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SBAIHUTHBIE ®UJIbTPbI OT HBLIIEOBPA3HBIX
SATPAZHEHUU B KUJAKOCTAX
IS 3AJIAY KANIEJABHOM MHUKPO®JIIOUIUKU

B Hacrosiee BpeMs TEXHOJIOTHH KarelbHOH MUKPOQIIIONANKN aKTUBHO UCCIEAYIOTCS U BHEAPSIOTCS ISl PEILICHUs
pa3HoOOpa3HbIX OMOJIOIMYECKUX 3a7ady: CKPUHHWHIA HOBBIX JIEKAPCTB, MOJIEKYJISIPHON JAMArHOCTHKH, XUMHYECKOTO
cuHTe3a U Jp. OnHaKo OOJBIIMHCTBO MPEAJIOKEHHBIX YCTPOHCTB MOJXOIUT TOJIBKO AJIsl 1a00OpaTOPHOTrO IpUMEHe-
HHS U3-32 IPOOJIEM C HaJEKHOCTHIO H BOCIIPOU3BOAMMOCTBIO pe3ysbTaToB. OIHOM U3 KIIIOUEBBIX NPOOIeM, BOSHHU-
KaroLIMX IPH UCIIONB30BAaHUU MUKPOQIIIOMIHBIX YHIIOB, SBJIsieTCS 3a0MBaHHE W OJOKMPOBaHHE MUKPOKaHAJIOB 3a-
TPS3HAIONIMME YacTHLIAMU. B yureparype mpeiiosKeHsl pa3inyHble KOHCTPYKIMH QUIBTPYIOLINX JICMEHTOB, Pas-
MELIAOIMXCsl BOM3K BXOIHBIX HHTepdelicoB MUKpodronaHoro yumna. OIHako MHOTHE U3 HUX HE NMOIXOASAT IS
paboT ¢ MUKPOKAIUIAMHU BOJHBIX AMYJILCHH, IOCKOJIBKY CTPYKTYpa (puibTpa MOXET MPUBOJUTH K HAPYIICHUSIM HC-
XOJHOW dMyJbcHU (pa3/iesieHHI0 WM O0beIMHEHHI0 Karenb). B naHHoit paGore Mbl m3yumsn 17 KOHCTpYKUMEH
(UIBTPOB, UHTETPUPOBAHHBIX B MUKPOQIIIOUIHBIC YHIIbI, 3aJIeP)KUBAIOIIUX MUKPOYACTHUIIBI IBUIM U MPOITyCKal0-
IMX MUKPOKAIUIM 3MYJIbCHHU "Boja-B-Macie" uepes cebs. B xone nccnenoBanus Obuia omnpezesneHa 3hGeKTHBHOCTD
(GUIbTpaUK MUKPOYACTHII U3 MOJEIBHOTO PacTBOpa IBUIM B BoJE U (GropyriepoaHoM macie. OOmmil 1uana3oH
3¢ dexTuBHOCTH (QUIBTPAIMH MUKPOYACTHIL MBIIIM HaXOAWICS B npenenax 88—99% mamnst Bcex mcciaeJOBaHHBIX KOH-
CTPYKIMH (GUIABTPOB. B Hammydmmx 4 KOHCTPYKIHSIX, UMEIOINX 3((HEKTUBHOCTh GUIbTpaLuK cBbime 98%, ObL10
NPOBENICHO HCCIEOBaHNE TPAaHCIOPTa MUKpPOKAIeNb dMyJbcu "Bona-B-macie". Ilo pesynbrataM HCclIeJOBaHUS
ObLlJIa oIpeeiieHa ONTHMaIbHAS KOHCTPYKLHS (UIBTPYIOLIETO SJIEMEHTa, 3a1ePKUBAIOIIEr0 MUKPOYACTHLIbI TBUIH
¢ 3 dexruBHOCTRIO 99% M yBemuuUBaONIEro KO3(GPUIMEHT BapHallil TUaMETPa MUKPOKAIEIh MOHOIUCIIEPCHOM

aMyJabcud "Boja-B-macie" He 6oee ueM B 2 pasa, ¢ 6 1o 12%.

Knioueswvie crnosa: muxpodmonansnii yur, unns! [IJIMC/cTexo, GUIbTphI, CIUSIHUE Kalelb, pa3IeIeHue Kareib

BBEJEHUE

B nacrosmee Bpems MUKpO(IIOUAHBIE TEXHOJO-
THM SBISIOTCA OBICTpOpacTyIied OONacThI0 HayKH
U TEXHHUKH, HaXOIIIMMH IIHUPOKOE MPUMEHEHHUE UIS
pelieHus pa3HooOpa3HbIX 33/1a4, 0COOEHHO B 00JacTH
OMOWH)XCHEPHH W OWOMETUITMHCKUX HWCCIIeJOBaHUN
[1, 2]. MukpodouaHpie CUCTEMBI U YCTpPOMCTBa
NPEIOCTABISIFOT MCCIIENIOBATENAM YHUKAJIbHBIE MHCT-
PYMEHTHI Ui MOATOTOBKM 00pasuoB [3], TkaHeBOH
WH)XXCHEPHH [4], MOJIEKYIIPHOW TUATHOCTHKH W CKPH-
HUHTa JIEKapCTBEHHBIX MperapaTos [5].

"Muxpoduonauka" (MMKpOTHIPOAMHAMUKA)
OINMCBHIBAET TEXHOJOTUH YIPABICHUS >KUIKOCTSIMU
C XapaKTepHBIMH 00bEMaMH OT MHUKPOJIMTPOB 10 (eM-
TOJUTPOB B MMHHUATIOPHBIX MHUKPOQUIIOMIHBIX YCT-
poiicTBax (uMmax) C XapakTepHbIMH pa3MepamMu
MukpokananoB 5-500 mxM [6]. Mukpodmongabe
TEXHOJIOTHH B COYETaHHUH C TEXHOJOTHUSMH MHUKPO-
ANEKTPOHUKH M XUMUYECKON MHKEHEPUH TIpeAsiararoT
HOBBIE ITOJIXOAbI K PEIICHHIO TPaIUIMOHHBIX 3a1ad,
MOBBINIAs TOYHOCTH JI03UPOBaHUSI 00paslia U peareH-
TOB, YBEJIMUYUBAas YyBCTBUTEJILHOCTh M CHIDKas Ipe-

nen OOHapy>KEHUS NETEKTHPYEeMbIX OOBEKTOB, YTO
MPUBOIUT K YBEIMYCHUIO CKOPOCTH aHalW3a W CHU-
JKEHUIO €r0 CTOMMOCTH [7].

OpHolt U3 Haubosee OBICTPO Pa3BUBAIOIIMXCS 00-
JacTe MUKPOQIIONMIHBIX TEXHOJOTHIA SBISIETCS Ka-
nesnbHas Mukpodronauka [8, 9]. B Heil ncnonb3yroT-
Csl MUKPOKAaIUTH AMYJIbCHH '"Bona-B-mMacie" win "BO-
Jla-Macjo-Boja" B KaueCTBE IMUKOJUTPOBBIX WJIM Ha-
HOJIUTPOBBIX PEAKTOPOB IJid IPOBCACHUA 6I/IOXI/IMI/I-
YECKUX PEeaKUUi. ITO MOXKET 3HaYUTEJIbHO HOBBICUTD
3G PEKTUBHOCTh aHANM30B, CKPUHUHTA JIEKapCTB
Y aHanmm3a OTAeNbHBIX KieTok [10]. bomee Toro, mpu-
MEHEHHE TEXHOJIOTHH KaledbHOH MHUKPOMIIOHIUKH
obOecniednBaeT OOHApyKE€HHE OTHEINBHBIX MOJIEKYT
NpU MPOBeACHUM IHU(POBOM MOIMMEpPa3HON LIEMHOM
peakiuu (ITHP) [11], cexkBenupoBanne MPHK u3 ot-
NEeNbHBIX KIIeTOK [12], a Takke TpOBEACHWE TpaHC-
KpUIOITOMHOI'O W IMPOTECOMHOI'0 aHaJIW30B OTACIIBbHBLIX
kietok [13]. IpyruM BocTpe©GOBaHHBIM PUMEHEHHEM
MOHOOHMCIICPCHBIX 3MyJ'IBCPII>i SABJIICTCA CHUHTE3 OJHO-
CJIOMHBIX M MHOTOCJIOMHBIX MHMKpPO- W HAHOYACTHII,
KOTOPBIC MOT'YT HCIIOJIB30BATHCA B KAa4YCCTBC KOHTEH-
HEPOB sl TOCTABKH JIEKAPCTB, CTPYKTYPHBIX JIEMEH-
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TOB B TKAaHEBOW WH)KEHEPUH, a TaKKe B KayecTBE
MUKPOIWH3 1151 GOTOHUKH 1 OrmoceHcopuky [14-18] .

OpHako JuMTENbHAs W BOCIPOM3BOAUMAs padoTa
MUKPOQUIIOUIHBIX YCTPOUCTB TUMUTUPYETCS] YPOBHEM
YUCTOTHl M HAJMYUEM 3arpsA3HAIOIIMX IpuUMeced Kak
B caMux yCTpOfICTBaX, TaK U B JKHUJKOCTAX, IMIPOKA4YU-
Baromuxcs gepe3 ynr. OgHON U3 KITFOYEBBIX MPoOIeM
MHUKPOKaHAJIOB SBISIETCS MX 3aCOPEHHE 3arps3HSIO-
IIMMH YacTHLIAMH, IIONABIIMMH B HHUX B IIpoOLEcCe
HU3TOTOBJICHUA yCTpOI\/'ICTB Win H"3 MNOPOTCKAIOIHX
o Kananam xkunkocted [19]. OHu MOryT UMETh pas-
JMYHYIO IPUPOIY U IPOUCXOKICHUE: MaTepHal Ynna
W TOJBOJAIIMX TPyOOK, OcaloK B peareHTax, (par-
MEHTHI TKaHel B OmonormdeckoM obOpasie u p. lle-
pemeniasch Mo MUKpOKaHaJlaM YuIia, OHU MOTYT arpe-
IMpOBaTh M CO3JaBaTh NPOOKH, MPHUBOAAILINE K 3aCO-
PEHHIO 4YMNa W HApYIICHHIO PEXHMa ero padoThl.
OuncTKka TOHKMX MHKPOKAaHAJIOB MOXeET OBITh KpaiiHe
MPOOJIEMAaTHIHOM, YTO MPHUBOAUT K HEOOXOAUMOCTH
3aMCHbI YuIia JJId IMIPOJOJIKCHU A pa6OTI>I.

AHanu3 JIMTepaTypHBIX NaHHBIX HOKa3aj, YTO JUIS
3aIUThl MUKPOMIIIOUTHOTO YHUIIA OT 3arpsi3HEHUI ObI-
JIO TPEUIOKEHO MHCIOJIb30BaTh MAacCHUBBI MHKPO-
CTPYKTYp B KauecTBe (PUIBTPYIOIINX 3JIEMEHTOB, pac-
MOJIOXKEHHBIX BO BXOJHBIX KaHAJIaX MUKPOQIIONIHO-
ro ycrpoiictBa [20-24]. OmHako 3a4acTyr0 TaKWe
GUIBTPEI HE TOAXOASAT JJis paboThl C KallIsiMU
9MYJIbCUH, TOCKOJBKY M3-32 MQJIOTO PACCTOSIHUS Me-
KTy MUKPOCTPYKTYpaMU MOIYT pa3AeiiaTh WU CIIH-
BatTh Karom [25-27]. Ilpu aTom npu paboTte ¢ Karuis-
MH YaCTHUIbl MbUIM TaKXE MOTYT 3a6I/ITI) KaHaJlbl
¥ OCTaHOBHTH paboOTy ycTpoicTBa. MOXKHO BBIIEITHTH
HAy4YHYIO CTaThio [24], Tae B MHKPOQIIONIHBIX YCT-
pOHCTBax MPUMEHSIOTCS. QUIBTPBI HA MYTH JIBUKEHUS
MuKpokanens. OHaKko B o0mIeM TeMa (QUIBTPOB IS
paboThl ¢ MUKPOKAIUISIMHU BBITJISITUT Majo Mpopado-
TaHHOM.

Henbto nanHoii paboThl siBIsieTcsl pa3paboTKa of-
TAUMaThbHON KOHCTPYKIIMH MHUKPOQIIIOUIHOTO (PIIIBT-
pa, CIOCOOHOTO 3aJeP)KUBATh TBEPbIC YACTHUIIBI TIbI-
JIe0OPa3HOTO W KUIKOOOPa3HOTO 3arps3HEHUH C Xa-
pakTepHbiMU pasmepamu 10-25 MKM, HO IpH 3TOM
CBOOOJIHO MPOMYCKaTh MUKPOKAILIA 3MYJIbCHU "BOJA-
B-Macie" ¢ xapakTepHbIM auamerpoM 50 mim. [lis
3TOr0 B XOJIe MCCIIENOBaHUsS ObUIO pa3paborano 17
BapMaHTOB KOHCTPYKIMHA MHUKPODIIOUAHBIX (DHIHT-
POB, KOTOpBIE MOXXHO YCJIOBHO pa3lelUTh Ha TPHU
TUIIa B COOTBETCTBHUU C KOHCTPYKTHUBHBIMU OCO6GHHO-
CTSIMU HCIOJIb3YeMbIX B HUX MAacCHBOB MHUKPOCTPYK-
Typ. Bce npennokeHHble BapuaHThl ObUTH HMPOTECTH-
poBaHbl Ha mpeaMeT GUIbTPAlMA MHKPOYACTHUI]
W3 MOJICTIBHOTO PacTBOpa MbUIM B Boxe U (ropyrie-
ponHoM Maciie. B Hamnyymnx 4 KOHCTPYKLMSX
¢mbTpoB, uUMeMHX 3(Q(EKTUBHOCTD (UIBTPALH
cBbire 98%, ObUIO MPOBEAECHO HCCIIEAOBAHHUE TPAHC-
MopTa MHUKpOKAINelb SMYJIbCHH 'BOJa-B-macie", 1o
pe3ysibTaTaM KOTOPOro OblIa OmpejelicHa HanboJee

H. A. DUJIATOB u np.

3¢ (heKkTUBHAS KOHCTPYKIHUS (PHIBTPYIOIIETO JIEMEH-
ta. [Ipn nBYKeHNH B KaHaje (GTOPYTIIEPOTHOTO Macia
OH IIO3BOJISICT 3a/eP)KUBATh MHKPOYACTHUIIBI TBUIN
C XapakTepHbIM pazMepoM 1025 MM ¢ 3P PeKTUBHO-
cTbi0 99%, a mpu NPOXOXKIEHUMH MHMKPOKAIlelb
SMyNbcUH "BoJa-B-mMacie" yBeNIW4MBaeT KOdPQHIIHU-
ent Bapuanmu (C.V.) mx amamerpa He Oonee dem
B 2 pasa, ¢ 6 10 12%.

MATEPHAJIBI U METO/IbI

Hz2omoenenue Mukpo@uiouoHvix uunos

Uzroroenenne MUKPOQIIIOUAHBIX YUIOB U3 TOJH-
mumetnicunokcana (IIJIMC Sylgard 184, DowsSi-
licones, USA) u cTekia OCYIIECTBISIOCH C TIOMOIIBIO
CTaHJIAPTHOTO MeToja MATKOW ymrorpadum [28, 29].
s 3TOro MeTo/IoM KOHTAKTHOM ONTUYECKOW JIUTO-
rpadun ortopesucta SU-8 2025 (Kayaku Advanced
Materials, Bect6opo, Maccauycerc, CLLIA) Ha xpem-
HUCBOW TOJJIOKKE Yepe3 XPOMOBBIN (oTomabdioH
ObUTa W3rOTOBJIEHA KpEMHHEBas Mmactep-(hopma.
[NAMC Sylgard 184 mpexncraBisier coO00OH JABYXKOM-
MOHEHTHYIO CMECh OCHOBBI M OTBEPAUTENS, KOTOpPas
MocJje THIATeNFHOTO epeMEINBaHus B COOTHOIICHUH
10 : 1 u merazanuu B 3KCUKATOPE 3aJIMBaJach Ha Mac-
tep-popmy. Ilociie oTBepkACHUST KOMIAayHJa B MEYU
mpu temreparype 65 °C B teuenue 4 u [[IMC-pemn-
JMKa OTHensulach OT (OPMBI M pa3pe3anach Ha OT-
JeNbHBIe ycTpoiicTBa. C mOMOIIb0 MpoOOHHHUKA ISt
OMOTICHH KOXXKH B yCTPOHCTBaX OBLTH CAENaHBI BXOJ-
HBIC U BBIXOAHBIC OTBEPCTUA JUAMETPOM 1 uam 2 MMm.
Husa coenuuenus [IJIMC-permuk co cTekiIamu MpH-
MEHsIach 00pabOTKa MOBEPXHOCTEH KOPOHHBIMH Pa3-
psagamu [30].

Tloozomoexa moodenvuvix dHcuokocmeu
U OMYIbCUL

IIJ'I}I MMPUTOTOBJICHUSA MOJCJIBHBIX PACTBOPOB IBLINU
U Tps3u B AenoHU30BaHHYyI0 Boay (MilliQ, Millipore,
CIIA) u dropyrnepomnoe macao (ddPCR™ Droplet
Reader Oil, Bio-Rad, CIIA) Ovmn mo0aBICHBI
00pasiibl TUITUYHON MBIIH U3 Ta0OPaTOPUH B KOHIICH-
tpar 0.6 mr/mi. ns ¢dbopMupoBaHuS MOHOIMC-
MEepPCHbIX MHKpOKamenb "BoJa-B-Macie" HCHOJb30-
BaJICs MUKPO(IIIOUIHBIA T€HEpaTOp 3MYyIbCHH ¢ ¢o-
KycupoBkoii moroka [31]. B kxadectBe mucmepcHoi
¢a3el Kcmoap30BaIach IEMOHU30BaHHASA BOJA, a B Ka-
4ecTBE HEMPEPHIBHOW (a3sl — (PTOPYTIepOIHOE Mac-
1o HFE-7500 (Acota Limited, CILIA), B koTopoe s
CTabMIM3alMy SMYJIbCUH ObLT Jo0aBneH 1% moBepx-
HOCTHO-akTUBHOTO BeriectBa FluoSurf (Dolomite
Microfluidics, BenmukoOputanus). BBon sxmmkocteit
B MUKPO(ITIOUTHBIA TEHEpaToOp AMYJIbCHHA, a TaKkKe
BBOJI OMYJILCHI B MHUKPOQIIOUIHBIE YU C (DUIIBT-
paMu OCYIIECTBIISUICS C TTOMOIIBI0 MUKPO(IFOUIHOTO
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3AIUTHBIE ®UJIBTPBI OT MbUIEOBPA3HBIX 3ATPASHEHUI B XKUIKOCTSX

KOHTPOJUIEpA JABJICHUW M ITHEBMATUYECKUX HWHTEP-
(heticoB cobctBeHHO# paszpabotku [31]. [ns BBoma
B MHUKPO(]IFOMIHBIE YHITBI ¢ (HIBTPAMH MOJIEITBHBIX
PacTBOPOB C TBUIBIO MCIOIB30BAICS IINPHUIIEBON Ha-
coc PHD2000 (Harvard Apparatus, CILIA).

Peeucmpauuﬂ U araaus pes3yiobnmamoes

Jns aHanmm3a reoMeTpHYECKUX Pa3MEpOB MOJIEIb-
HOM CYCIICH3UM IIbUIM W MHKPOKAIIC]Ib S3MYJIbCUH,
a TaKXe AJIS PEerucTpaluy MPOLEecCoB, MPOTEKAIOIINX
B MI/IKpO(I)J'IIOI/IZ[HI)IX qyuIiax, MCIOJb30BaJICA OIITHYC-
cknii MuKpockon Zeiss Axiovert 200M (Carl Zeiss
Microlmaging GmbH, I'epmanus) ¢ xamepoir MER-
301-125U3M (Daheng Group, Inc., Kurait). O6pa-
00TKa MOJyYyaeMbIX HM300paXKEHHI OCYIIECTBISIIACH
C IIOMOILBI0 OPUTMHAIBHBIX AJITOPUTMOB, pa3pado-
TaHHBIX Ha s3b1Ke Python.

Hns ananmuza 3¢ ¢dexTuBHOCTH paboThl (UIBTPOB
OTIPEAETSIIOCH KOJIMYECTBO MBIIH B 00pa3nax (Gpropyr-
JIEpOJHOTO Macia W BOJBI 10 U TOCHe (QUIbTPAIHU.
i 3TOrO pacTBOp HBUIM B Macie WM BOJE 3arpy-
JKaJICSl B IUTACTUKOBBIA MINIPUL ¢ (PUTHHIOM M KaIluil-
msipoM. B BeIxogHOE oTBepcTHE unMna-GpuIbTpa ycra-
HAaBJIMBAJICS. HAKOHEUHUK Ao3aropa Ha 1000 Mk mmis
cbopa ounieHHoro pactopa. C MOMOIIBIO IIIPHUIle-
BOr0 Hacoca MO KallWIIIPY PacTBOP HBUIM MOCTYNA
B unn-puisTp B TeueHue 10 MuMH Tpu pacxoie
50 mxn/muH. Ilocie duiabTpamuu B KaXIOM clydae
MPOUCXOAMIa CheMKa 8 MecT oOpasiia OT(UIBTPO-
BAaHHOTO pacTBOpa mox MuKpockornoM. Ha 06aze
8 CHUMKOB B Ka)XJIOM Clly4ae TpPOU3BOAMICS TOACYET
KOJINYECTBA TBUIM Ha M300paxkeHusx. s sToro uc-
MOJTE30BAJIOCH YEPHO-0enoe M300pakeHue, W Bpyd-
HYIO BBICTABJIAJICSA OHpeILCJ’ICHHBIf/'I nmopor ajsl nukKce-
JIeH, Ipr KOTOPOM HM300pakKeHHe pa3iessioch Ha Oe-
Jyl0 00JacTh, I/Ie MbUTh OTCYTCTBOBANA, M HYEPHYIO
o0mnacTp, 3aHATYyI0 IbUIBIO. [locie 3Toro paccunThiBa-
Jach 00JIAaCTh M300paXKeHMS, 3aHATasl MbUIbID. 3aTeM
MPOUCXOIWIIO YCPEIHEHUE TOJIYYEHHbIX 3HAYEHUN
JUTSE KQKJIOTO U3 (UIBTPOB, U cUHUTanach ero 3ddex-
tuBHOCTH 10 (popmyne: 100 - (1 — Coy / Cin)%, THE
Cost — KOIMYECTBO THUIH B 00pasile, MPOIIEAIIeM
yepe3 ¢punbtp, Cj;, — KOJUYECTBO IBUIM B 00pasiie,
nonaBaeMoM B ¢unbTp. IIpu craructudeckoit oopa-
00TKe Pe3yJbTaTOB BBIYHCISUIACH CTAHAAPTHAS OIIHO-
Ka CpeIHero.

Jns onpeneneHus cpeaHero auaMerpa u Kodddu-
OUEHTA Bapualuy AUuaMeTpa MHUKpPOKaAICiIb 3MYJIbLCUU
"Boma-B-Macie" 10 ¥ TMOcie MPOXOXKACHUS (PUIBTPOB
HCIIOJIB30BAJICSI AHAJIOTUYHBIA QJITOPUTM JIEHCTBUH,
KaK B ciy4ae ¢ nbuiblo. OHAKO Ui BBOJA MUKpPOKa-
neins B Maclie MPUMEHSUICS MUKPOQIIOUIAHBIA KOH-
Tposutep namineHuit [31]. B uun-punstp BO BXOmIHOE
OTBEPCTUE YCTaHABIMBAJICS HAKOHEYHHUK J03aTopa
200 MKII, a B BEIXOJHOE — CHEIHAIBHO MOAPE3aHHBIN
HakoHeuyHUK Ha 1000 mki. Bo BXOAHON HakOHEYHHK
ObIa 3arpykeHa nmpoda okosio 20 MKJI MHUKpPOKAIelb
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smynbcud. [lona nelictBuem nasienus ~5.5 klla B Te-
yerne 10 MuH npoOa mpokaunBanack yepe3 gum. s
aHajuM3a MUKpOKamelb Maiblii 00BbeM pacTBOpa
SMYJBCUH JI0 B TIOC)Ie (QUIbTPAIMU TTOMENIaCs B Ka-
mepy ['opsieBa (Bbicota 100 MKM), yCTaHOBIEHHYIO
B MHKpOCKoOM. VcxomHas sMynbcusi BBOAWIACH B Ka-
Mepy 5 HE3aBHCHMBIX pa3 ¢ (ukcamueii 5 CHUMKOB
o0pasla B KaXIOM ciydae. DMYJIbCUsS TIOCIIe MPOXo-
XKIeHus QuibTpa BBOAMIACHE B KaMepy 3 HE3aBHUCH-
MBIX pa3a ¢ (pukcanueil 8 CHUIMKOB 00pa3ia B KayKaI0M
ciryyae. [locme »3Toro ¢ momompl0 OHOIMOTEKH
"opencv" Ha s3bIKe TIporpammupoBaHus Python mpo-
W3BOJIMIIOCH pacliO3HaBaHUE MUKPOKaIelb Ha H30-
Opaxennsx. [locie oOHapyKeHUS MUKpOKAIENh 3Ha-
YEeHHUsS! X JAUAMETPOB 3aHOCHIIKMCH B OOIIYIO TaOIHILy
C YKa3aHHEeM HOMepa CHHUMKa U HoMepa ¢uibTpa. s
KQXKJIOr0 M3 HCCIEAOBaHHBIX (UIBTPOB OBUIO TIO-
CTPOEHO paclpe/ielieHne MUKpOKaIeb Mo JUaMeTpy,
HOPMHMPOBaHHOE Ha UX ob1ee konndecTBo. s kax-
JIOTO U3 paclpesie]eHni yKa3aHo, Ha KaKoM KoJinde-
CTBE Karlejb POU3BOANICS pacyeT NapaMeTpoB U I10-
CTPOEHUE THCTOTPAMMBEI.

PE3VIJIBTATBI 1 OBCYXAEHUE

B pamkax co3gaHusi KOHCTPYKUMH  YHUIIOB-
q)HJII)TpOB OT MbUIM U I'pA3U IJIA PEUHBCKTUPOBAHUSA
MHUKpOKanens Obuto paszpabotano 17 KOHCTpYKIHN
YHIIOB, COAEPKAIINX MAacCUBBI (PUIBTPYIOIIMX MUK-
POCTPYKTYp pasHo#l koHpurypamuu (cm. [lpmmoxe-
Hue). O0mmii B unna-QriibTpa MOKa3aH Ha pHc. 1, a.
UHIl COCTOUT U3 BXO/A C OTBEPCTHEM, (DUITBTPYIOIIETO
3JIEMEHTA U BBIXOJHOI'O KaHala C BBIXOAHBIM OTBEp-
cTtueM. BBIXOJHON MUKpOKaHal MMEET XApaKTEPHYIO
mpuHy 100 MxMm. Takast KOHCTpyKIHS dnmna-puasTpa
HMUTUPYET TUIHUYHYIO KOHCTPYKLHIO BXOJHBIX MUK-
pOKaHAJIOB B MHUKpPO(IIOUIHBIX yCTpoiicTBax. Bce
NPEIUIOKEHHbIE KOHCTPYKLUMHM (DUIBTPYIOLIUX 3JIEMEH-
TOB MOXXHO YCJIOBHO pa3ieiuTh Ha 3 tuna (puc. 1, 0):
Ha OCHOBE MaccWBa NWJIMHIPOB (6 Mojeneii), Ha Oc-
HOBE MAacCHBa TMPIMOYTONBHBIX TapalieienuIe/1oB
(5 Mopeneit) m yHUKaIbHBIE KOHCTPYKIIHH, COAEpIKa-
Me OpUTHMHAIbHBIE KOH(PHUTYpallMd MacCHBOB MUK-
pocTpyktyp (6 Moneneit). Bee unmbl 0603HaYeHBI yC-
JOBHBIM HOMepoM Buaa T1-2, rae nepsas nudpa yka-
3bIBACT Ha THUII, @& BTOpas1 Ha HOpHI{KOBBIﬁ HOMCED
¢unpTpyromero sneMeHTta (Monenb). ['myOmHa BCex
KaHaJIOB cocTaBisuia 25 MkM. Mopenn ¢GUIBTPOB
Ha OCHOBE MAaCCHBOB IMJIMHIPOB M MPSIMOYIOJIBHBIX
napaeNnenuIeoB OTINYAINCH APYT OT Apyra KO-
YECTBOM PSI0B, UX PACIIOIOKEHUEM M OOLIUM pa3Me-
POM MaccuBa MUKPOCTPYKTYp. Ilpu 3TOM paccrosiaue
(L1, L2, L3, L4 na puc. 1, 0) MexXIy COCEIHUMHU MHK-
POCTPYKTYypaMH HaXxOIWUJIOCh B nara3oHe 25—50 MKM.
B ocHoBe "yHuKanbHBIX" KOHCTPYKUMH (QUIBTpYIO-
LIIMX DBJIEMEHTOB JIE)KUT HAES CO34aTh B MacCHUBE
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Beox DuIbTp BeiBoa
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[elelsle]
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MoxoaucnepcHbie
_ Hanpasnenue JABHKEHUS Mukpokarniu
MHKPOKAIUTH
IMYIILCHH
IMYJIBCHH
DuneTp
Tun 1 Tumn 2 Tun 3
MAaCCHB LIWJIMHPOB MAaCCHB MPAMOYTOJIbHBIX YHHKAJIbHBIC

napayuie/ICnuIie 108

13 ;
e

NN

B <\< 110 LEHTPY

KOHCTPYKLHH

A

Puc. 1. KoHCcTpyKIMs MUKPOQUIIOUIHBIX YHTIOB-(QHIBTPOB.
a — OPUHIMNUANBHAS cXeMa, 0 — kiaccuukaus GUIBTPYIOIUX JIEMEHTOB Ha 3 THUMA:
HA OCHOBE MAaCCHBa IIJIMHIPOB, HA OCHOBE MAacCHBA IPSIMOYTOJbHBIX MapaUICICHUICIOB

1 YHUKAJIBHBIC KOHCTPYKIIUN

MHUKPOCTPYKTYP KPHUBOJIMHEHHBIM IIyTh IS Kallellb
SMYJbCUH, B TO BpeMs KaK MHKpPOUYACTULBI TPS3H
W TBUTH OyIyT IBUTAThCS 110 NPSIMOJIMHEHHBIM TPacK-
TOPUSIM BMECTE C IOTOKOM JMXHIKOCTH M OCEHaTh
Ha OOKOBBIX CTEHKaX MHKPOCTPYKTYDP.

Omnpenenenue ONTUMAIBHON KOHCTPYKIUH (QUITBT-
pyromero snemMenTta, 3(G(HEeKTUBHO 3aepKUBAIOIIETO
MUKpPOYACTHUILIBI MBUIM W TPsi3U, HO B TO XK€ BpeMs
MIPOIIYCKAIOIIEro 0e3 MOBPeXICHUN KaIluld 3MYJIbCUU

Oo6nacTp yrcToro GpuiIbTpa

| l{npanneuue HOﬂ‘O}a

Hcxonuslit pactBop
IBUIA B Macje

000000

O
(@]
O
(0]
(0]
(0]
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(0]
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yun-¢puisrp T1-3
HaIpaBJICHUE MOTOKA

(@] (0] ®)
OE) OOOOOOO

OOOOO
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yun-uistp T3-4

008[] —

"Boga-B-Macine", cocTosuio U3 AByX 3TanoB. Ha mep-
BOM 3Talle C OMOIIBIO MIPHUIIEBOI0 HACOCA Yepe3 BCe
MUKPOQUIIOUHBIE YUNBI ¢ (UIBTPYIOMIMMHU dJIeMEH-
TaMH npokayuBaioch 500 MKII MOAENBHBIX CYCIIEH3HIA
YacTHIl MBI U TPSI3M B BOAE U Macje C PacxoaoM
50 mxn/MuH. B Xoze skcrepuMeHTa 1o M300pakeHu-
SIM C ONITUYECKOT0 MUKPOCKOIA MPOBOAMIIACH OLIEHKA
KOJIMYECTBA MBIIA B JKUAKOCTSX JI0 U MOCTE MPOXOXK-
neHust UIbTpoB (puc. 2).

O6nactb Guibsrpa
[0CJIC UCIIOJIB30BAHUS

e 4

OunieHHsIi pacTBoOp

q.pm-cbpmpr T1-3 .

" s

yun-Guistp T3-4

) qnﬁ—dmmnp T3-4

Puc. 2. IIpumeps! paboThl QUIBTPYONINX 37eMeHTOB (MacmTad 200 MKM).
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3areM BBIUMCIUIACH OTHOcUTeNbHast 3(dexTus-
HOCTh (UIBTpPAIMU U  KaXIOH KOHCTPYKIHMU
(uNbTpyIOIIEro dIeMeHTa, NpUBEIEeHHAs Ha pHC. 3.
[MoyueHHbIe pe3ybTaThl MOKA3BIBAIOT, YTO B LEJIOM
BCE HCCIIECJIOBAaHHbIE KOHCTPYKUUH (QUIBTPYIOMINX
9JIEMEHTOB XOPOILIO 33JEP)KUBAIOT YACTHIBI ITBUIN
Y TPS3H U3 BOJHBIX M MACISIHBIX CycneH3ui ¢ 3 ek-
TUBHOCTBIO 88—99%. Ilpu stom 3¢ddexkTuBHOCTD yHa-
JIeHWsT MHKpOYAacTUI] MBUTM M Tpsisu w3  (rop-
YIJIEPOJHOTO Macia B CPEJHEM BBIIIE, YEM H3 BOBI.
OpHako ecTh KOHCTPYKUMHM (PUIBTPOB, Hampumep
T1-3 u T3-4, koropsie mokazamu 00JbIIYI0 3 heK-
THBHOCTh B (DMIIBTPALIMM BOABI, 4eM Macia. [y BTo-
poro »Tama TECTUPOBaHUS OBLIM OTOOpaHBI KOHCT-
pykmun ¢unerpos T1-1, T1-2, T2-3, T3-3, xotopsle
obecrieunni  3QPEKTHBHOCTh (PHIBTPALIMU MHUKPO-
YACTHUI[ MBUIM U TPs3u CBbIe 98% u3 BOAHON win
MACJISIHOM CYCIIEH3UH.

Ha BTOpom »Tame BBIOOpa ONTHMAalIbHOW KOHCT-
PYKIMH  (QUIBTPYIONIETO 3JIEMEHTa 4Yepe3 YHIIbI-
(UIBTPBl MPOITyCKaNKCh MOHOJMCIIEPCHBIE Karljx
SMynsCcUHM "Bofa-B-macie" B TedeHmn 10 MHH mOA

Boga

Tun 1

Tun 2

Tun 3

(i |
97.5

§7.5 900 925 950

ek TMBHOC T, %

80.0 825 85.0 100.0
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nasieaneM ~5.5 klla. Ha puc. 4 mpuBeneHsl rucro-
rpaMMBbl pacrpeiesieHust JuaMeTpa Kareib 0 U 1ocie
MPOXOXKACHUS PUIBTPYIOMIMX AJIeMeHTOB. McxoaHbIit
o0pa3er; MOHOAMCIEPCHBIX MHUKPOKAIENb 3MYJIbCUH,
CHUHTE3WPOBAaHHON B MUKPOQUIIOUAHOM TeHEepaTope
Karenb ¢ OKYCUPOBKOH MMOTOKA, MMEJI CPEeTHUH Ira-
MeTp Kamenb 47 MKM, CpeHEKBapaTHYHOE OTKIIOHE-
aue (SD) 3 mxm, C.V. = 6% (anamm3 5844 mTyk Ka-
TeJb).

Oo6pazen; Ne T1-1 (ananu3 3488 mTyk Kamemnb) 1mo-
Ka3bIBaeT cpeqHuil auamerp 47 MM, SD = 5 Mxwm,
C.V.=12%.

O6pazen Ne T1-2 (ananu3 3115 mTyk kKanens) mo-
Ka3bIBaeT cpenHuil auamerp 46 MM, SD = 6 MKM,
C.V.=13%.

Oo6pazen; Ne T2-3 (ananu3 4976 1mTyK Karmemnb) 1o-
Ka3piBaeT cpennuil auamerp 40 mxm, SD = 7 MKM,
C.V.=18%.

O6pazen; Ne T3-3 (ananu3 2281 mTyK Kamnemb) Mo-
Ka3bIBaeT cpenHuil nuamerp 49 mxm, SD = 12 Mxwm,
C.V.=24%.

®dTOpYrnepoaHoe Macno

Tun 1

Ty 2

Tun 3

B7.5 90.0 92.5 95.0

IPHeKTUBHOCTL, %

B2.5 85.0

80.0

100.0

Puc. 3. DpdexTuBHOCTS OYMCTKHA MOJCTHHBIX CYCIICH3UH IMBIUTH B Boze (a) u (propyriiepogHoM Macie (0) B MHKpO-

(ronTHBIX YHIaX-QUIbTpax.

[TyHKTHPHBIMU JHHUSIMHA 0003HAYEH 1eJIeBOil ypoBeHb OuUCTKU 98%. [InaHku nmorpenrHocTeil WUIIOCTPUPYIOT CTaH-

JAPTHYIO OMIHOKY M MOCTPOCHHI 10 8§ H3MEPEHUIM

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3
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Puc. 4. Pacupenenenus 1uaMeTpoB MUKpPOKAIEIb [OCIIE MPOTEKAHUS B PA3IMYHBIX YHIIAX-PHUIBTPAX.

O003HaYEHUS: HMCXOJ. — paclpee/icHHe IMaMETPOB MCXOJHOW 3MYJbCUH MUKpokamenb; T1-1, T1-2,
T2-3, T3-3 — pacnpeneneHuss AUaMETPOB BBIXOAHON 3MYyJIBCHUM MHKpPOKAIedb B PA3IMYHBIX YMIIAX-
¢mIpTpax

AHanu3 TOJY4YeHHBIX pe3yJbTaToOB IMOKa3al, YTO
(GWIBTPYIOIUI 3IEMEHT HA OCHOBE MacCHBa LMJIMHI-
pudeckux MHUKpocTpykTyp T1-1 oka3piBaeT MUHH-
MaJbHOE BO3ECHCTBUE HA KaIIM SMYJIBCHU, HE H3Me-
HAsl CPEJHUM JUaMETp Kaleyb, YBEIUYMBAasi CPElIHE-
KBaJIpaTUYHOE OTKJIIOHEHHE C 3 MKM JO 5 MKM.
Ha puc. 5, a, MOXHO 3aMETUThb, YTO YBEJIUYEHUE
CPEIHEKBAJPAaTUYHOIO OTKIOHEHHS MOYKET IPOHCXO-
IUTh W3-332 CIWSAHUS Karelb B IPOLECCE IBMKECHUS
MEXIy MHKpPOCTPYKTypamu ¢uibrpa. bnmskuii pe-
3yNbTaT TOKa3biBaeT (GuiubTpyromuii smement T1-2
C MacCHBOM LWIMHIPUYECKHX MHUKPOCTPYKTYp allb-
TepHATHBHON  KoHurypamun  (cMm.  puc. 4,0,
u 5, 6). AHanu3 pe3yNbTaToB IMPOXOXKICHUS MOHO-
TUCTIEPCHON IMYIIBCHU Yepe3 (HUIBbTPYIOIMINH 3JIEMEHT
W3 MaccHBa MPSIMOYTOJIBHBIX NMapauIeNCIUIe 0B 10-
Kazaj, 4TO Ha TaKUX MUKPOCTPYKTypax Kalluld dMYJIb-
CHUM HMEIOT CHOCOOHOCTh PAa3leNAThCsl Ha ABE WIH
HECKOJIBKO Karesb. JTO OTpa)kaeTcsl Ha pacripenere-
HUU JTMAMETPOB MHKPOKAINENb, KOTOPOE W3 OJHOMO-

JaTbHOTO MpeBpamiaeTcs B OumMonanbpHoe (cM. puc. 4, B,
u 5, B). HanpotuB, ABmkeHue SMynsCHUH B (DUIBT-
pyIOIEeM 3J€MEHTE YHUKaIbHON KOHCTpyKIuu T3-3
MOKAa3aJI0 CKIIOHHOCTD K CIMSHHIO HECKOJIBKUX Karellb
B OJIHY OOJIBIYIO KAaIUTIO, YTO BBIpaKaeTcs B MOsIBIIE-
HUM JIOTIOJIHUTENIFHBIX NMHKOB Ha THCTOrpaMMe Jha-
MeTpoB (cM. puc. 4, T, 1 5, T).

3AKJIIOYEHUE

B nanmnO#t paboTe OB MPOBENEH IOWCK ONTH-
MaJIBHOW KOHCTPYKLIMU MHUKPOQIIIOUAHOTO (GUIBTpa,
CIOCOOHOTO 3aJep)KUBaTh TBEPAbIE YaCTHLbBI HbUIN
U Tps3U C XapakTepHbIMU paszmepamu 10-25 MkmM,
HO TpPH 3TOM CBOOOJHO TPOMYCKAaTh MHKPOKAILIH
SMYJbCHH "BOna-B-mMacie" ¢ XapaKTepHBIM TUaMET-
poM 50 mxm. [lst aToro ObuTo M3y4eHo 17 KOHCTPYK-
Ui QUIBTPOB, MHTETPUPOBAHHBIX B MHUKPODIIOW/I-
HBIC YHMIIbI, KOTOPBIC OBLIM YCIOBHO Pa3/CiCHbI Ha 3
TWTIA: HA OCHOBE MaccWBa IHIUHAPOB (6 Mojeneit),

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3
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ObnacTe unna

113

Mukpokatum nocie (GpHUIBTpa

¥ BBIXOJIHOTO KaHa1d

Mon OJUCTICPCHBIC MHKPOKATTITH

unn-iisTp T3-3
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® _88 ¢
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Puc. 5. [Ipumepsl IBMKEHHS MOHOIWCIIEPCHOHN 3MyIbCHE "Boma-B-mMacie" depes (QIIbTPYOUINe

DJIEMEHTHI.
Macmtab 200 Mxm

Ha OCHOBE MaccHBa IPSMOYTOJIbHBIX Mapasuleienue-
moB (5 mopenell) W yHUKaJdbHBbIE KOHCTPYKIIHH, CO-
JepKalire OpUTrHHaIbHbIE KOH(QUTypalud MacCHBOB
MUKpOCTpYKTYyp (6 Momeneit). Bce mpemiokeHHbIC
BapUaHTHl OBUIM TMPOTECTUPOBAHBI Ha TPEIAMET
GUIBTPaIK MUKPOYACTHIl U3 MOJEIBHOTO PacTBOpa

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3

IOBUTH B Bojie M (QTOPYriepoaHoM Macie. B Hamryu-
mux 4 KOHCTPYKIUSAX (QUIbTpoB, uMeromux dhdek-
TUBHOCTh (QuibTpanuu cBeie 98% B Bojae WIn
B MacJie, ObUIO MPOBEJICHO MCCIIEI0OBAaHUE TPAHCIIOPTA
MUKpOKarneib 3MyJIbCcuu "Boga-B-macie". B pe3yib-
TaTe KOHCTPYKnus ¢uibTpyromero snementa T1-1
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C MacCHBOM LWIMHAPUYECKHX MHUKPOCTPYKTYp ObLIa
ompezeneHa kak Hanbonee onrumanbHas. Oumetp T1-1
MO3BOJISIET 3aJeP)KUBATh MHUKPOYACTHUIBI TIBUTH C Xa-
pakTepHbIM pasmepoM 10-25 mxM B macie ¢ 3ddek-
TUBHOCTBIO 99%, a mpH NPOXOXKIECHUHM MUKPOKAIEIhb

SMyNbcUH "BoJa-B-mMacie" yBeNIW4MBaeT KOdPQHIIHU-
€HT BapHalliy UX IuameTpa He Ooiee yem B 2 paza —
¢ 6 1o 12%. Ilpu 3ToM Gin3KMi pe3ysIbTaT OKa3biBa-
eT QuibTpyronuii yieMeHT T1-2 ¢ MacCHBOM IUIHH-
JIPUYIECKUX MUKPOCTPYKTYP IPYroil KOHQUIypaLuu.

MMPUJIOXKEHUE

Koncrpykiuu unmoB-¢puibTpoB:
PacCTOSIHUE MEXAY LIEHTpaMH BXOJIHOTO U BBIXOJITHOTO OTBEPCTHS 12 MM,
BBICOTA BCEX YMIIOB 25 MKM, Ha BBIPE3aX — TOIOJIOTHS MUKPOCTPYKTYD

Tun Ne1
YanT1-1 : = Yun T1-4 =
Pei2-4263
o Yun T1-2 N = LOBOR §§§§§§\ # —
I.’“I ‘,"' y ,52 :: g gg §8§8 qH:T1 5
II\. .\a_ / o 7—_\
o L S Y e i “un T16 o
= —_—
Puc. II1. Korcrpyknuu qumoB-puiabsTpoB THma Ne 1.
Tun Ne2
Yun T2-1 ra Yun T2-4 N\
.‘: \‘ | l — f
k: N\ / b
T WnT26

—— J

|

Puc. I12. Konctpykiyu 4ynnoB-GpuibTpoB Tuma Ne 2.
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Tun Ne3
Yun T3-1
Yun T3-2
= »i Yun T3-3
Puc. I13. Konctpykiuu unnoB-¢puisTpoB Trma Ne 3.
bnazooapnocmu 8

Paboma evinoanena npu noooepoicke Poccutickoeo Ha-
yuHoeo ¢onoa (npoexm Ne 23-79-01212).
A.C. Byxamuwn 6aazooapum Poccutickuii Hayunviii ¢oHO
(mpoexm Ne20-74-10117) 3a u3zeomoenenue macmep-

Gopmol.
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Currently, droplet microfluidics technologies are actively studied and implemented to solve various biologi-
cal problems: screening of new drugs, molecular diagnostics, chemical synthesis, etc. However, most of the
proposed devices are suitable only for laboratory use due to problems with reliability and reproducibility of re-
sults. One of the key problems arising when using microfluidic chips is clogging and blocking of microchannels
with dust and dirt particles. Various designs of filter elements placed near the input interfaces of the microflui-
dic chip are proposed in the literature. However, many of them are not suitable for working with microdroplets
of aqueous emulsions, since the filter structure can lead to disruptions of the original emulsion (separation or
merging of droplets). In this paper, we studied 17 filter designs integrated into microfluidic chips that retain dust
microparticles and pass water-in-oil emulsion microdroplets through themselves. The study determined the effi-
ciency of filtration of microparticles from a model solution of dust in water and fluorocarbon oil. The overall
range of dust microparticle filtration efficiency was within 88-99% for all the studied filter designs. The best 4
designs with a filtration efficiency of over 98% were used to study the transport of water-in-oil emulsion micro-
droplets. Based on the study results, the optimal design of the filter element was determined that retains dust
microparticles with an efficiency of 99% and increases the variation coefficient of the diameter of monodisperse
water-in-oil emulsion microdroplets by no more than 2 times from 6% to 12%.

Keywords: microfluidic chip; PDMS glass chips; filters; merging of droplets; separating of droplets
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INTRODUCTION

Currently, microfluidic technologies are a rapidly
growing field of science and technology, finding wide
application for solving various problems, especially in
the field of bioengineering and biomedical research
[1, 2]. Microfluidic systems and devices provide re-
searchers with unique tools for sample preparation [3],
tissue engineering [4], molecular diagnostics, and
drug screening [5].

"Microfluidics" (microhydrodynamics) describes
technologies for controlling liquids with characteristic
volumes from microliters to femtoliters in miniature
microfluidic devices (chips) with characteristic micro-
channel sizes of 5-500 um [6]. Microfluidic technolo-
gies combined with microelectronics and chemical
engineering technologies offer new approaches to
solving traditional problems, increasing the accuracy
of sample and reagent dosing, increasing sensitivity,
and reducing the detection limit of detected objects,
which leads to an increase in the speed of analysis and
a decrease in its cost [7].

One of the most rapidly developing areas of micro-
fluidic technologies is droplet microfluidics [8, 9]. It
uses microdroplets of water-in-oil or water-oil-water
emulsions as picoliter or nanoliter reactors for carry-
ing out biochemical reactions. This can significantly
improve the efficiency of assays, drug screening, and
single-cell analysis [10]. Moreover, the use of droplet
microfluidic technologies enables the detection of
individual molecules in digital polymerase chain reac-
tion (PCR) [11], sequencing of mRNA from individu-
al cells [12], and transcriptomic and proteomic ana-
lyses of individual cells [13]. Another popular appli-
cation of monodisperse emulsions is the synthesis of
single-layer and multilayer micro- and nanoparticles,
which can be used as containers for drug delivery,
structural elements in tissue engineering, and micro-
lenses for photonics and biosensors [14—18].

However, long-term and reproducible operation of
microfluidic devices is limited by the level of purity
and the presence of contaminants both in the devices
themselves and in the fluids pumped through the chip.
One of the key problems of microchannels is their
clogging with contaminants that got into them during
the manufacturing process of the devices or from lig-
uids flowing through the channels [19]. They can have
different natures and origins: the material of the chip
and supply tubes, sediment in reagents, tissue frag-
ments in a biological sample, etc. Moving along the
microchannels of the chip, they can aggregate and
create plugs, leading to clogging of the chip and dis-
ruption of its operating mode. Cleaning thin micro-
channels can be extremely problematic, which leads to
the need to replace the chip to continue operation.

Analysis of literary data showed that in order to
protect the microfluidic chip from contamination, it

was proposed to use arrays of microstructures as filter
elements located in the input channels of the micro-
fluidic device [20-24]. However, such filters are often
unsuitable for working with emulsion droplets, since
the small distance between the microstructures can
separate or merge the droplets [25-27]. At the same
time, when working with droplets, dust particles can
also clog the channels and stop the device from work-
ing. It is possible to highlight a scientific article [24],
where filters are used in microfluidic devices along
the path of microdroplets. However, in general, the
topic of filters for working with microdroplets seems
to be poorly developed.

The aim of this work is to develop an optimal de-
sign for a microfluidic filter capable of retaining solid
particles of dust and liquid contaminants with charac-
teristic sizes of 10-25 pum, but at the same time freely
passing microdroplets of a water-in-oil emulsion with
a characteristic diameter of 50 um. For this purpose,
in the course of the study, 17 variants of microfluidic
filter designs were developed, they can be divided into
three types in accordance with the design features of
the microstructure arrays used in them. All proposed
variants were tested for filtration of microparticles
from a model solution of dust in water and fluorocar-
bon oil. In the best 4 filter designs, having a filtration
efficiency of over 98%, a study was conducted on the
transport of microdroplets of the "water-in-oil" emul-
sion. Based on the results of study, the most effective
design of the filter element was determined. When
moving in a fluorocarbon oil channel, it allows for the
retention of dust microparticles with a characteristic
size of 10-25 pm with an efficiency of 99%, and
when passing through water-in-oil emulsion micro-
droplets, it increases the coefficient of variation (C.V.)
of their diameter by no more than 2 times, from 6 to
12%.

MATERIALS AND METHODS

Fabrication of microfluidic chips

Fabrication of microfluidic chips from polydime-
thylsiloxane (PDMS Sylgard 184, DowSilicones,
USA) and glass was carried out using the standard
soft lithography method [28, 29]. For this purpose,
a silicon master mold was made by contact optical
lithography of SU-8 2025 photoresist (Kayaku Ad-
vanced Materials, Westborough, Massachusetts, USA)
on a silicon substrate through a chromium photomask.
PDMS Sylgard 184 is a two-component mixture of
a base and a hardener, which, after thorough mixing in
a ratio of 10:1 and degassing in a desiccator, was
poured onto the master mold. After curing the com-
pound in an oven at 65 °C for 4 h, the PDMS replica
was separated from the mold and cut into individual
devices. Using a skin biopsy punch, inlet and outlet



holes with a diameter of 1 or 2 mm were made in the
devices. To connect the PDMS replicas to the glass,
the surfaces were treated with corona discharges [30].

Preparation of model liquids and emulsions

To prepare model solutions of dust and dirt, typical
laboratory dust samples at a concentration of
0.6 mg/mL were added to deionized water (MilliQNi
Millipore, USA) and fluorocarbon oil (ddPCR"
Droplet Reader Oil, Bio-Rad, USA). A microfluidic
emulsion generator with flow focusing was used to
form monodisperse water-in-oil microdroplets [31].
Deionized water was used as the dispersed phase, and
HFE-7500 fluorocarbon oil (Acota Limited, USA)
was used as the continuous phase, to which 1% of the
surfactant FluoSurf (Dolomite Microfluidics, UK) was
added to stabilize the emulsion. The introduction of
liquids into the microfluidic emulsion generator, as
well as the introduction of emulsions into the micro-
fluidic chips with filters, was carried out using a mi-
crofluidic pressure controller and pneumatic interfaces
of our own design [31]. A PHD2000 syringe pump
(Harvard Apparatus, USA) was used to introduce
model solutions with dust into the microfluidic chips
with filters.

Record and analysis of results

To analyze the geometric dimensions of the model
suspension of dust and emulsion microdroplets, as
well as to record the processes occurring in the micro-
fluidic chips, an optical microscope Zeiss Axiovert
200M (Carl Zeiss Microlmaging GmbH, Germany)
with a MER-301-125U3M camera (Daheng Group,
Inc., China) was used. The resulting images were
processed using original algorithms developed in Py-
thon.

To analyze the efficiency of the filters, the amount
of dust in fluorocarbon oil and water samples was de-
termined before and after filtration. For this purpose,
a solution of dust in oil or water was loaded into a
plastic syringe with a fitting and a capillary. A 1000 pl
dosing tip was installed in the outlet of the filter chip
to collect the purified solution. Using a syringe pump,
the dust solution was fed through a capillary into the
chip filter for 10 min at a flow rate of 50 pl/min. After
filtration, 8 places of the filtered solution sample were
photographed under a microscope in each case. Based
on the 8 photographs in each case, the amount of dust
in the images was counted. For this purpose, a black-
and-white image was used, and a certain threshold for
pixels was manually set, at which the image was di-
vided into a white area where there was no dust and
a black area occupied by dust. After this, the area of
the image occupied by dust was calculated. Then, the
obtained values were averaged for each filter, and its

efficiency was calculated using the formula: 100 - (1 —
— Cou/ Cin)%, where C,y is the amount of dust in the
sample that passed through the filter, C;, is the amount
of dust in the sample fed to the filter. During statistic-
al processing of the results, the standard error of the
mean was calculated.

To determine the average diameter and the coeffi-
cient of variation of the diameter of water-in-oil emul-
sion microdroplets before and after passing through
the filters, a similar algorithm of actions was used as
in the case of dust. However, a microfluidic pressure
controller was used to introduce microdroplets in oil
[31]. A 200 pl dispenser tip was installed in the inlet
of the chip filter, and a specially cut 1000 pl tip was
installed in the outlet. A sample of about 20 ul of
emulsion microdroplets was loaded into the inlet tip.
Under the action of a pressure of ~5.5 kPa for 10 min,
the sample was pumped through the chip. To analyze
microdroplets, a small volume of the emulsion solu-
tion was placed in a Goryaev chamber (height
100 pm) installed in a microscope before and after
filtration. The initial emulsion was introduced into the
chamber 5 times, recording 5 images of the sample in
each case. The emulsion after passing the filter was
introduced into the chamber 3 independent times, re-
cording 8 images of the sample in each case. After
this, microdroplets were recognized in the images us-
ing the "opencv" library in the Python programming
language. After detecting microdroplets, their diame-
ter values were entered into a common table indicat-
ing the image number and filter number. For each of
the studied filters, a distribution of microdroplets by
diameter was constructed, normalized to their total
number. For each of the distributions, the number of
drops on which the parameters were calculated and
the histogram was constructed is indicated.

RESULTS AND DISCUSSION

Within the framework of creating designs of chip
filters from dust and dirt for reinjection of microdrop-
lets, 17 designs of chips containing arrays of filtering
microstructures of different configurations were de-
veloped (see Appendix). The general appearance of
the chip filter is shown in Fig. 1, a. The chip consists
of an input with an opening, a filter element, and an
output channel with an output opening. The output
microchannel has a characteristic width of 100 um.
Such a design of the chip filter imitates a typical de-
sign of input microchannels in microfluidic devices.
All the proposed designs of filter elements can be
conditionally divided into 3 types (Fig. 1, 6): based on
an array of cylinders (6 models), based on an array of
rectangular parallelepipeds (5 models) and unique
designs containing original configurations of arrays of
microstructures (6 models). All chips are designated
by a conventional number of the type T1-2, where the



first digit indicates the type, and the second one indi-
cates the serial number of the filter element (model).
The depth of all channels was 25 pm. Filter models
based on arrays of cylinders and rectangular parallele-
pipeds differed from each other in the number of
rows, their location, and the overall size of the micro-
structure array. The distance (L1, L2, L3, L4 in Fig. 1,
0) between adjacent microstructures was in the range
of 25-50 pm. The "unique" design of the filter ele-
ments is based on the idea of creating a curved path
for emulsion droplets in an array of microstructures,
while microparticles of dirt and dust move along recti-
linear trajectories together with the liquid flow and
settle on the side walls of the microstructures.

Fig. 1. Design of microfluidic filter chips.

a — schematic diagram; 6 — classification of filter
elements into 3 types: based on an array of cylinders,
based on an array of rectangular parallelepipeds and
unique designs

Determination of the optimal design of a filter
element that effectively retains dust and dirt micropar-
ticles but at the same time allows water-in-oil emul-
sion droplets to pass through without damage con-
sisted of two stages. At the first stage, 500 ul of model
suspensions of dust and dirt particles in water and oil
were pumped through all microfluidic chips with filter
elements using a syringe pump at a flow rate of
50 pl/min. During the experiment, the amount of dust
in the liquids before and after passing through the fil-
ters was assessed using images from an optical micro-
scope (Fig. 2).

Fig. 2. Examples of filter element operation (scale
200 pm).

Then, the relative filtration efficiency for each fil-
ter element design was calculated (see Fig. 3). The
results obtained show that, in general, all the studied
designs of filter elements retain dust and dirt particles
from aqueous and oil suspensions well with an effi-
ciency of 88-99%.

Fig. 3. Cleaning efficiency of model dust suspensions
in water (a) and fluorocarbon oil (6) in microfluidic
filter chips.

The dotted lines indicate the target cleaning level of
98%. Error bars illustrate the standard error and are
plotted over 8 measurements.

At the same time, the efficiency of removing dust
and dirt microparticles from fluorocarbon oil is, on

average, higher than from water. However, there are
filter designs, such as T1-3 and T3-4, which have
shown greater efficiency in filtering water than oil.
For the second stage of testing, filter designs T1-1,
T1-2, T2-3, T3-3 were selected, which provided an
efficiency of filtering dust and dirt microparticles
from water or oil suspension over 98%.

At the second stage of selecting the optimal design
of the filter element, monodisperse drops of the "wa-
ter-in-oil" emulsion were passed through chip filters
for 10 minutes under a pressure of ~5.5 kPa. Figure 4
shows histograms of the droplet diameter distribution
before and after passing through the filter elements.
The initial sample of monodisperse microdroplets of
the emulsion synthesized in the microfluidic droplet
generator with flow focusing had an average droplet
diameter of 47 um, a standard deviation (SD) of 3 pum,
C.V. = 6% (analysis of 5844 droplets).

Sample No. T1-1 (analysis of 3488 droplets) shows
an average diameter of 47 ym, SD = 5 pym, C.V. =
=12%.

Sample No. T1-2 (analysis of 3115 droplets) shows
an average diameter of 46 uym, SD = 6 pm, C.V. =
= 13%.

Sample No. T2-3 (analysis of 4976 droplets) shows
an average diameter of 40 ym, SD = 7 pm, C.V. =
= 18%.

Sample No. T3-3 (analysis of 2281 droplets) shows
an average diameter of 49 um, SD = 12 uym, C.V. =
=24%.

Fig. 4. Distributions of microdroplet diameters after
flowing through different filter chips.

Designations: ucxoa. — distribution of the diameters
of the initial microdroplet emulsion; T1-1, T1-2, T2-
3, T3-3 — distributions of the diameters of the output
microdroplet emulsion in different filter chips

The analysis of the obtained results showed that
the filter element based on the array of cylindrical mi-
crostructures T1-1 has a minimal effect on emulsion
droplets, without changing the average droplet diame-
ter, increasing the standard deviation from 3 pm to
5 um. In Figure 5, a, it can be seen that the increase in
the standard deviation can occur due to the merging of
droplets during movement between the filter micro-
structures. A similar result is shown by the filter ele-
ment T1-2 with an array of cylindrical microstructures
of an alternative configuration (see Fig. 4, 6, and 5, 0).
The analysis of the results of passing a mono-disperse
emulsion through a filter element made of an array of
rectangular parallelepipeds showed that emulsion
droplets on such microstructures have the ability to
separate into two or more droplets. This is reflected in
the distribution of microdroplet diameters, which
changes from unimodal to bimodal (see Figs. 4, B, and



5, B). On the contrary, the movement of the emulsion
in the filter element of the unique design T3-3 showed
a tendency for several drops to merge into one large
drop, which is expressed in the appearance of addi-
tional peaks on the diameter histogram (see Figs. 4, 1,
and 5, 1).

Fig. 5. Examples of the movement of a monodisperse
emulsion "water-in-oil" through filter elements.
Scale 200 pm

CONCLUSION

In this work, a search was conducted for the op-
timal design of a microfluidic filter capable of retain-
ing solid particles of dust and dirt with characteristic
sizes of 10-25 um, but at the same time freely passing
microdroplets of a water-in-oil emulsion with a cha-
racteristic diameter of 50 pm. For this purpose,
17 filter designs integrated into microfluidic chips
were studied, which were conditionally divided into
3 types: based on an array of cylinders (6 models),
based on an array of rectangular parallelepipeds (5
models) and unique designs containing original confi-
gurations of microstructure arrays (6 models). All
proposed options were tested for filtration of micro-
particles from a model solution of dust in water and
fluorocarbon oil. In the best 4 filter designs, having
a filtration efficiency of over 98% in water or oil,
a study was carried out on the transport of microdrop-
lets of the emulsion "water-in-oil". As a result, the
design of the filter element T1-1 with an array of cy-
lindrical microstructures was determined as the most
optimal. Filter T1-1 allows to retain dust micropar-
ticles with a characteristic size of 10-25 pm in oil
with an efficiency of 99%, and when passing micro-
droplets of the "water-in-oil" emulsion, it increases
the coefficient of variation of their diameter by no

more than 2 times from 6 to 12%. At the same time, a
similar result is shown by the filter element T1-2 with
an array of cylindrical microstructures of a different
configuration.

APPENDIX

Chip filter designs: distance between the centers of the
input and output holes is 12 mm, height of all chips is
25 um

Fig. I11. Designs of chip filters of type No. 1.

Fig. I12. Designs of chip filters of type No. 2.

Fig. I13. Designs of chip filters of type No. 3.
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