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Abstract

%ODFN OLSLG PHPEUDQH %/0 IRUPDWLRQ DFURVV DSHUWXUHV LQ DQ HWK\OHQ
VHSDUDWLQJ WZR DTXHRXV FRPSDUWPHQWY LV DQ HVWDEOLVKHG WHFKQLTXH IRU
5HFHQWO\ PXOWL DSHUWXUH %/0 DUUD\V KDYH DWWUDFWHG LQWHUHYW DQG LQ RU«
WKH HIITHFW RI FRYDOHQWO\ PRGLI\LQJ WKH SDUWLWLRQ VXEVWUDWH XVLQJ VXUII
n KH[HQH GHFHQH DQG KH[DPHWK\OGLVLOR[DQH +0'62 DV PRGL,FDWLRQ JURXSV
VLGHG +0'62 PRGL{HG SDUWLWLRQV RU XVLQJ GHFHQH PRGL¢(HG SDUWLWLRQV ZH
IRU DUUD\V IRUPHG XVLQJ XQWUHDWHG (T)KHHS[HOWMLWRE QN D\RURQLQ YGM DWIHGRHPEU
DUUD\ OLIHWLPHV ZHUH QRW VLJQL{FDQWO\ FKDQJHG RRIIS[HOHGPR B IXGDNWHRQ HG |
JUHDWO\ LPSURYHG DYHUDJH PHPEUDQH DUUD\ OLIHWLPHYV FRPSDUHG| WR PHPEUDQH
SDUW INWHHR[GIDH PRGL:FDWLRQV UHVXOWHG LQ %/0 PHPEUDQH DUUD\V |[ZKLFK RYHU W
FRQGXFWDQEFE@G*KLIJKHU FDSDFDRWOMFHRRSDUHG WR WKH RWKHU PHPEUDQHV ZLWK
IRU GRXEOH VLGH® RRELQADPRIGRQFDWLRQ LV HYLGHQW DV D FKDQJH LQ VXUIDFH HC
URXJKQHVV GRHV QRW FKDQJH VLJIQL ¢ F2a@WE\C, YR B XHRQ FRRP WO QWUDRY FRUPHG XVL
GRXEOHNWIESM®H PRGL:;FDWLRQ HQDEOH WUDQVPHPEUDQH LRQLF FMUUHQW UHFRUG
UDWLR :H GHPRQVWUDWHVG WKLV E\ UHFRQVWLWXWLQJ J$ DQG . KHPRO\WLQ . +/
PHPEUDQH DUUD\ €nL UDMLIPRH ®HFRR QVWUDWHY WKDW VXUIDFH SODVPD SRO\PHUL]DWL
FDQ EH XVHG WR LQFUHDVH WKH VWDELOLW\ RI ELRPLPHWLF PHPEUDQH DUUD\V

Abbreviations: -Hemolysin: -HL; AFM: Atomic Force an established technique for the creation of biomimetic membranes
Microscopy; BLM: Black Lipid Membrane; DPHPC: 1,2-Diphytanoyl{19. BLMs can be established principally by two basic techniques;
sn-Glycero-3-Phosphocholine; ETFE: Ethylene Tetra uoroethylendhe Mueller-Rudin painting techniquel and the Montal-Mueller

HMDSO: Hexamethyldisiloxane folding technique (Montal and Mueller 1972), respectively. Painted
) BLMs are formed by depositing a solvent (hydrocarbon) containing
Introduction lipid solution across a partition aperture of up to 1 mm in diameter

Biomimetic membranes with embedded proteins are increasingl nd then aIIov_v _the _solutlc_)n to thin out (as evidenced by an Increase in
attracting attention because of their properties as model ce ) SO that a lipid bilayer is formed surrounded by a solvent containing

membranes, which can be employed in a variety of fundamentg?rus' Folded BLMs are formed by spreading lipid monolayers at the
biological siudies and medical and technological devitg46] air-water interface in each compartment and then raising the aqueous
e latter have both scienti c and practical interest because of theirsolution resulting in a BLM formed across the partition aperture with

potential applications in the eld of biosensors, drug screenin typical diameters of 50-100 um.

tissue engineering, and medical implaritg][ Amongst the general Common for both the painting and folding technique for
challenges in biomimetic membrane design is to scale up membragstablishing BLMs is the requirement for a partition pretreatment step
e ective areas, to create stable (addressable) membrane arrays Vijiore stable lipid bilayers with low ®alues — i.e. tight membranes
long (>days) lifetimes6]. Speci cally, it is important to ensure that — and high G values - i.e. large e ective bilayer areas — can be created
the membranes have low ionic permeability as evidenced by a lawross the partition aperture. e pretreatment typically consists of
value for the electrical conductance J@ particular for sensors based applying a hydrocarbon solvent to the partition, which is subsequently
on ion channels embedded in biomimetic membrane arrays. Also, a

high value for the membrane capacitancg) (€ desirable in sensors
based.on dete_c_tlng Changes.m membrape impedarnce. Generally, *ﬂec?rresponding author:  Claus Hélix-Nielsen DTU Physics, Fysikvej 309, Building
formation, stability, and electrical properties of large stable membranes™ 5|, gy 7HFKQLFDO 8QLYHUVLW\ Rl '"HQPDUN"'. /
are critically dependent on the coupling between the membrane and )DI[ (PEDAXYV +HOL[ 1ILHOVHQ#I\WLN GW.
its supporting sca old §2223. In the development of biomimetic .. .ieq 0D\
membranes it therefore becomes important to ensure good coupling/

; : ; : ; itation: 3 HWMansenJS 6WLELM6SingT 3VIRQ %DUWWVD O
adhesion at the interface between the biomimetic membrane and UIDFH ORGL:FDWLROV RI 6XSSRUW 3DUWLWLRQOV IR

surrounding sca old. $UUD\V - OHPEMPK&ERO GRL 6
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Black lipid membrane (BLM) formation across aperturesCopyright: « 3HUW\HW DKLV LV DQ RSHQ DFFHVV DUWLEFC

in a hydrophobic scaold or partition, typically ethylene tetra- WKH WHUPV RlI WKH &UHDWLYH &RPPRQV SWWULEXWLRC

/ XVH GLVWULEXWLRQ DQG UHSURGXFWLRQ LQ DQ\ PHG
uoroethylene (ETFE), separating two aqueous compartments i§ gy yrn DUH FUHGLV?,HGQ Qe be
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allowed to dry onto it prior to lling the chamber compartments (HMDSO) from ABCR purity 98 %, and 1-decene from Aldrich, purity
with the electrolyte solution2p]. e partition pretreatment step 94 % were used for plasma polymerization and were purchased
provides a proper interaction of the lipid molecules around thdrom Sigma-Aldrich Denmark (Brgndby, Denmark). Diphytanoyl-
aperture edge which ensures stabilization of the lipid bilayer. A higbn-Glycero-3-Phosphocholine was from Avanti Polar Lipids Inc.
degree of stabilization is directly re ected in a low value ofi@ the  (Alabaster, U.S.ABacillus brevigAA (gA) (Sigma)Staphylococcus
pretreatment step creates essential conditions for establishing staBléreus -Hemolysin (Sigma), 99% ethanoi;heptane anch-decane
biomimetic membranesif]. (Fluka) were purchased from Sigma-Aldrich Denmark (Brgndby,

. . Denmark). All other chemicals were of analytical grade and purchased
Recently, multi-aperture BLM arrays have attracted interest astg 1 commercial sources.

method to scale up the e ective area of biomimetic membragjes [

Functional biomimetic membranes formed across multiple apertureMicro structuring and surface modication of ETFE
requires a high degree of stability and production reproducibilitypartitions

and both parameters are strongly in uenced by the partition material

properties. Previously we described the development of an automation ETFE LZ.2.00 Im (50.8 pm thickne_ss) was Ias_,er stru_gtured o
{oduce partition aperture arrays as previously descritjeBéartitions

technique for establishing BLMs in arrays and we showed th& ; - .

variations in the pretreatment of the ETFE partition was a majoPrOduced were mult-aperture partlthns rectangular W't.h 8 x 8 arrays
determining factor for the ability to reproducibly establish lipid bilayersOf apertl_Jres with 300 um aperture diameters and nominal centre—to—
[8]. e reproducibility could however be increased signi cantly by centre distances of 400 um.

developing a controllable airbrush pretreatment technique. Althouglsyrface plasma polymerization and characterization

a high reproducibility was achieved with the automation technique for . .

establishing lipid bilayers, the low leak currents of established bilayers Surfaces of ETFE were plasma polymerized with  HMDSO,

could only be maintained for approximately 100 min, meaning that decéne, and-hexene in a custom built plasma chamber with a
membrane lifetimes were not increased concomitantly. chamber volume of 30 L using argon (Ar) as activation and carrier gas

for a sketch of the chamber set up Bagire JA) and for a general

In this study we addressed the stability of painted BLMs asreference please refer to (Yasuda 1985. ). e parameters for the
function of changing the chemical composition of the surface of thplasma treatments are tabulated in the apperdixsurfaces of ETFE
partition substrate — mimicking the traditional prepainting. Plasma
polymerization is a well-known technique for changing the chemical
properties of the top 10-100 nm of a substrate surface while maintaining A)
the bulk physio-chemical substrate propertig4].[ Previous studies
have shown that plasma polymerization can be used to modify the
otherwise chemically inert surface of ETFE and be used to introduce
covalently bound surface functionalities onto substraieisi]L7]. We
employed plasma polymerization (§&gure ) to add hydrophobic
groups to the ETFE substrate material mimicking the traditional
prepainting step and evaluated the e ects of surface modi cation on
lipid bilayer stability and reproducibility.

We investigated three di erent monomers for surface modi cation:
hexamethyldisiloxane (HDMSO) 1-decene anbexene (se€igure
1B-D). HDMSO was chosen because of its ability to form hydrophob
layers on polymeric Ims by plasma polymerizatioR2f], e
ole ns 1-decene and-hexene were chosen as a mimic to traditional
prepainting using a low molecular weight hydrocarb@n [

(9]

B

We demonstrate that by using double-sided plasma polymerizatio )
with n-hexene it is possible to obtain stable (i.e. long lived) biomimet
lipid membrane arrays with high Gralues (large e ective areas) and
good adhesion as re ected by low Glues. We suggest that plasma
polymerization may provide an e cient method to create substrates C)
suitable for establishing reproducibly and long-lived bilayer lipid
membranes. Moreover, the surface modi cation can be tailor made for
speci ¢ membrane forming solutions. D)

O S

Experimental
Reagents and materials

Tefzel thngne tetra uqroethylene (ETFE) LZ200 uoropolymer Figure 1: 30DVPD FKDPEHU VNHWFK DQG PROBRPHIP VW
for the fabrication of multi aperture partitions were from DuPont| R| WKH SODVPD FKDPEHU 7KH FKDPEHU EODEN RX
Fluoropolymers (Detroit, U.S.A). Sheets of regenerated cellulose (Ds;sg g (FDFR>'<DF|’4 S\I/- Q 2—'0 HJFva S I?F z 'al-cl)UGF\'/ DD Sﬁ PJSH IE)Y4 UFDRV?I Sg F>\</\/VHL?2

<
RC70PP) were purchased from Alfa Laval (Nakskov, Denmark). Round\y ki FKDPEHU EOXH VIVWHP ORQRPHUV DUH VXSSt
glass cover slips (30 mm) were from VWR Bie & Berntsen (Herlevy, FDUULHU JDV UHG V\VWHP % +H[DPHWK\OGLVLOR

Denmark). n-hexene from Fluka, purity 96 %, hexamethyldisiloxane ~ GHFHQH PRQRPKH[HQH PRQRPHUV
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Santa Barbara, CA, US) using a hexadecanethiol modi ed Au-coated
Bio-Lever probe (Olympus Denmark, Ballerup, Denmark) with a
nominal tip radius of curvature of 30 nm. e probe was stored in 0.1
MM hexadecanethiol/EtOH for two weeks. Initial stress of the probe
was released by allowing it to equalize for 1 hour before measurements
Adhesion energy value maps were calculated by integrating force-
distance curves (contact mode) for each pixel (1.56um x 1.56um) using
an algorithm provided by Asylum Research. e probe was calibrated
on the silicon wafer base (Olympus Denmark, Ballerup, Denmark) with
contact angle ~40°, and a reference force volume (FV) map was made.

Preparation of lipid solutions and formation of BLM arrays

e bilayer forming solution (BFS) consisted of 1, 2-Diphytanoyl-
snGlycero-3-Phosphocholine (DPhPC) indecane (50 mg/ml). e
lipid solution was prepared the day before, and stored at 20°C until
use. Planar lipid bilayers were established across the surface modi ed
ETFE partition arrays by the lipid bilayer automation technique as
previously described], see~igure 2 Brie y, the two-cell lipid bilayer

Figure 22 3ULQFLSOH IRU HVYWDEOLVKPHQW RI %/0 T UUE@%{M%S&%?E@@;’TE&W ol Eﬁ?ﬁdﬁnc’di ed 8x8 multi aperture
VROXWLRQ LV ¢OOHG XS WR WKH FXW JODVV FRY H & MELRAMIOR gisaw ;A oyjte &, ¢lrgular regeseyated cellulose sheet
IURP WKH WRS % 7KH DTXHRXV HOHFWURO\WH VR (DS8:-RQ70RPPy Alia Lavet, zIdakslkoy 0 Derenark). wig Hporous semi-

cis FKDPEHU WKHUHE\ UDLVLQJ VDXSH WX D R USDAYWA Wi iifp orddtibiil&/er design prevents BFS ow through the apertures from
WR IRUP DQ DUUD} RI OLSLG ELODIHUV & the transto thecischamber upon establishment of lipid bilayers. e
trans chamber was subsequently lled with 7.5 ml 0.2 M KCI saline
were cleaned with ethanol (EtOH) and MilliQ water prior to plasmasolution, whereas theis chamber was added 0.5 ml of the saline
treatment. e So plasma ™ technique for treating ETFE partitions solution. e lipid bilayer solution (100 pl) was then carefully added
can be divided into an activation step and polymerisation step. In thg thecischamber using a Hamilton pipette. e level of the aqueous
activation step, a 40kHz radio frequency (RF) or 50Hz Argon plasmaectrolyte solution in theischamber was then slowly raised by adding
is created in the plasma chamber at a medium vacuum between 5 &broximately 7 ml of the saline solution using a plastic Pasteur pipette.
15Pa. Both the partial pressure and activation time are lower during thgthis way lipid bilayers were created across all of the 64 apertures of the
activation step as compared to the polymerisation step. ETFE partition arrays. e formation of lipid bilayers in the partition
Upon surface activation, the monomer in its gaseous phase gperture arrays was recorded by voltage-clamp measurements of the
pumped into the plasma chamber. For the surface treatment of olfffémPrane Gand G, values 1g.
model ETFE partitions a polymerisation time of 7-12 minutes ha?/oltage—clamp data acquisition and processing
been found to produce a monomer thickness that renders our samples
resistant to our cleaning procedures. A er polymerisation the plasma € experimental setup consisted of a Model 2400 Patch Clamp
is broken by switching of the power and any non-reacted monomer #mpli er with a head stage containing 10G /10M feedback resistors
pumped out of the chamber. Finally the vacuum is broken by lettingA~M Systems, Inc., WA, USA) and a urlby andar Instruments
air into the plasma chamber. roughout the procedure mass ow model TG2000 20MHz DDS function generator (RS Components Ltd,
controllers are used to measure Argon and monomer ow. For singléNorthants, UK). e Ag/AgCl electrodes were placed in tiransand
sided treatments the samples were laid out on a glass surface in ¢iecompartments chamber with the ground electrode positioned in
chamber, whereas for the double-sided treatments the partitions welfee trans compartment. GG and C were determined from responses
mounted in a small grooved aluminum block. to rectangular and triangular waveforms (20 m¥nd 50 Hz). e

capacitance of the perforated ETFE partition in electrolyte only (i.e. no

Following plasma polymerization treatment, the water contact angl% : i . ]
- . ) embranes) is < 100 pF. Data acquisition was done with a combined
of the samples was measured using DataPhysics OCA 15 (Fllderst%g ) P q

) . A EilIoscope/analog-digital converter (ADC-212/50, Pico Technology,
Germany) and the samples were characterised using Fourier TranSfOEEmeridgeshire UK) connected to a laptop computer. Sampling
Infrared/Attenuated Total Re ection (FTIR/ATR ) spectroscopy usingfrequency was ’50 Hz. O-line analysis was done using custom

gcr)mgnl;l]:o;t ’\IlDeeXnurrS;rT(()) Sgidég?aet\z;s:gg?aiggn;' CA[_)I_eF?rgr?rg’Gemade so ware [§. For the gAchannel activity measurements the
op gen. P . Y peptide was added from ethanolic stock solution to the BFS to a nal
mirror. e solvent stability of the plasma coatings were tested by

analyzing water contact angles and FTIR spectral features before é’rﬁate.'”:"p'd ratio of 110 S_taphylococcus auretidemolysin (-HL) .
S - ; .~~~ . Was incorporated by adding 10 pl of a 0.5 mg/ml PBS stock solution
a er rinsing the surface modi ed samples in three successive rinsi

o "% the cis chamber. For the gAexperiments the aqueous solution was

cycles of 60:40 v/v EtOH:waterheptane, and MilliQ water. 1 M HCI and for the -HL experiments the aqueous solution in the

n-hexene modi edETFE partitions were examined usiagmic  chamber consisted of phosphate bu ered saline (PBS). e applied
force microscopy AFM). For comparative measurements a “half’ potential across the partition arrays was +60 mV.
n-hexene treated surface was prepared-hgxene treating an ETFE . .
partition while protecting part of the surface by a glass slide durinfR€Sults and Discussion
plasma modi cation. e sample was then glued with epoxy to a siliconp |, g4 fyntionalization results in robust partition coatings
wafer base. Measurements were made on samples in MilliQ water with
an Asylum Research MFP-3D AFM instrument (Asylum Research, All samples were characterized using FTIR/ATR and the results
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Figure £ shows the n-hexene treated samples directly aer

A 1o treatment (red) and a er three cycles of ethanol+heptane washings
J (green) together with the untreated reference (blue). A er treatment
0,8 peaks indicated by asterisks emerge at 2970, 2926, and 2870 cm
0,6; corresponding to Ckland CH groups. e broad peak about 1710 cm
J corresponds to a partial oxidation of the monomer and perhaps some
0,4 remaining C=C double bonds. Although it is not possible to estimate
0’2; from FTIR the quantity of the di erent chemical groups, the spectrum
] does not change a er three washing cycles indicating formation of a
0,0 stable coating.
8500 3000 2500 2000 1800 e interactions between monomers and the ETFE surface are
B) 1,0 very complex and simplistic pictures may not adequately describe
I the interaction. Generally Argon plasma activation will result in
@0’8* de uorination and dehydrogenation of the ETFE and monomers
§ 0.6 respectively. e resulting free monomer radicals subsequently binds
S to the ETFE surface as evidenced by FTIR analysis, where spectre
8 2 features emerging a er treatment are resistant to washing procedures
) 02 indicating formation of stable bonding. Presumably also crossliking
4 between monomers linked to the ETFE also occurs resulting in a bound
0.0 crosslinked Im on the surface.
1600 1400 1200 1000 800 600 . . . )
C) _ Partition surface modi cation a ects BLM array maximal
1.04 lifetime
0.8+ We then tested the BLM array average lifetime for membranes
0’6; formed using partitions modi ed with the three modi cation groups.
Lipid bilayers were established with the previously described lipid
0:44 bilayer automation technique (where the bilayer forming solution is
0,2; applied from thecisside, sekigure 3 [7]. e results are summarized
1 e * in Figure 4 (=5-12 for each type of modi cation).
0.0 Wavenumber (cm-1)
T ; ; ; ; All plasma-treated samples were used a er three washing cycles.
3500 3000 2500 2000 1500

] e ‘untreated’ ETFE partitions were prepainted with the bilayer
WUHDWHE VDPSOHY LpPHGLDWHO DIwHU SURFHvOIENG SHign YBESF dédiig, 9, aq airbgigh procedure where
HWKDQRO ZDVK OLJKW JUHHQ DIWHU D VLQJOH k& dWolayerzelvRFSuwas dapesitedvery thexihE surdhceVith
HWKDQRO KHSWDQH ZDVKLQJ F\FOHV OLJKW EOXHprepaintedVERER partitionsH We QdbtaiRetlQ maximal lifetimes  just
ZDVKLOD FIFOHY  SXUSOH o s0'62 WUHDWHG Va0 Abh (0 i 8 BLNE RS WHRTHeR investigated single side
SURFHVVLQJ UHG DQG DIWHU WKUHH HWKDQRO ksugace qmodi bation quinfickiog the Jwaditional prepainting with a
DQG UHIHUHQFH QRQ SURFHVVHG (7)( EOXH & [Rdfbtitson YOWBRW IS iM QRS @sseémbled bilayer chamber the
LPPHGLDWHO\ DIWHU SURFHVVLQJ UHG DQG DIWHU WKUHH HWKDOROMKHSWHOH 2DVICLOI " o e
F\FOHV JUHHQ DQG UHIHUHQFH QRQ SURFHVVHG (M9t glogyfiace always face p

BLM arrays formed across single-sided HMDSO modi ed partitions
- . and BLMs formed using 1-decene modied partitions were similar
are presented |_F1|gure 3 For the 1-d?cen§ treate_d samplg(re &) with a maximal lifetime less than 30h — signi cantly lower than for
!oeaks appear in the 3000 to 2800" eegion which are not present BLM arrays formed across untreated ETFE partitions. For single side
in the non-treated ETFE sample shown as dark green (referenGehoyone” modi cation maximal membrane array lifetimes were not
and purple (aer 3 ethanol+heptane washing cycles). e dark bluegjgnj cantly changed compared to untreated ETFE. However, single-
spectrum shows ETFE directly aer plasma treatment. e changessijed n-hexene modi cation resulted in membranes that over time
are clear, indicating that hydrocarbon groups are on the surface. A &leveloped higher Cvalues and concomitant low, @alues compared
washing steps (light green (single ethanol wash), red (single heptageaj| other conditions (see below). is led us to speculate whether
wash) and light blue (three cycles of ethanol+heptane washes) (g may be able to improve BLM array lifetime induced-bgxene
peaks persist indicating that the chemical structures formed are stalpiydi cation by employing modi cation on both sides of the partitions.
consistent with a covalent modi cation of the ETFE surface. Indeed double sided-hexene surface modi cation greatly improved

e HMDSO treated sample spectra are shownFigure B. e average membrane array lifetimes, where we obtained a maximal
lifetime of 6 days.

non-treated ETFE (blue) is shown with HMDSO treated (red) and
HMDSO treated a er three cycles of ethanol+heptane washings). eSurface modi cation a ects BLM array electrical properties
peaks of the HMDSO interfere with the C-F peaks from ETFE but
when low density polyethylene (PE) (Dupont , Geneva, Switzerlan((zla}e
is used as reference instead of ETFE distinct washing cycle resis%m;g‘
peaks at 1230, 1260 and 800 @ppear (results not shown) indicating con
formation of bonded interactions with the substrate.

We assessed the quality of the BML arrays by characterizing their
trical properties, speci cally @nd C and the results are presented
igure 8 and 4C. e G, and G values for each experimental
dition represent the average values as a function of time T for the
fraction of membranes that have survived until T. Membranes formed
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