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The purpose of this study is to test the possibility of using inorganic macroporous structures of inverse opal in sam-
ple preparation for scanning electron microscopy of biological objects.

As an absorbent substrate we used silica inverse opals prepared by a sol-gel method to study the biological objects.
The process of manufacturing the inverse opal involves a complex multi-stage technological process. First, we synthe-
sized submicron spherical particles from polymethylmethacrylate by the method of emulsifier-free emulsion polymeriza-
tion of methylmethacrylate in an aqueous medium in the presence of a diazoinitiator. This method can be used to obtain
an ensemble of particles with high monodispersity, the average size of which can vary in the range from 100 to 500 nm.
Then, by self-assembly technique, we deposited the beads of polymethylmethacrylate into ordered matrices (templates),
mainly with a face-centered cubic lattice. The resulting mesoporous structures, called artificial opals or colloidal crys-
tals, had lateral dimensions of about 10 x 10 % 2 mm. Then we heat-treated the opals to 120 °C to harden the template
before being impregnated with the precursor. Further, we impregnated the opals with silica sol with a particle size
distribution from 1 to 5 nm, obtained by hydrolysis of tetraethoxysilane in the presence of hydrochloric acid, and then,
after curing and drying the impregnating composition in air at room temperature, we multi-stage fired them up
to 550 °C at normal pressure in the air atmosphere to remove all organic components. As a result, the macroporous
metamaterial (the so-called inverse opals) with an open system of pores up to 400 nm in size, occupying about 80 % of
the volume, were obtained.

We studied lactic acid bacteria of cucumber brine and human red blood cells with TM4000 Plus, SU3500
and S-5500 scanning electron microscopes. Auxiliary substance for the sample preparation was ionic liquid VetexQ EM
(Interlab LLC). We showed that it is possible to use the inverse opal as an absorbent substrate for sample preparation
and rapid analysis in scanning electron microscopy without pre-drying, chemical treatment, or temperature exposure.
To improve imaging in the electron microscope, we used sputter coater to cover the inverse opal surface with a thin film
of platinum. The use of ionic liquid in combination with the absorbent porous medium allows preserving an original
shape of the biological structures. Using the human red blood cells and lactic acid bacteria, we showed that it is possi-
ble to carry out of the morphological analysis of the cells using various scanning electron microscopes. We found
that on the basis of the inverse opal, there is a fundamental possibility of creating the absorbent substrate suitable
Jfor repeated use in the study of the biological objects. At the same time, trace remnants of previous samples remaining
after annealing the plate do not introduce significant distortions when conducting new series of observations. In this
study, we obtained high-quality electronic micrographs of the biological objects with high resolution and contrast.
At the same time, due to the use of the inverse opals as the absorbent substrate, time and financial costs for research
are reduced.

Keywords: scanning electron microscopy, mesoporous structure, inverse opal, lactic acid bacteria, erythrocyte.
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Lenvio danno2o ucciedos8anus A6IAemes anpodayust 603MOICHOCIU NPUMEHEHUST HEOP2AHUYECKUX MAKPONOPUCHIBIX
CMPYKMYp UHEEPCHO20 ONANA NPU RPOOONOO20MOSKe OIS CKAHUPYIOWE dNEKMPOHHOU MUKPOCKONUU OHUO0OBEKMOS.

Hz20mosnennvle 301b-2elb CHOCOOOM UHBEPCHBLE ONAJIbLL HA OCHOGE KDEMHE3EMA NPUMEHSLIUCL 6 KAYeCmee 6numbl-
saroweli NOONONHCKYU O U3yYeHUs: buono2uyeckux obpasyos. HMszomosnenue ungepcho2o onana npeocmasisiem cooot
COJHCHBINL MHO2OCMYNeHYamulil mexuono2udeckuti npoyecc. CHauana memooom 6e33MyNb2amopHoOl dIMYIbCUOHHOU
NOAUMEPUZAYUU MEMUIMEMAKPUIAMA 6 GOOHOU Cpede 6 NPUCYMCMEUU OUd30UHUYUAMOPa Obliu CUHMEIUPOBAHbL
CYOMUKPOHHbIE CheputecKue yacmuybl U3 noauMemuimemakpuiama. Takum cnocobom MOACHO NOYYAMb AHCAMOTb
Yacmuy ¢ GblCOKOU MOHOOUCTIEPCHOCMBIO, CPEOHUTI pA3ZMeED KOMOPLIX MOJICem 6apbuposamsbcs ¢ duanazone om 100
00 500 um. 3amem memooom camocOHopru cyoMuKpocpepvl noruUMemuIMemaKpuiama 0Caxicoanuch 8 ynopsaooienHole
Mampuysl (WUabIoHbL) NPEUMYWECTNBEHHO C SPAHEYEHMPUPOBAHHOU KyOuueckol pewémxou. [lonyuennvie mezonopu-
cmble CIMpYKMypbl, HA3bleaemble UCKYCCMBEHHbIMU ONANAMU UTU KOLTOUOHBIMU KPUCMALLAMU, UMENU PA3Mepbl NOpPA0-
ka 10 x10 x 2 mm. 3amem onanvl noogepeanuce mepmuyeckou oopadbomre oo 120 °C 0ns ynpounenus wiabiona nepeo
nPONUMKOU NPeKypcopoMm. [lanee onaivl npONUMbIEAIUCh 30]1eM KpeMHe3éma ¢ pazmepom yacmuy om 1 0o 5 um, nory-
YEHHbIM NYMEM 2UOPOIU3A MEMPAIMOKCUCUIAHA 8 NPUCYIMCIBUL CONIHOU KUCIOMbL U 3AMeM, HOCAE OMEePICOeHUs.
U CYWIKU NPONUMbLEAIOUe20 COCMAsa Ha 8030yXe NpU KOMHAMHOU memMnepamype, n008ep2aiuch MHO20CIYNEHUYAMOMY
06aicuey 00 550 °C npu HopmarbHoOM 0aslieHuU 8 6030YWHOL ammocepe 05 YOANeHUsL 6CeX OP2AHUYECKUX KOMNOHEH-
mos. B pesynomame nonyuanucs oopasyvl MaKkpoOnopucmuix Memamamepuanos (max Hasvliéaemule, UHGEPCHbLE ULU UH-
BEPMUPOBAHHBLE ONAJIbL) C OMKPLIMOU cucmemotl nop pazmepom 00 400 um, 3anumarowux oxono 80 % o6véma.

B cxanupyrowux snexkmponnvix muxpockonax TM4000 Plus, SU3500 u S-5500 ¢ ucnonvzosanuem Maxponopucmoix
CmpyKmyp ObLiu UCCIe008aHbL MOJIOYHOKUCTbIE OAKMepUY U KPACHble KpOGsaHble menvyd. JIis yiyuuenus u3yaiu3ayuu
UCHONb306ANUCH CUCTHEMbI HANBLIEHUSL MEMANN08 OJisl NOKPLIMUS NOBEPXHOCMU UHBEPCHO2O0 ONALA MOHKOU NAEHKOU
naamunsl. Becnomoeamenvholym 6eujecmeom 6 npobonoo02omoske gblcmynana uoHHas sicuokocms Vetex(Q EM (Interlab
LLC). Iokazano, ymo ungepCHulil ONAL MOICHO UCHONB308AMb KAK BNUMBIBAIOWYIO NOONOICKY 01 NPOOONOO20MOEKU
U IKCHPECcC-aHAIU3A 8 CKAHUPYIOWeEl INEeKMPOHHOU MUKPOCKONUU Oe3 NPedsapumenvHoll CYWKU, XUMUYeCKol o6pa-
OOMKU UIU MEMNePamypHo20 8030eicmeust 6uooovekmos. Ucnonb306anue UOHHOU JHCUOKOCIMU 68 COYEMANUL C 6NUMbL-
saioweti NOpUCMoul cpedoil NO380JIsleN COXPAHUMb NEPEOHAUATLHYIO hopmy buorocuyeckux cmpykmyp. [lokazana 603-
MOJICHOCTb UYUEHUSE MOPPONIOZULECKUX 0CObEHHOCmel DUOCMPYKIMYD HA NpuUMepe IPUMpOYUnOo8 Yer08ekd u Moio4-
HOKUCbIX bakmeputl. DKCNEPUMEHMATLHO YCMAHOBIEHO, YMO GNUMbIEAIOUL)I0 NOOJIOJCKY HA OCHOBE UHBEPCHO20 ONALA
MOICHO UCNOTIBL308AMb MHOZOKPAMHO NPU UCCAe008aHuU buonocuyeckux 06vekmos. Cnedogvle 0cmamii npeobloyuux
npo6, ocmaswuecs NOcie OMICU2a NAACTUNDL, He GHOCIM CYUeCMEEHHbIX UCKANCEHUN NPU NPOBEOeHUY HOBbIX cepull
Habmo0enull. B nawem uccnedosanuu 6viiu nomyueHvl 8blCOKOKAYECMBEHHbIE JIEKMPOHHble MUKpogomozpaduu 6uo-
00bEKMos ¢ 8bICOKUM pazpeuteHuem u Koumpacmom. Ilpu smom 3a cuém ucnoib308anusl UH8EPCHLIX ONALO8 8 KAYeCH!-
6e snumvleaiowell NoONONHCKYU 00eCneyusaemcsi COKpaujeHue pEeMeHHbIX U PUHAHCOBBIX 3aMPam HA UCCIEO08AHU.

Kniouegvie crosa: cxanupyowas s1eKmpoHHAs MUKPOCKONUS, ME30NOPUCAA CIMPYKMYpa, UHEEPCHbINL Onai, MO-
JIOYHOKUCIAs, bakmepus, IpUmpoyum.

Introduction. Electron microscopy in the field scans the surface of the object, registering for each point
of studying biological objects (cells, cell organelles, such processes as the generation of back-scattered elec-
bacteria, viruses, biogenic macromolecules, etc.) allows trons, secondary electrons, characteristic X-ray emission,
solving a number of research problems to determine the and others. TEM captures an image by scattering elec-
structure, morphology, chemical composition, contact trons passing through a thin sample, allowing structural
interaction with each other, etc. with high contrast and  features within a biological object to be investigated.
resolution [1-3]. The stage of preparing samples for research plays a

Scanning electron microscopy (SEM) is used to study  key role in electron microscopy. The traditional approach
the morphology of individual biological objects and their ~ to sample preparation of biological objects for electron
groups [4; 5]. Transmission electron microscopy (TEM) microscopy is reduced to repeating natural processes that
works with thin sections of samples [6]. SEM sequentially  have been going on for millions of years. Chemical sub-
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stitution of certain organic compounds for minerals is an
alternative to fossilization. Replacing water with wax or
epoxy is similar to making amber with inclusions. Drying
at the critical point is close to mummification, and the
cryofixation method makes it possible to stop all bio-
chemical processes in the sample relatively quickly and
avoid morphological changes inherent in chemical fixa-
tion (but it has its own limitations) [4].

The bases of the latest techniques, without doubt, are
devices with concentrated water vapor in the observation
chamber: the partial pressure of the gas does not allow the
liquid to boil. Unfortunately, this equipment is not widely
used at present.

Another area is the use of salts that are liquid at room
temperature. These are very heavy organic compounds
that do not boil under vacuum in the working chamber of
a conventional electron microscope (10°~10~ Pa). The
ionic liquid, covering the sample, retains its shape and
successfully conduct the electric current.

Thus, it is known that in order to obtain the most poi-
sonous natural compound (botulinum toxin), a microfilter
is needed. Bacteria are concentrated on it when pumping a
suspension. Subsequent extraction from the accumulated
layer of unicellular organisms allows obtaining the re-
quired chemical compound [7].

The idea of separating a biofluid from microscopic ob-
jects suspended in it, therefore, has more than one decade
and has been successfully implemented on an industrial
scale [8—10]. For the electron microscopy, this approach
allows to reduce the waiting interval between the stages
“object in a living environment” — “object under an elec-
tron beam” to several minutes. The main delay is caused
by the time it takes to achieve the required vacuum in the
microscope sample chamber.

In this regard, of particular interest are inverse opal
materials (IOM) [11-13] that are inorganic macroporous
structures with a pore size > 50 nm [14-17].

The purpose of this paper is to assess the possibility of
using IOM in the study of biological objects using the
example of lactic acid bacteria and human erythrocytes.

The main part. The process of obtaining IOM is de-
scribed in the papers [18; 19]. Briefly, suspensions of
submicron spherical particles were synthesized by the
method of emulsifier-free emulsion polymerization of
methyl methacrylate in an aqueous medium in the pres-
ence of a diazo initiator. Particle size distribution, or
monodispersity, did not exceed 6 %. After the deposition
of polymethyl methacrylate balls by self-assembly into a
mesoporous structure [15; 20-22] with a cubic face-
centered packing [23; 24], the dispersion medium was
removed; the resulting matrices (templates) were impreg-
nated with silica sol [25]. After curing the impregnation at
room temperature and drying at 75-80 °C, the samples
were subjected to multistage firing to remove polymer
components. The inorganic part of the material (SiO,)
remained in the form of a three-dimensional imprint of
the matrix (fig. 1).

To effectively remove the charge of the sample sur-
face in the SEM chamber, a platinum film with a thick-
ness of 2—6 nm was deposited on the surface of inverse
opal using the K575XD turbo-pumped dual head sputter
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coater (Emitech Quorum, UK) and the ACE200 metal
vacuum deposition system (Leica, Germany). To visualize
morphological features and X-ray elemental mapping the
following SEMs were used: TM4000 Plus, SU3500 and
S-5500 (Hitachi, Japan).

It should be noted that more than 80 % of the inverse
opal volume is occupied by interconnected voids (fig. 1,
on the left). Under the influence of capillary forces, the
liquid surrounding the samples is absorbed into it. There-
fore, salts and organic compounds evaporated under vac-
uum are hidden inside the volume of the porous substrate.

The fig. 1 (on the right) represents the EDS spectrum
of inverse opal. The spectrum contains peaks associated
with carbon, oxygen, silicon and copper. The high carbon
content in the spectrum can be characterized as follows.
Firstly, it is well known that electron probe microanalysis
is not accurate for low atomic number elements such as C,
B, N, O, etc. Secondly, in most cases, apparently, the in-
evitable contamination of the inner walls of the vacuum
chamber with carbon occurs. In addition, a double-sided
electrically conductive carbon tape was used to mount the
sample for operation in the SEM. The presence of copper
is due to the copper substrate for the SEM.

The absence of crystals of salts, fat spots, carbohy-
drates and other things allows one to observe the surface
of cells without artifacts (fig. 2).

In fig. 2 lactic acid bacteria did not change their shape
under vacuum. Usually, after drying, only “deflated”
shells can be observed. Sometimes organic objects in the
electron microscope chamber explode, leaving an imprint
on the mineral substrate. In fig. 3 area 1 is damaged
lactic acid bacteria. Their shell is macerated (“wrinkled”
during the drying process). Area 2 is the trace left by the
bacteria.

The liquid forms a drop if it comes in contact with
a hydrophobic surface. Its drying and retraction leads
to destruction of the upper layers of fragile inverse opal
(fig. 4). These distortions go up to domain boundaries.
There is an assumption that due to the polydomain nature,
the chips do not cause through cracks.

Physiologically, human erythrocytes enter narrow cap-
illaries, and therefore their shape very easily changes un-
der mechanical stress. In practice, this leads to deforma-
tion of the cells on the surface. Erythrocytes are imprinted
into the pores of the IOM, as seen in fig. 5 (dark rounded
spots are traces of blood cells).

The darkened zones recorded in the micrograph are
caused not only by the penetration of biological fluids
into the porous structure, but also by the carbon deposit
left after annealing by the flame of previous samples.

For comparison (fig. 6). represents a blood sample on
an aluminum substrate, washed with excess gasoline.

Fig. 6 shows erythrocytes adhered to the surface, as
well as substances dissolved in blood plasma, which hin-
der a qualitative study of cell morphology. Due to the low
adhesive capacity, a significant part of the erythrocytes
was washed off with the flushing liquid.

A completely different picture is given by the use of
an ionic liquid (fig. 7) [5]. Objects retain their three-
dimensional shape, protrude above the substrate level and
are visible even at low magnifications.
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Fig. 1. On the left is an electronic micrograph of an inverse opal based on silicon (IV) oxide. S-5500 microscope, 3 kV,
secondary electrons; on the right — an EDS spectrum of the sample. The insert shows the molar content of the elements.
The high carbon content is due to the imperfection (shortcoming) of the vacuum in the working chamber of the SEM
(residual contamination), copper — from the working substrate of the SEM)

Puc. 1. CneBa — anekrponHas Mukpodororpadusi ”HBEpCHOro onajia Ha ocHoBe okcuaa kpemuus (IV). DnexTpoHHbIi
mukpockon S-5500, 3 kB, Bropuunsie anexTpoHsl. Crpasa — DJIC-criekTp obpasua. Ha BcTaBke npuBeeHO MOJSIPHOE
coliep KaHue AIIEMEHTOB. Bricokoe cozepskanne yriaepoaa o0yCIOBICHO HEUACATFHOCTRIO BaKyyMa B paboueii kamepe POM
(ocTaTouHbIe 3arpsI3HEHUS, Melb — OT paboyero cronuka POM)

Fig. 2. SEM image of lactic acid spores on surface of inverted silica opal.
SU3500 microscope, 5 kV, secondary electrons

Puc. 2. DnexrporHast MUKpooTOrpadus Criopbl MOIOYHOKHUCIION OakTepuu
Ha IIOBEPXHOCTH MHBEPTHPOBAHHOTO ONaJia U3 KpeMHe3&Ma.
Muxkpockon SU3500, 5 kB, BropudHBIE 3I€KTPOHEI
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Fig. 3. An electron micrograph of lactic acid bacteria damaged during vacuuming on surface
of an inverted silicon oxide opal. SU3500 microscope, 1.5 kV, secondary electrons

Puc. 3. DnexTpoHHast MUKpOGOTOrpadusi MOJIOYHOKUCIBIX OaKTepHid, TOBPEXIEHHBIX BO BPEMsI BAaKyyMHUPOBaHUS,
Ha IIOBEpXHOCTH HHBEPTUPOBAHHOTO OMaia 13 okcuaa kpemHus. Muxpockon SU3500, 1,5 kB, BropryHbIe 3J1€KTPOHBI

Fig. 4. A local crack on surface of an inverted silica opal caused by deformation during drying
of an organic film. SU3500 microscope, 5 kV, secondary electrons

Puc. 4. JlokanpHas TpEIIMHA Ha IOBEPXHOCTH MHBEPTHPOBAHHOTO OMajia U3 OKCHAA KPEMHHUs, 00y CIIOBICHHAs
nedopMupoBaHHeM HPH BBICHIXaHUH INIEHKN OPTaHUIECKOTO MPOUCXOXKACHHSI.
Muxkpockon SU3500, 5 kB, BropudHBIE 2JI€KTPOHEL
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Fig. 5. Traces of human red blood cells on surface of inverted silica opal.
TM4000 Plus microscope, 20 kV, back-scattered electrons

Puc. 5. Cienbl 5puTPOLIMTOB YeJIOBEKa Ha OBEPXHOCTH MHBEPTHPOBAHHOTO OMajia M3 OKCU/IAa KPEMHHSI.
Muxkpockon TM4000 Plus, 20 kB, 06paTHO-0TpakEHHBIE IEKTPOHBL

Fig. 6. SEM image of red blood cells on surface of aluminum foil.
TM4000 Plus microscope, 5 kV, back-reflected electrons

Puc. 6. Dnexrponnas MUkpohoTorpadus IPUTPOLIMTOB HA TIOBEPXHOCTH ATFOMUHUEBOH (ONIBIH.
Muxkpockon TM4000 Plus, 5 kB, 00paTHO-0TpaKEHHBIE 3JICKTPOHBI
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Fig. 7. Red blood cells after treatment with an ionic liquid on surface of an inverted silica opal.
On the left is an erythrocyte that resembles a stellate (acanthocyte) in shape, on the right — it resembles
a target-shaped (platycyte). SU3500 microscope, 5 kV, secondary electrons

Puc. 7. DputporuTs! nocie 06padboTKH HOHHOM JKUIKOCTHIO HA TIOBEPXHOCTH HHBEPTHPOBAHHOTO OITaa
n3 okcuaa kpeMHus. CiieBa — 9pUTPOLUT, HAMOMUHAIOIINI 110 opMe 3BE31UATHIN (aKaHTOLHUT), CIIpaBa — IMEIOIINH CXOJCTBO
¢ MUILIEHEBUIHBIM (matuuuToM). Mukpockon SU3500, 5 kB, BropuyuHbIe 37IeKTPOHBI

Under the influence of the current, the ionic liquid can
both boil and decompose. Therefore, there is an instru-
mental limitation on the maximum possible magnification
that does not cause destruction of the object. In connec-
tion with the above, optimization of the SEM observation
parameters (currents, voltages, vacuum levels) and obtain-
ing conductive coatings is the goal of further research.

Conclusion. During the study of biological objects us-
ing scanning electron microscopy, the morphological fea-
tures and elemental composition of the inverse opal struc-
ture of silica, lactic acid bacteria, as well as human red
blood cells were studied. A technique has been developed
for the preparation of biological samples using an ionic
liquid in a complex (in combination as a whole) with an
absorbent macroporous material, which makes it possible
to preserve the original shape and structure of biological
structures unchanged.

The possibility of express sample preparation for the
subsequent express study of biological objects in a liquid
has been experimentally shown. The principal possibility
of multiple use of macroporous structures based on in-
verse opal from silica for the study of biological samples
has been demonstrated empirically. The exceptional fra-
gility of inverse opal has been demonstrated, which
makes it impossible to use it as a biological filter for the
separation of liquid biological media.
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