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Characterization of Proton Transport across a Waveguide-Supported Lipid Bilayer
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Cellular energy transduction processes are often driven by (a) | P Ascc}:t"bfc Demgm-
g electro |—*\ aci ascorbate

transmembrane ion gradients, and a number of artificial membrane
systems have been developed that allow for chemically or light-
induced transport of ions across lipid bilayér$.Light-induced
proton pumping across lipid bilayer vesicles, for example, can be
used to drive ATP syntheslsThese liposomal architectures,
however, are not readily interfaced to a solid-state transducer.
Formation of ion gradients across planar-supported membranes,
“wired” to substrate electrodes, may ultimately allow utilization
of the potential energy to drive other electrochemical processes.
We describe here a significant step toward this goal, using a quinone
proton shuttle embedded in a planar supported lipid bilayer (PSLB),
coupled to a planar optical waveguide electrode through a pH-
sensitive, self-assembled conductive polymer film. This construct

2H

provides for highly sensitive characterization of transmembrane —(E52+)n— - —(EB)n—
proton transport. —

A redox-driven proton shuttle, 1,4-diphenyl-2,5-benzoquinone \ /
(BQ), was i_nsgrted _into a PSLB, coupled to an optically transparent  (b) 29\ —(LE) _ /ZH* + 2
electrode (indium tin oxide, ITO) through a self-assembled poly- n
(aniline) (PANI)/poly(acrylic acid) (PAA) multilayer film (Figure  Figure 1. (a) Schematic of the ITO/(PANI/PAAIPSLB structure. AA in
1a)67 The hydrophilic, water-swollen (PANI/PAA)ilm (ca. 25 the aqueous superstrate reduces membrane-bound BQ: @fides across

. . . . . the lipid bilayer and is oxidized by PANI, donating two protons and two
A thick)” planarizes the ITO surface, is physically and chemically  gjecirons to the (PANI/PAAYiIm. (b) Coupled equilibria between the three

compatible with deposition of a continuous PSLB (whereas ITO is dominant forms of PANI near neutral pH. When the ¢EEB)/LE ratio is

not), and serves as a ionic reservoir for charge transported acrosdeld constant by potential control, BQrbxidation shifts the ES/EB
the PSLB equilibrium. Under open-circuit (potentiometric) conditions, the reaction

At near-neutral pH, three major forms of PANI exist in shifts both the LE/EB and LE/ES equilibria.

nghbnum in the (PANI/PAA) 1;|Im (Figure “?; also see structures whereE°eg e is the standard reduction potential for the ES/LE half-
in Supporting Information (SI)32 Two are partially oxidized forms, : ST T
the protonated emeraldine salt (ES) and the deprotonated emeraldinge"’ andKa s the ES diprotic dissociation constant.

P P Prior to PSLB deposition, the potential of the ITO/(PANI/PAA)

base (EB). The third is fully reduced leucoemeraldine (LE). LE is electrode was first held at0.14 V vs Ag/AgCl for 15-30 min to

transparent at visible wavelengths, whereas the absorbance of EB .
and ES in the 406900 nm range is pH-dependent (see SI). create a mixture of LE, EB, and ES fori’sThe PSLB was then

Atnough PANI fims are ypicaly coped o herr conducive €5 CS005TIC Y SR LT, FEORCIEAE BORTElCt
forms at low pH, PAA co-deposition renders PANI electroactive P ' P

and pH-responsive at near-neutral B 112such that ITO/(PANI/ and immediately connected to a high-input impedance voltmeter.

PAA), films can function both as potentiometric sensors and as When 5uM AA in pH 7 buffer was injected into the cell without
2 L a PSLB deposited on the ITO/(PANI/PAMAPSLB electrode, there
absorbance pH indicators.

Proton transport across the PSLB is initiated by a redox reaction was a rapid negative shift if‘ iqterfacial potentia! (Figure 2, eurve
between ascorbic acid (AA) in the superstrate solution and BQ in L, correspondlng tq a Sh'.ft.'n the LE“.EB ratio due to direct
the membrane (Figure 1a). The reduced product, BQ&h diffuse reduction of the partially oxidized PANI film by AA. When AA

across the membrane, where it can be reoxidized by either the ggvas injected over the ITO/(PANI/PAAPSLB electrode, with no

or EB forms of PANI. At open-circuit, this reaction shifts the ITO/ embedded BQ in the PSLB, the shift H was less than ca. 5

PANI interfacial potential and the LE/EB equilibrium according ;,TV over 60 rr.1i‘n (Figure 2, cttjlrve 3)O’| ST]OWink? th;gt[]; (EIANIL/ZAQA
to eq 1(see Si for derivation): ilm composition was stable and that the ocke

diffusion to the film. When AA was injected over a PSLB
o 1 containing 2% B@2 the interfacial potential shifted negatively due
AEce) = E’g e — 0.0296 Iog[ALE]K,[AEB] 7} — to a shift in the LE/EB ratio due to reduction by BQKFigure 2,
0.0592ApH) (1) curve 2) but at a slower rate than curve 1, which is expected if
quinone diffusion in the PSLB is rate-limitirfgt* The rate of
t University of Arizona. potentia_l decay was dependent upon BQ concentration (range of
* Arizona State University. 1-3%) in the PSLB.
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140 before and 10 min after AA injection are shown in Figure 3.
— 1304 Increases in ES, caused by BQ-mediated proton transport across
E 1204 3 the PSLB, produced a spectral shift of 12 nm. Control experiments
— 110= performed without BQ in the PSLB did not produce spectral
._._‘g 133_- -_ 2 changes. The pH change in the ionic reservoir was estimated from
% 802 " a calibration plot of peak absorbance wavelength versus pH in the
© 70 .h‘"h,.. absence of a PSLB (see Sl). The 12 nm red shift in Figure 3
o 60 - corresponds to an effective pH decrease of 1.1. Measuringdhe p
50+ "o for ITO/(PANI/PAA), and calculating the number of proton
404 - ' acceptor sites in the ionic reservoir leads to an estimate of 740
307 . : . . : | 1 pmol for the effective number of protons transported across the
10 20 30 40 50 60 PSLB in 10 min. The calculated transport rate, 0.07 (see SI),
Time (min) agrees well with previous estimates of transmembrane charge
Figure 2. Change in potential during reaction of 201 AA with ITO/ transport by benzoquinone and its structurally related analogues in

(PANI/PAA); films: 1, direct reaction in the absence of a PSLB; 2, injection lipid bilayers.414

of AA over a PSLB containing BQ; 3, injection of AA over a PSLB lacking In conclusion, we have constructed a novel conductive polymer/

BQ.
planar waveguide transducer that provides for highly sensitive
0.224 0.03 detection of proton transport across a PSLB. The general and
0.2 4 loo2 flexible nature of this architecture makes it adaptable to many
0.18 C—» g different types of transmembrane transport chemistries, particularly
g 0.161 A 7001 § light-activated systems.
= =4
g 014 {j—— lo §
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0.08 -0.02
’ Supporting Information Available: ATR spectra and pH calibra-
0.06 ' ' : ' . -0.03 tion curve for ITO/(PANI/PAA), with/without the PSLB, PANI
450 500 550 600 650 700 750 structures, and eq 1 derivation and calculations. This material is
Wavelength (nm) available free of charge via the Internet at http:/pubs.acs.org.
Figure 3. Absorbance spectra acquired before (A) and 10 min after (B)
injection of AA over a PSLB containing BQ, and the difference spectrum
(C =B — A). The decreased absorbance in the-4680 nm region and References
the increased absorbance 650 nm result from BQ-mediated proton
transport across the PSLB. (1) (a) Steinberg-Yfrach, G.; Liddell, P. A,; Hung, S. C.; Moore, A. L:; Gust,
D.; Moore, T. A.Nature1997, 385 239. (b) Steinberg-Yfrach, G.; Rigaud,
Equation 1 shows that PANI reduction and EB protonation %QIZ’B%r_amm" £ N Moore, A.L.; Gust, D.; Moore, T. Mlature1998
generateequal and opposite shifts interfacial potential. However, (2) Khairutdinov, R. F.; Hurst, J. KNature 1999 402 509.
. aath (3) (a) Burgess, J. D.; Rhoten, M. C.; Hawkridge, F.IMngmuir1998 14,
PAA and surface sites on ITO can also be proton hereas 2467. (b) Naumann, R.; Baumgart, T.; Graber, P.; Jonczyk, A.; Offen-
PANI is the only electron acceptor in the ionic reservoir (see Sl); hausser, A.; Knoll, WBiosens. Bioelectrore002 17, 25.

. . . . (4) Robinson, J. N.; Cole-Hamilton, D. Chem. Soc. Re 1991, 20, 49.
thus the overall shift of curve 2 is negative. Clearly, the reaction (5 |i"p . Jiang, Y.: Li, C.; Wu, Z.: Chen, X_: Li, YPolymer 1999 40,

can be monitored potentiometrically, but the pH change in the ionic © 2%65. 3 H: Fou A F Rubner. M. Fhin Soid Films1994 244
H H eung, J. A.; Fou, A. F.; Rubner, M. In Soli nms 3
reservoircannot be determined 085

To monitor this process spectroscopically, the ITO-coated glass (7) The (PANI/PAA} film was self-assembled on ITO using the layer-by-

: ; layer method (Decher, Geciencel997, 277, 1232). PANI was adsorbed
SUbStrat_e was used as a broadband electroactive planar optical (10 mM in 1:9 dimethylacetamide:water (v/v), pH adjusted to 2.6 with
waveguide to perform attenuated total reflectance (ATR) spectro- methyl sulfonic acid (MSA)) followed by PAA (0.72 mg/mL in water);

11 P i i then the process was repeated. The immersion time wagad ®in per
scopy}! Multiple total internal reflections along the length of the layer, followed by rinsing in pH 2.6 MSA (after PANI adsorption) or

substrate provide a large optical path length, allowing small water (after PAA adsorption). The film thickness was measured by
i \ ellipsometry after drying.

absorban_ce changes in the (PANI/PAAIM to be meas_u_red over (8) Huang WS - MacDiarmid, A. GPolymer1993 34, 1833,

a bandwidth of ca. 400 nm. After (PANI/PAAdeposition, the (9) Chiang, J. C.; MacDiarmid, A. GSynth. MetalsL986 13, 193.

electrode potential was set t60.40 V to convert the PANI film (10) Raitman, O. A.; Katz, E.; Buckmann, A. F.; Willner,J. Am. Chem.

; P, “ N S0c.2002 124, 6487.
entirely to the LE form, providing a spectral “blank” for the (11) (a) Ge, C.. Doherty, W. J., Iil; Mendes, S. B.; Armstrong, N. R.; Saavedra,
subsequent measurements. The potential was then steppedlib S. S.Talanta 200§ 65, 1126. (b) Doherty, W. J., llI; Donley, C. L.;

. . Armstrong, N. R.; Saavedra, S. 8ppl. Spectrosc2002 56, 920.
V and held there for the duration of the experiment, so that the (12 ‘ail potentials were measured vs AgiAgCl in 10 mM phosphate, pH 7.

([EB]-+[ES])/[LE] ratio was constant Under these conditions, (13) Tvgoomil:\illliteﬁ gf Vﬁsiclﬁ stoltf)ti%P ()egg phosp?:agdyltch?r!in?i 0.5 m”q/rnl(-j
. n mM p phospnhate bufier) was Injected Into the tlow cell an
trans_p_ort of prot_on_s across the PSLB convert_s EB to ES, causing allowed to fuse for 30 min, then unfused vesicles were flushed with fresh
a striking red shift in the ATR spectrum (see Figure 3 and Sl), and guf;eo/r. (PSIT/BS Ic)ontammg BQ were prepared by adding it to egg PC at
H H —3% (Mmol/mol).
co-transport of .ele(.:trons, due to oxidation of BQIgroduces a (14) (a) Hauska, GEEBS Lett1977, 79, 345. (b) Futami, A.; Hurt, E.; Hauska,
current in the circuit. G. Biochim. Biophys. Actd979 547, 583. (c) Stanish, I.; Lowy, D. A;;

Tender, L. M.; Singh, AJ. Phys. Chem. BR002 106, 3503.

Lo g .
After PSLB depositiort? no spectral shifts were observed when (15) The number of protonatable sites on the buffer molecules in the ionic

buffers of varying pH were injected into the ATR cell (see SI), reservoir is negligible compared to the number of sites in the (PANI/
verifying the blocking nature of the PSLB. After returning the pH PAA); film (see SI).
in the ATR cell to 7.0, 5tM AA was injected. Spectra acquired JA056750W
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