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sites in biosensing, [ 3,4 ]  nucleic acid detection, [ 3 ]  drug develop-
ment applications, [ 5 ]  neuronal activity monitoring, [ 6 ]  and cyborg 
tissue scaffolds. [ 7 ]  However, most of these applications utilize 
molecular recognition as a biosensing mechanism, or use the 
devices as direct sensors for electrochemical potential. In con-
trast, major biological signaling processes, such as neural sign-
aling often rely on a much more intricate interplay between ion 
gradients and membrane potentials. 

 Here, we demonstrate the use of a similar biological regula-
tion mechanism in a light-powered bioelectronic device based 
on a 1D lipid bilayer device architecture. In these devices, a 
membrane protein resides within the lipid bilayer that covers 
a nanowire channel of a SiNW FET. This lipid bilayer performs 
two functions: it shields the nanowire from the solution species 
and serves as a native-like environment for membrane proteins 
that preserves their functionality, integrity, and vectorality. In 
the past, we showed that this architecture allows us to couple 
passive ion transport [ 8 ]  and active ATP-driven ion transport to 
the electronic signaling. [ 9 ]  In this work, we achieve two goals. 
We show a 1D bilayer device incorporating a bacteriorhodopsin 
(bR) proton pump that couples light-driven proton transport to 
a bioelectronic circuit output. We also show that coassembly of 
protein channels and ionophores in the 1D bilayer device can 
upregulate and downregulate its output level by altering the 
lipid membrane permeability to specifi c ions, which in turn 
modulates the membrane potential. 

 Our device platform ( Figure    1  a) was based on a micro-
fabricated SiNW FET in which a single nanowire was clamped 
between a pair of source and drain electrodes insulated from 
the solution by a protective photoresist layer. All devices meas-
ured in this study were single nanowire devices similar to the 
device in Figure S2 (Supporting Information). A microfl uidic 
channel fi lled with a buffer solution covered the active area of 
the chip. This confi guration allowed us to fuse proteoliposomes 
onto the SiNW surface to create a continuous lipid bilayer that 
preserved the protein functionality. The lipid bilayer covering 
the nanowire surface contained bR, a protein from the purple 
membrane of  Halobacterium salinarum . bR absorbs green light 
( λ  max  = 560 nm) and undergoes a multistate photocycle that 
translocates a proton across the membrane. [ 10 ]  In bacteria, this 
process builds up the proton motive force that subsequently 
powers ATP synthesis. [ 11 ]  bR is also exceptionally stable ex vivo 
under diverse environmental stresses, and over a broad range 
of pH and temperature. [ 12 ]  In this study, our devices were tested 
over 3–4 days without any loss of signal. It is possible that the 
overall device stability could be compromised over a longer 
timescale in physiological conditions, [ 13 ]  however it is not clear 
how lipid bilayer coating would affect this process.  

  Biological systems interact with their environments by control-
ling proton and ion gradients, and membrane electric poten-
tials to accomplish strikingly complex tasks on the nanometer 
length scale. Energy harvesting, motility, and whole organism 
replication involves a vast arsenal of active and passive ion 
channels, and ion pumps that mediate complex and precise 
transport across biological membranes. [ 1 ]  Despite the remark-
able rate of progress exhibited by modern microelectronic 
devices, they still cannot compete with the ability of biological 
molecules to carry out molecular recognition, catalyze chemical 
reactions, and respond and adapt to environmental cues. There-
fore, the sophistication of biomolecules provides an excellent 
opportunity to use them in hybrid bioelectronic devices where 
such a combination could enhance electronic functionality and 
create seamless bidirectional interfaces between man-made and 
biological structures. [ 2 ]  

 1D inorganic nanostructures, which have critical dimensions 
comparable to the sizes of biological molecules, form a versa-
tile materials platform for building such integrated assemblies. 
Researchers already use silicon nanowire (SiNW) fi eld-effect 
transistors (FETs) functionalized with molecular recognition 
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 After we reconstituted bR into preformed 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) liposomes and fused the 
resulting proteoliposomes onto the device surface, fl uorescence 
microscopy images (Figure  1 b) indicated that the lipid bilayer 
covered the nanowire device completely. Moreover, fl uorescence 
recovery after photobleaching measurements indicated that the 
lipid bilayer covering the nanowire was continuous and mobile 
(Figure S3, Supporting Information); both of these properties 
are important for providing good shielding of the SiNW surface 
and accommodating the membrane proteins. 

 Upon exposure to 560 nm green light, the SiNW devices 
that did not contain membrane protein registered only small 
amounts of photocurrent (Figure  1 c, black trace). [ 14 ]  This signal 
was quite small (the maximum conductance change was less 
than 0.1%) and exhibited almost instantaneous turn-on and 
turn-off kinetics: upon illumination the signal immediately 
increased to a steady-state level, which then decayed back to 
baseline level as soon as the light was turned off. When the 
lipid membrane covering the SiNW contained bR protein, 
the device showed a markedly different response to the green 
light exposure (Figure  1 c, red trace). Unlike the photocurrent 
signal, the source–drain current showed a fast initial decrease 
that gradually slowed down. The resulting signal exceeded the 

photocurrent by at least an order of magni-
tude. After the illumination was switched off, 
the current gradually returned to its original 
level. This cycle was repeatable (Figure  1 c) 
without signifi cant losses of signal strength 
or fi delity. 

 A quantitative description of ion fl uxes 
in this device accounts for the interplay of 
the two major processes. Upon exposure 
to green light, the bR proteins in the lipid 
membrane pump protons across the bilayer 
and build up a proton gradient across the 
barrier. The resulting change in the SiNW 
surface charge due to the protonation of 
SiO −  groups causes a change in the tran-
sistor output. [ 15 ]  Simultaneously, passive 
diffusion of protons across the lipid bilayer 
tries to equilibrate the proton concentration 
on both sides of the membrane and reduces 
the device response. Both of these processes 
also modify the electrochemical potential 
across the membrane, which is set by a com-
bination of the pump activity and the pas-
sive diffusion of all ionic species present in 
the system through the membrane. Qualita-
tively, as the proton gradient increases, the 
rate of proton leakage goes up. At the same 
time, the proton pumping rate is retarded by 
the electrochemical gradient built up on the 
membrane. [ 16 ]  As the pumping and leakage 
processes offset each other, the device output 
current slows down and eventually reaches a 
steady state. When the light is switched off 
and bR stops pumping protons, the leakage 
through the bilayer continues to deplete the 
transmembrane proton gradient and eventu-

ally returns the device to its baseline state, where it becomes 
ready for the next illumination cycle. The device response was 
then converted into the proton concentration in the solution 
between the nanowire and the bilayer using a calibration curve 
(Figure S5, Supporting Information) measured for each batch 
of the devices used in this study. The remaining data presented 
in this study are reported in terms of proton concentration 
change. 

 The main differential equation describing the proton gra-
dient buildup accounts for the contributions of pumping and 
leakage processes:
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 where  H(t)  is the proton concentration between the bilayer 
and the nanowire surface,  H 0   is the proton concentration of 
the outside solution,  V  m  is the electrochemical potential of 
the membrane,  I  0  (V  m  )  is the protein pumping rate, which is 
a function of the membrane potential and incident light inten-
sity,  P  H  is the proton permeability of the lipid bilayer, and A

v
 is 

the surface-to-volume ratio for the solution enclosed between 
the bilayer and the nanowire. The membrane potential can be 
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 Figure 1.    Light-activated bioelectronic device. a) Device schematics showing a SiNW transistor 
with the nanowire covered with a lipid bilayer containing bacteriorhodopsin protein. b) Scan-
ning confocal microscopy image of the chip coated with lipid bilayer. To visualize the bilayer 
a small portion of the lipid was labeled with a TexasRed™ fl uorescent dye. Inset: a scanning 
confocal microscope image of a source and a drain electrode region of the chip showing a 
SiNW covered with lipid bilayer. c) Normalized time trace of the SiNW transistor source–drain 
current recorded under three cycles of green light (560nm) illumination for the uncoated SiNW 
device (black trace) and the device coated with a lipid bilayer containing bR protein (red trace). 
Data representative of 21 devices. 
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determined from the concentrations and permeabilities of the 
ions present in the system in the inner and outer solutions 
using Goldman–Hodgkin–Katz (GHK) equation:

    
V

RT
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P H P K P C
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+ +
+ +
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H in K in Cl out
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(2)

 

 where  P  i  is the membrane permeability of ion of type  i ; sub-
scripts H, K, and Cl denote the concentrations of proton, potas-
sium, and chloride ions, and subscripts in and out denote 
concentrations on inner and outer sides of the membrane. 
R,  T,  and F are the ideal gas constant, temperature, and Fara-
day’s constant. Finally, we assume that the membrane poten-
tial retards the activity of the bR pump linearly [ 17 ]  up to a point 
when it reaches the stalling value,  V  max . Then the main differ-
ential equation governing the proton gradient buildup becomes:

   

H t

t

I A

v

V V

V

P A

v
H t Hm=

−
− −

d ( )

d
( ( ) )0 max

max

H
0

  
(3)

 

 where the value of the membrane potential of  V  m  is set by the 
GHK equation (Equation   2  ). After the illumination is turned off 
( I  0  =  0 ), the leakage of the protons is described by:
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 It follows immediately from the Equation   4   that the time 
constant for the leakage process,  τ , should be equal to 

v
A P× H

. 
Since most of the measured leakage time constant values 
cluster around the value of 10 s ( Figure    2  a, inset), then using 
the proton permeability value [ 18 ]  of 5.9 × 10 −9  m s –1  we can esti-
mate the surface-to-volume ratio, A

v
, as 1.69 × 10 7  m −1 . The 

inverse of this value, 60 nm, which corresponds to the effective 
thickness of the proton reservoir between the nanowire and the 
lipid bilayer overhang dimension, gives us important informa-
tion about the geometry of the device. This value is much larger 
than ca. 2 nm value for the distance between the nanowire and 
the lipid bilayer that coats it conformally (Figure  2 a). Instead, 
this value is comparable to the size of the nanowire, giving 
strong evidence that the majority of the protons delivered by the 
pump accumulate in the “pocket” space formed on the sides of 
nanowire (Figure  2 a). This observation explains the variations 
in the leakage time measured in different devices, which likely 
refl ect the differences in the nanowire sizes and the corre-
sponding variations in the surface-to-volume ratio. We note that 
overhanging portion of the bilayer with this geometry should 
still remain robust. [ 19 ]  Finally, these observations suggest a 
straightforward pathway toward increasing the recovery speed 
of the device by implementing a suspended nanowire confi gu-
ration, which should eliminate the reservoir space altogether.  

 When we fi t the Equation   2  –  4   to the kinetics of proton accu-
mulation and dissipation (Figure  2 a), we used the literature 
values for the mobilities of proton, potassium, and chloride 
ions ( P  K  = 3.3 × 10 −15  m s –1  [ 20 ]  and  P  Cl  = 1.5 × 10 −13  m s –1  [ 21 ]  
and the bR stalling potential of 225 mV [ 17 ]  leaving us with only 
one fi tting parameter: the bR proton pumping rate,  I  0 . Even 
then, the kinetics predicted by the model fi ts the observed 
device response quite well (Figure  2 a, dashed lines). The 

value of the bR pumping rate that we obtained from fi tting 
the experimental data (2.4 × 10 −3  H +  s –1 ) is about an order of 
magnitude lower than the values reported in the literature 
(2 × 10 −2  H +  s –1 ). [ 22 ]  We note, however, that our estimate repre-
sents a lower boundary value, because it assumes that every bR 
protein in the lipid bilayer incorporated into the device remains 
photoactive and that no protein amount was lost during the 
sample preparation steps. 

 A quick analysis of the terms in the Equation   2   also shows 
that the chloride ion terms make the largest contribution to the 
membrane potential. Thus, since the chloride ion concentration 
is many orders of magnitude larger than the proton concentra-
tion change, we can conclude that the electrochemical potential 
variations are relatively small. Thus, the device current saturates 
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 Figure 2.    Kinetics of the device response. a) Time trace of the proton 
concentration gradient accumulated in the device over one light ON/
light OFF cycle for the device incorporating bR proteins (each cycle con-
sisted of 40 s light exposure followed by 60 s of dark time). The dashed 
lines represent the best fi t to Equation   2   and   3  . The schematic shows 
the device geometry with a solution reservoir on each side (the red line 
represents ca. 2 nm water layer between the top wire and bilayer, and the 
green line represents ca. 60 nm solution “pocket”). Inset: A histogram 
of the average proton leakage time values in the OFF state ( n  = 54). 
b) Time trace of changes in proton concentration on the nanowire side of 
the membrane under varying illumination power (data are representative 
of at least 18 bR-FET device measurements). Inset: A plot of the proton 
gradient accumulated after 40 s of illumination as a function of incident 
light intensity.
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estimate that at this point the membrane potential reaches only 
18 mV, which is well below the bR stalling potential. Finally, the 
model predicts that the initial pumping rate should show the 
linear dependence on the intensity of the incident light, at least 
until bR activity reaches saturation. Indeed, the values of the 
initial pumping rates that we measured at fi ve different light 
intensities follow this linear dependence (Figure  2 b). 

 The dynamic equilibrium between the pumping and leakage 
processes and the membrane potential also gives us an oppor-
tunity to regulate the device performance using ionophore spe-
cies that modulate the membrane potential by changing the 
membrane permeability to the specifi c ions. Three different 
ionophores that self-insert into the bilayer allowed us to vary 
different components of the proton electrochemical gradient 
independently. Qualitatively, valinomycin, a hydrophobic carrier 
molecule that shuttles K +  ions across the membrane, [ 20 ]  relieves 
the electric fi eld gradient across the membrane but leaves the 

proton gradient intact. Nigericin, a transmembrane carrier that 
catalyzes an electroneutral K + /H +  exchange across the lipid 
bilayer, [ 23 ]  relieves the proton gradient, but preserves the elec-
tric fi eld gradient. Finally, gramicidin A (gramA), a peptide that 
forms a passive channel in the membrane, allows fast nonspe-
cifi c ion leakage [ 24 ]  and neutralizes both of these gradients. 

 Valinomycin, which helps K +  ions to cross the membrane 
(increasing the effective K +  membrane permeability by two 
orders of magnitude to a value of 5.0 × 10 −13  m s –1 ), provides 
an additional compensatory pathway to relieve the electrical 
potential across the bilayer while keeping the proton gra-
dient intact. Thus, it should upregulate the device perfor-
mance. Indeed, addition of 2 µM of valinomycin to the 1D 
bilayer device increased the peak proton accumulation under 
the bilayer surface by ca. 50% (decreasing the pH by an addi-
tional 0.3 units) compared with devices containing only bR 
( Figure    3  a). This effect was also repeatable over multiple 
light ON/OFF cycles. Signifi cantly, the kinetic curve of the 
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 Figure 3.    Device response in presence of ionophores shown as time traces of the proton concentration under the lipid bilayer in the vicinity of the 
SiNW during three consecutive 40 s illumination cycles for the devices incorporating bR protein and a) valinomycin, b) nigericin, and c) gramicidin 
A. Schematics on the right illustrate the action mechanism for each ionophore. (Data representative of at least seven bR-FET device measurements 
for each ionophore).
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proton accumulation calculated using Equation   2  –  4   with only 
an increased potassium ion permeability (every other model 
parameter remained unchanged) reproduced the measured 
increase in the device output ( Figure    4  a).   

 Nigericin facilitates the backfl ux of the protons pumped 
under the bilayer by bR, thus providing an additional relief 
pathway for the proton gradient. Since this action is accom-
panied by the coupled fl ux of potassium ions in the opposite 
direction, this ionophore preserves the electrical fi eld gradient 
developed by bR. By providing an extra leakage pathway for the 
protons, nigericin effectively increases the permeability of pro-
tons through the lipid bilayer; therefore, the maximum signal 
achieved by the device should also be reduced relative to the 
signal obtained before introduction of the ionophore. Indeed, 
the experiment shows (Figure  3 b) that after addition of 2 µM of 
nigericin the maximum proton accumulation decreased by ca. 

35% (a ΔpH difference of 0.2 units) compared with the devices 
with only the bR protein. In this instance, we also found 
that we could reproduce the measured kinetic curves using 
Equation   2  –  4   and adjusting again only one parameter — the 
proton permeability ( P  H ) from 5.9 × 10 −9  to 7.0 × 10 −9  m s –1  
(Figure  4 b). Ionophores did not modulate the device response 
(i.e., photocurrent) in absence of bR protein. Thus, the model 
represented by Equation   2  –  4   provides a complete quantitative 
description of all processes that occur in these multicompo-
nent bioelectronic devices and highlights the membrane ion 
equilibrium as the main physical process that controls device 
output. 

 We also explored a way to drastically increase the proton 
leakage rate though the lipid bilayer by introducing gramA 
into our devices. Gram A is a passive pore that exhibits high 
permeability for protons and monovalent ions. The presence 
of gramA pores in the bilayer-coated device effectively shorts 
the lipid membrane and provides a major pathway to relieve 
all ion and proton gradients in the system. Indeed, when we 
introduced gramA to our devices, most of the proton pump 
activity was suppressed and we observed only very small SiNW 
conductance change in response to the green light illumination 
(Figure  3 c). 

 In summary, we demonstrated that hierarchical assembly 
of membrane protein pumps and ionophore molecules cre-
ated biologically tunable bioelectronic devices that converted 
light-induced proton transport by bR protein into an electronic 
signal. Our results show that ionophore molecules, coassem-
bled with the membrane protein, upregulate and downregulate 
the device output by modulating the lipid membrane potential 
and altering the specifi c ion permeability of the membrane. 
We have also presented a quantitative model that describes 
the observed kinetics and regulation mechanisms with high 
accuracy. 

 These results open up new opportunities for constructing 
bioelectronic devices. The incorporation of a robust proton 
pump capable of developing signifi cant pH gradients is a 
major step toward integration of other biological processes 
powered by proton gradients such as spreading of neutro-
phils, elimination of CO 2  by epithelial cells, or production 
of ATP by ATPase enzymes. Signifi cantly, the possibility to 
tune the device performance by using biological modifi ers 
coassembled in the membrane covering the nanowire gives 
researchers a much more extensive biological toolkit for bio-
electronics applications such as implantable biosensors and 
neural interfaces.  

  Experimental Section 
  SiNW Growth and FET Device Fabrication : P-type SiNWs with 

diameters in the range of 40–80 nm were grown using catalytic 
chemical vapor deposition. SiNWs were aligned onto a SiO 2  surface 
using a fl ow-alignment technique. [ 25 ]  The source–drain electrode 
contacts, with a typical spacing of 5 µm, were patterned on the wafer 
using photolithography, and the chip was subsequently passivated with 
an additional photoresist layer, creating a 2 µm channel exposing the 
SiNWs. These devices were then placed into a polydimethylsiloxane 
(PDMS) fl uid cell with inlet/outlet ports for solution delivery, and an 
opening for a leak-free gate electrode (see details in the Supporting 
Information). 
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 Figure 4.    Changes in membrane permeability modulate device output. 
a) A comparison of the measured device outputs during the illumination 
period before (blue curve) and after (red curve) addition of 2 µM valino-
mycin ionophore to enhance potassium permeability and the kinetic 
curves calculated using Equation   2  –  4   (dashed curve,  P  K  = 3.3 × 10 −15  m s –1 ; 
dotted curve,  P  K  = 5.0 × 10 −13  m s –1 ).  b ) A comparison of the measured 
device output during the illumination period before (blue curve) and 
after (red curve) addition of 2 µM nigericin ionophore that creates an 
additional pathway for proton leakage and the kinetic curves calculated 
using Equation   2  –  4   (dashed curve,  P  H  = 5.9 × 10 −9  m s –1 ; dotted curve, 
 P  H  = 7.0 × 10 –9  m s –1 ). See the main text for the description of parameters 
used for the calculation in each case.
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  Proteoliposome Preparation and Characterization : DOPC 
proteoliposomes were prepared using the detergent-mediated 
reconstitution method [ 26 ]  in 150 mM KCl, 1 mM KH 2 PO 4 , pH 6.8 at 
a protein:lipid molar ratio of 1:500. Successful incorporation of bR 
(Sigma–Aldrich) into liposomes was verifi ed using UV–vis spectroscopy 
and dynamic light scattering (DLS) measurements before and after 
reconstitution. Proteoliposome solution was injected into a PDMS 
channel covering the device chip and allowed to fuse for 30 min. 
For measurements, the PDMS channel was fi lled with 150 mM KCl, 
1 mM KH 2 PO 4 , pH 6.8 buffer solution. 

  Confocal Laser Scanning Microscopy : Lipid bilayer coverage and 
mobility on the SiNW were verifi ed by including 0.2% (mol%) TexasRed-
DHPE to the lipid composition and imaging the bilayer using scanning 
confocal microscopy (Zeiss LSM710 with Zen software). Further 
experimental details are provided in the Supporting Information. 

  Device Measurements : Assembled devices were mounted in a shielded 
probe station. Transfer characteristics ( I  S–D  vs  V  G ) and real time ( I  S–D  vs  t ) 
measurements were recorded with a homebuilt measurement system 
that used a NI-DAQ card and a Keithley 428-PROG preamplifi er. To 
improve the signal-to-noise ratio we have applied an AC bias between 
the source and drain electrodes and used lock-in detection to measure 
the source–drain current. For device photoactivation we used an external 
LED light source (SCHOTT KL 2500) fi tted with a green (560 nm) 
bandpass fi lter (Newport Corp.). The light source output had a power 
density of 136 mW cm –2  at 100% illumination and a spot size of 1 cm 
in diameter. Device measurements such as I–V curve acquisition and 
time trace measurements were carried out using AC source–drain bias 
of 200 mV (amplitude) at 5 and 100 Hz frequencies. We used a liquid 
Ag/AgCl gate electrode to apply a gate voltage of –500 mV, which falls 
in the linear regime of the transfer characteristics curve (Figure S4, 
Supporting Information). The entire setup was electrically grounded 
during all measurements and there is minimal leakage current to the 
gate electrode (≈10 −12  A, Figure S4, Supporting Information). To obtain 
quantitative information about the proton concentration in the solution 
surrounding the FET, we have measured the transistor source to drain 
current response,  I  S–D , in the presence of varying pH buffers in the range 
of 4–8. 

  Ionophore Incorporation : The ionophores, valinomycin and nigericin, 
used in this study are self-inserting into the lipid membrane as reported 
by previous studies. [ 27 ]  Ionophores, valinomycin, and nigericin, were 
added to the solution in the PDMS microfl uidic channel at a fi nal 
concentration of 2 µM and incubated in the fl uid cell for approximately 
30 min to allow suffi cient time for incorporation into the bR containing 
bilayer. Afterwards, the chamber was washed with buffer. GramA was 
co-reconstituted with bR during proteoliposome preparation, at a ratio 
of 1:200 gramA:lipid.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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