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Abstract  

Bilayer lipid membranes (BLM) formed from chloroplast extract and 
oxidized cholesterol in the presence of water-soluble dyes have been 
investigated. The two experimental systems described are: (t) the 
photoactive compound is incorporated into the BLM-forming solution, 
and (2)the photoactive substance is introduced to one side of the 
solution bathing the BLM. In the first system of Fe3+/Chloroplast 
BLM/Ascorbic acid, for example, a photovoltage of nearly 300 mV has 
been observed when an external voltage is imposed. In the second system 
of Fe 3+, Fe2+/oxidized cholesterol BLM/chlorophyllin, the photo- 
response can exceed 350 mV under applied field conditions. The results 
of these experiments are interpreted in terms of redox reactions across 
the pigmented BLM where one side of the BLM biface is reducing and 
the other side oxidizing. 

Introduction 

The recognit ion of the importance of lamellar membrane  structure in 
photosynthesis  may be said to have begun with studies of chloroplasts 
under  the light microscope. With the advent of the electron microscope 
the ultrastructure of the chloroplast has been revealed to consisting of 
highly organized membranes in the order of 100A thick [1, 2] .  As a 
result of these investigations, several models of the photosynethic  
membrane  structure have been proposed; all of which postulate an 
ul t rathin layer comprising of pigments, lipids and proteins in an orderly 
array [ 1 , 2 , 3 ] .  Katz [4] and others suggested that an organized 
structure containing chlorophylls and other pigments may possess 
photo-conduct ive properties rescmbli:ng those of organicsemiconductors .  
Arnold and Sherwood [5] reported semiconductive properties in dried 
chloroplast and chromatophore  preparations. More recently, Tien [6] 
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discovered photoelectric effects in artificially constituted bilayer lipid 
membranes (BLM) incorporating photosynthetic pigments. 

As part of our continuous investigations on the photoelectrochemical 
properties of pigmented BLM, we have tested a variety of redox 
compounds, both inorganic and organic, in an attempt to uncover factors 
affecting the photoresponse. The present communication describes 
mainly our experimental results. 

Mention should be made that light-induced photoeffects in pigmented 
BLM have been reported by a number of other workers [7, 8, 9, 10]. A 
detailed review on the interracial photochemistry of pigmented BLM is 
available [ 11]. 

Experimental 

Materials. All reage.nts were CP grade or best obtainable and were used 
without further purification. Some of the less common compounds used 
in this study were obtained from: p-Benzoquinone (Aldrich Chemical 
Co.); hydroquinone, quinhydrone, riboflavin, nicotinic acid, gallic acid, 
sodium azide, cobaltic hexamine chloride (Eastman Kodak Co.); ascorbic 
acid, thiamine, vitamin K1, flavin mononucleotide, tannic acid, catechin, 
cytochrome-c (Sigma Chemical Co.); sodium arsenate, NaCI, NaBr, SnC14 
iodine, ammonium molybdate (Mallinckrodt Chemical Co.); NaI, NaF, 
Na2S, FeC12, KI, CdSO4, CrC13, K3Fe(CN)6, K4Fe (CN)6 (Baker 
Chemical Co.); ceric ammonium sulfate (G. Frederick Smith Chemical 
Co.); FeC13 (Matheson, Coleman & Bell Co., Inc.); Na2S203 . 5H20 
(Allied Chemical Co.). Fresh spinach leaves were purchased from local 
food markets. 

Preparation of BLM-Forming Solutions. The procedure for preparing 
the lipid solution from spinach chloroplasts has been given in detail 
elsewhere [6, 12]. 

Apparatus and Procedure. Chloroplast bilayer lipid membranes 
(Chl-BLM) were formed and studied by techniques that have been 
described previously [6, i2] .  Essentially, a BLM was formed in the 
aperture (-~ 2 mm diameter) of a Teflon cup ( -  10 ml) separating two 
aqueous solutions. Electrical contact to each aqueous solution was made 
through a salt bridge (saturated KC1) attached to a calomel electrode. 
The potential across the BLM was measured with a Keithley electrometer 
(model 610B). The exciting light sources used were a 150-watt 
projection tamp (GE-DFG). 

Experimentally, the following arrangement was used in gathering the 
data: 

0.1 M acetate Chl-BLM on 0.1 M acetate 
buffer (pH 5) Tenon buffer (pH 5) 
+ 10-3M FeC13 support + modifier 
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where Chl stands for chloroplast pigments and the word modifier 
denotes the compound under investigation. Be it noted also that the left 
half of the arrangement is referred to as the outer solution and arbitrarily 
chosen as a standard "half-cell". Other pertinent experimental details are 
given in connection with the results. 

Results and Discussion 

In the absence of exciting light the d.c. resistance of a typical Chl-BLM 
(Chl denotes chloroplast) was 2-10 x 10 s ~2-cm 2 and the dielectric 
breakdown voltage was generally much less than 200 mV. 
Current/voltage curves of ChI-BLM appeared to be linear up to 150 mV. 
As would be expected, only very small or no photopotentials were 
observed when the BLM was illuminated under entirely symmetrical 
conditions with respect to light intensity, bathing solution, electrical 
potential, etc. However, it was earlier observed that a very slight 
potential difference between the contacting electrodes was sufficient to 
give rise to a detectable photopotential  i n  Chl-BLM separating two 
identical 0.1 M KC1. The presence of chemical asymmetry, such as by 
adding FeC13 to one side of the BLM bathing solutions, not only greatly 
enhanced the photopotential  but generated two kinds of photo- 
responses: a very fast response followed by a slower one, the latter 
frequently of opposite sign. In view of this interesting observation, a 
series of experiments were carried out to characterize the Fe +3/Chl-BLM 
system. The results are presented in the following paragraphs. 

Effect of  Applied Field 

Owing to the ultra-thinness of the BLM (~< 100 A) and its very high 
electrical resistance (many orders of magnitude higher than the bathing 
solution), a potential difference of even a few mV would result in a 
tremendous electric field across the BLM. Thus, the oppositely charged 
species whether generated directly by light or indirectly in the membrane 
should move in the direction of the external field and be collected at the 
opposite sides of the BLM (biface). Obviously, the field-assisted charge 
separation will be greater, the higher the applied voltage (see Fig. 1). The 
data obtained for a variety of compounds are given in Table I. It is 
interesting to note that: (a) The greater the applied voltage, positive on 
the side containing the electron acceptor, the larger is the observed 
potentials. (b )At  zero dark potential, the strongest reducing agent 
appears to give the highest photopotential  among the compounds tested. 
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Figure 1. Effect  o f  applied voltage on  the  p h o t o r e s p o n s e  o f  a BLM. The  cell 
Fe , Fe /oxidized cholesterol  BLM/chloro-  a r rangement  used was as follows: 3+ 2+ �9 

phyl!in.  The  ba th ing  solut ion was 0.01 M KC1. Membrane  voltages in the  dark were 
provided  by  a ba t t e ry  th rough  a 109 resistor. 

TABLE 2. Effect  o f  Appl ied  Field on the  Chl-BLM Photoe f fec t  in the  
Presence o f  Various R edox  C o m p o u n d s  a 

Pho topo ten t ia l  (mV) at 
dark m e m b r a n e  voltage c 

Inner  Solu t ion  b -100  0 100 

Sod ium sulfide 18 -20  -75  
A m m o n i u m  mo l ybda t e  100 65 -26  
Flavin m o n o n u c l e o t i d e  145 92 -40  
Catechin  175 98 -20  
Tannic  acid 185 105 -30  
Potass ium iodide d 158 110 25 
Ascorbic acid 220 145 -62  
ChlorophyUin e 250 203 173 

aOute r  so lu t ion  was 0.1 M sod ium acetate  at  pH 5 plus  10-3M FeC13. 
blnner  so lu t ion  = 0.1 M sod ium acetate  at pH  5 plus  the  c o m p o u n d  indicated.  
CVoltage applied th rough  a 109 ~ resistor. 
dDark m e m b r a n e  potent ia l  = 50 mV.  
eIn this  par t icular  case, the  cell a r rangement  was as follows: 

Fe ~3, Fe+2]oxidized cholesterol  BLM/chlorophyl l in .  
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Effect of FeCl3 Concentration 

As already mentioned, the photoresponse can be greatly enhanced 
with FeC13 in one side of the BLM. In order to establish the optimal 
FeC13 concentration which would produce the maximum photo-emf 
(open-circuit photopotential) in the CbI-BLM, a concentration study was 
carried out. Experimentally, this was achieved by fixing the bathing 
solution (0.1 M acetate buffer) at pH 5 and increasing the FeC13 
concentration in one side of the bathing Solution. It was found that the 
presence of 4 x 10 .3 M FeCI3 on one side of the BLM gave a maximum 
enhancement of the photoresponse; the side containing FeC13 being 
electrically negative. This finding indicates that ferric ions, or their 
complexes, are adsorbed on the BLM surface, and that the number of 
adsorption sites on the Chl-BLM is finite. Besides enhancing the 
photoresponse, FeCI3 also affected the membrane resistance. The 
maximal Rm was observed at a concentration of 2 x 10 -3 M FeC13 at 
pH 5.0. The magnitude of the photo-emf is closely related to the 
membrane resistance. Very small or no photo-emfs could be detected in 
ChI-BLM with a resistance lower than 10 s ohm-cm z . 

Effect of pH of the Bathing Solution 

As far as the bathing solution was concerned, it was found that 
photo-emfs, at a given concentartion of FeC13 on one side of the BLM, 
were also pH dependent. This might be due to the effect of the H + ion 
concentration on the titratable groups contained in the Chl-BLM. It is 
interesting to note that a maximum photo-emf occurs at pH slightly 
around 5. The coincidence that both of the two maxima, resistance and 
photo-emf, fall near pH 5 strongly indicates that the photoresponse is 
closely related to the nature of the constituents and structure of BLM. 

The Time-course of the Photoresponse 

Owing to the high resistance of BLM, the observed voltage is due 
almost entirely to the potential drop or charge imbalance across the 
biface (which includes the electrical double layer adjacent to each of the 
two solution-BLM interfaces). In the usual measurement, the membrane 
potential is monitored as a function of time. The resulting time-course 
curves vary from a simple monotonic response to a complex tri-phasic 
waveform. The system, containing Fe +3 in both sides of the bathing 
solution, appears to be completely reversible and reproducible. 

The photopotentials consisted of at least a fast phase followed by a 
slower phase, usually of opposite sign. The initial fast response is much 
more labile than the slow response. The fast response did not appear 
until sufficient chemical asymmetry was present to give an 
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e lec t rochemica l  p o t en t i a l  of  25 m V  or more .  The  slow response was 
always opposed  to the  electric field, and  m a g n i t u d e  of  which  d e p e n d e d  
o n  the m a g n i t u d e  of  the  dark po t en t i a l  and  could  be reversed b y  
app ly ing  a po t en t i a l  of  oppos i t e  polar i ty .  In  order  to reverse the  sign of  
the fast response,  however ,  the appl ied po t en t i a l  had  to be equal  to or 
greater  than ,  the  m a g n i t u d e  of the  dark  po ten t ia l .  For  ins tance ,  the  fast 
response  of a Chl-BLM separa t ing  two so lu t ions  (pH 4 and  pH 6, 
respect ively)  did n o t  d isappear  un t i l  the appl ied  vol tage exceeded  
112 mV. F u r t h e r m o r e ,  c o n t i n u o u s  i l l u m i n a t i o n  (> 30 sec) of the  BLM 
des t royed  the  fast response  b u t  n o t  the  slow one  w h e n  light exc i t a t ion  
per iods were 1 to  3 m i n  apart .  I t  was possible  tha t ,  given suf f ic ien t  t ime  
in the  dark  (e.g., 30 rain) ,  the  fast  response  could  be re juvena ted .  

Effect of lnorganic Compounds 
Tab le  II lists inorgan ic  subs tances  tha t  have b e e n  f o u n d  to  enhance  

the  Chl-BLM pho toe f f ec t .  A n u m b e r  of  o the r  c o m p o u n d s  n o t  
l is ted in the  Tab le  were also tes ted and  their  ab i l i ty  to  enhance  the  

TABLE II. Effect of Inorganic Compounds on the Chl-BLM Photo-emf 
The Cell Arrangement: 

Salt bridge t Outer solution a I Chl-BLM b [Inner solutione[salt bridge 

Inner solution (M) Photo-emf (mV) Remarks 

NaI (5 • 10 -3) 74-127 Biphasic response 
Na2S2Oa 44-120 
KaFe(CN)6 109-150 also observed with K3Fe(CN)6 in place of 

FeC13 
NazS2 03 74-93 Dark red ppt. with Fe +3 
FeC12 (4 x 10 -3) 80-86 
(NH4) 6Mo7024 64-81 Dark potential induced, white ppt. with 

Fe +3 
Sn4+/Sn 3+ 92 see footnote (d) 
Na2HAsO4 44 
NaNs (1,3 x 10 -2) 34-65 
T1C1 (1.8 x 10 -2) 38-67 
NO~/NO~ 2 60 see footnote (d) 
CuC1 (2 • 10- ) 54-72 10-20 mV dark potential 
Aqueous acetate buffer 20 + 5 
[Co(NH3)6]  C~3 -15 " Better electron acceptor than Fe +3 
Na2S (3 x 10- ) -7 to -30 Better electron acceptor than Fe +3 
I2 (6 x 10 -~ -8 to -31 Better electron acceptor than Fe +8 
Ce4+/Ce 3+ -35 see footnote (d) 

aOuter solution = 0.1 M acetate at pH 5 + 10 -3 M FeC13. 
~ forming solutions were prepared using procedure given in Rev. 12. 
Clnner solution = 0.1 M acetate at pH 5 + the compound indicated. 
aThe following cell arrangement was used: Fe 3+, Fe2+/Chl-BLM/Redox couple. 
The bathing solution was 0.1 M NaAc at pH 5. 
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pho to re sponse  remains  to  b e  ascer ta ined  in fur ther  exper iments .  These 
c o m p o u n d s  inc lude  alkali me ta l  chlorides (Li, Na, K, Rb,  Cs), 
Na2HAsO4 ,  and  LaC13. However ,  def in i te  effects were o b t a i n e d  wi th  
KNO3 and  NaNO2. 

Effect of Organic Materials 

A n u m b e r  of  organic  c o m p o u n d s ,  l isted in Table  III, have b e e n  f o u n d  
equal ly  effective in  increas ing the ChI-BLM pho to response .  By far, n o t  
on ly  the  largest pho tovo l t age  was observed in the system of  
F e C l 3 / C h l - B L M / A s c o r b i c  acid, b u t  appeared  comple t e ly  reversible to 
repea ted  i l l umina t ion .  When  the  reference  e lec t rode  (the ou te r  so lu t ion)  
is poised  at Fe 3§ 2+ equal  to u n i t y  and  the  inner  so lu t ion  con ta ins  
1.5 x 10-3 M of  ascorbic  acid, a pho tovo l tage  on  the order  of 
175 + 15 m V  is usual ly  observed.  The  m i d - p o i n t  po ten t i a l s  for the  
couples ,  u n d e r  similar expe r imen ta l  cond i t ions ,  are, 3 4 0 m V  for 
Fe3+/Fe 2+ and  127 m V  for dehydroasco rb i c / a sco rb i c  acid, respect ively.  
I t  is seen tha t  the d i f ference  of  the  two redox  po ten t i a l s  

TABLE III. Effect of Organic Compounds on the BLM Photo-emf a 

Inner solution (M) Photo-emf (mV) Remarks 

Ascorbic acid (4 x 10 -3) 125-188 
Flavin mononucleotide (FMN) 138-167 
NQ-OH (10-2) b 140 
Oolong tea (4 • 10 -3 g/ml) 132 
Tannic acid (4.5 • 10 -v) 113-133 
Gatechin (3.5 x 10 -3) 92-121 
Cystine]cysteine 108 
Riboflavin (8 x 10 -s) -4 79-99 
Hydroquinone (7 x 10 ) 79-96 
NQ-2-SO3(K) (10-2) c 80 
Gallic acid ( 10 -2) 72 -84 
Methyl viologen (4 • 10 -2) 73 
Ferrozine 85 
fi-NAD (6 • 10-4 glml) 67 

Cytochrome c (2 x 10 -s g/ml) 48 
Quinhydrone (7 x 10~) 45-64 
Vitamin K (2.4 x 10 -2 g/ml) 37 
Benzoquinone (2.8 x 10 -4) -4 to 16 
Eosine + KI (1 mM) 225-245 

240 mV with an applied field 
White ppt. disappearing with time 
see footnote (d) Table II 

Also observed with Oolong tea 

see footnote (d) Table II 

see footnote (d) Table II 

K4Fe(CN)6 used in place of FeCI3 
A complexing agent for Fe +2 
Gave a negative dark membrane 
potential 
Generated a dark membrane potential 

10-15 mV dark potential 
see footnote (d) below 

aSee Table II for other experimental details. 
bNQ-OH = 2-hydroxyl-l,4 naphthoquinone. 
C'NQ-2-SO3 (K) = potassium salt of 1,4-naphthoquinone-2-sulfonic acid. 
dThe cell arrangement was as follows: 

Tetraphenylboron/oxi~lized cholesterol BLMlEosine, KI. The bathing solution was 
0.1 mM Na acetate at pH 4. 
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(340 -- 127 = 213) is in good agreement with the observed photovoltage, 
thereby providing support to the idea that the Chl-BLM functions as two 
coupled redox electrodes with one side reducing and the other side 
oxidizing [6, 11]. 

Photosensitization of Oxidized Cholesterol BLM by Dyes 

Certain BLM, such as those formed from oxidized cholesterol or 
phospholipids which are otherwise not photoactive, can be sensitized by 
certain inorganic ions [7] and organic dyes [11] dissolved in the 
aqueous solution. Experimentally, the BLM was formed in the usual 
manner, on a hole in the side of a Teflon cup separating two aqueous 
solutions. A standard BLM-forming solution of oxidized cholesterol in 
n-octane was used [12]. After the membrane had reached the black 
state, a known volume of the bathing solution on one side of the BLM 
was withdrawn and an equal volume of solution, containing the dye was 
added. Fig. 2 illustrates typical photo-voltage vs. time curves of a 
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Figure 2. Photovol tage  vs. t ime  curves of  an oxidized cholesterol  BLM. Other  
exper imenta l  condi t ions  are given in Fig. 1. A. Open-circui t  response.  
B. Photovol tage  measu red  wi th  a 109 o h m  s h u n t  resistor  b u t  w i thou t  external ly  
applied voltage (membrane  dark voltage = 30 mV,  the  chlorophyl l in  side positive).  
C. Photovol tage measu red  wi th  - -175 m V  applied th rough  a 109 o h m  s h u n t  resistor  
wi th  the  ch lorophyl l in  side negative. Membrane  resistance = 109 ohms.  

on 
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oxidized cholesterol BLM sensitized by water-soluble chlorophyll 
(Chlorophyllin). This system is of particular interest in that the 
photoresponse has been found to be much larger than that of Chl-BLM. 
It was noted also that the presence of the dye lowered the BLM 
resistance by an order of magnitude. Evidently the dye not only interacts 
with the membrane but serves a dual function that of acting as light 
absorbing pigment in the membrane and as an electron donor (or 
acceptor as the case may be) in the bathing solution. Similar 
photoresponses were observed with eosine and other dyes in oxidized 
cholesterol BLM (see Table IiI)~ 

General Discussion and Conclusions 

The usual picture of a BLM separating two electrolyte solutions 
consists of a liquid hydrocarbon core (~,,50 A) interposed between two 
polar regions which contain the sites for ion building. These sites, if 
charged, determine the interfacial potentials, and constitute one of the 
two major factors governing the ion transport; the other factor being the 
hydrophobic interior of the BLM. As previously suggested [6],  
pigmented BLM is considered as a photovoltaic device and the transport 
of charges across the membrane can take place by means of either 
electronic or ionic processes or both [ 11]. Conduction by ions, however, 
is governed by the nature of surface-active species in the BLM system 
owing to the existence of electrical double layers at the two co-existing 
aqueous-solution/BLM interfaces (biface). The observed photoeffects 
have been explained as follows. The photon energy of exciting light 
absorbed by the pigment in or/and near the BLM, causes charge carriers 
in the form of electrons and hole (ion-radicals) to be generated, 
presumably via either direct electron ejection or exciton dissociation. To 
sustain steady state photoeffects, coupled redox reactions (e.g. oxidation 
of water and reduction of electron acceptor) across the BLM must occur. 
Strong evidence supporting electronic processes apart from the 
photovoltaic effect, is that the action spectrum of a photoactive BLM 
resembles the absorption spectrum of the photoactive species in 
solution [11]. The results of the present investigations further reveal 
that the photoeffects in pigmented-BLM are strongly influenced by 
externally applied voltage and dark membrane potential as well as by the 
nature of modifiers present in the bathing solution. 

The observation of photoeffects in pigmented BLM affords an 
opportunity to speculate on possible mechanisms of energy conversion 
and storage via ultrathin lipid membranes as depicted in Fig. 3. The 
energy levels of the electron acceptor and donor must lie, respectively, 
below the ground state and above the excited state of the photoactive 
species in the BLM. The energy of the absorbed photon is stored, 
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therefore ,  in terms of  the redox products ,  since the t ransferred electrons 
are at a higher energy level than that  of  the donor  (Fig. 3B). In the 
second case, shown in Fig. 3A, a t he rmodynamica l ly  favoured react ion is 
able to proceed as a result  of  the lowering of  energy barr ier  (e.g., the 
hydroca rbon  po r t i on  of  the BLM). It  is quite analogous to certain 
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Figure 3. Mechanisms of light-elicited phenomena in pigmented BLM. The BLM is 
considered as an ultrathin layer of liquid crystalline phase separating two highly 
conducting aqueous solutions. (A) Photosensitized redox reactions where light 
mainly lowers the activation energy for thermodynamically favoured processes to 
proceed. (B) Energy conversion via energy transducing membrane where light is the 
driving force. The energy of the absorbed photon is stored in terms of redox 
products. 

classical photosens i t i zed  react ions  where the chlorophyl l  acts as the 
photosensi t izer .  Al though  photosens i t i zed  react ions of  the second type  
are of  interest ,  for example ,  in the e luc ida t ion  of reac t ion  mechanisms,  
they are not  energy-conserving processes. F rom the v iewpoint  of 
conversion of  light into chemical  energy, research effor t  wi th  BLM are 
being centered on react ions where energy storage is effected;  the 
u l t imate  source of  e lectrons desired should originate from water.  

In  this invest igat ion,  we have examined  the BLM photoef fec ts  of  a 
large variety of modif iers  (electron acceptors  and donors) .  The 
compounds  tes ted  include simple inorganic e lect rolytes  (e.g., FeC13 and 
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KI) and complex organic molecules (e.g. tannic acid and flavin 
mononucleot ide) .  The magnitude of the observed photopotent ia ls  
appeared to be related to the standard redox potentials of the 
compounds.  The effect  of ligands in the case of  transition elements (Fe +a 
and Co +3 ) is noted.  

At present, we are a t tempt ing to correlate the observed photo-emfs 
with redox potentials,  electron affinity, and ionizat ion potentials  of 
these compounds.  If this can be done, a useful table may" be constructed 
listing the relative oxidizing or reducing power of  these compounds  
which may aid us in the understanding of membrane  redox processes in 
nature. 
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