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PA3PABOTKA YCTPOMCTBA JJIsI HACTPOUKHM U MPOBEPKH
ONTUYECKONU CUCTEMBI TEHETUUYECKOI'O AHAJHU3ATOPA
IS MACCOBOI'O MTAPAJLUIEJIBHOI'O CEKBEHUPOBAHUSI

Ornucana pa3paboOTKa YCTPOWCTBA JJIsi HACTPOWKH M TECTUPOBAHMS ONTHYCCKOW CHUCTeMbI cekBeHatopa JIHK s
MacCOBOT0 MapajyIeIbHOTO CEKBEHUPOBAHUS. Y CTPONCTBO COMEPKUT MUKPOQIIIOUIHYIO STUEHKY ¢ (ITyOpecIieHTHbI-
MU MHKpochepamMH, UMMOOWIN30BaHHBIMKA Ha IUIOCKON MOBEPXHOCTH KaHaja sueiiku. Mukpocdepsl nuaMeTpom
1 MKM cIy>aT MOJeNbI0 (IyopecteHTHHX KonoHuid ¢pparmenToB JJHK, oOpasyromuxcs B Xome amImmQuKanun
1 TIOCIIEYIOIIEr0 CEKBEHUPOBAHMS. PaccMOTpeH MeTon MMMOOHMIHM3AMi CTaOMIFHOTO MOHOCIOS MHKpocdep Ha Io-

BCPXHOCTH KaHaIa STYCHKH.

Ku. cn.: cexBenarop AHK, xononnu THK, dnyopecuentHbie Mukpocdepbl, MUKpodItoniHas ssueiika, onTHyecKas

cucrteMa, u(poBbIe H300PAKCHHUS

BBEJEHUE

OnvH M3 COBPEMEHHBIX METOJ0B MacCOBOTO Ta-
paimensHoro cexBeHupoBaHus (Next Generation
Sequencing, NGS) — cekBEeHUpPOBaHHUE MIyTEM CHUHTE-
3a [1-5] — npuMeHseTcsa NpU pelIeHUH 3a1a4 MeIu-
LUHBI 1 OMOJIOTHH, TPEOYIOIUX PacIIn(pPOBKH OOJIb-
MUX 00BEMOB HYKJICOTHAHBIX IMOCIEI0BATENbHOCTEH
JHK. B renernueckux aHaam3aTopax, MOCTPOEHHBIX
Ha rutatopme komnanuu [llumina® [2] n mogoOHEIX,
HCIIOJIB3YIOIIMX 3TY TEXHOJOTHIO, B KaHaJle MPOTOY-
HOW MHUKPOMIIOMIHON sTYelKd QOPMUPYIOTCS JECST-
KU MWIJIHMOHOB MOJIEKYJIAPHBIX KOJOHMHM pPa3IMYHBIX
¢parmentroB JIHK. Kaxmas konoHus JiokajM3oBaHA
B mpejenax IIOMAJKH MeHee 1 MKM® TOBEPXHOCTH
KaHalla SYeHKH M TNPeNCTaBIsieT coOOlH MHOXKECTBO
KIIOHOBOTHOTO oTAenbHOTO ¢parmenta JJHK. Boms-
1I0€ YMCIO KOJOHUH, PacHOJOXKEHHBIX C IMOBEPXHO-
CTHOU IJIOTHOCTBLIO 10 10° HIT/MMZ, obecrnieunBaeT
CTaTHCTUYECKYI0  TPEICTAaBUTENHFHOCTh  aHcaMOms
pasnuuHbIX GparMeHToB pacimdposbiBacmoii JTHK.

Ha crnegyromem srtame npow3BOAWTCS LIWKIIHYE-
CKMIl CHHTE3 KOMILJIEMEHTAPHBIX LENoYeK (parmeH-
toB JIHK B KaxJ0M KOJIOHWH, MPU 3TOM B OJHOM
LHUKIE Kaxaas Iernodyka KOJIOHMM  YJUIMHSAETCS
Ha OJUH KOMIUIEMEHTapHbI HyKiIeoTul. Bcerpau-
BAIOIIMECS B CHUHTE3UPYEMBIC LICTIOUYKU HYKJICOTH]IbI
HecyT (IIyOpEeCUEHTHBIE METKH C pa3HBIMH CIEK-
TpalbHBIMU Juarna3oHamu ("IBeTaMu") SMUCCHH —
ycinoBHo G, T, A, C no nepBbsIM OyKBaM COOTBETCT-
BYIOIIMX HYKJEHHOBBIX OCHOBAaHWI: T'yaHWHA, THMH-
Ha, aJeHMHa, IuTo3uHa. [loaTomMy mox aeWcTBUEM
BO30YKIAOIIETO JIA3€PHOTO M3ITyYeHUS Kakgas KO-
JIOHUSI B TEKYLIEM IIUKJIE CBETUTCSI OTHUM U3 YEThIPEX
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"[BETOB" B COOTBETCTBUH CO CIIEKTPOM SMHUCCHH TNPH-
COETMHEHHBIX K HEMY B JJAHHOM ITMKJIE MEYEHBIX HYK-
JICOTUIOB.

B kaxxgoM muKie perucTpupyroT CHUTHANBI (uIyo-
pPECLICHIIMM BCEX KOJIOHMH, W IMOCIEN0BATENBHOCTD
"OBETOB" JMETEKTUPYEMON SMUCCHUU KaKIOH KOJOHHH
B HECKOJIBKUX JeCSITKaX-COTHSX I[UKJIOB CHHTE3a OT-
paxaeT YHHKAJIbHYIO IOCIIE0BaTEIbHOCTh BCTPOEH-
HBIX HYKJICOTHIOB B JIAHHOW KOJIOHHUH.

OpHOBpeMeHHast JIeTeKIUS YeTHIPEXI[BETHON Jia-
3ep-UHAYIUPOBAHHONW  (hIIyOpecICHIIMN  OOJIBIITOTO
gucna konoHuit JHK ocymectBisercs merogamu
UG POBON JTIOMUHECIIEHTHOW MHKPOCKOITUH M KOM-
NBIOTEPHOI 00paboTKH LHU(POBBIX MHKPOCKOIIHYE-
CKHX W300pakeHui aHcamOieir komoHmil. OmTuue-
CKasg CHCTEMa TEeHETHYECKOTO aHallM3aTopa IOJDKHA
obecreunBaTh MOCTPOCHUE H300paXKCHHM pacmpene-
JICHUsI KOJIOHWH Ha MOBEPXHOCTH KaHajla MHKPOQIIO-
UIHOM s/UEHKU TUIOIAABI0 IO JECSTKOB KBaJPAaTHBIX
MUJUTUMETPOB C CYOMHUKPOHHBIM MPOCTPaHCTBEHHBIM
paspelieHreM, BO30YXICHHE M PEruCTPalMI0 HX
(ryopeceHIInl B YeThIPEeX CIEKTPaJbHBIX MOJ0cax
B ApiarazoHe npuodau3uTensHo ot 530 HM 10 730 HM.

Jl1st HACTPOMKU TaKOM CIOXHOM ONTUYECKOH CHC-
TEMBI ¥ TIPOBEPOK MPABWIBHOCTH €€ paboThl YJ00HO
UMETh YCTPOHCTBO, IMUTHPYIOIEE MUKPODIIONIHYIO
SYEiKy C BBIPAIIEHHBIMH MOJEKYJISIPHBIMHA KOJIOHHS-
MH, KOTOpOE JIOJTOBPEMEHHO COXpaHsjao Obl CBOM
XapakTepucTukd. Hampumep, B KadecTBe Mojenen
CyOMUKPOHHBIX (PITyOpECIUpPYIONINX KOJOHUH MOKHO
UCIIOJIb30BATh MOAXOASIIME (QIIyOpecUpyIOLIHe I10-
JUMepHBIe MUKpoc(hepsl, pa3MenieHHbIe Ha BHYTPEH-
HEU NIOBEPXHOCTH STUYEHKH.
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N3BecTHBIE YyCTpOWCTBA IJIsi HACTPOMKHM OITHYE-
CKUX CHCTEM, padoTaroIuX ¢ (QIyopecueHTHBIMU
CHUTHAJJaMM MHKPOOOBEKTOB, Takue Kak (iyopec-
LEHTHbIE ONTHYECKHE MUPHI WIN TUIACTUHBI C JTyHKa-
MU, COJICPYKAIIMHA OKpaIIeHHbIE MUKpochepsl [6—7],
KaK MPaBUJIO, MOTYT OBITh MCIIOJIb30BAHBI ISl TECTH-
POBaHUS TOIBKO KOHKPETHBIX TPUOOPOB.

Lenpio maHHOH paboTHI ABISUIOCH CO3JaHHE IIO-
JIOOHOTO YCTPOMCTBA TECTUPOBaHUs Ha 0a3e HaOOPOB
¢duyopecuupyommx MUKpocdep Uil HACTPOUKHU
U IPOBEPKH ONTUYECKOM M CKaHUPYIOIIEH CHUCTEM
reHetndeckoro anammszaropa "Hanodop CIIC" (pasz-
paboran UAII PAH u OOO "Cunron").

[IpensioxkeHHOE pELICHHE 3aKIIYaceTCsl B pa3me-
HIEHUH MUKpocdep Ha BHYTPEHHEH MOBEPXHOCTH Ka-
HaJla Takoi ke MUKPO(IIOWIHON SYEHKH, KOTOpas
UCIIONB3YeTCs ISl CEKBEHHPOBAaHUS B aHAIU3aTOpe
"Hanodop CIIC". 310 obecrieunBaeT MpoBepKy pabOThI
ONTUYECKON CHUCTEMBI B KOHTPOJIHPYEMBIX YCIOBHSIX,
MOJIHOCTBI0O UMUTUPYIOUINX cBedeHHue konoHui JIHK
B TIPOIIECCE CEeKBEHUPOBaHMA. MHUKpochepsl TOIKHBI
OBITh TIOZOOpaHbl MO pazMepaM M MO CIEKTPaIbHBIM
XapaKTepUCTUKaM (DIIyOpPECIeHIINHU, TTPH 3TOM (IIyo-
pecLeHnrs JOIKHA OBITh OJITOBPEMEHHO CTaOMIIbHA
MpHU BO3EHCTBUU JTa3epHOro M3My4yeHus. BaxHo 3a-
¢uKcupoBaTh HEOOXOOMMOE KOJMYECTBO YACTHIL
Ha paboueil BHyTpeHHEH MOBEPXHOCTH KaHalla MHK-
podronaHON SUEWKH — MHUKpochepsl HE JTOIKHBI
CMEINATHCS HU B XOJI€ MCII0JIb30BaHUS YCTPOMCTBA, HU
C TEUYCHHEM BPEMEHH.

E. K. BACUJIBEBA, U. B. YYBMHCKHU-HAJIEX/IUH u ap.

BbIBOP NOAXOAAINNX MUKPOCDEP

Cpenun pa3sHOOOpPa3HBIX KOMMEPUYECKH JOCTYITHBIX
HabopoB MuKpocdep Obun BeIOpans! wacTuis! "Fluo-
Spheres®" u "FocalCheck™ Thin-Ring Fluorescent
Microspheres Kit" ot mpousBogurens Thermo Fisher
Scientific [8]. Onu pamyopecuupyroT B 4YeThIpeX CIEK-
TPaJbHBIX AHMAaNa3oHaX, KOTOPbIE AOCTATOYHO OJM3KU
K CHeKTpaM (IIyOpecleHIINN MEYEHBIX HYKICOTH]IOB
npu cekBeHupoBaHUH. CycrieH3uN MUKpOc(hep UMEIOT
BBICOKYIO KOHIIeHTparuio (Tabim. 1), 9to ymobHo mpu
CO3JJaHWW HY)KHOW MOBEPXHOCTHOM IUIOTHOCTH Yac-
THUI] HA TIOBEPXHOCTH KaHajga MUKPOQIIIOUIHON sSUeH-
Kd. Mukpochepbl UMEIOT HNOAXOIAIIUI AnaMeTp —
1.0 MxMm.

3nech 1esnecooOpa3Ho OTMETHTh, YTO JJIMHBI BOJIH
Ja3epHBIX UCTOYHUKOB BO30YKICHHUS (IIyOpeCHEHLINI
TCHETHYECKOTO  aHAJIM3aTopa COCTABISIOT — OKOJIO
515 um ms kananoB G, T u oxoyo 638 HM myIsT KaHa-
noB A, C. DMUTHPOBAHHOE U3IIy4YEHNE PETUCTPUPYET-
Csl OJJHOBPEMEHHO B YETHIPEX KaHalax B Auana3oHax
540-580 um (G), 590-625 um (T), 650-675 um (A)
n 680-730 um (C).

WHTeHCcHMBHOCTD CBeUeHHs BHIOpaHHBIX MUKpOchep
JOCTaTOYHA JUIS BU3YaJIM3al[iM OJMHOYHBIX YACTHII.
Kak ykaspiBaeT npou3BOAWTENH, (OTOBHIIBETAHHE
MUKpocdep 1Mo/ JeicTBUEM HHTEHCHBHOTO JIA3EPHOTO
W3Ty4YEeHUs] HE3HAYUTEIbHO. DTO MOATBEPAMIN M Ha-
M MHOTOYHMCIICHHBIE SKCIEPUMEHTAIBHBIE OICHKH
TpH TUIOTHOCTH MOIIHOCTH JIA3EPHOTO  M3IyHCHHS
710 200 MBT/MM® (IMHA BOJHEL 515 HM).

Taoa. 1. Xapakrepuctuku (ayopecuupyromumx MUKpochep

JnvHa BOTHBI JnHa BOHBI Kanan
Kpacurens Konnentparys,
(yrtoBHOE HasBaHme) MaKCUMyMa MaKCUMyMa —— perucTparuu
y BO30Y KACHHS, HM SMHUCCHHU, HM ¢ryopecueHInn
3enenblit 540 560 4% 10" G
OpamxKeBblit 580 605 4x10" T
KpacHsrii 625 645 4x10" A
TeMHO-KpacHblii 660 680 3x10° C
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Puc. 1. Pa3pe3 pabouero yuacTka KaHajga MUKpPO-
(hrouIHON STYCHKH.

| — xo/mOHMM Ha BepxXHEW BHYTpPEHHEH NOBEpX-
HOCTH KaHajla; 2 — KOJIOHWU Ha HIDKHEH BHYT-
pEHHEN MOBEPXHOCTH

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 4
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BriOpannbie HaOOpbl MHKpOC(ep NPEACTaBISIOT
coboif cycneH3mm dacTui B OydepHOM pacTBope
¢ paznmuuHoit KoHueHTpanuedw — oT 0.02% mo 2%
TBEPJAOro BellecTBa. s yTOUYHEHHUS] UCXOAHON KOH-
HeHTpauun MHKpochep Bo (¢uakoHax oOpasisl
¢ 5TUMH "YacTHiamu pasdasmmm B 10° pas u mposenn
noacuer Mukpocgep B kamepe ['opsesa B 15-20 mo-
naX 3peHus, ucnons3ys npudop ACK®D-01 [9]. Uc-
X0AHy10 KoHueHTpauuto yactuy FluoSpheres onenu-
i okono 4x10' wr/mn, a wactun FocalCheck —
3x10® mrr/mi (cm. Tabm. 1).

YMEHBHIEHME IOABUXHOCTH U BBILOP
OIITUMAJIBHOU KOHIHEHTPAIIN
MUKPOC®DEP

Muxkpodmionanas sdelika B paspe3e IOKazaHa
Ha puc. 1. OHa mpexacraBiser co0oi A4YEHKy, Y KOTO-
pOl BepxHsisl M HIDKHSISI BHYTPEHHHE IOBEPXHOCTH
KaHalla MapajieNbHbl Ipyr Apyry. BBox nasepnoro
W3JTY4YEHUs] M BBIXOJ (IIyOpECUECHIUH OCYIIECTBIISET-
Cd 4epe3 BEPXHIO MPO3PauHyI0 MOBEPXHOCTh. Suei-
Ka MMeeT MOPTHI U1 BBOJA M BBIBOJIA aHAIIUTA U pea-
TeHTOB. MOJNEKyJISIpHbIE KOJIOHUW NPH CEKBCHUPOBA-
HHUM JIOKQJIW30BaHbl Ha BEPXHEW M HWKHEH IJIOCKUX
noBepxHOCcTsX kaHanma (puc. 1). CoOTBETCTBEHHO,
¢yopecuupymomnme MUKpocepsl yCTpoicTBa TeCTH-
POBaHUsI JOJDKHBI OBITh JIOKAIN30BaHbI aHAJIOTHYHBIM
obpazom.

OnHol U3 BaKHBIX PELICHHBIX 3a/1a4 CTajl cIlocod
MMMOOMIN3aN MUKpOc(Ep Ha MOBEPXHOCTAX KaHa-
Ja sYeidku u (HOPMHPOBAHHE M3 HUX MOHOCIOS, 4TO
o0ecreunsio COBMAJeHWE YCIOBHHA TECTHPOBAHUS
C YCJIOBHSIMU peasIbHOM NMPOLEeLyphl CEKBEHUPOBAHHUS.

st ynpounieHus npouenyp HacTpOWKH U TECTHPO-
BaHMs [IPpUOOpa KeIaTenbHo, YToOsl MUKpocheps! He
CMEIaIUCh Ha BHYTPEHHEH MOBEPXHOCTH KaHaja
B TpOIIECCe CKaHMUPOBAHHS OOpa3la M MX B3aHMMHOE
pacIoNoKEeHNE B Pa3HBIX MOJSIX 3PEHUSI COXPAHSIIOCh.
[Toce BBOMA B kKaHa OydepHOTO pacTBOpa ¢ MHKPO-
chepamu AMaMETPOM OKOJO | MKM M MeEHee OHHU
00BIYHO HE OCENAIOT Ha JHO KaHaja (B OTIIMYHE OT
MuKpochep pazmMepoM Oosee 3—5 MKM), a XaOTHYECKH
CMEIIAITCsl KaK BJOJbh MOBEPXHOCTH, TaK M 1O TIIY-
Oune kaHana sdeiiku. C 1ENbl0 YMEHBINCHUS TOJ-
BW)KHOCTH MHKpocdep Obula yBelIMYeHA BSI3KOCTb
pactBopa, B KOTOPOM OHHU HaXOJISTCSI.

[Tpn moxbope BA3KOCTH CYCIEH3UIO ¢ MHKpoche-
paMHd CMEIIMBAIM B Pa3IMYHBIX COOTHOIICHHUSX
C MPO3payHbIM MOJIMMEPHU3YIOLUIMM T'€lIeM Ha OCHOBE
muHeitHoro N ,N-nomumumetmnakpuiamuga (00O
"Cunron", MockBa). Y HCHOIB3yeMOT0 TeJsl MPaKTH-
4eckM He OOHapyXkuBaeTcs coOCTBeHHas (iyopec-
neHwst. Ero go0aBisiy K CycrieH3uu ¢ MUKpocdepa-
MU B Pa3HbIX JOJIAX C LeJbI0 HAWTH TaKOe COOTHOIIE-
HHUE TeJisi M CYCIIEH3UH, NMPH KOTOPOM MHUKPOCQeEphI

HAVYYHOE [NIPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 4

MEepecTaloT 3aMeTHO CMEIIAThCs, HO MPH 3TOM MOTYT
3a MPUEMJIEMOE BPeMs OCECTh Ha MOBEPXHOCTb MHK-
podronIHON STUYeHKH, Pa3MECTUBIINCH B BHJIE MOHO-
ciosi gactulr 0e3 oOpa3oBaHHSA MPH 3TOM KPYITHBIX
arperatoB. llpu M30BITOUHOW [0J€ eyl BO3HUKAIOT
3aTpyJHEHHS MPH BBOAE MHUKpocdep B KaHAI MHUKPO-
(hITFOUTHOM STYCHKY.

OKCHEpUMEHTHl MPOBOJWIN TPH  PErucTparuu
Ha mnpubope JCK®D-01 uudpoBeix uzobpakeHui
BHYTpeHHel paboueil moBepXxHOCTH Kamephl ['opsieBa
C BBEIEHHBIMH cycneH3usMu Mukpocdep. IIpudop
paGotan B pexume uuppoBoro Mukpockona [9]
¢ 00bpexTHBOM 20% 1 00ecTieynBaII MPOCTPAHCTBEHHOE
paspelieHre He Xyke | MKM Ipu miare AMCKpeTh3a-
mun meaee 0.4 MM (puc. 2). I'myOuHa pe3kocTd co-
CTaBJsUIa HECKOJIBKO MHKPOMETPOB, YTO IO3BOJISIIO
MPHU CHIDKCHHBIX MOJBMKHOCTAX MUKpochep mpeHeo-
pedb npeiipom mo "riryOnHe" KaHala U CIETUTH TOJb-
KO 3a MPOEKIMAMH CMEIIEHHH MHUKpocdep Ha ropu-
30HTAIBHYIO MIIOCKOCTH (X, Y).

Ouenky apeida vacTul NMPOBOAWIN (TOCe Ka-
TUOPOBKHM MIara AWCKPETH3alMH TI0 CEeTKe KaMephl
I'opsieBa) A7sl HECKOJBKHUX JIECITKOB MUKpocdep cpa-
3y moclie BHeCeHHs o0pasua B sUeiiKy W uepe3 ompe-
JIeJICHHBIE MIPOMEKYTKH BPEMEHH — HECKOJBKO DPa3
B TE€UYEHHUE Yaca, Yepe3 HECKOIBKO YacoB, Yepe3 CYTKH,
yepe3 HECKOJIbKO THEH.

[Tpu nobGaBneHun reust B CycleH3MIO ¢ MUKpoche-
pamu B monsx oT 10% mo 25% mukpocdeps coxpa-
HSUIM CBOIO TOJBMKHOCTBH. 3a()MKCHUPOBaHBI Kojeda-
HUSI, CMEIICHUS U €JIWHUYHBIC JJIMHHBIC MepeMelie-
HUS1 4acTHIl B IpeAesax Kaapa H300pakeHusl.

Puc. 2. ®parmenT m3obpakeHus: MHUKpocdep B Kamepe
T'opsiea B mpoxojsIieM cBeTe
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Ta6u. 2. CpeqHsis BeTHYWHA CMEIIEHHUS YacTHUI] 110 KOOpAuHATaM X U Y

CMerieHue 4acTull, MKM/MUH, TIPH KOHIICHTPAITUH TSt
Koopaunara
50% 75% 90%
X 1.2+£1.0 0.5+0.6 0.0
Y 09+1.0 0.7+0.7 0.0

B3anmMHOe mONOXKEHHE YacTHUll MOJHOCTHIO MEHS-
Jock B TeueHue 5—10 MuH, HAOJIONANIKMCh arperarsbi,
cocraBuBmme 6onee 10% OT YacTHII-CHHTIIETOB.

[Tpu cMemmBaHuM Teiisl U CyCIIEH3UH B COOTHOLIIE-
aun 50 : 50% u 75 : 25% moaBmXHOCTHE MHUKpOchep
3HAUUTENBHO YMEHBUIMIACh, OBUIM OTMEYEHBI KOJie-
OaHusl ¥ HEOOMBIIUE MEPEMEIICHHST YaCTHIl — MEHee
1 mxm/muH. KoHburypauus pacrnosiokeHHss MHUKpO-
cdep co BpeMEHEM TakKe paJuKalbHO MEHSUIACh U HE
ObuIa y3HABaeMa BU3YaJIbHO.

[Ipu noGamnennn 90% 07U MONIUMEPHU3YIOMIETO
renst B CMech ¢ MHKpoc(hepaMu OTMEUEHBI IPaKTHYe-
CKM TIOJIHOE€ TpEKpalleHHue JBIKCHHS  YacTHIL
(Tabu. 2) u Xoporias cTaOUIBHOCTH 0Opa3iia B Teue-
HHE HECKOJIBKMX THEW, a Takke HeOOJbIIoe KOoJIuye-
CTBO arperaToB — He Ooinee 1.5% ot obmiero yucna
YJACTHII.

[Ipy wucnonbp30BaHUM MHUKPOQIIOUAHON  SIYCHKH
¢ hayopecuupyromuMu MEKpochepaMu JIJIsl TECTUPO-
BaHHUsS OITHYECKOH CHUCTEMBI CEKBEHATOpa BasKHO
chopMHpOBaTh Ha BHYTPEHHEH IMOBEPXHOCTU KaHaia
MOHOCJION MHKpocdep, ToJIIKHHA KOTOPOro HeE Ipe-
BBIIIAET WJIH COM3MEpPUMA C TIyOMHOH PE3KOCTH OIl-
TUYECKON cHCTeMbl. PacrmosioskeHue 4acTtull B OJHOU
((pokanpHOM) TUIOCKOCTH TIO3BOJISIET OCYIICCTBIISTH
aZIeKBaTHYIO0 HACTPOWKY (OKYCHPOBKH M300paskeHUi
MHUKPOHHBIX U CYOMHUKPOHHBIX 0OBEKTOB. B 3T0i1 CcBiI-
31 [Tt O0JIee KaYeCTBEHHOTO M YCKOPEHHOTO OCaX/Ie-
HHUsSI MUKpoc(ep Ha IJIOCKOCTh IMOBEPXHOCTH KaHaja
0Ka3asoch 1es1ecoo0pa3HbIM IEHTPUPYTHPOBATh CyC-
NEH3UI0 C TeleM B MHKPO(DIIOMIHON sueiike mpu
4500 06/mMuH B Teuenne 10—15 muH. BeiOpaTs Ty 1O-
BEPXHOCTh KaHaja, Ha KOTOPOH NpEeHUMYIIEeCTBEHHO
OyayT ocaxmaTbcs W (UKCHPOBATHCS MHKpochepsl,
MOJKHO TIyTE€M BBIOOpA OPHEHTAIIMH MUKPODIIONIHOMN
SAYEHKH B LIEHTpUQyTe.

Konuentpauuss mukpocdep B CycleH3UH IO0IKHA
OBITH TIOJJOOpaHa TakuM 00pa3oM, YTOOBI TIOCTE IIeH-
Tpu(yTUPOBaHUSI OHHM PACHPEACISUTICH PaBHOMEPHO
Ha IOBEPXHOCTH KaHala YCTPOWCTBA TECTHUPOBAHUS,
He 00pa3oBbIBas KPYMHBIX arperatoB (O6omnee 3—4 yac-
THII), & PACCTOSIHUSI MEX]Iy COCEIHUMH MHKpocdepa-
MU TPEBBIIATH MO KpaiiHel Mepe 2—3 UX AuaMmeTpa.
Ilpn ocaxkaeHMHn MOTYT OOpa30BBIBATHCS arperarsl
1o 2, 3 u OoJbllIe YacTHIl, HO YUCIIO YKa3aHHBIX arpe-

raToB JOJDKHO OBITH Ha MOPSAAOK MEHbIIE OOIIEro Ko-
JMYECTBA OCAXKACHHBIX U 3a()UKCHPOBAHHBIX MHUKpPO-
chep.

B mpunnune, koanyecTBo MUKpocdep Ha MOBEpX-
HOCTH KaHaJla TYEHKH MOXHO CAETaTh COMOCTaBUMBIM
C YHCJIOM MOJIEKYJIAPHBIX KOJIOHWI B KaHaie BO Bpe-
Ms cekBeHHpoBaHHA. OJHAKO MOBEPXHOCTHAs ILUIOT-
HOCTh MuKpochep oxono 10° mr/mm?, obbruHas ams
KOJIOHUH B MUKPOQIIIOWIHON SYeiiKe CeKBeHATOpa, He
MOJIXOIUT [Vl yCTPOMCTBA TECTUPOBAHUS, T€ YA0OHO
UMETh Ha TIOBEPXHOCTH KaHaja HPEeHMYIIECTBEHHO
HeCOIIpHUKacaroIyecs: ennHuYHble JacTuibl. [lombo-
POM KOHIIEHTPALMK YacTUI] B CMECH el U CyCIICH-
3un mukpocoep (or 10° wrr/mn go 10" wrr/mn), BBo-
OVMOM B KaHaJ SIUEHKH, MOXKHO 00eCIeunTh JUana3oH
TUIOTHOCTEH MHUKpOc(ep Ha MOBEPXHOCTH KaHala OT
10% mrr/mv? go 10° mr/mm>.

Uzo0paxennss ¢parmMeHTa MOBEPXHOCTH KaHaja
YCTpOMCTBa TECTHPOBAHHUS C (DIyopecuupyOnMH
MHUKpocdepamMu U (parmMeHTa KaHajga MUKPOQIIIOW-
HOH SYEMKU CEKBEHATOpa CO CBETSIUMMMCS KOJIOHUS-
mu JIHK npencraBnens! Ha puc. 3 u puc. 4 cooTBET-
cTBeHHO. M300pakeHus! OTY4YEHBI C TOMOIIBIO OIITH-
YeCKOH CHUCTEMBI T'€HEeTHYecKoro aHammsaropa "Ha-
Hodop CIIC" [10]. dus ynoOcTBa 0TOOpaXKeHUsI 1IBE-
Ta PUCYHKOB HHBEPTHUPOBAHBI — CBETSIINECS MUKPO-
cdepbl MM KOJIOHUHM Ha Y€PHOM (OHE MpeACTaBIICHBI
KaK TEeMHBIC KPyTd Ha CBETJIOM roJie. B HikHel yac-
TH PHUCYHKOB IIOKa3aHbl NPO(UIN HHTCHCUBHOCTH
(IIyopecueHIIny YacTHIl BIOJIb CTPOKH H300paKeHHUs,
BBIJICJIEHHOII MapkepoM. PacueTHoe 3HaueHue miara
JMCKpETU3aluK N300paxkeHui paBHO 0.28 MKM/ITUKCEITh
C YYETOM YBEJIMUEHUS ONTHYECKOH cucteMbl. Ha rpa-

(¢uKax Mo TOPU3OHTAIBHOW OCH — HOMEp MHKCEs,
110 BepTHKaJ’[BHOﬁ — OTHOCHUTCIIbHAasA MHTCHCHUBHOCTH
(yopecieHIuu.

[Ipu cpaBHeHHH 00IIEr0 BUIA IIUPPOBBIX H300pa-
KEHHI MacCHBOB (hIIyOpECIHPYIOIMUX YacTul] (puc. 3
1 4) ¥ npoduiieii CUrHAJIOB (IyOPECIICHIIUH MUKPO-
cdep 1 MONEKYJIAPHBIX KOJIOHUH HE 0OHAPYKUBAIOTCS
3aMETHBIC OTJIHYUS, KOTOPbIE MOTJIM OBl MOBJIUATH
Ha MpPaBUIBHOCTh HACTPOWKH ONTHYECKOM CHUCTEMBI
CEKBEHATOpa C MOMOIIBIO YCTPOWCTBA TECTUPOBAHUS
¢ mukpochepamu. Ilpencrapnsiercsi, 4TO yCHEUIHAs
peanuzanusi yCTpOMCTBa TECTUPOBAHUS ONTUYECKON

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 4
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Puc. 3. U3o0paxxenne gpparmMeHTa KaHaja ycT-
poiicTBa TECTMPOBaHMS C MHKpochepamu
1 TpoMIb MHTEHCUBHOCTH (HIIyOpecleHInn
BJIOJIb BBIIETIEHHOM CTPOKH

Puc. 4. U3oOpaxeHue QparMeHTa KaHaia
MUKpodIronHOM sueliku ¢ koioHusmu JJHK
U Mpoduiab WHTEHCUBHOCTH (IIyOpecleHINH

BIOJIb BBIICIICHHOM CTpPOKH

g g o
1700 1710 1720 1730

U
1690

1760

CHUCTEMBI BO3MOYKHA IPU UCIIOIb30BAHUU OINMKCAHHBIX
BBIIIIE IIOAXO000B.

3AKJIIOYEHHUE

Takum oOpa3om, cBersmuecs kojgonun JIHK,
(dopmHpyIOIIHEcs B TPOIECCe CEKBEHHUPOBAHUS, MO-
I'yT OBITb CMOJIEIMPOBAHbBI (IIyOPECLHEHTHBIMH MHK-
pocthepamu MHKpOHHOTO pa3mepa, 3a(uKcHpoBaH-
HBIMH Ha BHYTPEHHEH MOBEPXHOCTU KaHala MHKPO-
GuonAHON  SYEHKM T'eHETHYECKOr0 aHaIM3aTopa.
CriekTpsl 3MHCCHE MUKpochep MOTryT OBITH oA00pa-
HBl B OJIU3KOM COOTBETCTBHH CO CHEKTPAILHBIMH Ka-
HaJlaMH PETUCTpaliK (DITyOPECIEHTHBIX METOK HYK-
JICOTHIOB, KOTOpBIE HCIOJB3YIOTCA IIPH CHHTE3E

HAVYYHOE [NIPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 4
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¢parmenToB IHK B nponecce cexkBennpoBanus. Cyc-
MIEH3WI0 U3 YEThIPeX THUIIOB MHUKpochep CMEIHBAiOT
C TeneM sl IMMOOMIM3allMi B BUJIE MOHOCIOS yac-
THI ¢ KOHIEHTpauueil Mukpocdep or 10° mr/mm’
10 10° mrr/mm?.

MukpodionHas s4yeka TeHETHYECKOro aHalu-
3aTropa, B KOTOPYIO BBEIECHA CMECh (CyCIIEH3UsI MUK-
pocdep + renb), npeacTaBiseT CO00H YCTPOHCTBO Jist
TECTUPOBAHMUS OINTHYECKOH CHUCTEMBI T'€HETHYECKOTO
aHajM3aTopa Uil MacCOBOTO NapajuleIbHOTO CEKBe-
HUPOBAHUSL.

VYCTpoiCTBO MO3BOJISIET HACTpauBaTh (POKYCHPOB-
Ky OINTHUYECKOW CHUCTEMBbI B YETBIPEX CIEKTPAIBHBIX
KaHaJlaX PErucTpauny, IPOU3BOANUTL KOPPEKLHUIO CO-
BMEIIEHUS LUQPPOBBIX H300paKEHUH PazIMYHBIX
CHEKTPaJbHBIX KaHAJOB, TECTUPOBATh ONTHYECKYIO
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E. K. BACUJIBEBA, U. B. YYBMHCKHU-HAJIEX/IUH u ap.

CUCTCMY Ha HAJIM4YUC a6eppaum71, HaCTpauBaTh U MpoO-
BCPATH PaBHOMEPHOCTL 3aCBCTKU MOJIA 3PCHUSA OITU-
YECKOH CHUCTEMBI B YCTBIPCX CIICKTPAJIBbHBIX KaHaJIaX,
IMPOBOJUTH HﬁCTpOfIKy U TECTUPOBAHUC CHCTEMBI
TOYHOT'O CKAaHUPOBAHUS.
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DEVELOPMENT OF A DEVICE FOR SETTING UP AND CHECKING
OPTICAL SYSTEM OF GENETIC ANALYZER FOR MASSIVE
PARALLEL SEQUENCING

E. K. Vasil’eva', I. V. Chubinskiy-Nadezhdin', V. E. Kurochkin',
Y. L. Alekseev'”, Yu. V. Kulikov'

'Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia
2LLC SINTOL, Moscow, Russia

The development of a device for adjusting and testing the optical system of a DNA sequencer for massively
parallel sequencing (MPS) is described. The device contains a microfluidic cell with fluorescent microspheres
immobilized on the flat surface of the chip channel. Microspheres with a diameter of 1 pm serve as a model of
fluorescent colonies of DNA fragments formed during amplification and subsequent sequencing. A method for
immobilizing a stable monolayer of microspheres on the surface of the chip channel is considered.

Keywords: sequencer DNA, DNA colonies, fluorescent microspheres, microfluidic cell, optical system, digital images
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INTRODUCTION

One of the modern methods of massively parallel
sequencing (Next Generation Sequencing, NGS) —
sequencing by synthesis [1-5] — is used to solve
problems in medicine and biology that require decod-
ing large volumes of DNA nucleotide sequences. In
genetic analyzers built on the [llumina® platform [2]
and similar ones that use this technology, tens of mil-
lions of molecular colonies of various DNA fragments
are formed in the channel of a flow microfluidic cell
Each colony is localized within the site less than 1
um’ of the cell channel surface and represents a multi-
tude of cloned individual DNA fragments. A large
number of colonles located with a surface density of
up to 10° pcs/mm ensures statistical representative-
ness of the ensemble of various fragments of the de-
coded DNA.

In the next step, a cyclic synthesis of complemen-
tary strands of DNA fragments in each colony is car-
ried out, while in one cycle each strand of the colony
is extended per complementary nucleotide. Nucleo-
tides that integrate into the synthesized chains carry
fluorescent labels with different spectral ranges ("col-
ors") of emission — conventionally G, T, A, C ac-
cording to the first letters of the corresponding nucleic
bases: guanine, thymine, adenine, and cytosine.
Therefore, under the influence of excitatory laser radi-
ation, each colony in the current cycle glows with one
of four "colors" in accordance with the emission spec-
trum of the labeled nucleotides attached to it in this
cycle.

Fluorescence signals of all colonies are recorded in
each cycle; the sequence of "colors" of detected emis-
sion of each colony in several tens to hundreds of syn-
thesis cycles reflects the unique sequence of embed-
ded nucleotides in a given colony.

Simultaneous detection of four-color laser-induced
fluorescence of a large number of DNA colonies is
carried out by methods of digital luminescence micro-
scopy and computer processing of digital microscopic
images of colony ensembles. The optical system of
the genetic analyzer should ensure the construction of
images of the distribution of colonies on the surface of
the channel of a microfluidic cell with an area of up to
tens of square millimeters with submicron spatial res-
olution, excitation, and recording of their fluorescence
in four spectral bands in the range of approximately
530 nm to about 730 nm.

To set up such a complex optical system and check
its correct operation, it is convenient to have a device
that imitates a microfluidic cell with grown molecular
colonies and retains its characteristics for a long time.
Models of submicron fluorescent colonies, for in-
stance, can be created by placing appropriate fluores-
cent polymer microspheres on the inside of the cell.
Generally speaking, only particular devices can be

tested using known tools for modifying optical sys-
tems that use fluorescent signals from microobjects,
such as fluorescent optical mires or plates with wells
holding colored microspheres [6-7].

The aim of this work was to create a similar testing
device based on sets of fluorescent microspheres for
setting up and checking the optical and scanning sys-
tems of a genetic analyzer Hanogop CIIC genetic
analyzer (produced by the IAI RAS and Sintol LLC).

The proposed solution consists in the arrangement
of microspheres on the internal surface of the same
microfluidic cell that is used for sequencing in the
Hanogop CIIC analyzer. This ensures that the optical
system is tested under controlled conditions that fully
simulate the glow of DNA colonies during sequenc-
ing. The microspheres must be selected by size and
spectral characteristics of fluorescence, and the fluo-
rescence must be stable over a long period of time
when exposed to laser radiation. It is important to fix
the required number of particles on the working inner
surface of the microfluidic cell channel — the micro-
spheres must not shift either during use of the device
or over time.

SELECTION OF SUITABLE MICROSPHERES

FluoSpheres ® and FocalCheck ™ Thin-Ring Flu-
orescent Microspheres Kit of Thermo Fisher Scientific
were selected from a variety of commercial micro-
sphere sets [8]. They fluoresce in four spectral bands
that are close enough to the fluorescence spectra of
labeled nucleotides during sequencing. Microsphere
suspensions have a high concentration (Tab. 1), which
is convenient when creating the desired surface densi-
ty of particles on the surface of the microfluidic cell
channel. The microspheres have a suitable diameter of
1.0 um.

Tab. 1. Characteristics of fluorescent microspheres

It should be noted that the wavelengths of the laser
sources of fluorescence excitation of the genetic ana-
lyzer are about 515 nm for channels G, T and about
638 nm for channels A, C. Emitted radiation is rec-
orded simultaneously in four channels in the ranges
540-580 nm (G), 590-625 nm (T), 650—675 nm (A)
and 680—730 nm (C).

The intensity of the selected microspheres is suffi-
cient to visualize single particles. As the manufacturer
points out, the photocolumination of microspheres
under the influence of intense laser radiation is insig-
nificant. This was confirmed by our numerous expe-
rimental estimates for the power density of laser radia-
tion up to 200 mW/mm? (wavelength 515 nm).



The selected sets of microspheres are suspensions
of particles in a buffer solution with various concen-
trations — from 0.02% to 2% of solid substance. To
clarify the initial concentration of microspheres in
vials, samples with these particles were 104-fold di-
luted, and the microspheres were counted in a Go-
ryaev chamber in 15-20 fields of view using the
JCK®-01 device [9]. The initial concentration of
FluoSpheres particles was estimated at about
4 x 10" pes/mL, and FocalCheck particles —
3 x 10® pes/mL (see Tab. 1).

REDUCING MOBILITY AND SELECTING
THE OPTIMAL CONCENTRATION OF
MICROSPHERES

A microfluidic cell is shown in section in Fig. 1. It
is a cell in which the upper and lower inner surfaces
of the channel are parallel to each other. Input of laser
radiation and output of fluorescence are carried out
through the upper transparent surface. The cell has
ports for the input and output of analytes and reagents.
Molecular colonies during sequencing are localized on
the upper and lower flat surfaces of the channel (Fig. 1).
Accordingly, the fluorescent microspheres of the testing
device should be localized in a similar manner.

Fig. 1. Cross section of the work area of the micro-
fluidic cell channel.

1 — colonies on the upper inner surface of the chan-
nel; 2 — colonies on the lower inner surface

One of the important tasks solved was the method
of immobilizing microspheres on the surfaces of the
cell channel and forming a monolayer from them to
ensure the coincidence of testing conditions with the
conditions of the actual sequencing procedure.

To simplify the setup and testing procedures of the
device, it is desirable that the microspheres do not
shift on the inner surface of the channel during the
scanning of the sample and that their mutual arrange-
ment in different fields of view is preserved. After
introducing a buffer solution with microspheres of
about 1 um or less in diameter into the channel, they
usually do not settle to the bottom of the channel (un-
like microspheres larger than 3—5 pum), but shift chaot-
ically both along the surface and along the depth of
the cell channel. In order to reduce the mobility of the
microspheres, the viscosity of the solution in which
they are located was increased.

When selecting the viscosity, the suspension with
microspheres was mixed in various proportions with a
transparent polymerizing gel based on linear N,N-
polydimethylacrylamide (Sintol LLC, Moscow). The
gel used shows virtually no intrinsic fluorescence. It
was added to the suspension with microspheres in dif-

ferent proportions in order to find such a ratio of gel
and suspension at which the microspheres cease to
noticeably shift while they can settle to the surface of
the microfluidic cell in a reasonable time, being ar-
ranged in the form of a monolayer of particles without
the formation of large aggregates. With an excessive
proportion of gel, difficulties arise in introducing mi-
crospheres into the channel of the microfluidic cell.

The experiments were carried out by recording
digital images of the internal working surface of the
Goryaev chamber with introduced suspensions of mi-
crospheres on a JICK®-01 device. The device worked
in digital microscope mode [9] with a 20% lens and
provided a spatial resolution of at least 1 um with a
sampling step of less than 0.4 um (Fig. 2). The depth
of field was several micrometers, which made it poss-
ible, with reduced microsphere motions, to neglect
drift along the "depth" of the channel and monitor on-
ly the projections of microsphere displacements on the
horizontal plane (X, Y).

Fig. 2. Fragment of the image of microspheres in Go-
ryaev's chamber in transmitted light

The particle drift was assessed (after calibrating
the sampling step using the Goryaev chamber grid) for
several dozen microspheres immediately after intro-
ducing the sample into the cell and at certain intervals
of time — several times within an hour, after several
hours, after a day, after several days.

After the gel was added to the microsphere suspen-
sion in fractions of 10% to 25%, the microspheres
maintained their mobility. Oscillations, displacements,
and single long movements of particles within the im-
age frame are recorded.

The relative position of the particles completely
changed within 5-10 minutes; aggregates of more
than 10% of singlet particles were observed.

When mixing the gel and suspension in a ratio of
50 : 50% and 75 : 25%, the mobility of the micro-
spheres was significantly reduced; fluctuations and
small particle movements of less than 1 pum/min were
noted. The arrangement of microspheres also changed
radically over time and was not visually recognizable.

After adding 90% of the polymerizing gel to the
mixture with microspheres, there was almost complete
cessation of particle movement (Tab. 2) and good sta-
bility of the sample for several days, as well as a small
amount of aggregates — not more than 1.5% of the
total number of particles.

Tab. 2. Average displacement of particles along the X
and Y coordinates

When using a microfluidic cell with fluorescent
microspheres for testing the optical system of the se-



quencer, it is important to form a monolayer of micro-
spheres on the inner surface of the channel; the thick-
ness of the layer should be comparable to or not ex-
ceed the depth of field of the optical system. The ar-
rangement of particles in one (focal) plane allows for
adequate adjustment of the focusing of images of mi-
cron and submicron objects. In this regard, for a high-
er-quality and faster deposition of microspheres on the
plane of the channel surface, it turned out to be advis-
able to centrifuge the suspension with the gel in a mi-
crofluidic cell at 4500 rpm for 10—15 min. The chan-
nel surface on which the microspheres will be predo-
minantly deposited and fixed can be selected by
choosing the orientation of the microfluidic cell in the
centrifuge.

The concentration of microspheres in the suspen-
sion should be selected so that after centrifugation
they are distributed uniformly on the surface of the
testing device channel without forming large aggre-
gates (more than 3—4 particles), and the distances be-
tween neighboring microspheres exceed at least 2—3
of their diameters. During sedimentation, aggregates
of 2, 3 or more particles may form, but the number of
these aggregates should be an order of magnitude less
than the total number of sedimented and fixed micro-
spheres.

In principle, the number of microspheres on the
surface of the cell channel can be made comparable
with the number of molecular colonies in the channel
during sequencing. However the surface density of
microspheres of about 10° pcs/rnrn typical for colo-
nies in the microfluidic cell of the sequencer, is not
suitable for the testing device, where it is convenient
to have predominantly non-touching single particles
on the channel surface. By selecting the concentration
of particles in the mixture of gel and microsphere sus-
pension (from 10 pes/mL to 10" pes/mL), introduced
into the cell channel, it is possible to provide a range
of mlcrosphere dens1t1es on the channel surface from
10% pcs/mm?” to 10° pes/mm?”.

Fig. 3. Image of testing device channel fragment with
microspheres and fluorescence intensity profile along
the highlighted line

Fig. 4. Image of microfluidic cell channel fragment
with DNA colonies and fluorescence intensity profile
along the highlighted line

Images of a fragment of the surface of a channel of
a testing device with fluorescent microspheres and
a fragment of a channel of a microfluidic cell of a se-
quencer with luminous DNA colonies are shown in
Fig. 3 and Fig. 4, respectively. The images were ob-

tained using the optical system of the genetic analyzer
Hanodop CIIC [10].

For ease of display, the colors of the figures are in-
verted — luminous microspheres or colonies on
a black background are presented as dark circles on
a light background. The lower part of the figures
shows the fluorescence intensity profiles of the par-
ticles along the image line highlighted by a marker.
The calculated value of the image sampling step is
0.28 pum/pixel, taking into account the magnification
of the optical system. On the graphs, there is a pixel
number on the horizontal axis, the relative fluores-
cence intensity value — on the vertical axis.

When comparing the general appearance of digital
images of fluorescent particle arrays (Figs. 3 and 4)
and the fluorescence signal profiles of microspheres
and molecular colonies, no noticeable differences are
found that could affect the correct adjustment of the
optical system of the sequencer using the microsphere
testing device. It is believed that successful implemen-
tation of the optical system testing device is possible
using the approaches described above.

CONCLUSION

Thus, the luminescent DNA colonies formed dur-
ing sequencing can be modeled by micron-sized fluo-
rescent microspheres fixed on the inner surface of the
channel of the microfluidic cell of the genetic analyz-
er. The emission spectra of the microspheres can be
selected in close correspondence with the spectral
channels of recording the fluorescent nucleotide labels
used in the synthesis of DNA fragments during se-
quencing. A suspension of four types of microspheres
is mixed with immobilization gel in the form of a mo-
nolayer of partlcles w1th a mlcrosphere concentration
of 10* pcs/mm” up to 10° pcs/mm?>.

The microfluidic cell of the genetic analyzer into
which the mixture (microsphere suspension + gel) is
introduced, is a device for testing the optical system of
the genetic analyzer for mass parallel sequencing.

The device allows you to adjust the focusing of the
optical system in four spectral recording channels,
perform correction of the combination of digital im-
ages of different spectral channels, testing the optical
system for aberrations, adjust and check the uniformi-
ty of illumination of the field of view of the optical
system in four spectral channels, and perform adjust-
ment and testing of the precision scanning system.



