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A. Summary    
This research program explored development of artificial, biomimetic photosynthetic assemblies that 
perform the initial steps of bacterial photosynthesis, visible light absorption, charge separation, and 
vectorial proton pumping, in a planar supported lipid bilayer (PSLB), coupled to a semiconductor 
electrode. The creation of a light-driven, transmembrane proton pump interfaced to an electrically active 
support is significant because at the most basic level, the development of a proton motive force (pmf) 
across a biological membrane is one of the essential elements of biological energy conversion.  
 
Our efforts were primarily focused on:  i) development of the individual components of our proposed 
architecture for solar energy conversion, shown in Figure 1, and ii) establishing the feasibility of 
transmembrane proton pumping (TMPP) in this architecture. In collaboration with Devens Gust, Tom 
Moore, and Ana Moore at Arizona State University, we have demonstrated, for the first time, both 
chemically- and photo-driven TMPP across a single PSLB, with embedded photoactive triads and 
quinone shuttles, coupled to an electroactive waveguide through a conducting polymer layer. Only the 
most significant results are discussed below. More detailed accounts of the research supported in whole or 
part by this grant have appeared or will appear in publications.1-13   

 

B. Transduction of an ion gradient across a PSLB coupled to an electroactive waveguide through a 
conductive polymer film. 
A number of liposome-based systems have been developed that allow for chemically- or light-induced 
transport of ions into or out of the vesicle interior.14-28 Liposomal architectures, however, are not readily 
interfaced to a solid-state transducer. Formation of ion gradients across planar supported membranes, 
“wired” to substrate electrodes,29, 30 may ultimately allow utilization of the potential energy to drive other 
electrochemical processes. We made a significant step toward this goal by developing a 
spectroelectrochemical transduction platform (Figure 2a) that provides for simultaneous electrochemical 
and spectroscopic detection of a proton gradient across a PSLB.1  
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Figure 1 – Schematic view of our energy conversion concept -- a 
planar ITO electrode is modified with a hydrophilic, self-assembled 
conductive polymer (SA-CP, ca. 5 nm thick) cushion (e.g. 
polyaniline), on which is deposited a planar supported lipid bilayer 
(PSLB, 5 nm thick) that is stabilized by cross-linking 
polymerization, and incorporates artificial photosynthetic reaction 
centers (C-P-Q triads) and diffusive quinones (Q).  Upon light 
absorption, the C-P-Q triad (structure shown in (b)) undergoes 
electron transfer to produce the charge separated C+-P-Q-, which 
reduces Q at the outer interface and oxidizes it at the inner interface.  
Thus Q shuttles protons from the outer electrolyte across the 
membrane to the space occupied by the water-swollen polymer 
cushion – each triad acts as a closed-loop photoelectrochemical 
system (i.e. electrons are conserved within the PSLB).  The ITO 
film (ca. 25-100 nm thick) is the upper layer of a unique 
spectroelectrochemical planar waveguide.  Broadband planar 
waveguide ATR spectroscopy, performed under potential control or 
during potentiometric characterization of the biomimetic process, is 
used to characterize key structural and functional properties of the 
multilayer architecture. 
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The PSLB is coupled to a planar ITO electrode through a self-assembled, conducting polymer (SA-CP) 
multilayer composed of alternating layers of poly(aniline) (PANI) and poly(acrylic acid) (PAA),4, 9  
deposited using the layer-by-layer (LbL) self-assembly method.31, 32 The water-swollen (PANI/PAA)2 
layer (ca. 50 Å thick): i) planarizes the ITO surface; ii) is physically and chemically compatible with 
deposition of a continuous PSLB (whereas bare ITO is not); and iii) serves as an ionic reservoir for charge 
transported across the PSLB. At near-neutral pH, three major forms exist in equilibrium in the 
(PANI/PAA)2 layer (Figure 2b):33, 34 Two are partially oxidized, the protonated emeraldine salt (ES) and 
the deprotonated emeraldine base (EB). The third is fully reduced leucoemeraldine (LE).  LE is 
transparent at visible wavelengths, whereas the absorbance of EB and ES in the 400-900 nm range is pH-
dependent. Although PANI films are typically doped into their conductive ES forms at low pH, PAA co-
deposition renders PANI electroactive and pH-responsive at near-neutral pH.4, 9, 35, 36 Thus the 
ITO/(PANI/PAA)2 layer can function as both a potentiometric pH sensor and an absorbance pH indicator. 
The construction and extensive characterization of these layers is described in two publications.4, 9 

 
Redox-driven proton pumping was used to test the architecture (Figure 2a). A lipid-soluble shuttle 
molecule, 1,4-diphenyl-2,5-benzoquinone (BQ),15 was inserted into a PSLB composed of egg 
phosphatidylcholine that was deposited on ITO/(PANI/PAA)2 by vesicle fusion. Charge transport across 
the PSLB is initiated when ascorbic acid (AA) in the superstrate solution reacts with membrane-bound 
BQ.  The product, BQH2, diffuses across the membrane where it is re-oxidized by either the ES or EB 
forms of PANI, donating two protons and two electrons to the ionic reservoir.19 To monitor the process 
spectroscopically, the ITO/glass electrode was used as a broadband electroactive planar optical 
waveguide to perform attenuated total reflectance (ATR) spectroscopy.4, 9, 37 Multiple internal reflections 
along the length of the substrate provide a large optical pathlength, allowing small absorbance changes in 
the (PANI/PAA)2 layer to be measured over a bandwidth of ca. 300 nm.  During the spectroscopic 
measurement, the potential of the ITO electrode is held constant, which fixes the ([EB]+[ES])/[LE] ratio 
(i.e., re-oxidization of BQH2 generates a current in the overall circuit).  Proton transport across the PSLB 
converts EB to ES, producing a red shift in the ATR spectrum.  Typical spectra acquired before and after 
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Figure 2 – (a) Schematic of a PSLB supported on 
ITO/(PANI/PAA)2. Ascorbic acid in the aqueous 
superstrate reacts with membrane-bound BQ, 
generating BQH2, which diffuses across the lipid 
bilayer and undergoes a second redox reaction, 
donating two protons and two electrons to the 
(PANI/PAA)2 layer. (b) Coupled equilibria between the 
three dominant forms of PANI in the PANI/PAA layer, 
near neutral pH.  When the (ES+EB)/LE ratio is held 
constant by potential control, proton transport shifts the 
ES/EB equilibrium, which is spectroscopically 
characterized. Potentiometric experiments at open-
circuit are used to sense the reduction of EB+ES to LE. 
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AA injection into the superstrate solution are shown in Figure 3.  The increase in [ES], caused by BQ-
mediated proton transport across the PSLB, produced a spectral shift of 12 nm, which from pH-spectral 
calibration data1 corresponds to a ∆pH = -1.1 units at the ITO/(PANI/PAA)2 interface. From estimates of 
the pKa for ITO/(PANI/PAA)2 and the number of proton acceptor sites in the ionic reservoir, a 
transmembrane proton flux of 74 pmol/minute 
is calculated.1 This value equates to a transport 
rate of 0.07 s-1 per BQ, which agrees well with 
previous estimates of diffusion-limited, charge 
transport by benzoquinone and its structurally 
related analogs in lipid bilayers.14, 18, 21, 23 
 

C. Light-driven, transmembrane proton 
pumping.    
We next showed the feasibility of using light to 
drive TMPP across the same type of 
waveguide-supported PSLB assembly.10 These 
experiments were performed using an artificial 
photosynthetic reaction center consisting of 
covalently linked carotenoid, porphyrin, and 
quinone moieties (C-P-Q triad, Figure 4) 
synthesized by our Arizona State University 
(ASU) collaborators. Previous 
work by the groups of Gust, 
Moore, and Moore15 demonstrated 
that illumination of a suspension 
of C-P-Q-containing liposomes 
leads to electron transfer from 
photo-excited P to Q, generating 
C-P•+-Q•-, followed by a secondary 
electron transfer (hole capture by 
C) to yield the charge separated state, C•+-P-Q•-. In the membrane, BQ is reduced and protonated at the 
outer bilayer surface, and oxidized and deprotonated at the inner bilayer surface, regenerating the ground 
state, neutral C-P-Q.  On the nanometer scale, this process can be viewed as a closed-loop 
photoelectrochemical process driving a quinone-based, proton-transporting redox loop that produces a 
transmembrane proton gradient  (i.e., a proton motive force or pmf).  
 
To demonstrate light-driven TMPP with these triads, a PSLB containing 2 mol% BQ was deposited by 
vesicle fusion on ITO/(PANI/PAA)2, C-P-Q triads were then inserted into the PSLB from a THF/buffer 
solution. The photoelectrochemical process was driven by illumination with a 150 watt Xe lamp, filtered 
to provide green-NIR output.  TMPP was first demonstrated using potentiometric detection. The closed-
loop redox reactions involving BQ and photo-excited C-P-Q donate protons to the (PANI/PAA)2 layer, 
shifting the EB/ES equilibrium without altering the ([EB]+[ES])/[LE] ratio; under these conditions, the 
change in cell potential is proportional to 0.0592log(∆aH+) in the water-swollen CP layer.1  A positive 
shift in cell potential of 12 mV was observed during 10 min of illumination (Figure 5a), which equates to 
a pH drop of 0.28 units, corresponding to a transmembrane proton flux of 22 pmol/minute. When the 
illumination was blocked, the cell potential slowly decreased, which is likely due to slow leakage of 
protons back across the PSLB.38 When either BQ or C-P-Q was absent in the PSLB, potential shifts upon 
illumination were not observed. ATR difference spectra, acquired at constant cell potential as a function 
of illumination time, are shown in Figure 5b. A negative absorbance change, accompanied by a red shift 
in lmax of the absorbance band, was observed due to protonation of EB to generate ES, similar to the 

Figure 4 – Structure of 
the C-P-Q triad. 

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 decrease in absorbance in 
the 450-650 nm region results from BQ-mediated proton 
transport across the PSLB. 
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results obtained with redox-driven, TMPP (Figure 3). While the incident light quantum efficiency for the 
process appears to be low, these results clearly establish the feasibility of using photon energy to generate 
a pmf across a PSLB interfaced to an electrically-active support. This is an essential first step toward 
creation of useful molecular devices, e.g. sensors and energy conversion devices, based on membrane-
based, artificial photosynthetic processes.  

D. CP/sol-gel composite layers.  
As an alternative to (PANI/PAA)2 layers for coupling PSLBs to ITO, we have created ITO substrates 
coated with porous sol-gel glass (PSG) layers that are doped with CP nanowires. The sol-gel method is a 
low-temperature process used to synthesize optically transparent, amorphous bulk glasses and thin films.39 
The reaction proceeds by hydrolysis of alkoxide precursors followed by polycondensation of the 
hydroxylated units to form a microporous glass. The chemical 
and physical properties of the glass (e.g. pore size distribution, 
surface chemistry, optical transparency) can be systematically 
adjusted by varying the precursor composition and processing 
parameters.40-43 In addition: i) The surface roughness of a PSG 
glass layer deposited by dip- or spin-coating can be quite low (<5 
Å rms) depending on the fabrication method (see below).  ii) 
Relative to polymer cushions (such as (PANI/PAA)2), PSLBs 
adhere more strongly to glass surfaces, particularly PSLBs 
composed of cross-linked dienoyl lipids.6 
 
For the purposes of this project, the sol-gel must be electrically 
conductive. A number of groups have described methods to 
prepare conductive sol-gel materials by entrapping a monomer, 
e.g. aniline, in a microporous sol-gel coated on a conductive 
substrate followed by electrochemical polymerization.44-47 In a 
recent paper,3 we described use of this approach to prepare sol-
gels “wired” with poly(3,4-ethylenedioxythiophene) (PEDOT), a 
polymer used in our previous work with electropolymerized CP 
thin films.7, 8 EDOT monomer is introduced either by dissolving it 

Figure 5 - (a) Potentiometric detection of light-driven, transmembrane proton transport. The ITO/(PANI/PAA)2/PSLB 
architecture used here is identical to that depicted in Figure 2a, except that the C-P-Q triad is present in the PSLB and light 
(rather than reaction with AA) is used to drive proton transport.  (b) ATR difference spectra (versus the absorbance spectrum 
before illumination) for the triad- and BQ-doped PSLB. Spectra 1-5 were acquired after illumination for 2, 4, 6, 8, and 10 min, 
respectively. 
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Figure 6 - SEM image of two “emergent” 
PEDOT wires (b and c) which have grown 
from the ITO substrate, up through the sol-
gel matrix (a), which is 200-300 nm thick. 
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in the sol or by soaking the PSG layer in an EDOT solution. In Figure 6, a scanning electron 
microscograph of a cross-sectioned sol-gel layer illustrates PEDOT wires grown through a PSG layer that 
has been spin-coated on ITO. Electrochemical experiments showed that the PEDOT behaves as an array 
of nano-electrode wires templated in a 300 nm thick, insulating sol-gel layer.3 

 
More recently, we extended this concept to create PSG layers doped with PANI nanowires in a manner 
that allows subsequent fusion of a PSLB (Figure 7).13 A TEOS sol-gel layer (ca. 300 nm thick) was first 
deposited on ITO, followed by electropolymerization of aniline, followed by deposition of a second 
TEOS layer (ca. 50 nm thick) that covers the protruding PANI nanowires, generating a smooth, 
hydrophilic glass surface. Both sol-gel layers are porous, which allows the PANI nanowires to rapidly 
equilibrate when the pH of the buffer in contact with the upper PSG layer is changed. The potentiometric 
response is ca. 30 mV/pH unit (Figure 7b), and this response is completely blocked after a PSLB is fused 
onto the glass surface. These results demonstrate the feasibility of developing PANI/sol-gel composite 
materials as structurally rigid CP layers for coupling PSLBs to ITO substrates for lipid membrane-based 
solar energy conversion applications. 
 

E. Polymeric PSLBs.  
A variety of biomimetic supramolecular structures that rely on charge separation and/or ion transport 
across a fluid lipid membrane have been constructed for use in chemical sensors, biosensors, and energy 
storage/conversion media (e.g.16, 24, 48, 49). However, in a fluid-phase membrane, the lipids are associated 
only by relatively weak, noncovalent forces; thus these structures lack chemical, thermal, and mechanical 
stability relative to, for example, alkylsiloxane self-assembled monolayers.5, 6, 50-52 This lack of stability is 
a major impediment to technological implementation of lipid membranes in molecular devices, 
particularly when operation for extended periods is desired.50, 53, 54 Polymerization of the lipid monomers 
is the strategy we are pursuing to overcome this problem. We have been investigating cross-linking 
polymerization of dienoyl-functionalized lipids (Figure 8) in an effort to create PSLBs with enhanced 
physical and chemical stability. Several parameters thought to affect poly(PSLB) structure and stability 
were examined, including a comparison of UV photopolymerization and redox-initiated radical 
polymerization, and the number and location of the polymerizable moieties in the lipid monomer. The 

Figure 7 – (a) Schematic drawing of a PSLB on PANI-doped sol-gel layers on ITO, and height AFM images of the oxide layer 
surfaces. The ITO surface (lower AFM image; rms = 13.7Å) is coated with the first sol-gel layer, followed by aniline 
electropolymerization. PANI nanowires protrude above the sol-gel (middle AFM image). Application of the second sol-gel 
layer creates a smooth surface (rms = 2.2 Å) onto which egg-PC vesicles are fused to form the PSLB.  (b) In the absence of the 
PSLB, the potentiometric response of the electrode to buffers of varying pH is ca. 30 mV/decade (blue symbols). The pH 
response is blocked (red symbols) after deposition of the PSLB, demonstrating its low permeability to protons. 
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results are described in several manuscripts.6, 

55-57 Briefly: Both UV-initiated and redox-
initiated radical polymerization of PSLBs 
composed of bis-functionalized lipids 
produce cross-linked poly(PSLB)s that are 
stable to dissolution in surfactants, a 
condition that would destroy a fluid 
membrane.  In some cases, these materials 
are even stable to repeated drying/rehydration 
and immersion in organic solvents, despite 
the absence of a covalent tether between the 
membrane and the underlying substrate.  
Insolubility is attributed to a high degree of 
cross-linking coupled with multivalent 
interactions between polymer segments and 
the substrate surface.  These poly(PSLB)s 
appear to possess both the stability and 
inertness required for application in a number 
of emerging biomimetic energy conversion 
technologies.  
 

F. Ion permeability of poly(lipids).   
We have developed a liposome-based assay, based on entrapment of a calcium-sensitive fluor,12 to 
evaluate the permeability of poly(lipid) bilayers to ions and create a feedback loop between synthesis of 
new lipids and their evaluation. The design of the assay permits measurement of both the permeability of 
poly(lipids) to Ca2+ (a convenient ion to monitor in these systems) through defects in the bilayer, as well 
as assessment of the viability of insertion of a lipid-soluble ionophore into the lipid bilayer to diffusively 
transport Ca2+. Both properties are important for development of artificial photosynthetic poly(lipid)  
membranes, i.e. to transport protons across the membrane, the quinone shuttle must be capable of 
diffusing through the poly(lipid) network, and the defect density in the membrane must be low enough to 
prevent significant back-leakage of  the transported protons.  
 
Initially we focused on characterizing the properties of liposomes formed from sorbyl-lipids (e.g. 1 and 2 
in Figure 8).  As noted above, these lipids were found to form the most stable poly(PSLBs).6  However, 
after polymerization poly(SorbPC) liposomes were found to be highly permeable to Ca2+ (data not 
shown).12 Creation of a polymeric network in the center of the bilayer appears to perturb the packing of 
the lipid tails, creating ion-permeable defects. 

 
We next synthesized and evaluated lipids in which one or two sorbyl groups are linked to the head group 
of the molecule (structures not shown). This strategy is based on the hypothesis that head group 
polymerization should minimally perturb tail group packing and thus minimally perturb the characteristic 
ion impermeability of the membrane. The results obtained were encouraging but still inadequate for the 
purposes of this project):12 i) Ca2+ impermeability is maintained after UV photopolymerization; however 
the degree of polymerization is low. It appears that the polymerization of sorbyl groups is relatively 
inefficient at low concentration58 unless they are organized in a liquid-crystalline phase, consistent with 
recent results reported by Meijer’s group.59 ii) A neutral sorbyl head group is not sufficiently hydrophilic 
to form the lamellar phase. Stable liposomes can be formed only when these lipids are mixed with a large 
mole fraction (e.g. 0.5) of a lamellar-forming lipid such as dioleoylphosphatidylcholine (DOPC), which 
negates the stability provided by polymerization. 
 

      1                      2                        3                       4 
 
Figure 8 - Polymerizable dienoyl lipids: mono-SorbPC (1), bis-
SorbPC (2), mono-DenPC (3), bis-DenPC (4). 
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Den-functionalized lipids (3 and 4, Figure 8), offer a “middle ground” - formation of polymeric networks 
adjacent to the glycerol backbone in each leaflet of the bilayer should not significantly perturb the chain 
packing in the center of the bilayer.  Our most recent results support this hypothesis:12 The Ca2+ 
impermeability of bis-DenPC liposomes is maintained after UV photopolymerization (Figure 9), 
comparable to that of fluid liposomes composed of egg phosphatidylcholine. Furthermore, introduction of 
ionomycin, a Ca2+ ionophore (MW = 747), facilitates Ca2+ transport into the poly(liposomes). Thus after 
lipid polymerization, an ion gradient is maintained across the bilayer, lipid-soluble molecules can be 
inserted into the bilayer, and they can diffusively transport ions across the bilayer. 
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Figure 9 - Results from a fluorescence assay for Ca2+ 
permeability and transport across liposomal membranes. 
Calcium Green (CG), a Ca2+-sensitive fluor, was entrapped in 
bis-DenPC (4, Fig. 8), liposomes, which were then 
photopolymerized. When the concentration of Ca2+ in the 
solution was increased from 1.7 nM to 39 µM (left arrow), a 
small increase in CG fluorescence was observed, due to a 
small amount of residual CG in solution (i.e., not entrapped).  
When ionomycin, a lipophilic Ca2+ ionophore, was injected 
into the solution (right arrow), a larger increase in CG 
fluorescence was observed, due to ionomycin-mediated 
transport of Ca2+ into the liposome interior. Identical results 
were obtained for unpolymerized (fluid) bis-DenPC liposomes. 
Thus both ion impermeability and diffusive transport by a 
membrane-bound ionophore are maintained after lipid 
polymerization. 
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