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ABSTRACT An organic field-effect transistor (OFET) integrating bacteriorhodop- A> 500 nm Halothane vapors

sin (bR) nanoassembled lamellae is proposed for an in-depth study of the proton

translocation processes occurring as the bioelectronic device is exposed either to light
or to low concentrations of general anesthetic vapors. The study involves the
morphological, structural, electrical, and spectroscopic characterizations necessary to
assess the functional properties of the device as well as the bR biological activity once ==
integrated into the functional biointerlayer (FBI)-OFET structure. The electronic
transduction of the protons phototranslocation is shown as a current increase in the

p-type channel only when the device is irradiated with photons known to trigger the
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bR photocycle, while Raman spectroscopy reveals an associated (=C isomer switch. Notably, higher energy photons bring the cis isomer back to its trans

form, switching the proton pumping process off. The investigation is extended also to the study of a PM FBI-OFET exposed to volatile general anesthetics

such as halothane. In this case an electronic current increase is seen upon exposure to low, dinically relevant, concentrations of anesthetics, while no

evidence of isomer-switching is observed. The study of the direct electronic detection of the two different externally triggered proton translocation effects

allows gathering insights into the underpinning of different bR molecular switching processes.

KEYWORDS: organic field-effect transistors - conformational changes - bioelectronic device - bacteriorhodopsin - electronic sensing

self-assembly - proton-pumping mechanism

acteriorhodopsin  (bR) is a small
B (~26 kDa) transmembrane protein

that transduces light energy into the
chemical free energy of a proton gradient
occurring across the cell membrane that
sustains, in vivo, the cell life through ATP
synthesis.! bR has a rather simple structure
consisting of a single polypeptidic chain
folded into seven-membrane-spanning
a-helices in which a single molecule of
retinylidene chromophore (retinal) is cova-
lently bound to a lysine residue of the poly-
peptide through an imine known as a Schiff
base. This is the light-absorbing moiety
responsible for initiating a photoinduced
proton translocation process.
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The overall cycle is initiated as the retinal
chromophore absorbs a green-yellow photon
(hv), triggering a rather complicated photo-
cycle? The primary photochemical event
involves the isomerization of the retinal from
all-trans to 13-cis, producing the first trap-
pable intermediate state, and it proceeds
through several states characterized by dif-
ferent absorbance maxima2 The longest
living My, intermediate, also characterized
by the most blue-shifted absorbance, is the
deprotonated Schiff base. When bR proteins
are kept dry, the photocycle stops at the
M-state, before the Schiff base can be repro-
tonated, due to the shortage of protons.
Ultrafast photoinduced charge separation
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is therefore followed by a slow charge recombination
as the protein returns to its ground state.*> These
features allow adopting a simplified model scheme
for the dry state, involving the sole switching between
the purple bRseg and the green-yellow My, states as
reported in Scheme 1:°

The cycle closes either by leaving the light-adapted
bR for few tens of seconds in the dark or by shining
blue light on it. In Scheme 1 it is also emphasized how
the photoinduced isomerization is associated with the
release of a proton.

The bR photocycle involves several molecular
switches. At first the photoinduced isomerization of
the C13—C14 double bond (isomer switch) occurs;
then the deprotonation of the aspartic acid 85 (amino
acid protonation switch) takes place, immediately fol-
lowed by the deprotonation of the Schiff-base link-
age (Schiff-base protonation switch), leading to a con-
formation change of the surrounding protein
(conformation switch).?

It has been demonstrated that spectral changes akin
to those associated with photoinduced proton trans-
location occur in bR also upon exposure to general
anesthetics.”® Such a process is revealed by the occur-
rence of a shift in the bR absorbance peak. Notably, the
proton-pumping capabilities associated with interac-
tions with the anesthetic molecules have been always
triggered, so far, by green-yellow light excitation.
A photoinduced isomerization eventually occurs, along
with the switching process caused by anesthetics,
making it difficult to independently investigate the
molecular process underpinning the interactions solely
with the anesthetics.

In vivo, the direct conversion of photons into che-
mical energy takes place within specialized patches of
the bacterium Halobacterium salinarum plasmic mem-
brane known as purple membranes (PMs). bR is the
sole protein contained in PM lamellae, where it exists
as a highly ordered hexagonal two-dimensional crys-
talline lattice of uniformly oriented bR trimers with an
extremely low phospholipid/protein ratio, which con-
fers exceptional stability against thermal and chemical
degradation. These PM patches can be easily isolated
from the cell membrane by means of mild procedures,
making these membranes a potentially low-cost ma-
terial, suitable for several applications.”~ "2

PM patches, composed of regularly nanoassembled
lamellae of bR proteins, are here integrated into a func-
tional biointerlayer (FBI) organic field-effect transistor
(OFET),"* with PMs forming the interlayer residing
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between the dielectric and the organic semiconductor.
The concept of the FBI-OFET has been recently
introduced,™ and studies on FBIs of phospholipid
bilayers'® or of hydrophilic proteins such as streptavi-
din or antibodies appeared afterward.'®'” The first
seminal paper also addressed the case of a PM bio-
interlayer showing preliminary evidence of electron
transduction of proton-pumping activity, which calls
for a more in-depth investigation. An FBI-OFET config-
uration foresees a biological interlayer lying at the
interface where the OFET two-dimensional transport
occurs.'®' A direct coupling between the proteins and
the transistor channel is eventually established, allow-
ing the electronic probing of subtle changes occurring
in the biological layer."*°

In this article a PM FBI-OFET is used to electronically
detect the proton translocation effects occurring as
the device is exposed either to physical or chemical
external stimuli such as light or anesthetic vapors. The
study allows us to obtain insights into the molecular
switching processes that underpin the two different
translocation effects, although both can be associated
with a direct electronic/ionic interaction occurring
between the PM and the OFET p-type organic semi-
conductor. To the best of our knowledge it is the first
time that the two differently generated proton trans-
location processes are studied and compared using the
same transducing device.

RESULTS AND DISCUSSION

Bacteriorhodopsin and PM FBI-OFET Structure. On the left
side of Figure 1A a schematic cross sectional view of
the FBI-OFET embedding a PM film is reported. The
bioelectronic device holds the structure of a bottom-
gate top-contact thin-film transistor sensor.??? The
gate contact (G) is interfaced to a 300 nm thick
SiO, dielectric layer. As typical for FBI-OFETs, the PM
interlayer is sandwiched between the dielectric and
the organic semiconductor (OS), a regioregular poly(3-
hexylthiophene-2,5-diyl) (RR-P3HT) in this case. The
source (S) and drain (D) gold top-contacts define a
L =200 um long electronic channel. In the central part
of Figure 1A a PM is sketched as discrete lamellae
comprising a phospholipid (PL) bilayer embedding a
trimer of bR proteins. The highly ordered PM lamellae
nanostructure, characterized by an extremely low
PL/protein ratio (ca. 75% bR and 25% lipid),"* holds
an exceptionally high stability against thermal and
chemical degradation.® In the rightmost part of
Figure 1A a single bR protein is shown with the arrow
indicating proton translocation whose direction goes
from the cytoplasmic to the extracellular side of
the membrane. The core of the photoactive process
involves the retinal chromophore, whose chemical
structure in the protonated all-trans-retinal and depro-
tonated 13-cis-retinal forms is reported in Figure 1B.
The conversion of light into metabolic energy occurs

VOL.8 = NO.8 = 7834-7845 = 2014 F@L@Mi{\)

WWwWW.acsnano.org

7835



L =200 pm

N —

polypetide
chain
'
\\
11
11
|
ST 1
\
H \\J
Schiff base

;\\l/ Ly

all-trans-retinal protonated Schiff base

E
G PM nano-lamellae

Polypetide
chain

13-cis-retinal de-protonated Schiff base

Figure 1. (A) Schematicillustration of the PM FBI-OFET device. A sketch of the purple membrane lamellae is shown along with
a drawing of the bacteriorhodopsin protein. (B) Chemical structures of the two conformational states of the retinal

chromophore.

because of the bR light-driven ion-pumping activity
that translocates protons from the inside to the outside
of the bacterial membrane upon illumination. The PM
color turns from purple (the bRseg form) to green-yellow
(the M4, form) concomitant with the proton transloca-
tion process, according to Scheme 1. Specifically, in the
dark the bR molecules within the PMs contain all-trans
protonated Schiff-base retinal characterized by an
absorption at ~568 nm, conferring the characteristic
purple color. This bR conformational state is here
addressed as bRseg or dark adapted. The proton trans-
location cycle?? is triggered upon exposure to green-
yellow light (4 > 500 nm), and the retinal switches to
the deprotonated 13-cis-retinal configuration. A steady
state characterized by an absorption maximum in the
violet-blue region (conferring a green-yellow color) is
eventually reached upon continuous illumination; this
is here addressed as My, or light-adapted form. The
cycle can be closed either by keeping the PM in the dark
for a few tens of seconds or by shining blue light (e.g.,
442 nm), which immediately brings the M4, form back
to the bRseg One.

PM-P3HT Staked Layers' Nanomorphology and Structure.
Before entering into the details of the PM FBI-OFET
electronic properties, it is important to assess the PM-
P3HT stacked layers' nanomorphology and structure.
The atomic force microscope (AFM) image of the
P3HT deposited on SiO, (Figure 2A) shows a nano-
structured morphology formed of granular domains
~100 nm wide, as expected for a regioregular P3HT**
as well as for other alpha-hexathienylene thin films.2>2°
Figure 2B features a 1 um thick PM assembly covered by
a 20 nm P3HT film. In the staked PM-P3HT system, the
nanostructured grains on the surface are ascribable to
the covering P3HT layer, while the larger features are
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attributed, for comparison with blank experiments, to
the PM nanolamellae self-assembled underneath. The
P3HT porous morphology, constituted of contiguous
nanograins, allows volatile molecules to easily percolate
through it, reaching the PM layer lying underneath.

The structures of the PM and PM-P3HT layers
have been studied by means of the grazing incidence
small-angle X-ray scattering (GISAXS) technique, which
involves a monochromatic X-ray beam directed at
a planar surface with a very small (grazing) incident
angle with respect to the sample surface. The radiation
scattered by the surface of the sample is then collected
by either a 1D or 2D detector. Figure 2C shows the out-
of-plane GISAXS scattering coming from both the PM
sample (black line) and the PM-P3HT stacking layers
(blue line), both deposited on a Si/SiO, substrate. The
GISAXS curve of the bare P3HT layer, similar to that
of the of Si/SiO, wafer, is not reported. In the PM and
PM-P3HT GISAXS curves the first three orders are
visible with a periodicity corresponding to a 1:2:3 type
relationship. This proves the occurrence of a one-
dimensional lamellar order, with the lamellae oriented
parallel to the substrate. The average interlamellar
spacing, extracted by a linear interpolation for g, vs
1/2zn (n = 1, 2, 3 indicating the Bragg reflection
order and g, the value of the scattered vector for the
nth reflection) is 5.0 & 0.4 nm, in agreement with
the thickness reported in the literature for one staked
patch of dry PM.?* The functional biological interlayer
is therefore composed by stacks of PM lamellae piled
parallel to the SiO, surface. The GISAXS curve for
the system in which the PMs are deposited beneath
the organic semiconductor (PM-P3HT) film shows
narrower peaks, which evidence an unchanged lamel-
lar thickness with a better defined interface.
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Figure 2. AFM images of a P3HT film (A) and of PM-P3HT staked layers (B) deposited on a SiO, surface. For the PM-P3HT
system a sketch of the structure is reported on the right. (C) Out-of-plane GISAXS scattering distribution for the PM film and

PM-P3HT staked layers.

Taking into account the whole thickness (1 um) of
the PM deposit and each staked nanolamella spacing
(5 nm), approximately 200 lamellae constitute the
whole PM interlayer in the PM FBI-OFET. In the self-
assembled PM layer each nanolamella lies parallel to
the SiO, surface, but they can be directed upward or
downward. Eventually, the bR proteins included in the
patches randomly expose the cytoplasmic or the ex-
tracellular side to the interface with the P3HT layer
and proton pumping is generated in both directions so
that, in the absence of an external bias, no net proton
photocurrent can be detected.””

Bacteriorhodopsin Photoactivity in PM FBI-OFET. Although
the PM has been shown to retain its structure upon
integration into the FBI-OFET, this does not necessarily
imply that the bRs retain their biological functionality.
To assess this issue, the bR photoactivity is investigated
by studying the changes occurring in the PM-P3HT
bilayer spectrum upon green-yellow light (A > 500 nm)
illumination. The PM-P3HT on a glass substrate is
sketched in Figure 3A, while the visible absorption
spectra in the dark (meaning the sample exposed to
only the spectrometer source light) and under illumina-
tion are compared in Figure 3B. The spectrum measured
in the dark is dominated by the absorption peak at
~570 nm, ascribed to the bR's all-trans retinal (purple
line). Upon exposure to a 4 > 500 nm beam, the retinal
switches to the 13-cis-retinal configuration, triggering
the proton translocation cycle. A steady state is even-
tually reached upon continuous illumination (green line),
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Figure 3. (A) PM-P3HT sample deposited on a glass sub-
strate along with the light exposure conditions. (B) Compar-
ison of the visible absorption spectra in the dark and under
illumination. The purple curve is the absorption spectrum of
the PM-P3HT measured in the dark, while the green curve is
measured under continuous illumination with a halogen
lamp filtered through a green-yellow filter (1 > 500 nm). (C)
Recovery kinetics from the bleaching measured at 560 and
410 nm. Dots represent the experimental data, while solid
dark lines are the result of a modeling involving the super-
imposition of two first-order kinetics.

characterized by the presence of a new absorption
maximum at 412 nm. The PM-P3HT absorbance spec-
trum under green-yellow light indeed exhibits a pro-
nounced bleaching in the region 480—650 nm with the
appearance of the characteristic fine structure typical
of the regioregular P3HT absorption. This result means
that, although the P3HT and the bR share the same
absorption range, illumination selectively bleaches the
bR absorption. Furthermore, illumination induces the
rising of a band at 412 nm, associated with the light-
adapted form, proving that the bR molecules in the PM
interlayer underneath the P3HT film are still capable of
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isomer-switching; namely, they are still biofunctional. It
can be noted that the fraction of proteins in the light-
adapted state under steady-state illumination is ruled by
their rate of natural relaxation and the intensity of the
exciting beam.

The spectral changes are annulled as the green-
yellow light source is switched off. The recovery kinetics
from the light-adapted bR form at 560 nm and at
410 nm are shown in Figure 3C. The two processes
are parallel and clearly biphasic and can be ascribed to a
superposition of two first-order kinetics: a fast process
with a characteristic time of 8 & 1 s and a slower one
with a characteristic time of about 98 + 8 s. Continuous
illumination of photoactive proteins in the solid form
often results in the trapping of photointermediates 2%2°
Accordingly, slow three-component relaxation after
continuous illumination of dry bacteriorhodopsin was
previously reported.> While the faster process (decay
time 1 s) is beyond the limits of our apparatus, the
slower components (decay times of ~10 and 100 s) are
in very good agreement with the results of Figure 3C.
This finding further enforces the idea that the presence
of the P3HT layer does not affect the bR functionality.
We want to emphasize that all the above-described
photoinduced effects are not visible on the bare P3HT
layer.

PM FBI-OFET Electrical Characterization. The electrical
characterization was performed by operating the de-
vices in the common-source configuration, and typical
current—voltage (/ps vs Vps) curves at different Vg bias,
acquired in the double run mode, are reported in
Figure 4A. All the /-V curves exhibit clearly defined
linear and saturated regions as well as current modula-
tion, and a very low leakage current at low source—
drain voltage is seen. This shows that the electronic
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Figure 4. (A) Current—voltage (/—V) characteristics of a PM
FBI-OFET measured in the double run mode. (B) Square root
of |Ips| vs Vg plots for the same device.

properties of the organic semiconductor (P3HT) remain
mostly unchanged as it is deposited on an uneven
biological layer. Likely, the flexible P3HT film, composed
of contiguous nanograins, smoothly adapts to the
uneven PM layer. It is also interesting to underline that
the hysteresis evidenced by the recording in the double
run mode is negligible. Both these features are remark-
able considering that a biosystem is integrated into the
device channel region. The electronic parameters (field-
effect mobility, urer, current amplification, on/off ratio,
and threshold voltage V4) that are critical to define the
bioelectronic device performance level were extracted
from the experimental current—voltage characteristics
using the assessed procedure®® involving the analysis
of the square root of Ips measured in the saturation
region, namely, at Vps = —80V, while sweeping the gate
bias (Figure 4B). The equation used to extrapolate the

parameters is
w
IE)éT = T ﬂFETCi(VG* V) (1M

where G is the FET dielectric capacitance per unit area,
being 12 nF/cm? while L = 200 um and W = 4 mm are
the channel length and width, respectively. The analysis
of the data, averaged over 10 samples, is reported in
Table 1, showing also a comparison with the data taken
from a bare P3HT OFET. Clearly, the mobility is almost
unaffected by the PM integration, while the threshold
voltage is shifted toward more positive values. This can
be explained considering the net negative charge
carried by bR proteins effectively acting as an extra
gating. The OFET on/off ratio decreases upon integra-
tion of the PM probably due to the slight ionic con-
ductivity of the biological layer. Interesting is also that a
urer and on/off ratio as high as 2 x 1072 cm? V™" s~
and 6 x 10° respectively, could be achieved with a
soluble pentacene-based OFET with the PM."*

Raman Spectroscopic Investigation of Gate-Biased PM FBI-
OFET. The Raman investigation was carried out to
independently assess the occurrence of the isomeriza-
tion of the retinal from all-trans to 13-cis by directly
addressing the changes in the bR C=C stretching
vibration peak. To this end, micro-Raman spectroscopy
was chosen to probe the PM FBI-OFET under light or
under halothane, as well as while the PM FBI-OFET
device was subjected to a gate bias. To acquire the

TABLE 1. Figures of Merit Extracted from the PM FBI-OFETs and Bare P3HT-OFET /—V Curves®

P3HT-OFET

av (n =10)

s (@m? Vs (28 4079) x 107
Vi (V) 7743
on/off 1168 + 310

PM FBI-OFET
best av(n=10) best
40 x 1073 (128 £0.28) x 1073 27 %1073
747 7
181 4 40 B7

“Values are expressed as the average over 10 replicates, and errors are the relevant standard deviations.
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Figure 5. Raman spectra measured in the pump and probe experimental setting illustrated in the main text. Kr' laser
(476.2 nm) is the probing, while the HeCd (442 nm) is the pumping beam. (A) Raman spectra of a PM film deposited on a SiO,
substrate with the sole probing beam (green line) and with both pump and probe beams (purple line). (B) Raman spectra
measured on the PM FBI-OFET device; green and purple color codes are as for panel (A). The curves measured under a gate

bias of —60 V are labeled.

resonant Raman spectra of the bR protein in its two
conformational states (dark and light adapted), a pump
and probe measuring setup was implemented.'3?
The Kr" laser radiation at 476.2 nm was chosen, as
the probing beam is close to the PM isosbestic point at
460 nm. Indeed the radiation at 476.2 nm promotes the
transition from the bRsgg to the My, forms and acts,
though weakly, as a “green-yellow” source. As pump,
the He—Cd blue line at 442 nm was used. These
photons, according to Scheme 1, trigger the My, form
and switch it back to the bRseg state.

Figure 5A compares typical Raman spectra of the
dry PM film deposited on the Si/SiO, substrate and
measured under exposure to only the Kr' laser probing
beam (green line) or to the simultaneous illumination
by the Kr* probe and He—Cd pump beams (purple
line). During the exposure to only the Kr' laser, the
characteristic Raman bands at 1531, 1568, 1643, and
1621 cm ™' ascribable to the C=C and the C=N stretch-
ing vibrations of the bRsgg and the M,;, forms, respec-
tively, are observed.®® The peak intensity ratio /;s3;/
lis6s ~ 0.2 (green line) has the value expected for
the My, intermediate, demonstrating how the probe
radiation switches the bR proteins from the bRseg to the
My, form, although the process does not proceed
thoroughly (the bRsgg spectral features are still present-
), as expected being the excitation close to the iso-
sbestic point. When the PM is exposed to both Kr™
and He—Cd lasers, the intensity of the Raman bands
at 1568 cm™' decreases so that the /1531/l1s¢g ratio
becomes ~1.1 (purple line), demonstrating how the

PALAZZO ET AL.

beam at 442 nm efficiently pumps back the protein to
the purple bRseg form.

Figure 5B shows analogous pump-and-probe ex-
periments performed on the PM FBI-OFET device. For
this experiment the FBI-OFET was cleaved transversally
to the S and D pads and the exciting beam was focused
in a ~1 um diameter spot, through the microscope
objective, onto the area highlighted in the device
structure. The purple and green spectra were recorded
in exciting configurations similar to those for the
homologous spectra in Figure 5A. The feature recorded
at 1454 cm™" is the C=C of the P3HT. The two sets
of curves marked by the same color are measured
either with no applied gate bias or while an applied
Vg = —60 V drives the device in the whole accumula-
tion mode. The excitation with the sole probe radiation
(green trace) sees a l1531/11565 & 1, showing that in this
case the deprotonated species are not predominant.
The spectrum recorded with both the pump and probe
excitation (purple trace) shows an intensity ratio /1531/
l1s6s &~ 1.1, similar to the case of the sole PM layer.
Features akin to those recorded with no bias are seen
when the gate bias is applied. This is indeed expected
under the pump excitation as the bR proteins are
already mostly in the deprotonated form. The invar-
iance of the signal as the bias is applied in the presence
of both the pump and the probe shows, on the other
hand, that in this condition the electric field is indeed
not able to produce any isomeric switch. Also no
charge was observed in the Raman measurements
performed in the presence of halothane, carried out
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Figure 6. (A) PM FBI-OFET structure under illumination with green-yellow light. (B) Square root of |Ips| — Vg curves at
Vpbs = —80 V measured in the dark (purple curve) or under green-yellow light illuminations (green curve). lllumination
conditions are as reported in Figure 4. (C) Ips recovery kinetics after switching the green-yellow light off. Differential Ips values
are measured in the dark and under illumination on a PM FBI-OFET as well as on a P3HT OFET.

with the sole probe exciting line, in the absence
and in the presence of the electric field. This last
evidence confirms that also the exposure to the gen-
eral anesthetic does not seem to involve an isomeric
switch.

Electronic Detection of Photoinduced Proton Translocation.
The electronic detection of the bR photoinduced con-
formational change was investigated by exposing the
PM FBI-OFET to green-yellow light (A > 500 nm) while
measuring the OFET /—V. In Figure 6A the square root
of Ips vs Vg at fixed Vps measured in the dark and under
green-yellow light illuminations is reported. At all gate
biases, the current flowing between source and drain
increases its intensity upon illumination, and such an
effect was not seen on the bare P3HT OFET. Photo-
currents have already been observed for bR sand-
wiched between two electrodes and are usually
ascribed to H* pumped upon illumination.>* However,
when bRs are not oriented, a negligible or absent net
photocurrent is reported as expected for randomly
oriented PM leaflets.?” We ascribe the observed light-
induced increase of Ips to the presence of the negative
gate-bias that blocks the H* flux in the direction
opposite the applied field, leading to a net proton
injection into the organic semiconductor. Eventually
Ips increases, Vr shifts toward positive values (more
than 10 V in Figure 6A), while mobility stays constant,
as it can be seen from the green and purple curves
being parallel to each other. These experimental evi-
dence support the occurrence of a proton injection
from the PM layer into the P3HT OFET channel, causing
a whole current increase due to a doping effect of the
organic semiconductor.>

PALAZZO ET AL.

In Figure 6B the Ips recovery kinetics after switching
the green-yellow light off was studied by measuring
the OFET transfer characteristics at different time
intervals. Data taken on the P3HT OFET are reported
for comparison. The differential Ips values at different
time lapses are plotted for the PM FBI-OFET. Specifi-
cally, Ips is measured at Vps = —80Vand Vg =—100V;
the value measured in the dark before the illumination
was taken as reference. Upon illumination, Alps jumps
to —350 nA as Ips increases. The light is then switched
off and the Ips data are taken at regular time lapses as
the system relaxes (Figure 6B). It is observed that Ips
current decreases according to a two-phase decay that
can be modeled with a two-exponential decay. The fast
phase, accounting for 70% of the decay, has a char-
acteristic time of hundreds of seconds (240 £ 120 s),
compatible with the slow relaxation process observed
in the PM absorption spectrum (Figure 3B). The time
resolution of these experiments does not allow prob-
ing the fast (tens of seconds) phase observed in the
absorbance measurements. In addition, there is a signi-
ficant (30%) very slow decay of the Ips current (several
tens of minutes) that can account for the dedoping
process of the organic semiconductor involving slow
release trap states. Importantly, when the bare P3HT
OFET is probed, none of these effects are seen.

It could be argued that the current increase seen
in Figure 6 is due to a bare photoexcitation rather than
to the proton photopumping occurring in the PM. To
clarify this issue and to further characterize the photo-
pumping process and its electronic detection, the
experiment reported in Figure 7 was designed. Here
a correlation between the differential Ips currents and
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Figure 7. Lower panel shows the absorption spectra of both a PM and a P3HT film. The upper panel compares the PM FBI-
OFET and P3HT OFET differential Ips currents measured under exposure to light and in the dark. Al (Ips light — Ips dark)
variations are reported for light with different wavelengths. To this aim, the following filters were used: filter 1 to select
wavelengths in the 390—480 nm range; filter 2 selecting in the range 490—550 nm; and filter 3 for the 550—650 nm range;
wavelengths above 680 nm were obtained using filter 4. The data are averaged over three replicates, and the error bars, taken

as standard deviations, are reported.

the wavelength of the exciting light is established. To
this end, the current responses of a bare P3HT-OFET
and a PM FBI-OFET are measured upon illumination
with different wavelengths (filter wavelength ranges as
indicated in the top axis of Figure 7). The differential Ips
current values (Al = hight — lgark, taken at Vps = —80 V
and Vg = —100 V) were normalized for the different
light intensities and are reported in the upper panel of
Figure 7, while the adsorption spectra of the PM and
P3HT films are reported in the lower panel. The bR
response in terms of photoinduced proton pumping
power is very different above and below 500 nm: blue-
green light (4 < 490 nm) inhibits the proton transloca-
tion, while green-yellow light (1 > 500 nm) promotes
this process.? Indeed, when the green-yellow compo-
nent of the source spectrum (filters 2 and 3) is shined
on the PM FBI-OFET, a net increase in Ips is seen; much
less pronounced (if any) is the effect on the P3HT OFET.
The photoinduced current drops when light with 1 >
680 nm is used (filter 4), and, importantly, the light-
induced changes in the source—drain current vanish
under blue light (1 < 490 nm, filter 1) illumination. The
blue light drives the protein back to the bRsgg funda-
mental state (see Scheme 1), thus switching any proton
pumping activity off.? Such an occurrence proves that
the effect seen with the green-yellow light is unam-
biguously associated with the photoinduced proton-
pumping function of the bR. These evidence support
a model of H" ions photogenerated in the bR and

PALAZZO ET AL.

injected from the PM directly into the OFET P3HT
channel. The experiments also confirm that both the
isomer and the Schiff-base protonation switches occur
at the molecular level. It is also a clear evidence of
electronic detection of the proton translocation pro-
cess occurring in bR protein upon absorption, and,
indeed, if homogeneously oriented PM patches were
used, a much larger current increase would have been
seen.

Electronic Detection of Halothane-Triggered Proton Translo-
cation. The proton translocation process in bR is known
to be influenced by the presence of exogenous che-
mical compounds such as volatile general anesthetics.?
The interactions between anesthetics and membrane
proteins (ion channels and receptors) are, indeed,
actively investigated,®® and bR, being a robust proto-
type for membrane proteins, is among the studied
systems. Its absorbance spectrum and photoreactivity
are also known to be influenced by anesthetics, but
the electronic detection of these effects has not been
reported by other groups, so far. Along this line the PM
FBI-OFET response to halothane vapors in a N, atmo-
sphere has been investigated, and the electronic re-
sponses are reported in Figure 8A as an increase in the
Ips current upon exposure to 5% halothane. Differently
from previous reports, all the measurements involving
anesthetic vapors are carried out in the dark. In
Figure 8B the dose curves of the PM FBI-OFET com-
pared to that of the P3HT-OFET are reported as relative
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Figure 8. Halothane responses of PM FBI-OFETs. (A) Ips— Vg
curves at Vps = —80 V measured in an inert N, flux (black
curve) and in a 5% halothane atmosphere (blue curve). (B)
Responses of PM-FBI-OFET (blue triangles), P3HT-OFET
(black diamonds), and PL-FBI-OFET (red circles) to clinically
relevant halothane concentrations. Values are reported as
averages over three replicates, and error bars are the
standard deviations. The highly reversible interaction al-
lowed measuring the response to all the concentrations on
the same device.

current variations upon exposure to halothane in the
1—5% concentration range. The effect of the halothane
interaction with the PM FBI-OFET is opposite of that
observed in the case of the bare P3HT OFET, where a
very weak current decrease is detected. Interestingly,
a small current decrease has been reported also when
a phospholipid (PL) FBI OFET is exposed to halothane.'®
Therefore, the effect of the PM interaction with
halothane can be ascribed to the bR rather than to
the phospholipids present in the PM or to the P3HT.
The interfacial nature of the electronic detection
is proven by the independence of the response from
the PM layer thickness. Incidentally, it is also worth
noting that the halothane detection is achieved at
very low concentrations comparable to clinically rele-
vant ones.

As already anticipated, the effects of volatile anes-
thetics on the structure of bRs in the PM have been
so far studied mostly by spectroscopic investigation.’
Depending on the concentration of volatile anesthetics,
three modes of interaction with the PM have been
found.?” Very large concentrations of anesthetics irre-
versibly remove the retinal from the bR interior, leading
to the loss of photoactivity and a parallel deep blue shift
of the PM absorption maximum to 380 nm. The rever-
sible shift of the PM absorption maximum from 568 to
480 nm, upon exposure to moderate concentrations of
halothane, enflurane, and methoxyflurane vapors, has
been the subject of several investigations.”®*” These
studies assessed that an acid—base equilibrium exists
between native bR and the form absorbing at 480 nm,
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the latter being unable to pump protons although
having a long-living M-intermediate. Actually, the ex-
posure to these anesthetic concentrations increases the
13-cis- to all-trans-retinal ratio. Finally, at the very low
anesthetic concentrations used in clinical practice as
well as in the present study, the efficiency of the proton
pump is enhanced, the M-intermediate becomes short
living (compared to the native state), and only subtle
modifications in the spectrum are observed (2 nm blue
shift in the maximum).

A useful aid to the understanding of the mechanism
by which the bR in the PM FBI-OFET responds to the
presence of anesthetic vapors comes from the reports
on the electric-field-induced Schiff-base deprotona-
tion measured in the dark.>®3® Here a mutant bacteri-
orhodopsin endowed with a weaker binding of the
Schiff-base proton (pK of approximately 9, as opposed
to a pK value of 13 in the wild-type bR) is used to
demonstrate that a deprotonation of the Schiff base is
achieved in the dark, upon application of an external
electric field. In light of these findings, the PM FBI-OFET
behavior can be explained considering that the gen-
eral anesthetic molecules (halothane specifically)
change the pK, of the Schiff base, favoring its depro-
tonation to an extent that, in the presence of a strong
enough electric field, proton translocation occurs. In
the present work, the role played by the site-specific
mutation is played by the anesthetic molecules cap-
able of tuning the affinity of the intraprotein Schiff
base for the protons and finally allowing H* injec-
tion into the p-type channel by means of the applied
gate-field.

These findings allow us to assess that the molecular
switching mechanism governing the interaction with
anesthetics is indeed the amino acid protonation
switch, while, differently from what was previously
published,® no isomer switch seems to occur. This is
also confirmed by the fact that Raman spectral changes
were not seen in the presence of anesthetics even
under bias.

CONCLUSIONS

A p-type OFET embedding bR nanolamellae is used
to detect proton translocation processes occurring
when the device is exposed either to green-yellow
light or to anesthetic vapors. In both cases the effect is
a current increase detected with the functional-bioin-
terlayer OFET. Protons generated upon exposure to the
two different external stimuli are indeed injected into
the p-type organic semiconductor due to the direct
electronic/ionic coupling existing between the bio-
layer and the OFET channel. This work shows that,
though characterized by the same electronic effect,
the two proton translocations underpin different mo-
lecular switching processes. While photoexposure
gives rise to both a photoinduced isomerization
and a deprotonation of the Schiff-base linkage, the
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anesthetic molecules generate an amino acid proton-
ation switch. This knowledge could be reached thanks

METHODS

Materials. Dry, lyophilized purple membranes (Munich
Innovative Biomaterials GmbH) dispersed in distilled water
(3 mg/mL) formed a uniform suspension after a mild sonication
on ice (5 cycles of 5 s with 2 min interval). This suspension is
diluted in water to a concentration of 10 ug/mL, and 60 uL was
spin-coated at 150 rpm for 90 min directly on the cleaned SiO,
surface or on glass. The 10 ug/mL PM suspension resulted in
a 1 um thick film, while lower PM concentrations resulted in
proportionally thinner films. Unless otherwise stated, the 1 um
thick PM film was used.

Highly regioregular poly(3-hexylthiophene-2,5-diyl) (RR >98%,
BASF Sepiolid P200) was purified* and dissolved in chloroform at
a concentration of 2.6 mg/mL. The solution absorption spectrum
was dominated by a single band centered at 452 nm, while the
solid-state spectrum of purified P3HT features three vibronic
bands located at 520, 555, and 602 nm. Both these evidence
are consistent with a (average) high molecular weight of ca.
10 kDa.*' A P3HT chloroform solution was spin-coated at a spin
rate of 2000 rpm for 30 s, resulting in a P3HT film thickness of
about 20 nm.

FBI-OFET Device Fabrication Procedure. The devices were fabri-
cated starting from a highly n-doped silicon substrate acting as
the gate contact covered by a 300 nm thick thermally grown
SiO, gate dielectric exhibiting a capacitance per unit area (C)
of 12 nF/cm? The PM capturing layer was spin deposited on the
SiO, surface, previously cleaned through a rinsing procedure
involving treatment with solvents of increasing polarity.*? The
measured PM-SiO, stacking layers' capacitance per unit area
does not differ significantly from that of the bare SiO,, as the PM
layer holds a comparatively much higher capacitance. The P3HT
p-type semiconductor was deposited directly over the PM layer.
Source, drain. and gate contacts were defined by thermal
evaporation in a vacuum (8 x 1077 Torr) of gold through a
shadow mask reproducing a sequence of 38 rectangular pads
with a width (W) of 4 mm and spaced by L = 200 um (channel
length). In Figure 1A a cross-sectional schematic of the device
structure is provided.

Electronic Response Measurements. The electronic responses of
the OFET exposed to an external stimulus (light or gaseous
halothane at a concentration in the 1—5% range in N,) have
been acquired by measuring the OFET drain-source current—
gate-source voltage (Ips—Vg) transfer characteristics while
keeping the source—drain bias, Vps, fixed at —80 V. The transfer
characteristic baseline was measured in an inert atmosphere
(N, or darkness for gas and the light-sensing measurements,
respectively) and in the presence of the external stimulus. All
the measurements of the vapor atmosphere are carried out in
the dark. The response (Al/ly) was evaluated as

[/Ips upon expos. to ext. stim.) — lo(Ips in inert atmos.)]/lo

(3)

The Iy and I values are taken at Vg = —100 V. The Al/ly is the
electronic response at a given concentration, and the relevant
dose curve is obtained by plotting the data points at all
investigated concentrations as the average values over three re-
plicates, while the error bars are taken as the standard deviation.
The halothane interaction with the PM layer is reversible, and
this allows performing all the measurements on the same
device. A flux of controlled concentration of halothane vapors
in N, was obtained by bubbling the N, carrier gas into two
bubblers connected in series containing the liquid halothane.
This allows obtaining a nitrogen flow having a partial pressure
of halothane vapor equal to its saturated vapor pressure at
the working temperature. This was controlled by dipping the
bubblers into a cryothermostat bath, while the control of
the flow was achieved through a system of two computer-
controlled flowmeters (Brooks Smart DMFC model 5850Q).
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to the FBI-OFET device, which allowed detecting both
stimuli with the very same electronic device.

The described experimental apparatus allows controlling
independently and simultaneously the flow of the carrier gas
and that of the nitrogen saturated with the analyte. Different
analyte concentrations were obtained therefore by subsequent
dilutions, changing the rate of the two flows. The analyte
concentrations were delivered in a random sequence, and all
the measurements were carried out in the dark. With this
apparatus, /y was evaluated by measuring the transfer charac-
teristics of the OFET sensor in a N, flux or in the dark. Afterward,
on the same device, a controlled concentration flow of ha-
lothane was delivered and the Ip current was measured. The
same procedure was performed to evaluate the OFET response
under illumination.

Morphological and Optical Characterization. The PM and P3HT film
morphology was inspected by means of AFM on an XE-100E
(Park System Corp., Korea) in noncontact mode using silicon tips
(curvature radius <10 nm, force constant 40 N/m).

By means of UV—uvisible absorption spectroscopy, the effect
of light on the absorption spectrum of PM was assessed. To this
aim, an Agilent 8453 diode array spectrophotometer was used.
The full spectrum from 190 to 1100 nm was recorded within 1's
with a spectral resolution of 1 nm. The PM-P3HT film, deposited
on glass, was placed at 45° to allow illumination with both the
measuring beam and the exciting green-yellow light (supplied
by a cold light source, filtered through a filter, 1 > 500 nm;
density power on the sample was about 1.86 mW/cm?). The
following other filters were used: filter 1, selecting wavelengths
in the 390—480 nm range; filter 2, 490—550 nm; filter 3,
550—650 nm; while wavelengths above 680 nm are selected
with filter 4.

GISAXS measurements were carried out with a S3-MICRO
SWAXS camera system (HECUS X-ray Systems, Graz, Austria) on
PM or P3HT-PM films deposited on Si/SiO,. Cu Ka radiation
of wavelength 1 = 1.542 A was provided by an ultrabrilliant
point microfocus X-ray source (GENIX-Fox 3D, Xenocs,
Grenoble), operating at a maximum power of 50 W (50 kV and
1 mA). The sample-to-detector distance was 269 mm. The
volume between the sample and the detector was kept under
vacuum during the measurements to minimize scattering from
the air. The Kratky camera was calibrated in the small-angle
region using silver beneath (d = 58.38 A).** Scattering curves
were obtained in the Q-range between 0.01 and 0.54 A",
g being the scattering vector [q = (47/A) sin 6] and 260 the
scattering angle. The scattered intensities can be recorded in
the g, and g, directions (in-plane and out-of plane scattering).
A 1D-PSD-50 M detector (HECUS X-ray Systems) containing
1024 channels of width 54.0 um and oriented perpendicular
to the wafer plane was used for the wafer alignment and for the
detection of scattered signal only in the out-of-plane direction.

The Raman spectra were obtained by focusing the 476.2 nm
line of the Kr* probe and 442 nm of the HeCd pump laser onto
the surface of the PM deposited on the Si/SiO, substrate to
a spot of 1 um diameter using an 80x microscope objective.
The sample position relative to the Kr'* and HeCd laser spot was
controlled by a piezoelectric x—y stage with a step of 0.1 mm.
The Rayleigh scattering generated by the laser light was
suppressed using an interference notch filter. Laser-induced
overheating of the samples was minimized by keeping the
incident power density below 1.3 x 10* W/cm?% The Raman
signal was dispersed using a 0.64 m monochromator and finally
detected using a Si charge coupled device detector cooled
to 140 K.
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