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ABSTRACT. Vital fluorescence staining of calcium-containing structures in calcifying organisms
is a powerful tool for the study of biocalcification. The main dyes used in this field have green or
red fluorescence, which may be overlapped with the fluorescence of chlorophyll and other organic
substances. We synthesized a novel coumarin-based fluorescent dye QA2 that stains calcium carbonate
and calcium phosphate. The fluorescence of this dye depends from environment, it is enhanced in non-
polar medium with a shift of the emission maximum to the blue spectrum region. Small vaterite and
calcium phosphate particles adsorb QA2 on the surface and exhibit predominantly green fluorescence,
while low surface area calcite crystals are stained in bulk and show additional intense blue fluorescence.
The ability of the QA2 dye to generate blue fluorescence of calcium carbonate may be useful for tracking
calcium carbonate formation at living organisms in the presence of green and red fluorescent organic

substances.
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1. Introduction

Vital fluorescence staining of calcium-containing
structures in calcifying organisms allows us to measure
their growth rates and study biocalcification processes
(Ramesh et al., 2017; Tambutte et al., 2012). Various
fluorescent dyes that fluoresce in the green and red
spectrum are used for this purpose (Liao et al., 2021,
Tada et al.,, 2014). Calcein (Mount et al.,, 2004;
Vidavsky et al., 2015) and alizarin red (Gonzalez-
Pabén et al., 2021; Wannakajeepiboon et al., 2023)
have found the greatest use among such dyes. Calcein
is considered more reliable and widely used due to its
potential non-toxicity and ease of use in contrast to
alizarin red, thus calcein can be added directly to the
environment of organisms (Serguienko et al., 2018).
However, the presence of autofluorescence in mollusk
shells (Delvene et al., 2022; Spires et al., 2021) as well
as in algae (Donaldson, 2020; Schoor et al., 2015;
Tang and Dobbs, 2007) can cause difficulties for the
interpretation of fluorescence images because there is
an overlap fluorescence spectra of calcein or alizarin
red with the structures autofluorescing in the yellow-
green or red region. Using dyes with fluorescence in
the blue region of the spectrum can be the solution for
this problem. We recently developed dye QN2 based
on coumarin to stain growing siliceous frustules of
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diatom algae (Annenkov et al., 2019). This dye exhibits
emission in the blue range of the spectrum with the
addition of green fluorescence upon incorporation into
silica. The ability of QN2 to enter siliceous structures
is attributed the presence of amine groups capable
interacting with silica. Calcium-based biominerals are
bound to carboxyl-containing substances (Nudelman et
al., 2006; Rao et al., 2015), so calcium-targeted dyes
(alizarin red and calcein) contain several acidic groups.

The aim of this work is to synthesize a new
coumarin dye QA2 with two carboxyl groups, to study
its spectral properties and ability to stain in situ obtained
calcium carbonate and phosphate.

2. Materials and methods
2.1. Chemical reagents

All solvents and reagents were purchased from
Vekton JSC (St. Petersburg, Russia). Ethyl acetate was
washed with a sodium bicarbonate solution, distilled
water, dried over anhydrous calcium chloride followed
by distillation. Dimethylformamide (DMF) was shaken
for 30 minutes with anhydrous CuSO,, filtered through
a Biichner funnel, distilled in vacuum and kept with
3A molecular sieves. Triethylamine was dried with
CaH, and distilled. L-aspartic acid was kept over
P,0,, in an evacuated desiccator for 48 hours before
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use. 7-(Diethylamino)coumarin-3-carboxylic  acid
and succinimidyl ester of 7-(diethylamino)coumarin-
3-carboxylic acid were synthesized according to
(Berthelot et al., 2005).

2.2. Synthesis of N-[[7-(Diethylamino)-
2-0x0-2H-1-benzopyran-3-yljcarbonyl]-L-
aspartic acid (QA2)

Mixture of 40.6 mg (0.305 mmole) of L-aspartic
acid, 74.8 mg (0.739 mmole) of triethylamine, 90.3 mg
(0.252 mmole) of succinimidyl ester of 7-(diethylamino)
coumarin-3-carboxylic acid and 3 mL of dry DMF was
magnetically stirred under nitrogen atmosphere at
room temperature for four hours and at 55°C for five
hours. Then the volatiles were evaporated in vacuum
of an oil rotary vane pump (35°C heating bath) and the
residue was taken up in a mixture of 3 mL of distilled
water and 5 mL of ethyl acetate followed by filtration
through a cotton plug. The aqueous layer was separated,
extracted with ethyl acetate (2 mL x 2), acidified with
concentrated hydrochloric acid and extracted again
with ethyl acetate (2 mL X 3). The latter combined
ethyl acetate extracts were dried over MgSO,, rotary
evaporated and kept in vacuum of an oil rotary vane
pump at 40°C for three hours to give a yellow-brown
product. ESI-MS, found: [M +H]*+ 377.1340, molecular
formula C, ;H, N,O. requires [M+H]* 377.1343.
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2.3. Synthesis of calcium carbonate and
calcium phosphate in the presence of dyes

Stained calcium carbonate precipitates were
obtained by coprecipitation using stock solutions of
Na,CO, (24 mM, pH = 9), CaCl, (24 mM) and QA2
(4 mM). The precipitates were formed in 10 ml glass
vials at 25°C. Total solution volume was 4 ml. Solutions
of sodium carbonate, dye and the required amount
of water were mixed, shaken well and after 1 min,
calcium chloride solution was added, while stirring.
Concentrations in the final mixture were 6 mM for
Ca**, 6 mM for CO.*, 0.01 mM for dye. The vial was
capped and left at room temperature. The precipitate
that formed after 2 h was separated by centrifugation
(1000 g, 10 min), washed with water (4°C) and studied
with microscopy.

Stained calcium phosphate precipitates were
obtained by coprecipitation using stock solutions of
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Fig.1. Synthesis of QA2 dye.
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(NH,),HPO, (24 mmol, pH = 10) and CaCl, (24 mmol)
and QA2 (4 mM). The precipitates were generally
formed in 10 ml glass vials at 25°C. Total solution
volume was 4 ml. Solutions of diammonium hydrogen
phosphate, dye and the required amount of water were
mixed, shaken well and after 1 min, calcium chloride
solution was added, while stirring. Concentrations in
the final mixture were 6 mM for Ca?*, 3.6 mM for
HPO,*, 0.01 mM for dye. The vial was capped and left
at room temperature. The precipitate that formed after
2 h was separated by centrifugation (1000 g, 10 min),
washed with water (4°C) and studied with microscopy.

2.4. Instrumentation

HRMS analysis was performed on an Agilent 6210
TOF (time-of-flight) LC/MS (liquid chromatography/
mass spectrometry) System. Sample was dissolved
in a mixture of deionized water and acetonitrile
(2/1 (v/v)). Water and acetonitrile with 0.1% (v/v)
heptafluorobutyric acid were used as eluting solvents
A and B, respectively. The conditions for TOF MS were
as follows: the mass range was m/z 60 to 500, and scan
time was 1 s with an interscan delay of 0.1 s; mass
spectra were recorded under electrospray ionization
(ESD+, V mode, centroid, normal dynamic range,
capillary voltage 3500 V, desolvation temperature 325
°C, and nitrogen flow 5 L/min.

Absorption, excitation and emission spectra
were measured with SM-2203 spectrofluorimeter
(CJSC Spectroscopy, Optics and Lasers — Modern
Developments, Republic of Belarus, Minsk) in 10 mm
quartz cuvette. A pulsed xenon lamp was used as an
excitation source in the device.

Light and fluorescent microscopy was performed
with MOTIC AE-31T inverted microscope with a
HBO 103 W/2 OSRAM mercury lamp. Excitation was
performed at 470 nm for green and yellow emission
and 365 nm for blue emission.

3. Results and discussion

QA2 dye was prepared by the reaction of
succinimidyl ester of 7-(diethylamino) coumarin-3-
carboxylic acid with L-aspartic acid (Fig. 1). Absorbance
spectra of the new dye (Fig. 2) contain three peaks at
216, 265 and 430 (water), 253 and 410 (dioxane) nm.
The shape of the emission spectra (Fig. 3) does not
strongly depend on the excitation wavelength, but the
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fluorescence intensity in water is much lower than in
dioxane, and its maximum (475 nm) is shifted to red
compared to the fluorescence in dioxane (455 nm).
Similar effects were observed and discussed for the dye
QN2 (Annenkov et al., 2019).

Calcium carbonate obtained from the reaction
of calcium chloride and sodium carbonate (Fig. 4) is
characterized by particles of two forms: cubic crystals
and aggregated small rounded particles. The cubic
crystals and aggregates were calcite and vaterite,
respectively. Vaterite is metastable form of calcium
carbonate which transforms into calcite in aqueous
media by dissolving and recrystallization (Ogino
et al., 1987). Calcite particles show green and blue
fluorescence, while vaterite shows only green-yellow
emission. This difference in fluorescence color is similar
to the difference in emission spectra of QA2 in water and
in a nonpolar solvent such as dioxane. We hypothesize
that small vaterite particles with high surface area
adsorb QA2 on the surface and the fluorescence of the
dye is similar to that in aqueous medium. The dye is
incorporated into calcite crystals at the transformation
of vaterite in calcite, as result its fluorescence becomes
similar to emission in a non-aqueous medium, with
a shift to the blue range. Precipitation of calcium
phosphate in the presence of QA2 dye results in the
formation of small green-fluorescent particles with
weak blue emission (Fig. 5). Probably the dye in small
calcium phosphate particles is not as isolated from
water as in calcite crystals, which reduces fluorescence
in the blue range.

4. Conclusions

We synthesized a novel coumarin-based
fluorescent dye QA2 that stains calcium carbonate
and calcium phosphate. The fluorescence of the dye
depends on the environment, it is enhanced in non-

Fig.4. Visible light microphotographs and epifluorescence of calcium carbonate particles obtained in the presence of dye
QAZ2. Scale bar represents 50 pm.
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Fig.2. Absorbance spectra of 10 uM QA2 solutions in
water and 1,4-dioxane.
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Fig.3. Excitation and emission spectra of QA2 in water
and 1,4-dioxane. Concentration 5 uM. A — excitation spectra
at emission 452 nm, B — emission spectra at excitation 256
nm, C-425nm, D-410 nm, E - 400 nm, F - 385 nm, G - 374
nm. Emission and excitation slits 5 nm.
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polar medium and the emission maximum shifts to
the blue region of the spectrum. Small vaterite and
calcium phosphate particles adsorb QA2 on the surface
and exhibit predominantly green fluorescence, while
low surface area calcite crystals are stained in bulk
and show also intense blue fluorescence. The ability of
the QA2 dye to generate blue fluorescence of calcium
carbonate may be useful for tracking calcium carbonate
formation in living organisms in the presence of green
and red fluorescent organic substances.
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. LIMNOLOGY
KHCAOTHBLIM KpacuteAb Ha OCHOBe FRESHWATER

KymapuHa Ana PAyOpeCLueHTHOro BIOLOGY
OKpawuBaHUA YacTHl KapboHaTta kKanbuua — — —
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AHHOTALIUA. ButanbHoe (iyopeciieHTHOe OKpallliBaHue KaJlbI[UiicoAepXaliX CTPYKTYp B KaJlb-
UUIMPYIONIMX OpraHu3Max - MOIIHBIN MHCTPYMEHT Ui u3ydyeHus Ouokasbiudukanuu. OCHOBHEIE
KpacHUTeJiM, UCIOJIb3yeMble B 3TOU o6JjiacTv, 00Jaal0T 3eJIeHOM WJIM KpacHO! (JIyopecleHITHeH,
KOTOpas MOXeT IlepeKphIBaTheA ¢ (iryopecieHIeil xjiopobuiiia 1 Jpyrux OpraHniyeckrx BemecTs. Mol
CUHTEe3UPOBAJIV HOBBIH (hJIyopecleHTHhIN KpacuTesib QA2 Ha OCHOBE KyMapyHAa, KOTOPBIF OKpAIIUBaET
kapboHaT u pocdar kabpud. DyopecueHIA KpacuTesisd 3aBUCUT OT Cpelibl, OHA YCUJIMBAETCA B HEIO-
JIIPDHOU cpeflie, a MaKCUMyM SMHCCUH CMeljaeTcs B CUHIOI 00JIacTh cliekTpa. MeJsikue yacTUllbl BaTe-
puta u ¢ocdara Kampuua aacopoupyoT QA2 Ha MOBEPXHOCTU U AEMOHCTPUPYIOT IPEUMYIeCTBEHHO
3ejieHy10 (JIyopecleHIINI0, B TO BpeMs KaK KpUCTaJUIbl KajJbIUTa C HU3KOU ILJIOMAJbI0 TOBEPXHOCTU
OKpAIIMBAIOTCA B Macce U AeMOHCTPUPYIOT TakXXe MHTEHCUBHYIO CUHIOK ¢JiyopeciieHnu0. CIocoOOHOCTh
kpacuresisi QA2 reHepHUpoOBaTh CUHIOK (JIyOpeCIeHIUI0 KapOOHaTa KaIbI[iA MOXET ObITh IMOJIe3Ha AJ1A
OTCJIeXUBaHUA 00pa3oBaHuA KapOoHaTa Kajbliid B XKUBBIX OpraHu3Max B IPHCYTCTBUU OPraHNYecKux
BEII[ECTB C 3eJIEHOU U KpacHOU (JryopeciieHIre.

Kiiouegewie citoga: GyopecueHIys, BUTAJIbHBIN KpacUTesb, KyMapyH, KaJIbI[UT, BATEPUT

1. BBeAeH"e ODEHOM KaJiblieHa WJIN aJIN3apruHOBOIO KpaCHOro u

CTPYKTYP, aBTOGIIyOPECHUPYIOMUX B XKEJITO-3eJIEHOMH
ButanbHOe  (JIyOpecLeHTHOe — OKpallMBaHue WIN KpacHO# objactu. PerieHreM mpoGJieMbl MOXET
KaJbLUHCOAePKALIUX CTPYKTYP B KAJIbIU(PUIMPYIOI[UIX CTaTh WCIIOJIb30BaHME KpacuTesied ¢ ¢JiyopecieHIuein
Opranusmax II03BOJIACT U3MEPATb CKOPOCTb MX pOCTa B cuHel obyactu crnekrpa. Hegasuo (Annenkov et al.,
U u3y4arthb nporeccsl 6rokanermdukanuy (Ramesh et 2019) Mbl paspaboranu kpacutenb QN2 Ha OCHOBe
al., 2017; Tambutte et al., 2012). [[jisg 3TOr0 HCIOJIb- KyMapyHa Ul OKPAIIMBAHUA PACTYIIUX KPEMHHCTHIX
3yl0TCA  pasyuvHbie  (JIyOpecleHTHble KpacuTesd, GpycTys1 AMAaTOMOBEIX BOAOPOCJEH. DTOT KpacuTesb
diyopecuypyiome B 3€JIHOM M KpPacHOM CHeEKTpe JNEMOHCTPUPYET 3MUCCHI0O B CHUHEN 00JacTy CIeKTpa
(Liao et al., 2021; Tada et al., 20142. Hawub6osbinee ¢ HoBGaByeHueM 3eJieHoi (IIyOpecLeHIUH P BCTpa-
IpUMCHEHNE CPEIN TAKUX KpAaCHUTEJIEH HAallM KaJib- uBaHUM B KpeMHe3eM. Crioco6HocTh QN2 IPOHMKAThH
et (Mount et al., 2004; Vlc}avsky et al., 2015) u B KDEMHUCTBIE CTPYKTYPbl OOBACHSETCS HaIMdueM
ayIM3apyHOBHIH KpacHH (Gonzalez-Pabén et al., 2021; AMMHHBIX TPYII, CIOCOOHBIX B3aUMOAEHCTBOBATH C
Wannakajeepiboon et al., 2023). Kasbrien cuntaercs KpeMHe3eMOM. BHOMUHepasibl Ha OCHOBE KaJbLs
6oJiee HaZieXHBIM U IUPOKO MCIOJIb3yeMbIM GJ1arofapsi CIIOCOGHBI CBA3HIBATBCA € KApBOKCHIICOAEPKAIIMU
CBOEl TOTEHNUNAIbHON HETOKCMYHOCTH M IPOCTOTE emectsamu (Nudelman et al., 2006; Rao et al., 2015),
HIPUMEHEHWA - B OTJIMYME OT aJM3apUHOBOTO Kpac- II03TOMY KPACHUTEJIH, HalleJIeHHbIEe Ha KaJblIui (ann3a-
HOT'O, KaJIbIIENH MOXHO T06aBJIATh HETOCPe/ICTBEHHO B PUHOBBIIT KPACHBIIT 1 KABIENH), COMIEPXAT HECKOJIBKO
cpeny obutanusa opraHusMoB (Serguienko et al., 2018). KUCJIOTHBIX TPYIIIL
OnHako HayMuue aBTO(JIYOPECIEHIMA B PaKOBUHAX Iledb JAHHOI PaGOTH - CHHTE3 HOBOTO KyMa-
moJutiockoB (Delvene et al., 2022; Spires et al., 2021), PUHOBOro Kpacutens QA2 ¢ ABYMs KapOOKCHIbHBIMU
a rawke B Bozopocisax (Donaldson, 2020; Schoor rpynmaMy, Hu3ydYeHHe €ero CIEKTPaJIbHBIX CBOHCTB
et al.,, 2015; Tang and Dobbs, 2007) MoxeT BHI3BaTh M CIOCOGHOCTH OKpAmMBATb in Situ MOJyYeHHble

TPYAHOCTHM B UHTepHperanuuu (PJyopeclieHTHBIX xap6oHaT 1 Gocdar KabLus.
n3o0paxeHU H3-3a MepPeKpHITUA CHEeKTPOB (QJiyopec-
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2. MaTepuanbl M METOADI
2.1. Xumnueckue peaKTuBbl

Bce pacTtBOpuTesM M peakTUBBl OBLIN IIPHUOO-
petennl B 3AO «BekToH» (CankTt-IleTepOypr, Poccus).
dTuianeTraT IPOMBIBaJM pacTBOpoM OukapOoHaTa
HaTpusd, AUCTWIJINPOBAHHOM BOJOM, CyMINIA Hajg
6e3BOAHBIM XJIOPUAOM KaJbl[s C MOCJeAyomen
otronkoil. lumerundopmamus (IM®DA) BcTpsaxuBaiu
B Teuenue 30 muHyT ¢ Gesogubim CuSO,, ¢pubTpo-
BaJIu 4epe3 BOPOHKY BloxHepa, neperoHsuin B BaKyyMe
U BBIJIEPXUBAJIM Ha MOJIEKYJIApHBIX cuTax 3A. Tpus-
tiyiamuH cymuan CaH, u otronsym. Ilepen mcmosib-
30BaHMEM L-acrmaparvHOBYI0 KHCJIOTY BBIAEpPXUBAIU
Haa P,O, B BaKyyMHUPOBaHHOM 3KCHUKATOpPE B TEYEHHE
48 wyacoB. 7-([JAuaTHMiaMHUHO)KyMapHH-3-KapOOHOBas
KHCJIOTa Y CYKUMHUMUAWJIOBHIN 3dup 7-(austuia-
MUHO)KyMapUH-3-KapOOHOBOM KUCJIOTHl OBLIIU CHHTe-
3upoBaHbl B cooTBeTcTBUM ¢ (Berthelot et al., 2005).

2.2. Cunrtes of N-[[7-(am3aTHAaMHHO)-2-
oKco-2H-1-6en3onupaH-3-un]kap6onun]-L-
acnaparuHoBoH KHCAOTbI (QA2)

CmMmech 40.6 mr (0.305 mMmouib) L-acmapariHOBOM
kuciaoTe, 74.8 mr (0.739 MMoOJiB) TpUITUIIAMMHA,
90.3 mr (0.252 MMoOJb) CYKIUMHUMUOWIIOBOTO 3dupa
7-(QUaTUIaMUHO)KyMapHUH-3-KapOOHOBOM KHUCJIOTH U
3 M cyxoro [M®A nepememnBajgd Ha MarHUTHOM
Melasike B aTMocdepe a3oTa Ipy KOMHATHO! TeMIiepa-
Type B TedeHue YeTHIpEX YyacoB U npu 55°C mATh 4acos.
3aTeM JieTyure KOMIIOHEHTH BBIIApWJIM B BaKyyMme
MacJITHOro Hacoca (HarpeB Ha GaHe 35°C), a ocTaToOk
pacTBOpPWJIM B cMecu 3 MJI JUCTUJUIMPOBAHHOU BOJIBI
U 5 MJI STUianeTara U NpoduIbTPOBAIN depe3 CJIOU
BaThl. BOOHBIN CJION OTAENIWIN, MPO3KCTpParupoBaiv
sTuialeratom (2 My X 2), MOAKUCIUIN KOHIIEHTPU-
POBaHHO COJITHOM KHCJIOTOH M CHOBA MPO3KCTparupo-
Basu atuaaneratroM (2 mur X 3). INocieqHue o0bequ-
HeHHbIE dTUJIAlleTaTHble SKCTPAKThI BhICymmIn MgSO,,
BHIMIAPUJIM Ha POTOPHOM HCIApUTesie U BBIEpKaIu B
BaKyyMe MacJisHoro Hacoca npu 40°C B TeueHHe Tpex
4acoB, MOJIYYUB XKeJITO-KOPUYHEeBHIN MpoAyKT. ESI-MS,
HaiigeHo: [M+H]* 377.1340, moJiekyiApHON popMyie
C,;H,,N,O, cooTBercTBYET [M+H]t 377.1343.
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2.3. Cunte3s kapbonara u pocdara
KaAbUMA B NPUCYTCTBUM KPacUTeAeH

OkpailleHHbIe 0caJIKi KapOOoHaTa KaJIbI[UA MOJTy-
YaJid COOCaXAeHNEeM U3 MCXOOHBIX pacTBopoe Na,CO,
(24 mM, pH 9), CaCl2 (24 MM) u QA2 (4 MM).
Ocaaku nojyvajiv B CTEKJIAHHBIX (PJIaKOHAX eMKOCTHIO
10 mu1 mpu 25°C. OGIuii 06beM pacTBOpa COCTaBJIAT 4
MJI. PacTBOphl kKapOoHaTa HaTpuA, KpacuTteysd U Heob-
XOOWMOI'0 KOJIMYecTBa BOJBl CMeIIMBa/IM, XOPOIIO
BCTPAXUBAJIU U Yepe3 1 MUHYTY IIpU NepeMelInBaHun
no6aBIAINd pacTBOP XJiopraa Kaibiiua. KoHeHTpauuu
B KOHEYHOH cmecH coctasun 6 MM Ca**, 6 MM CO,?,
0,01 MM kpacutensa. ®JIaKoH 3aKpbIBaJIM KPHIIIKOU U
OCTaBJIAIM IIPU KOMHATHOM TeMmepaType. BrlmaBIinii
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yepe3 2 4 OCaJ0K OTAEJUIM IeHTpudyrupoBaHUEM
(1000 g, 10 munyT), npoMmbiBasIu Bofoii (4°C) u uccrie-
JIOBAJI1 MUKPOCKOITMTYECKH.

OkpaiieHHble  ocaaku  ¢ocdaTa  KaabluA
MOJIy4ajii COOCAaXAEHUEM W3 MAaTOYHBIX PacTBOPOB
(NH,),HPO, (24 mmonb, pH = 10), CaCl, (24 MmoJb)
u QA2 (4 mM). Ocaaxu TOJyYaad B CTEKJITHHBIX
¢pnakonax emkocteio 10 Myt npu 25°C. O6uuit o6beM
pactBopa cocrtasyaan 4 mi. PactBopwel ruapodocdara
JMaMMOHMs, KpacuTeJisi 1 HeoOXOAUMOTro KOJIMYeCTBA
BO/IbI CMEIINBAJIN, XOPOIIIO BCTPAXUBAJIU 1 Yepe3 1 MuH
MpU TMepeMemBaHuy A0OABJIAIA PACTBOP XJIOPUA
KasipiusA. KoHIleHTpaluu B KOHEYHOU CMECH COCTaB-
gama 6 MM Ca**, 3,6 mM HPO,*, 0,01 MM xpacu-
TessA. DJIaKoH 3aKPHIBAIN KPBIIIKON U OCTABJIAJIN MPU
KOMHaTHOU TeMIiepaType. Beimasimmii uepe3 2 4 0caJiok
othessum neHTpudyruposanueM (1000 g, 10 MuHyT),
npoMbIBasIu BoAo (4°C) u uccie1oBajI MUKPOCKOIIH-
YeCKHU.

2.4. NMpubopni

Anamu3z HRMS npoBoauiu mnpu NOMOLU
cuctemsl Agilent 6210 TOF (BpemsnposietHas) LC/MS
(xupkocTHasg xpomarorpadusa/Macc-CIeKTpOMeTpUs).
O6paser] pacTBOpsUIM B CMeCH JIeMOHU3UPOBAHHONI
BoabI M arjeroHuTpuia 2/1 (mo o6bemy). B xauecTBe
SJIIOVIPYIOMIMX pacTBopuTtesiel A u B ucnosib3oBaiu
Boay u areroHuTpua c¢ 0,1% pobaBkoit (o o6beMy)
rentaTOpPMAaCIAHON KHUCJIOTHL. YCJIOBUS IIPOBEJIEHUS
TOF MS 65U1M cJIeAyIOMUMN: AUana3oH Macc m/z ot 60
no 500, Bpems ckaHMpPOBaHUA 1 ceKyHAa C 3aJ1ep>KKOU
Mexay ckaHnuposaHusaMu 0,1 ¢; Macc-CleKTpPHI 3alKCH-
Ba/IM I[IpU HWOHM3aNuu 3JiekTpopacnbsuieHrueM (ESI) +,
pexum V, IeHTpouj, HOPMAJIbHBINA JUHAMUYECKUHN
JAuanasoH, kanuwuiapHoe Hanpsbkenve 3500 B, temre-
patypa gecosbBaTtanuu 325 °C v HOTOK a3oTa 5 Ji/MUH.

CreKTphl IOTJIOMIeHN A, BO30YXXAEHN 1 SMUCCUU
u3Mepsu Ha crnekTpoduryopumerpe CM-2203 (3A0
«CIIeKTpOCKOMNUs, ONTHMKA U Jia3epsl - COBpEMEHHEBIe
pa3paboTku», pecrmybsmka Bemapych, MuHck) B 10 MM
KBaplleBoll KioBeTe. B KkauecTBe HMCTOYHMKA BO30YyX-
JeHusA B Npubope UCIOoJIb30BaIach UMITyJIbCHAA KCEHO-
HOBas JlamIa.

CeeToBad u (QJyopeciieHTHasd MHUKPOCKOIUA
IpoBOJMJIach Ha WHBEPTHPOBAHHOM MHKPOCKOIIEe
MOTIC AE-31T c¢ prytHoi jammnoin HBO 103 W/2
OSRAM. Bo3byxaeHue mpoBoauiocsk npu 470 HM 1A
3eJIeHOU M XeJITOM aMuccuu u 365 HM AJi CHHel
SMICCUH.

3. Pe3ynbTaTthbl H 06Cy)kAeHHue

Kpacutens QA2 Obul moJydYeH B peaknuein
CYKIMHUMUAWIJIOBOTO 3dupa 7-(qUaTUIaMUHO)KyMa-
puH-3-KapOOHOBOM KHUCJOTHL € L-acmaparmHOBOI
kucjotor (Puc. 1). ChoekTpsl TOTJIOMIEHUS HOBOTO
kpacurtesis (Puc. 2) comepxart Tpu nuka npu 216, 265
u 430 (Boma), 253 n 410 (auokcaH) M. dopmMa CIiek-
TpoB amuccuu (Puc. 3) He CHJIBHO 3aBUCUT OT JJIMHBI
BOJIHBI BO30yXOeHHUs, HO HUHTEHCUBHOCTb (Jiyopec-
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Puc.1. Cunre3 kpacuresnsa QA2.

LIeHLIY B BOJle 3HAUMTEJIbHO HIXe, UeM B AHUOKCaHe, a
ee MakcuMyM (475 HM) CABUHYT B KpacHyI0 06J1acTh 110
cpaBHeHMIO ¢ (uiyopeclieHIIMeHn B quokcaHe (455 HM).
Ananornunsie 3¢deKTs HabI0AaINCh U 06CyXAAINCh
st kpacutesis QN2 (Annenkov et al., 2019).
Kapbonat kajbllusA, NOJy4aeMbIli B pe3yJib-
TaTe peaknuy XJOpHAA Kajablya U KapOoHaTa HaTpus
(Puc. 4), comepXut YacTunbl AByX ¢GOpM: KyOmveckue
KpUCTAJUIBL U arperupoBaHHble MeJIKHMe OKPYTJIible
yactuipl. KyOnueckrne KpuCTajUIBl NPEACTaBIISAIOT
o001 KaJIbLIMT, a MeJIKMe YacTUIlBl - BaTEpPUT - MeTa-
crabuibHyl0 GopMy KapOoHaTra KajbLuA, KOTopasd B
BOJHOM cpefie IpeBpallaeTcs B KaJIbIUT ITyTeM pacTBO-
peHusa u mepekpuctauuszanuu (Ogino et al., 1987).
YacTuupl KajbIUTa IOPOABJAIT 3€J€HYI0 U CHUHIOI0
(dyopecueHI10, B TO BpeMs KaK BaTepUT NeMOHCTPU-
PYyeT TOJIBKO 3eJIeHO-KeJITYI0 SMUCCUI0. DTO pa3jinuue B
uBeTe GJIyopecleHIIY aHAaJIOTMYHO Pa3jInyuio B CIIEeK-
Tpax 3MUCCUU B BOJie U B HENOJIAPHOM pacTBOpUTEJIe,
TakoM Kak AuoKcaH. Mbl mpeamnojiaraeM, 4To MeJiKue
YaCTUIIBI BaTEPUTAa C BBICOKOH IJIOIMIA/IbI0 IOBEPXHOCTHU
agcopbupyoT QA2 Ha TOBEPXHOCTH, U QJIyOopecIieHITUA
Kpacuresii aHajJioruyHa (QJIyopecleHIIu B BOJHOH
cpene. IlpeBpaiieHue BaTepuTa B KaJIbIIUT IPUBOLUT
K 3aXOpPOHEHUI0 KpacuTesisd B KpUCTajule KaJbluTa, U
ero GJiyopeclieHI1s CTAaHOBUTCS MMOX0XKeH Ha SMHCCUI0
B HEBOJHOW cpele, CO CABUTOM B CHUHHU AUamasoH.
OcaxneHne ¢ocdara KajablusA B IPUCYTCTBUU Kpacu-
Tesii QA2 mpuBOAUT K 0Opa3oBaHUIO MeEJIKUX 3eJie-
HO-(JIyopecUUpYOLIUX 4acTUll, KOTOpble AEeMOHCTPH-
pyioT ciabyio cuHol sMmuccuilo (Puc. 5). BeposTHO,
KpacuTesib B MeJIKUX 4dacTtunax gocdara Kajabnusa He
TakK M30JIMPOBAH OT BOJHI, KaK B KpUCTaJIaX KaJIbIIMTa,
YTO CHMXAaeT (JIyopeclieHIUI0 B CHEM Auana3oHe.

4. BbiBOADbI

Mbl CHUHTE3WpPOBAaJI HOBHIN (PJIyOpeClieHTHHIN
Kpacuresib QA2 Ha OCHOBe KymMapHHa, KOTOPHII OKpa-
muBaeT KapOoHaT u ¢pocdat kasbiusa. diayopeciieHINUA
KpacuTesil 3aBUCUT OT Cpedbl, OHA YCUJINBAeTCA B
HeNoJIAPHOU cpefie, a MAaKCUMYM 5MHUCCUHN CMeIlaeTcs
B CHHIOIO 00J1aCTh ClIeKTpa. MeJikre YacTUIlbl BaTepuTa
u docdara kanpiua agcopOupyiT QA2 Ha MOBepx-
HOCTU U JEeMOHCTPHUPYIOT IPEUMYIeCTBEHHO 3eJIEHYI0
dyopecneHI1I0, B TO BpeMs KaK KpUCTaJLIbl KaJIbLUTa
C HU3KOM IJIOMIabl0 MOBEPXHOCTHU OKPALIUBAIOTCA B
Macce M JeMOHCTPUPYIOT TakXe MHTEHCUBHYIO CUHIOK0
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Puc.3. Cnektpsl Bo30yxaeHus u smuccuu QA2 B Bofe
u 1,4-nuokcane. Konnenrpauus 5 pM. A - cneKTpsl Bo36yx-
JeHUA Ipu smuccuu 452 HM, B - cnekTpel smuccuu Ipu
B0o30yxaenuu 256 HM, C - 425 uMm, D - 410 uM, E - 400 HM,
F - 385 uM, G - 374 uMm. llenu 114 sMuccun ¥ Bo30yKAeHUs
5 HM
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Puc.4. Mukpodortorpaduu B BUAUMOM CBeTe U 3MUPIyOpecleHIrs YacTUl] KapOoHaTa Kajbls, MOJyYeHHBIX B IPUCYT-

ctBum Kpacureysi QA2. MacmtabHas smHeika 50 pm.
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Puc.5. MHKpoQ)OTorpa(pm/I B BUJIUMOM cBeTe U snudiryopecrieHmaA yactur docdara Kaaplys, MOJIyIeHHBIX B IPUCYTCTBUN

kpacurenss QA2. MacmrrabHas suHerka 50 pum.

dyopecueniiuio. CnocobHOCTh Kpacutesna QA2 reHe-
PpUpOBaTh CHUHIOI (JIyopeciieHI[1I0 KapOoHaTa KabluA
MOXeT OBITh [T0JIe3Ha [JI OTCJIeXHBaHUA 00pa3oBaHuA
kapOoHaTa KaJbllys B JKMBBIX OpraHM3Max B IIPUCYT-
CTBUM OPraHMYeCcKHUX BellleCTB C 3eJIeHOM M KpacHOH
dyopecueHIfuer.
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