKaIbHOU
IIJIOCKOCTH 00BeKTHBA U He YYaCTBYIOT B pOPMHPOBA-
HHUHU U300paskeHUs, IPUYeM, YeM MeHblIe JUAMETP
nuadparmel, TeMm bonblie paccestHHBIX 371eKTPOHOB
3aJlep>KUBaeTCsl U TeM BblIlle KOHTPACT U300paskeHU .

I[Ipy B3aMMOJIEHICTBU U 3/IeKTPOHHOIO ITy4Ka € 06pas-
LIOM [IPOMCXOAUT M3MeHeHHe da3 3/IeKTPOHOB, UTO 0be-
criedrBaeT Ga30BLIM KOHTPACT. Pa30Bble H3MeHEeHHS
BU/MMBI IIPH [IPeBPallleHHH UX B perUCTPUpyeMEble
BapHallMU aMIUIMTYABL. Ha mpakTHKe 3TO AOCTUrA-
eTcs C IPUMeHeHHeM YeTBePTbBOIHOBOM $a30Bol I/Ia-
CTUHKH, IIPOU3BOASIIEN Ga30BbIH CABUT PacCesHHBIX
3JIeKTPOHOB (CM. pHcC.36).

Jipyrast BO3SMO>KHOCTD [TOBBICUTh KOHTPACT ~ UCIIO/Ib
30BaHHe HeCOBepIIeHCTBA MHUKPOCKOIA, HallpUMep
abeppauuu. OcHOBHBle abeppaluu JTUH3b 00beK-
TuBa TOM - chpepuyecKkas, XxpoMaTHUecKasi U acTUIL-
MatusM. Coeprudeckast abeppaliysi BOSHHUKAET BCJIeA-
CTBHe TOTO, YTO YYaCTKH MarHUTHOIO OIS UMEIOT
Pa3’Hyo HpPeIOMIISIOMYI0 CI0CO6HOCTh BOIM3HU
OCH JIMH3Bl U Ha IepudepHuHu, a TakXe BC/IeJCTBHE
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Kancupg -

~Capsid -

Puc.2. Yacmuupl 6akmepuogaza EL 6 cnoe amopHoz0 Abda
(kpuomuxpockon Titan Krios - FEI). YepHble cmpeaku — paduauu-
OHHOE nogpexxdeHue 8 06Aacmu Kancuda u xeocma 00Hol u3
yacmuy, (Macwma6 — 100 Hm)

Fig.2. Particles of EL bacteriophage in the layer of an amorphous ice (Titan
Krios cryomicroscope - FEI). Black arrows mean radiation damage in the
area of the capsid and tail of one of the particles (scale—100 nm)
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Puc.3. ®opmuposaHue KoHMpAacma u306paXxkeHuUs:: a) — aMnAumyd-
HbIl KOHmMpacm: 1 - 06veKm 0ceeLeH NapanienbHbImM Ny4Kom
3NeKMpPOHO8 UHMEHCUBHOCMbtO EQ; 2 — u306paXkeHue obvexma.
Hexomopbie 3neKmpoHbl N02A0muAuCb, 8 pe3yAbmame UHMeHCUG-
HOCMb NyuKa ymeHbLuAdck (E1); 6) — pazoebili koHmpacm: 1 - 06o-
eKm 0C8eLieH NapannenbHbIM Ny4KOM 3AeKMpPOHO8 UHMEHCUBHO-
cmbio EO; 2 - KoNblesast HemeepmbB8oAH08as Ha308ast NAACMUHKA,
npou3eodsuas Gazoebili cdsuz paccesHHbix 3nekmpoHoe (E2); 3 -
pazauyusi 80AH no ase npespaLLarmcs 6 pasAuyLs no amMmnaumyoe
Fig.3. Formation of an image contrast: a) - Amplitude contrast: 1-
An object is illuminated by a parallel beam of electrons with intensity
of EO; 2~ Object’s image. Some electrons were absorbed and, as a
result, the beam intensity decreased (E1); b) — Phase contrast:1-An
object isilluminated by a parallel beam of electrons with intensity of
EO; 2 - Ring quarter-wave phase plate producing a phase shift of the
scattered electrons (E2); 3 - Phase differences of the waves turn into
amplitude differences
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HeCTabUIbHOCTH TOKA JTHH3 BO BpeMeHHU. FIMeHHO
Ko3QdunreHT cheprueckoil abepparuu Cg IUH3BI 005-
eKTHBa B [IePBYIO ouepeib Ollpee/iseT Pas3pellaronlyo
criocobHocTh TOM. KoppekTopsl coepuueckon abep-
pauuu (C,-KOppPeKTOpBI) — NOMOHUTE/IbHbIE CHCTEMBL
JIMH3, CTIOKHBIE U JOPOrOCTOSIIHE ~ YCTAHABIUBAKOTCS
CIelHaJIbHO [JI KUCC/IefOBAHUS [IapaMeTpPOB KpH-
CTaJ/UIMYeCKUX PeIleTOK X KCIIO/Nb3YI0TCS B COYeTaHUU
C aBTOIMHCCHOHHBIMHU (II0/IeBBIMHU) 3/1eKTPOHHBIMHU
IyIIKAMH.

XpomaTuyeckyio abeppalidio BBI3BIBAIOT pa3ju-
YU B IPOLIEJIINX CKBO3b 06BEKT CKOPOCTSX 3JIEKTPO-
HOB. OHa IIPOSBIISIeTCS TeM CHJIbHee, YeM TOJILIe HCCle-
AyeMBIH Cpe3, a TakKe IIPHU HeJOCTATOYHO CTabuIb-
HOM YCKOPSIOIIeM HaIPsisKeHUH. DIeKTPOHBI ¢ 60/1b-
IIeH CKOPOCTBI0 OTKJIOHSIOTCS TeM K€ MarHUTHBIM
I10JIeM JIMH3bI Ha MeHBbIIIHe YIJIBl. B pesynbTaTe MMH3a
HMeeT pa3IhyHoe GOKYCHOe paCcCTOSHHUe IS pas-
HBIX QPaKIHMI 371eKTPOHHOIO Iy4uKa. IIpu xpoMaTude-
CKoM abeppalluy Touka 06beKkTa H306paskaeTcs B BUJe
Kpy’KKa paccestHUs. /15 ee CHUKeHHU I BaSKHO paboTaTh
C YIBTPAaTOHKKMMH Cpe3aMu, OAHAKO, eC/IM OHU TOHbIIIe
10-20 HM, KOHTPACT HELOCTATOYEH.

OceBasi aCHMMeTpHSI MAarHHUTHOIO IO/l THH3bI
BBI3bIBAeT ACTUIMATHU3M H306paskeHUs, IpUUEM
doKyCHOe paccTOsIHHe TMH3bI AJIS 1Iy4eH, IPOXOASIINX
Yyepe3 06BbeKT B Pa3TUYHBIX BePTHKATbHBIX IINIOCKOCTSX,
pasnuuHo. TouKka Ha M300paskeHUH PaCTSAHYTA, IPHU-
yeM IIpH Ilepexofie OT I10JIOXKeHU I HuKe dpoKyca (medo-
KyCa) K COCTOSTHHIO BhblIIe Ppokyca (rmepedokycy) Hampas-
JleHHe U3MeHSeTCs Ha MepIeHIUKY/IsIpHoe, a B I10JI0-
>KeHUH POKyca 4eTKOCTb M300paskeHUsI CHUKAeTCS.
[IpMYMH acCTUTMaTH3Ma HeCKOJIbKO: HeTOYHOe LeH-
TPHUPpOBaHHe AradparM, HaKOIJIEHHe 3aps/a Ha CeTKe,
JuadparMax v ApyTUX 3/IeMeHTaX OITUKHU BCJIeICTBUe
MX 3arPA3HEHUS.

KoHTpact mu306paskeHus: 6GHONIOrHYeCKUX 00B-
eKTOB MOXXHO Y/Iy4YIIUTb KOMOMHHUPOBAHHBIM BO3-
mericTBHeM cpepuueckor abeppalluu U AedoKycH-
POBKH - IlepeMellleHHeM IIJIOCKOCTH H300paskeHHU s
oT ¢pokyca. OCHOBaHHE [JIS IIOBBIIIEHHU S KOHTPACTHO-
CTH - chepudecKkue abeppalllu B COUeTAHUU C JedOoKy-
CHUPOBKOM UHAYLHPYIOT pa30BbIL CABUI MeX.y pacce-
SSHHBIMH Y HepacCesHHBIMH 3/IeKTPOHAMH, IIPUYEM,
yeMm 6oJIbIlle CIBUT, TeM BblIlle KOHTPACTHOCTb.

XapaKTepUCTUKU H300paskeHUS OMHCHIBAIOTCA
YaCTOTHO-KOHTPACTHOM XapakTepucTukou (UKX). dTa
GYHKUM S UMeeT Yepeyouecs o10Ck 03U THBHOIO
M HeTaTHBHOI'O KOHTPACTA, IPOSB/AIOIIecs B AUPPAK-
LMOHHBIX KOJIbLAX (pHcC.4). [ BOCCO3MAHUS CTPYK-
TypHOI HHPopManuu Heobxonuma Koppekuus YKX,
a 7151 TIONy4eHH s BBICOKOTO pa3pelleHHUs H300paske-
HHU S O/IKHBL 6BITH CGOTOrpadHpOBAHEL C PA3TUYHOM
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molecules are required for this purpose, and in practice
even more [13].

INCREASE OF THE IMAGE CONTRAST IN TEM

Microscopic images result from the intensity changes
caused by local distinctions in the passing ability of
a sample. They are determined by various microscope
recording systems (CCD cameras, photographic plates,
and other detectors). The image contrast (relation of
the difference between the brightest and the darkest
points to an average intensity value) obtained due
to absorption of a part of the falling beam are called
amplitudes (Fig. 3a), and due to dispersion and phase
changes - phases (Fig.3b).

One of the differences between the light and
electronic microscopes is determined by the mechanism
for a contrast image formation. In a light microscope a
colored preparation corresponds more to an absorption
grid, because it absorbs selectively the light of certain
parts of the spectrum. In an electronic microscope it
corresponds to the phase grid, because the electrons are
deviated from their initial direction.

Biological molecules create a very low amplitude
contrast. They do not absorb the falling beam’s
electrons, but deviate them. As a result the total number
of electrons in the outgoing wave remains the same.
Hence, the image details are hardly distinguishable. An
amplitude contrast can be increased with application
of a lens diaphragm [14]. The electrons scattered in
big angles are detained by the diaphragm in the back
focal plane of the lens and do not participate in the
image formation, at that, the less is the diameter of
a diaphragm, the more the scattered electrons are
detained, and the higher is the image contrast.

An interaction of an electronic beam with a
sample changes the electron phases, which ensures
a phase contrast. The phase changes are visible when
transformed into recorded amplitude variations. In
practice this is achieved with application of a quarter-
wave phase plate, which causes a phase shift of the
scattered electrons (Fig.3b).

Another way to increase the contrast is to use
imperfections of a microscope, for example, aberrations.
The basic aberrations of a lens of a TEM objective are
spherical, chromatic aberrations and astigmatism. The
spherical aberration arises because the magnetic field
sites have different refracting ability near the axis of
a lens and in periphery, and also owing to instability
of a lens current in time. It is exactly the coefficient
of the spherical aberration of lens C,, which first of
all determines the resolution of a TEM. Correctors of
the spherical aberrations (C-correctors) are additional
lens systems, very complex and expensive, which are



nedoKyCHpPOBKOM. ITO M03BOJISIeT 3alIOHUTH HeJ0-
CTamplyMe JaHHBIe, COOTBeTCTBYIOIIHE HYIAM Ha
YKX, IO3UILIMH KOTOPBIX H3MEHSIOTCSA B 3aBUCUMOCTH
ot gedoxyca. IIpu 06paboTKe JaHHBIE C Pa3THYHBIMHU
nedokycaMu 06be JUHSIOTCS B OMH MaCCUB.

NOBbIWEHWUE KOHTPACTA C MTOMOLLbIO MPUCTABOK
KoHTpacT u3obpaskeHus: B TOM 3aBUCHUT OT YCIOBUH
B3aMMOJIeHCTBHU S 37IeKTPOHOB C 06pasLoM (Hanu4ue
IIOJ/IOKKH, JbAA, KOHTpPAcTepa) U peskumMa paboTel
MUKPOCKoIa (yCKopsiIolllee HaIlpsikeHHe, GOKYCHOe pac-
CTOsIHUe 00BbeKTUBA, AUAMeTp Juadparmsl). s MMomy-
YeHMsl KOHTPACTHOTO HU300paskeHUsI 06beKTa MOKHO
HCII0Ib30BATh JOIIO/IHUTe IbHbIe IPUCIIOCOOIeH .

Tax, HanpuMep, B $a30BO-KOHTPACTHOM CBeTOBOU
MHUKPOCKOIIMU BH3yaJH3alUsl 06eKTOB OCYIIecT-
BJISIeTCA C NOMOILBI0 $a30BOM IIJIACTUHKHU, CO34A0-
el BUAKMMBIN KOHTPACT 3a CUeT cABUra daskl pac-
CeIHHOTO CBeTa OTHOCHUTE/ILHO IIPoIleAIIero Hepac-
cesgHOro cBeTa Ha 90° U ux uHTepdepeHnuu [15].
DKBHUBAJeHTHOe pelleHHe OBIJIO MPeIOKeHO IS
TSM. IlepBble MOMBITKH CO3aTh yCTPOMCTBO, H3Me-
HAIIee ¢as3bl EHTPAJIBHOTO IYyYKa OTHOCUTEIBHO
paccesiHHOTO, 6B ClIeJIaHBI IOCPEACTBOM 3JIeKTPO-
CcTaTH4ecKoM $a30BOM IMIACTUHKH, BCTaBJIeHHOH
B CHCTeMYy JHH3 [16]. JIMIIb HeTaBHO MHKPOTEXHOJIO-
MU II03BOJIMJ/IM CO3/4aTh MUHHATIOPHEIE Ha30BhIe I1J1a-
CTHHKH, pa3sMellaeMble B 3a[Hell POoKaaIbHOL IIJI0CKO-
CTH JIMH3HI 3JIEKTPOHHOr0 MUKpOoCcKoma. IlnacTuHKa
paboTaeT, Kak 371eKTPOCTaTHUYeCKas TUH3a, HAXOA -
ascs Ha MNyTH pacCesHHBIX 3JIEKTPOHOB U CMela-
omasg ux ¢asy Ha 90°. 3To MO3BOJIIeT UM obbemu-
HUTHCS C HEPACCeTHHBIMH 3JIEKTPOHAMHU B IIJIOCKO-
cTu usobpaskeHust TOM [17]. B pesynpraTe KOHTPACT-
HOCTb M300paskeHU s YBeTUUHNBAETCS B IIUPOKOM JHa-
[Ia30He paspelleHUH.

30 s1eT Ha3az, ObUI IIPe/IJIOSKEH IIOIXOZ, K IIOBBIIIEHH IO
KOHTPaCTHOCTH — QUIIBTPALIMS SHePrUH 3/IeKTPOHOB.
YacTh U3 HUX, JOCTUTAIOMMNX 00beKTHBA, ~ HEYIIPYIo-
paccessHHBIE, IIOTePsIBIIMe SHEPTHIO IIPX B3aHMOJeH-
CTBHH C aTOMaMU 06pasiia. DIeKTPOHBI C HU3KOH 3Hep-
ruer (6o/bIer JIUHBL BOIHBI) QOKYCHPYIOTCS C YIIpY-
ropacCcessHHbIMH 3JIEKTPOHAMMU B Pa3/IMUYHBIX I1JIOCKO-
CTSX, BBI3bIBas XpoMaTHueckHe abeppaliuu. B pesyip-
TaTe HeyIpyropaccessHHbIe 3JIEKTPOHBI YXYAIIAIOT 30"
6paskeHHe, Co3/1aBasi IOMHMO IIOBPeXJeHHUs obpasiia
(cM. pHC.2) OTIOTHUTENBHBIN GOH U Pa3MbITHe. 1S UX
OTCeYeHU s OT CO3JaHUsI N306paskeHHU s I10CTIe B3aHMO-
IenCTBUS ¢ 06pa3LioM HCIIONB3YIOTCS SHEPreTHYecKUe
GuAbTphl. ®UIBTPALIMs OCHOBAHA HA TOM, YTO 3JIeK-
TPOHBI C PA3TUYHBIMU JAJIMHAMU BOJIH MOTYT OTKJIO-
HSTBCS 10 Pa3Hble TPaeKTOPHUH, IPHYeM K3-3a 60/1bI110k
IJIMHBL Iy TH ITy4YKa 3TeKTPOHOB IIPU HaKJIOHe 06pasiia
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Puc.4. YKX-u306pa>keHusl ¢ pasau4Hsimu 0e¢okycamu
(NyHKMUpHAs U cnAoWHAS AUHUL)

Fig.4. FCC images with different defocusing (a dotted and a
continuous lines)

installed especially for examination of the parameters
of the crystal grids and used in a combination with
field-emission electron guns.

A chromatic aberration is caused by the difference
in speeds of the electrons, which pass through an
object. The thicker is an examined cut, the more
it is pronounced, and it also appears because of an
insufficiently stable accelerating pressure. Electrons
with a higher speed are deviated by the same magnetic
field of a lens at smaller angles. As a result the lens
has a varied focal length for different fractions of an
electronic beam. In case of a chromatic aberration
an object point is depicted as a circle of dispersion. In
order to decrease a chromatic aberration we should
use ultrathin cuts, however, if they are thinner than
10-20 nm, the contrast is insufficient.

Axial asymmetry of the lens’ magnetic field causes
astigmatism of the image, at that, the focal length
of the lens is different for the rays passing through
an object in different vertical planes. A point on
the image is stretched, and in transition from a
position below focus (defocusing) to the one above
the focus (overfocusing) the direction is changed for
a perpendicular one, and in the focus point the image
sharpness is decreased. There are several reasons
causing astigmatism: inaccurate centering of the
diaphragms, accumulation of a charge on the grid,
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SHepreTuuecKkas QUIbTpaLus Haubosee BaKHA A1
TOMOI'PaQuH.

B cepenuHe 1980-x ronoB ripma OPTON (TepmaHwUs)
BbIITyCTU/Ia EELS-CcHCTeMy, B KOTOPOH oMera-QUIBTp pac-
I10j1araeTcs MeXKAY AByMs IIPOMEeKYTOYHBIMU IMH3aAMHU,
a He B HHM>KHEH 4aCTH KOJMOHHBI TOM. QUIBTP COCTOUT
13 [IBYX MaTHUTHBIX IIPH3M, 3/IeKTPOCTAaTHYECKOIO 3ep-
KaJla 1 ILe/IH, [IpMYeM TPaeKTOPHS IeKTPOHHOI0 JIy4a
HaIloMHHaeT 6yKBy oMera. TOT pe3y/bTaT CTajl HauaaoM
HOBOM 3pBl B aHATUTHYeCKOH MHUKPOCKOIIMHU. B 2000-e
rozsl dupmort GATAN niepepaboTaHa KOHCTPYKLIHSI SHEp-
reTHYeCcKOoro GUIbTPa HUKHEIrO PACIIONIOKEeHH S, YTO
I103BOJIMJIO [IPAKTHUYeCKH Y PaBHATH €0 XapaKTePUCTUKH
C oMera-QuIsTpaMu. biarogaps UCIIoab30BaHUIO B Kaye-
CTBe 3/IeKTPOHHOTO AeTeKTopa [13C-MaTpHLbI CO CLMH-
THJUISITOPOM 3TOT QUIIBTP TOXKE CTal H306paskalomHM.

Hapsay ¢ HOBBIMH aHAaJIUTUYeCKUMH BO3MOXKHO-
CTSAMH SHepreTuyeckass QUIbTpPallHs CHs/Ia MHOTHe
orpaHu4eHM s Kiaccuvyeckux TOM. B Tomorpaduu oHa,
B YaCTHOCTH, /aJIa BO3MOKHOCTDb YyCTPAaHHUTh XpoMa-
THUYeCKyI0 abeppalltIio IPH IPOCBEYUBAHUH TOICTHIX
(1-2 MKM) Cpe30B.

9Ta QUIBTPaLIUs II03BOJIMIIA TAKKe THOKO peryiu-
poBaTh KOHTPACT TOM-1306paskeHU I, YTO HEBO3MOKHO
Ha 06bIYHOM MHUKPOCKOIIe 6e3 yXyIeHHs paspelleH .
Ba>kHO OTMeTHTb, UTO, IUIABHO HaCTpauBas GUILTD Ha
XapaKTepHble [/151 HUX IIUKHY IoTeps (Contrast tuning),
yZAaeTcsi KOHTPACTHPOBATh U306paskeHHe OTAeTbHBIX
MHKPOCTPYKTYp. HakoHel, QUABTPALHsA SHEPIHH
[103BOJISIeT OTKA3aThCs OT XMMHUYECKOT0 KOHTPAaCTUPO-
BAaHHUS CPe30B U OTPAHUYHUTHCS BEICOKOCIIETUPUIHBIM
KOHTPAaCTHPOBaHHeM, HaIIpUMep BBeleHHeM CBS3aH-
HBIX C aHTUTE/TaMHU 3/IEKTPOHHO-TIOTHBIX METOK.

Asmopsl uckpente 6aazodapam H.Kuceaesa 3a npedocmasnentoe
usobpaskeue bakmepuopaza EL, A.BozdaHosa — 30 nomoub 8 10deo-
mosKe daHHo20 mamepuaaa. FiccaedosaHue 8binoAHeHo npu puHaH-
cosoli noddepskke PODH 8 pamrax Hay4Hozo npoema Ne 13-04-01326.
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diaphragms and other optical elements as a result of
their dirtying.

The image contrast of the biological objects can
be improved by a combined influence of a spherical
aberration and defocusing - movement of the image
plane from the focus. A contrast increase is based on
the following principle - the spherical aberrations in
combination with defocusing induce a phase shift
between the scattered and nonscattered electrons
and, the bigger is this shift, the higher is the
contrast.

Image characteristics are described by a frequency-
contrast characteristic (FCC). This function has
alternating strips of positive and negative contrasts,
which show themselves in the diffraction rings (Fig.4).
For reconstruction of the structural information a
correction of FCC is necessary, and in order to achieve a
high resolution images should be photographed with a
varied defocusing. This allows us to fill in the missing
data corresponding to zeros on FCC, the positions
of which change depending on defocusing. During
processing the data with different defocusing are
integrated into a single array.

IMPROVEMENT OF CONTRAST

WITH THE HELP OF ATTACHMENTS

Image contrast in TEM depends on the conditions of
interaction of the electrons with a sample (availability of
a substrate, ice and contraster) and the mode of operation
of a microscope (accelerating voltage, focal length of lens,
diameter of a diaphragm). For obtaining of a contrast
image of an object additional attachments can be used.

So, for example, in a phase-contrast light microscopy
visualization of objects is carried out by means of a
phase plate creating a visible contrast due to a phase
shift of the scattered light in relation to the passed
nonscattered light at 90° and their interference [15].
An equivalent solution was proposed for TEM. The first
attempts to create a device changing the phases of the
central beam in relation to the scattered one were made
by means of a simple electrostatic phase plate installed
into the lens system [16].

Only recently microtechnologies have allowed us
to develop tiny phase plates to be placed in the back
focal plane of the lens of an electronic microscope.
Such a plate works as an electrostatic lens situated on
the way of the scattered electrons and shifting their
phase by 90°. This allows them to integrate with the
nonscattered electrons in the image plane of TEM [17].
As a result the picture contrast is increased within a
wide range of resolutions.

Thirty years ago a new approach to a contrast
increase was proposed — electron energy filtration. A
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part of the electrons reaching the lens are inelastically
scattered ones, which lost their energy in interaction
with the sample’s atoms. Low energy electrons (of a
bigger wavelength) are focused with the elastically
scattered electrons in various planes, causing chromatic
aberrations.

As a result the inelastically scattered electrons
worsen the image, damage a sample (Fig.2) and cause
additional background and blurring. In order to isolate
such electrons from creation of image after their
interaction with the sample power filters are used.
The filtration is based on the fact that electrons with
varied wavelengths can deviate by various trajectories,
at that, because of a long way passed by a beam of
electrons with an inclination of a sample the energy
filtration is most important for tomography.

In mid-1980s OPTON Co. (Germany) introduced
EELS-system with Omega-filter installed not in
the bottom part of TEM column, but between the
two intermediate lenses. The filter consists of two
magnetic prisms, an electrostatic mirror and a slot,
at that, the trajectory of an electronic beam reminds
the Greek letter Omega. This result marked the
beginning of a new era in the analytical microscopy.
In 2000 GATAN Co. changed the design of the energy
filter of the bottom position, which made possible to
practically achieve the level of characteristics of the
Omega-filter. Thanks to the use of a CCD-matrix with
a scintillator as an electronic detector, this filter, too,
became imaging.

The energy filtration not only opened new analytical
opportunities, but also removed many restrictions
inherent in classical TEM. In particular, in
tomography it made possible to eliminate a chromatic
aberration during transmission of thick cuts
(1-2 microns).

The energy filtration allowed us to adjust flexibly
the contrast of TEM images, which is impossible
with a regular microscope without deterioration of
its resolution. It is important to notice, that due to
a smooth contrast tuning it is possible to contrast
images of separate microstructures. At last, the
energy filtration allows us to do away with chemical
contrasting of cuts and limit ourselves to highly
specific contrasting, for example, to introduction
of the electron-dense marks connected with
antibodies.
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