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Skin-on-a-Chip: Transepithelial Electrical Resistance
And Extracellular Acidification Measurements
Through an Automated Air-Liquid Interface
S ERIEZRK: Bid BHSARFENE S ERHEMEEHEIEFIZmmE

[y A
BKRAEENNE, ERPARSESEESEEEEXEE0EA. Eit, A

BT 7 AN TIERCIZ N ERIEEGH T MRS IR, IXLBIRRIRTRIERE
ARRAIEEE (reconstructed human epidermis, RhE) , #RTERIZ. (L@
BRI ERERE T INFERTPSHRR. X8, RINRET N EmE
MRRFTE, TR THINSHEEHLIN= (intelligent mobile lab for in vitro
diagnostics, IMOLA-IVD) , —MEgl. EFERSENTS, wllZFLR ERhEREIE
BURNGEEARREAOTE RR4MBREEEE (transepithelial electrical resistance, TEER) , B
FERIER AR EIETE/ AR AT AR O MEERY, (EFERIR Y R EA=RiT,
ARSURELENS, AT EFNESHBEER. 1QUL929MAINRILE

(Extracellular acidification rate, EAR) F0iE_ER4RAEEFEFE (transepithelia
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lelectrical resistance, TEER) . @TiZF& S NRhEAIIEEIAITEERBIT48/\dd, TEER
MEARTMNHZRAR, 1% FERI LUK ERSESF T A ERIRZBRBIERE,, miHSEr, LA

R ARLIFEAE,

Keywords: TEER; Organ-on-a-Chip; skin models; reconstructed human epidermis;

impedance; label-freemonitoring

1. INTRODUCTION

EANFERARISE, REMUREAFRERIINBEMNEZ BREEZRERE, SRR
BESER. RRFRER, FHRIFASRERIRIME (UV) B8, BRTEENFED
B8, ARERRRAHUTARRILNERIDEE, WEH. Baeflabt. R/ AT
SMERIMERISBRISE—POIRE, FRUEMRRTAR, WEMMSER, Yot hEE
XHETIRZBRTCEEMERYRES, EEEXEUEYIRRN T, MREYSF AERERE,
ERNRAR T EBRCFYRET AR T, EIENTFE, SMEYMTIEEAETT
KRTRIREHRR. F— M RRREETERIN"Y (2D) HgHRE, ARMmEERT
BIFIEFRROR A EMRE £, RTFERIMEER, ISR KA 4 R4, mERRLET
M=, BRITIEFITA T 3DRMEESRBIMARSSIEN, FEYBESSRFmEmRLT
T EEEEEEXMANER,

ABIRZBRE T FIHIREERL, ENEEMERIIE: RKE. EREMKR NMAR, &
FREIRFEESTIMEERT, BRREE A S AR RRARNERARKER, &
BRI RN RERINRERENEERE, IR HEMMEERE

(GRS, THRS) NeERE., ATHEGEN, ERUEARK (RhE) =2

BEEREENY, BAfms 2852, RhEMEEE MR AR AR R R A
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BiE L, FEEMAARIESRZRS, ETENRT, WmETranswell®ES (Corning
Inc., Corning, NY, USA) , ZREBEFIMETSKRAH, KEXRAEEATS
o, FORRAEIRINERRNEFR SN, Brl, BFMARKESR, LUREWAIREY, 0
EpiDerm™ (MatTek{f/MEdsRIFLIG=, Bratislava, Hnigfkse) , EpiSkin™
(EpiSkin, Lyon Cedex, j%E) , SkinEthic™ (EpiSkin) , EpiCS®
(CellSystemsGmbH, Troisdorf, #&E) , flLabCyte (HARRTEGRAE, HAE
ZH) . ALEXANDRAWEBIFSFIMANTERRITGE, ABHERIUIF A3 DEZIkE

BT AR,

2. Background
2.1. BETFEMARKINRRSHEAIRHSTIERE

NEERERE, iTHNITRNESHEYAMZSYNRRIEERN, 3DIEELRFWR
ZI—ZHZWE ERIIGIE. AIRBERUMEATTEGIEFS (ECVAM)  iIESE
MEFEIFERRAER (OECD) WiiisE (TG) , EBREENNRARIRERATLUES
AEZATERTRASHENIN., EIBR1/9lE, OECDIRM Y AT RAXE IR IRAHITER
Mikh9iER, HBIETFOECD TG 43150439,
2.2 BECHFEMHEENE

BT ERREEEEFAMERMT £, RIBMEIRNEN, ATASESZ UK IERR
EXLIMEEETH (Organ-on-Chip, O0C) {X=8RARAKRE. B|ECHRSHA 7 —/
SSEIENMIRAMIBIEREE, AEIPERFE MEFREME. A, KSHO0CE
BNATERMImRDITTE, REAARNBERIIUNITE. W, WERE, M5Ot

IRE A RER BT I ABRE GBS MM EESEIREE R, FIt, RATRERARRISERTIEERY
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SRR, NFNEH TN EFTHNRIFEER N,
2.3. RERk/ERARENE L RAHiEEE
HFEENEENEYSHNEREE, EENUEEERHMRNSHC— BR
MNE, PULERLGE, SEAFRIAENE, HERSOENFIERRKE. HPRE
SHY75EFNE ARSI N A RN E R EE M R, LTS D s ZERASE
HFTheE. EXE, B LRMIEEBAE (TEER) BHT —FTircHEAISI A KA
AXSEEM, TEERENE T — 1/ L MHIRERYEEE.
2.4. BriE ERMEEEENERAFIE R4 EEEEMMCNENTE
BRTHONIGE, BBl EeT BN ERS, W “RREF-BEit”  (World
Precision Instruments, Sarasota, FL, USA) ,, BRI, HTFHSMIEERRSR
NES, MRARFTEFHBMEREFINEDNESFEREINERR. XMNIFER=EN
MR, EARRERMSEENENRED, BT —HARIRE (31 Endohm =) FJLL
BiENE, EREFEURAFEGMFNIN, BFKHAEFTIZHREG. B,
T RAAARSFTE, BAIBNNERAEEMNSFRFTEY, 285 BEohiEEnenohs
FH, Bis<, BRI TEER MERFDAFTERMFNMRMEIFERRSE, 07T
BIUSEM, WS T EASCINHEIE. £FaESREAEN (OECD) iAA, —
ESINSE, SFERERERIEFN— N ERMLE. Eitt, TEER fud@EdEmE

zf) TEER MSimfREE, REREHEIEFAEINETMHAIER FHTRIEUHEIUNE, Ba]

/|

PAXKREZ 55,
L, BAINMEBT MRS NN RFHRER ST TEERUE, the
intelligent mobile lab for in vitro diagnostics (IMOLA-IVD)  (cellasys GmbH,

Kronburg, Germany) . FF&T7— M EEIRIHAIEAL, FRERRERERIRISF VRN
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RhE ZRREMEEY, RiFH TEER WEFATFHAR RhE 155, HEREIEMATRIATES, TLUE
I EEAEMNZ. W5t T mNMIBINRLE (extracellular acidification

rate, EAR) . SCEARRIBIREIERENMERERRIERUTTS, LI
HENE, FEERENSREYE. AARER 7 —FHERIK BRI EIATUE TS AR

ISAERIRLFE.

3. Materials and Methods

W

3.1, NS E RERS RNSCI = A

IMOLA-IVD 2—MiS A ERISEIO =R RS, FTEIEN L929 /INERET4E4pEF
EpiDerm™EEE AZRZHAEIEEYAY TEER #1 EAR, IMOLA-IVD NERREELAEZRINT
YErPHHT THEA, A, 4 IMOLA-IVD GF— IR, BlfIsisEtr, LIR—
SERk T IR RRERHIES Fr, Z G RSN S AR RERES, FRAERY IMOLA-IVD 5C
WRES R EUEREMIEENA (DALA) ZFis 2.0 PN ATENSSHERM,
LAEH—MERNZRFNER 6 1 IMOLA-IVD RFERIFNRIEMEE. R7E ON Fl OFF K&/
183K, £ OFF RXMEHE, MiRsep s EtNERYR, £ ONRAKER, 5
FEEFEREREIIET,
3.2 B#HY BioChip-D /hz

YIS R ERE S — MEREST IR BB AR RER R — NE VR, FALMR
S RHERFHEBAIERIEFRE, —NRASLEREREINE, AA—MRINES. #
SIHETR (~6ul) WRME, TEERMREREERmNEMBINRILE (EAR) MIEEIER

(B 1a), %A, FENE RhE WIER T, SR HEFNERRNESITREEYS R TR

HERY IMOLA-IVD XigrERER =S (IDES) MELRTT. /97 FelRiXLpRE], Frrvms /=
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TASLANIRT, LIRSS -RiAMER Pro/Engineer Wildfire 40 (PTC Inc, Needham,
MA, USA), %EFE Ultimaker2 (Ultimaker BV, Geldermalsen, Netherlands), {8
SRILEE (PLA) FFHEERERFSSERI (Corning Inc, New York, NY, USA) iEEZIEMS H

BioChip, E#ikitHY BioChip NEERTH AIEFEMEMSFLIR EIE7=A94058 (Bl 1b)

AY RhE,
TEER
Overflow Inlet/Outlet
| Standard TEEE FI;idic _ —|
Fluidic head e
TEER Electrode T I
BioChip L
Encapsulation - Skin Explant on
Wi — Membrane
Cells on
BioChip IMOLA BioChip-D

Normal BioChip-D Modified BioChip-D

(a) (b)

Figure 1. Schematic diagrams: (a) Standard BioChip with fluidic head, and (b) modified| BioChip
with transepithelial electrical resistance (TEER) fluidic head. The fluidic system with the medium is
highlighted in red. IMOLA: Intelligent mobile lab.

3.3. 1929 i SEE ARRAIBRIHIE SIER

ICRNRAETERE (L929) FIERARRAE (RhE) MEE ERZ4AM/=ERERRE, L1929
{REBTENN 10%BR4EINE (FBS) #0110 pg/ml gentamycin  (Thermo Fisher,Waltham,
MA, USA), ‘MREREBFRERSTIR =S (GLP) 185, FHRET 37°CHl S%aItEsrrarhts
7, 1 9S%RISER, &, 100,000 4HEMTE 12mm Transwell® £, FLR 3 p
m IS FLEE (Corning In). transwell BE/SHAIETE 6 FUR L, H7E 1ml DMEM g
B 24 /\Bt, AEEEREI modified BioChips /,

1929 R IL=AWNEMER, FATIGIESE. 1§ EpiDerm™RhE Et&RELSE

B3 6 FLMR L, FE 5.5mm/5mL fY MatTek BMMEKEREFRE (#EPI-100-NMM-250)
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(MatTek (A9PEHREIFLIE). & 48 NIRIE—IRIEFE, BEF%BE) BioChips Fxd
=EXh, SCIFART 24 h, BEFEFOE 0.9 mL AR 12 MEFE, Modified
BioChip-D £ 70%ZEsh =2 REKME 20 min [, BEEESEFKk. SR EE
Fo&ih DMEM 42 24 h LIRRERE, ARBEEFYHRERSH L.

3.4. HaERRFRING

Rit 7T —MBEmmERRFREMUIRNEES H E1E5F 48 /INFLAER RhE fHEEHE
IR TEER, ZRFHER NRAMER (FM) HRY, B35 Tygon® E-3603 (Proliquid
GmbH, Ueberlingen, Germany) EiEZEERMIIA0ENE, XEHTAIMLIET IMOLA-
IVD RiFHEIRER ON/OFF X2, MERMARRMUEFFEVARIESE, FEHR
Transwell ®FRAYTIRERX S, RABERELE PENAR (PBS). WIE 2 A, NMRIEHIRIRTE
FTo&HH) DMEM 1 0.2%SDS BEFAFEZ AR, RAEIREERIVAEME. TEER SRR
E# R PBS #17 TEER WE MK AT F#EFM RhE REAKBEMENKY,

(a) Nutrient Delivez Module

LBTM1 p—] oup I w —
sDS1 ] vl = cht 1 V2
Bio PMP
Chip cha [|
(b) TEER Measurement Module
—
=
™ —
Fluidic Module (FM) 1o vi o v2 >
1 I\ _I/— PMP
I_ V3 che w

v 1 var Bio
alve Chip

[
m Waste Container '”'“‘"’““‘I overflow

Figure 2. The dual fluidic network consists of (a) a nutrient delivery module, capable of transporting cell
culture medium to and from the BioChip, and (b), a TEER measurement module, which periodically
perfuses the apical side of the membrane with phosphate buffered saline (PBS) to measure TEER.
PMP: Pump; LBTM1: Low buffer treatment medium; SDS1: SDS Medium; TM: TEER medium, TS:
Test substance

L929 fHfEtEFESFUIR/NE £, RhE fIRHEELUESRE Modified BioChip-D £, &iJ
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&Py DMEM S5iERRIFT 36 \ITEIHARUIESR. X3F 1929 4af, JoimZRREER(L,

R ON Bt/E9 5 o, MR OFF BfEs 5 2%p. 10 280, 30 H¢4F0 55 2%, X+F RhE
HIAREY, RESE 5 2% ON, 10 5%k OFF, 5 5% ON, 25 3% OFF, 5 530 ON, 10 13
£h OFF, 7E 25 H#hAYZR OFF MER, @T4E PBS RARIREMNE, ok LAIMETTERES
FAASLERRY SR 2 (B S7FRERIERE, 18R TEER WE. LA 60 ul/min BERER 750
uL B9 PBS RET A _EROBR £, ATSLA 120uL/min ROEE XS, TEER UEETE 25 SR
KIABAEFTRY. EERSENERERE (1929 4HAEFN RhE AFIEELSEI/ 47 0 36
/NET), ¥ 0.2% SDS F&Zi DMEM RS HYERRMEXTER. A SDS 15EE TS 12

A, LAMESERSRRZEXSNERT TEER AISZME.

4. Results and Discussion
4.1, EFNRITRYE L EZFEBRETETRE

BEFRBAERE, REEFEARA~170 ul, NEREIE FTEENADFLET
FiiEA, EERIIFLAF RS E Y REEITY SE AR E R EEE R A A
8. 7£3R ON f8iifjE), EFEFEERIEFERLIEE (B 2). RhEEFINNHRESR
BETINE=SH, SUKETERIES, RIEDWHR— AL NS E. ATIEXEEFY
A9 TEER, EIMRIHAOMASLEE— M NAAD/HOR, Bttt i—EE/ PBS 1A
R, XFRRDRERESAIRTNRITASZENR (WE 1b) FEREsE A EAYYHHE IDES
EERZBRVEBER, iEmiRE TEER BBEIRTERRERIN ARG, Bhlb@En. 1E52 5 o
ICRARAY TEER, PARTENEZ [FEN PBS LA%ERF ALL,
4.2, INEPRETHELRRBRIBEINR L ERATNIE

(EREINEMXEN EAR, 15 1929 BB RTERRERERIR. FREZITHI DMEM
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LA50 pL/min RUERSETE 1929 4iE, B 3 B Ry ERREMRUER pHE (LUmV A
BBf), A8FFTIR OFF MR, EFefsnE, MEEHRSEFRIRAEARILE
¥, EYEH LNEREMYMERSEIONEIXLAEH). FEFFRTER ON MR, it
e, PEREREETATEREAE, RHERER DISARME. MNEFELIER, SANR

ER{VET, ZR OFF55 o%hhd, EBESIZIN~5 mV, MRENIERNAST =4 EAIEEL

.
750 -
700 - SDS Addition_
650 - \:,,L‘“’ﬂ'
£ 00 o~ e
T 550 s
LY
500
450
0] [——pH]
] N T T T T T T 1
0 40 50 60 70
Time (hours)
629 Before SDS 600 After SDS
620 595 {-H-—
615 590 ,,"
—~610 ~585
= > [, N
E,aos”."LL | _wisso l‘m‘ “W b
Looo] [y A Tors] | |
595 570
590 565
585 560
a8 39 40 56 57 58
Time (hours) Time (hours)

Figure 3. Recorded extracellular acidification (pH in mV vs. time) of L929 cells before and after addition
of sodium dodecyl sulphate (SDS). mV: millivolts.

4.3. INERR TSRS BRI AR RIS R AL

—HBZ ON FHER, WERRERE M, BRREIERS BE) B, ENFEZE
FE—MEERRER, XAURRHTHEHHEARESUR LEANRUEREZBIESS
¥R, EAHONMESTHO., £ 58 /\f, NENES T, XAIsERH TR
HNMBRNABENEIEFEF. & 56 /N, MREEAERE, BRUARTERIRKL
PRI R, SEUE 55 DR OFF ERISSZEIE, & 4 A T ESCIafs4eitia) 55 o

# OFF BERF54ElE EAR, FJLABH, MNASDS f5, EARSIE, ARIEEEFLIT,
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RIPAERME. AREERHELTE, HFILNER,

15

0 = e / \-

T ] e
o 0 L 4
S 5 \ -
= -10
S 15 i
SDS Medium added
20 e S |
25 30 35 40 45 50 55 60 65
Time (Hours)
260 -
4 - -
240 - \ /
1 -
= 220+ .\‘/'\ /. I\'. .
= 200~ - VAL -\
..
= 1ao~ SeEmtaTe o
160 - SDS Medium added \... EEgEEE
. ] )
25 30 35 40 45 50 55 60 65
Time (Hours)

Figure 4. Calculated extracellular acidification rate (EAR) and TEER of 1929 cells during 55-min stop
intervals; (): Ohms.

4.4, INEPRETHEARARAY TEER (B5_ CRZAMIBEFERE) il

b7 Eil L929 ARREAIAIETER, £ 25 H¢h3R OFF RRjEIARTLAUml TEER {8, 7£ TEER
WETRES, FEE PBS RANE/NENERBIRHITNE, HESKERN. TEER A
FoEE, RABRZEFERER. SMANERALISLEIRIAN PBS h, SETRIE
LRSI —RIEE/ AR, PBS Mg 588 5 o, IR OFF LIH(TioERll. 2
[5 PBS #ERHENE/NE, BRI T—MUERENR.

El 4 BT M 25 /e FFaERY EAR 70 TEER, 73R OFF FiEz, EAR HAZettREIATT
B, &®1RET SDSIIARFIINGRIER. SEIRFHA 24 /g5, SENRISCEFBISE
£ 190 RRURFIT, REHRREIN/9-40 R, EAEARN L929 NR AT 4ERIRTELSF P RIFR
B, FutBivEiaeE—MEKF. |ET 0.2% SDS 157E 8 /\itfF (IEASE 56 /)
BY), SEERPBHUTRE 14.8%, XIRANA SDS SERIMIBIET. RERRREHT FIF 6.11%, XL

ERF, FTRRIEHEIIT IR RS T B sl IERINE.
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Table 1. Impedance values of murine fibroblasts culture on TEER chips.

Time in Culture Impedance n =9
Real () Imaginary ()
Pre-5DS exposure 189.66 += 1.80 —41.89 + 0.93
After SDS exposure 161.56 £ 0.53 —39.33 + 1.00

4.4. RhE 4HREEELRT TEER (B5 LRZ4BREEEERE) Hail

A LAMEERIREN TR ARRMEER (reconstructed human epidermis,
RhE) #{7i%E4245M) TEER £9 50 /B, 7£AT 12 /MBS, TEER (EfRIFAEXITSE, WIE 5 FR
. £ 36 /N\B¥fE, A 0.2% SDS 4 EMAESS 2 e, Y TEER (E5ATE. SDS 157
EINARI, TEER BRVIERIER, £ PBS IIA\UmEEE, REREREF I~E B

5 S EEOTIREMALTR, M EER NSRS AETS, TG, TEER BATHE

#iE.
TEER vs. Time
4000 - 5000
L ]
l-.. 4000 4 Pre SDS
3000 4 '-----.......__. & 500 TEER =3091
.-.-IIII III.-.... 5 2000
\ w 3
-. —
= 2000 o [T 1000
o 0 — ; . : Y
w 5000138 136 137 138 139 14.0
E e SDS Added (37H) Time (hours) Post BDS
MRS 4000 J
—=—iRe(@) g 3000 4
5| I x TEER = 1946
i 4 2000 4
e
1000 4
-1000 : T T T , 0 — x )
0 10 20 30 40 50 485 486 487 488 489 49.0
Time (hours) Time (hours)

(a) (b)

Figure 5. (a) TEER values (real part) of the MatTek over time before and after exposure to SDS medium
(at time = 37). (b) Green areas indicate time periods where fluidic pumping is occurring to either fill or
remove PBS from the RhE model. Red spaces indicate places where fluidic pumping in the fluidic head
is not occurring. Z: Impedance.

22 SDS 1575 2 /\ifjm, TEER HRERIZRMHIATLAASINE], #£4), TEER{ES
7 SDS 1B7EaER. (B2 TEER EENEHRERS TF, BRREE— 1 ERAYE.

XSECNEBAITFES TEER B, X570 SDS 5 |f2A04REZRE IR, Lok, FEE SDS
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EFRENINS AR, BIRaIRIERERN. RERET SDS, RYIANEERTFE
FRBAIFE. BEEIENE, LA IMOLA-IVD REEE RN SR EHMiE b T
RY, EXIBYEIRERY 0.2% SDS B LABKERIRSEIN S 2 RICAE, MIEEr=AiEnI%E

IERMEAIREETES RN 3D RAREPIEFARIMIRRE anE ORISR,

5. Conclusions

EIXE, BAMRE T —MEIFITE, DAFMRA R NAREA i =S FLIR
RS, BAIRSCHEY O R EIHRTHRIERS R NS AEHERRIRE, LINE
SIMNERAREAESR (reconstructed human epidermis, RhE) , Iit4h, &7
— RS HNEMURIARSE, G PBS iAamEF I TRERIZZ=##1T TEER V&,
{£F3 L929 4R, it T —MIERVRMEDIE, BT EHINE TEER KIS BIEFFRE
5o\, SDS BAEIINZRIRIFRIMIEES, (F/aRMERIrR,

R 1929 ARt YIRS, XERARKMIERENRT TEER TSN, TEER (&
BRERMEEI TSR ZE D 24 \ad, DO SDS EBA#EFIVAREEHSIER. ELGEH
SLIGHEILAERESAY SDS IRESRIESXI BRAVIARATE), SAIER, XMTIER—IHHS
IGUFSCLS, ERRY IMOLA-IVD FBFEZ 3D REUERINEES, 1ERIEERABIMLEIE

PRI, EEEENE, XMITIEMEH T — 148 ALl B TEER WERTTE.
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