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High Precision, Electrochemical Detection of Reversible
Binding of Recombinant Proteins on Wide Bandgap GaN
Electrodes Functionalized with Biomembrane Models
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. . " 1. Introduction
We report a novel hybrid charge sensor realized by the deposition of phos-

pholipid monolayers on highly doped n-GaN electrodes. To detect the binding
of recombinant proteins with histidine-tags, lipid vesicles containing chelator
lipids were deposited on GaN electrodes pre-coated with octadecyltrimethox-
ysilane monolayers. Owing to its optical transparency, GaN allows the confir-

Functional immobilization of biological
systems on the surface of solid-based
devices is an interdisciplinary challenge
towards the creation of novel hybrid
sensor materials. The application of

mation of the fluidity of supported membranes by fluorescence recovery after
photo-bleaching (FRAP). The electrolyte-(organic) insulator-semiconductor
(EIS) setup enables one to transduce variations in the surface charge density
AQ into a change in the interface capacitance AC, and, thus, the flat-band
potential AUgg. The obtained results demonstrate that the membrane-based
charge sensor can reach a high sensitivity to detect reversible changes in
the surface charge density on the membranes by the formation of chelator
complexes, docking of eGFP with histidine tags, and cancellation by EDTA.
The achievable resolution of AQ > 0.1 yC/cm? is better than that obtained
for membrane-functionalized p-GaAs, 0.9 yC/cm?, and for ITO coated with a
polymer supported lipid monolayer, 2.2 yC/cm?2 Moreover, we examined the
potential application of optically active InGaN/GaN quantum dot structures,
for the detection of changes in the surface potential from the photolumines-

advanced semiconductor technology can
offer a great advantage, since specific
functions of biomacromolecules can be
translated into electronic readouts of semi-
conductor devices.! Combination of sup-
ported membranes with solid surfaces is
a promising strategy to provide a natural
environment for the immobilization of
proteins under non-denaturing conditions
and in well-defined orientation.?!

To date, many studies demonstrated
several prototypes of novel sensor plat-
forms based on chemically functional-
ized Si nanowires,l¥! carbon nanotubes,
and two-dimensional electron gases."!

Organic thin films, such as organic
transistors,® polymer films, have been
proposed as sensor materials to detect
changes in pH,"! metal ions,®l and carbon
monoxide.’) However, despite of successful demonstrations
of the proof of principle, the quantitative control of density
and orientation of the functional molecules and the suppres-
sion of noise still remain challenging. A promising strategy
to overcome the abovementioned problems is to utilize self-
assembly of lipid membranes. As demonstrated previously,
hydrophilic surfaces of oxides!'”! and polymer supports!'l can
readily be coated with lipid membranes, and the fluid nature of
“supported lipid membranes” realizes the self-healing of local
defects.['l Owing to high electric resistance of lipid membranes
(up to MQcm?),[1%13] it i5 possible to minimize the noise (leak)
current. Supported lipid membranes can be functionalized
with various functional proteins connected to specific “tags
(histidine, biotin, etc.)”. The average distance between the
membrane-coupled proteins <d> can be controlled in nm accu-
racy by the molar fraction y of anchor lipids, by assuming the
mean molecular area of one lipid molecule A to be 65 A22>14]
(d)~JAx.
For the semiconducting solid-state part of the hybrid struc-
tures, Si-based devices with functionalized Si/SiO, surfaces
have been most commonly used for the detection of cellular!*®!

cence signals measured at room temperature.
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and protein functions.'® However, Si-based devices have
fundamental drawbacks concerning bandgap engineering and
suffer from instability in physiological buffers due to ion dif-
fusion into Si0,.l'®l GaN is a wide bandgap semiconductor
(i.e. transparent to visible light) that is advantageous over com-
monly used Si-based devices due to the excellent chemical/
electrochemical stability®“!”] over broad frequency windows.
Furthermore, GaN can be alloyed with In and/or Al to vary the
bandgap and realize complex semiconductor heterostructures.

On the other hand, there have been only a couple of studies
on the biofunctionalization of GaN such as immobilization of
penicillinase on GaN surfaces modified with an aminopropyl-
triethoxysilane monolayer,'® deposition of planar lipid bilayers
(supported membranes) on gallium nitride (GaN) electrodes!'’!
and formation of amine groups on the surface of GaN.[?‘!

In this study, we deposited phospholipid monolayers on
n-GaN electrodes, which are functionalized with octadecyltri-
methylsilane (ODTMS) monolayers. The whole interface can
be treated as an analogue of electrolyte-insulator-semiconductor
(EIS) structures, so that variations in the surface potential can
be detected as changes in the semiconductor space charge
capacitance and, thus, the flat band potential. To modify the
surface charge density of the lipid membranes reversibly, we
incorporated chelator lipids in defined ratios into the supported
monolayer which can form chelator complexes with divalent
metal ions and couple green fluorescence proteins with histi-
dine tags (Scheme 1). We propose that our setup, in combina-
tion with semiconductor technology, can serve as a reversible
platform for highly sensitive detection of protein binding.
Furthermore, we demonstrate optical readout of a membrane-
based charge sensor using advanced substrates/electrodes with
optically active InGaN quantum dots (QDs) embedded in planar
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GaN matrix material.?!l The details of the obtained results are
described in the following sections.

2. Results and Discussion

Prior to the surface functionalization, the surface roughness of
the highly Si-doped n-GaN layers was determined by AFM. The
RMS roughness of all investigated samples was below 1.2 nm.
A low surface roughness is necessary since (1) rough surfaces
frequently create defects in silane monolayers and in the depos-
ited lipid membranes, and (2) impedance spectra of electrodes
with higher RMS roughness cannot be interpreted using ideal
equivalent circuit models.[?%

2.1. Electrochemical Characterization of Lipid Monolayer
on GaN

In a first step, the electrochemical properties of bare GaN
electrodes were analyzed by impedance spectroscopy at
Ugiss = 0 V and f= 50 mHz — 50 kHz (Figure 1a, black). In
contrast to GaAs electrodes,?’l GaN exhibited no sign of elec-
trochemical degradation at Uyp;,s = 0-900 mV. In general, the
impedance spectra of semiconductor electrodes in the presence
and absence of surface layers can be fitted with equivalent cir-
cuit models (Figure 1Db). According to our previous reports,!*!
we fitted the impedance spectrum of bare GaN with model A,
which consisted of the serial resistance R,, accounting for the
Ohmic behavior of electrolyte and contacts, the interface capaci-
tance Cp and the interface resistance Rp. One has to note that
the interface capacitance Cp included the capacitance of the

Scheme 1. (a) Schematic of reversible binding/unbinding of histidine-tagged recombinant proteins to the membrane-based charge sensor as an
electrolyte-insulator-semiconductor (EIS) setup, changes in the surface potential can be detected as changes in semiconductor space charge capaci-
tance Csc and, thus, the flat band potential Ugg. (b) Change in the molecular conformation and net charge per molecule due to reversible binding/

unbinding of histidine-tagged GFP.
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Figure 1. (a) Impedance spectra (Nyquist plot) of GaN electrodes at
Ugias = 0 mV: bare GaN (black), GaN before (blue) and after (red) the
deposition of a lipid monolayer. (b) Equivalent circuit models used to fit
the impedance spectra: Model A consists of the resistance of electrolyte
and ohmic contact R, interface capacitance Cp and interface resistance
Rp; Model B includes Warburg element W), the charge transfer resistance
Rcr and a membrane capacitance Cy, Model C contains an additional
ideal RC element to model the resistance Ry, and the capacitance Cy, of
the supported membrane without Warburg element W),.

Gouy-Chapman-Stern layer (Cgcg),?Y and the space charge
capacitance of the semiconductor Cgc. Our experimental system
also implies that the capacitive contribution from the surface
states Csg®®»?] can be neglected, since the bias potential is
far away from the flatband potential Ugg?® and Cgg cannot
be estimated quantitatively when Cs5/Csc < 0.1, as previously
reported.?3>%7] Thus, the interface capacitance Cp is dominated
by the space charge capacitance Csc. The best fit results yield
Ry =918 Q, Ry = 25 MQcm? and Cp = 0.87 pFcm™2.

In the next step, the impedance spectra after the deposition
of ODTMS (Figure 1la, blue) and lipid monolayer (Figure 1a,
red) were collected. In case of semiconductor electrodes coated
with organic layers, the choice of equivalent circuit models
depended on the topographic roughness and surface coverage.
For example, GaAs electrodes coated with monolayers of alkylth-
iols®>28] and biphenylthiols*! could be represented by model
A, as highly smooth organic monolayers with RMS roughness
of 3-5 A act as continuous dielectric layers. In contrast, ITO
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electrodes coated with ODTMS monolayersi*! were well char-
acterized with model B, which includes an additional set of cir-
cuit elements based on charge transfer resistance Rcp, mem-
brane capacitance Cy, and Warburg impedance Wy. In fact, a
Warburg impedance in model B was used to describe the diffu-
sion of ions across other organic monolayers®! on metal and
semiconductor electrodes. However, the application of Wy, to
characterize the diffusion across a layer with a finite thickness
is only valid, if the distance between the diffusion pathways
is small enough to allow an overlap of their spherical diffu-
sion layers. Despite of the high surface coverage (© ~ 99.8%),
ODTMS monolayers were not able to heal the intrinsic rough-
ness of ITO electrodes (RMS ~ 2.6 nm) prepared by cluster
deposition.B

In this study, the impedance spectra after the deposition
of ODTMS (Figure 1a, blue) and lipid monolayers (Figure 1b,
red) can be well fitted with model A, yielding the resistance
and capacitance of interfaces after the deposition of ODTMS:
Ryoptmsy = 23 MQem? and Cpoprwsy = 0.84 pFem™,
respectively.

Following our previous studies on lipid monolayers on
ITO and GaAs, we analyzed the impedance spectra after the
monolayer deposition (Figure la, red) with model B. This
allows for the calculation of the electrochemical properties of
lipid monolayers; Rerjipiay = 2.7 kQcm?, Wy = 0.29 MQcm?,
and Cyyqipig) = 0.70 pFem™ (x? = 0.11), respectively. In contrast,
we found a larger fitting error (x? = 0.52), when we fitted the
results without Warburg impedance (model C). It is noteworthy
that the diffusion barrier capability of the membrane against
the diffusion of ions is not represented by Rcp but by Wy The
Warburg impedance W(w) is given as a function of frequency @
and Warburg parameter o:

o+l/o
W(w)=7( N ) (1)
where
po ART 1 5
= an'Fap JD @

A is the active electrode area, D is the diffusion constant of
the ions, and p is the charge density at the interface. The con-
stants R, T, n, and F are gas constant, absolute temperature,
the charge of ions in the electrolyte, and Faraday constant,
respectively. The diffusion constant (D ~ 1.6 x 10~ pum?s™!) cor-
responding to the Warburg parameter ¢ calculated from the
impedance data (6 > 0.3 MQcm? s'/?) is about 2-3 orders of
magnitude smaller than the values reported for organic layers
on indium-tin oxide (ITO) electrodes, D ~ 1072 — 107! pm?s~113%
suggesting that the lipid monolayer can block the passive ion
diffusion and thus the leak current across the membrane.

Figure 2 represents the kinetics of lipid monolayer forma-
tion on GaN by plotting the changes in Cy and Rcyp with time
(extracted from fits using model B). Upon the injection of ves-
icle suspensions, on the one hand, the membrane capacitance
Cy exhibited a clear decrease, implying the deposition of a die-
lectric layer, and, on the other hand, the charge transfer resist-
ance Rt showed a distinct increase over time. After both values
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Figure 2. Kinetics of the formation of a lipid monolayer on a GaN elec-
trode, monitored by changes in Cy and Rt at Ugj,s = 0 V. The data
were empirically fitted with a first-order exponential function, resulting
in the characteristic time constants Tz, = 217 min and 1¢,, = 103 min,
respectively.

reached their saturation levels, extensive rinsing did not lead to
any detectable change in the impedance spectra. The observed
tendency agrees well with previous studies on the deposition of
lipid monolayers on ITO?? and GaAs32 electrodes. The time
evolution of both resistance and capacitance was empirically
fitted with a first-order exponential function, yielding the char-
acteristic time constants of Tz = 217 min and T¢,, = 103 min,
respectively, which are comparable to the time constants found
in studies on the lipid bilayer on GaN.[!"]

In general, the self-healing of defects in lipid membranes can
be achieved when the fluid nature of membranes is sustained.
Therefore, we measured the lateral diffusion coefficients of
lipids in supported membranes by FRAP,** yielding the lateral
diffusion coefficient of D = 0.77 pm? s7! and the mobile frac-
tion of 88%. This lateral diffusivity is comparable to the values
on hydrophobic polymer supports, of D = 1.0-1.5 pm?2s~1.34

2.2. Capacitive Sensing of Surface Charge Density

Figure 3a represents the impedance spectra of lipid monolayers
incorporating 2 mol% of DOGS-NTA measured at unloaded
(blue), Ni**-loaded (red), and eGFP-loaded (green) states at
Ugias = 200 mV. The experimental data points can be fitted with
model B (solid lines), showing distinct changes in the global
shapes of the spectra.

Since a NTA groups form octahedral chelator complex with
divalent metal ions e.g. Ni?*, the loading and unloading of NTA
result in a change in the molecular net charge by 1 e 1223
Then, eGFP with histidine tags can be specifically immobilized
on the lipid membrane by replacing H,O ligands.3% Finally, the
complexation can be cancelled by EDTA (Scheme 1b).

Our experimental system (Scheme 1) can be generalized as
electrolyte-(organic)insulator- semiconductor (EIS) system,?’]
which is an analog of the metal-oxide-semiconductor (MOS)
system. Therefore, variations in the membrane surface poten-
tials due to charging of lipids or coupling of charged proteins
can be detected quantitatively by monitoring changes in the
semiconductor space charge capacitance Csc and thus in the

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (a) Impedance spectra of the membrane incorporating 2 mol%
of DOGS-NTA at unloaded (blue), Ni?*-loaded (red), and eGFP-loaded
(green) states at Ugj,s = 200 mV, fitted with model B. (b) Mott-Schottky
plot (1/C%cvs. Upizs) of the supported membranes at three different
states, obtained from the interface spectra measured at 0 mV < Ug;,s <
900 mV. The interface capacitance Cp is dominated by the space charge
capacitance Cgc. The linear fitting is performed for a donor concentration
of Np=1.5x10'"° cm~3, determined by Hall measurements. The intercept
of the extrapolated linear part with the x axis yields the flat-band potential
Urg. Ni?*-loaded, unloaded (EDTA), and eGFP-loaded states can be dis-
tinguished by changes in the interface capacitance (Figure 4a) and the flat
band potential (Figure 4b), which are summarized in Table 1.

flat band potential Upp of the semiconductor. The flat band
potential of the EIS can be determined by plotting 1/Cgc? vs.
bias potential Ug;,s (Mott-Schottky analysis, Equation (3), where
the extrapolation to 1/Cgc? = 0 corresponds to Upg:®!

Cse = ;(Uﬁm ~Un —kB—T)
EscgoeND (4

)
Np is the donor concentration in the space charge region, &5 =
8.9839 is the dielectric constant of GaN, and other constants
have their common meaning. The data presented in Figure 3b
were fitted with the carrier concentration determined by Hall
measurements, Np = 1.5 x 10" cm™. The clear shift in the

Adv. Funct. Mater. 2014, 24, 4927-4934
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Table 1. Summary of the impedance parameters obtained in this study
for various systems.

CPa) UFBb)
[HFem™] V]
Ni?*-loaded 0.65 +0.02 -1.92+£0.30
Unloaded (EDTA) 0.88 +0.02 -1.11+0.18
eGFP-loaded 0.78 £0.02 —1.48 £0.09

@Measured at Ugj,s = 200 mV in order to show the data which are definitely situ-
ated in the linear part of the Mott-Schottky plot; ®’Calculated from the experiments
at 0 mV <Ug;,s < 900 mV. To confirm the reproducibility and the statistical reli-
ability, three impedance spectra were measured at each bias potential, and four
independently prepared samples were used. Though the absolute values in C,
shows slight deviations (within 10%), this lies within the difference in the C, of
bare GaN electrodes in electrolyte.

respective Mott-Schottky plots implies a distinct change in the
flat band potential.

As presented in Table 1 and Figure 4a, the interface capaci-
tance was Cp = 0.65 pFcm™, when NTA lipids were loaded with
Ni?* (red). The exchange to EDTA buffer (blue) led to a clear
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Figure 4. Switching of (a) interface capacitance Cp and (b) flat band
potential Ugg according to membrane preparation (grey) — loading with
Ni?* (red) — unloading with EDTA (blue) — re-loading with Ni?* (red) —
loading with eGFP (green) — unloading with EDTA (blue) of the 2 mol%
DOGS-NTA containing membrane. Three different levels presented in
Scheme 1 are clearly distinguishable.
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increase to Cp = 0.88 uFcm ™. Tt should be noted that the capac-
itance value returned exactly to the former level upon a second
loading with Ni?*. The experiments at various bias potentials
implied a clear switching of the flat band potentials between
Ni**loaded state and unloaded state, Upgpniy = — 1.92 V and
UrBunloaded) = —1.11 V, respectively (Figure 4b). The change in
the flat band potential due to the unloading of NTA groups by
EDTA buffer AUrg = 0.81 V can be attributed to the change in
net charges in NTA group (Scheme 1). By assuming the area
per lipid molecule in the fluid phase of about 0.65 nm?*% and
considering the amount of charged lipid DOGS-NTA to be
2 mol% and the change in the molecular net charge by 1 e,
the corresponding change in surface charge density can be esti-
mated to be AQ = 0.5 x 10°® Ccm™.

The docking of his-eGFP proteins (0.25 pgmL™!) to Ni**-
loaded NTA groups led to a distinct change in the interface
capacitance Cp = 0.78 pFem™2, corresponding to a flat band
potential of Uppegpp) =—-1.48 V.

As reported previously,!l the isoelectric point of his-eGFP
is ~4.8-5.0, suggesting that his-eGFP is negatively charged at
pH = 7.5. The decrease in Ugy caused by the docking of his-
eGFP to Ni?*-loaded NTA groups (AU ~ 0.44 mV) is plausible
if one considers the negative net charges carried by his-eGFP. It
should be noted that all changes in the impedance spectra are
fully reversible at 0 mV < Up;,s < 900 mV, verifying the electro-
chemical stability and reproducibility of the EIS set up. More-
over, control experiments confirmed that the buffer exchange in
the absence of lipid monolayer caused no changes in both Ccg
and Ugg (Supporting Information S3).

The switching between the three states (Ni**-loaded,
eGFP-loaded, and EDTA) can be also discriminated even at
0.5 mol% DOGS-NTA containing monolayer (Supporting Infor-
mation S4). The obtained results demonstrate that the change
in membrane surface charge density of AQ = 0.1 pC/cm?,
which corresponds to a change of one elementary charge per
130 nm?, can be detected using the membrane-based EIS
system on GaN. In fact, the sensitivity achieved here with GaN
as the semiconductor material is better than the one on ITO
(AQ = 2.2 uC/cm?)?4 and GaAs (AQ = 0.9 uC/cm?).3 It should
be pointed out that the docking of recombinant proteins has
firstly been detected in this study, suggesting a large potential
of membrane-based EIS sensors on GaN semiconductors.

It should be noticed that the excellent chemical robust-
ness of GaN allows for the stable operation of the membrane
EIS sensors over weeks, which could not be reached by other
compound semiconductors. Furthermore, the reproducible
switching of the electrochemical properties ensures the stability
and reliability of the membrane voltmeter on GaN.

In order to demonstrate the potential of this work we
highlight the possibility of an optical readout of the mem-
brane-based charge sensor using optically active InGaN/GaN
quantum dot (QD) structures (i.e. InGaN QDs embedded in
GaN matrix material)?!l as optically active substrates with
chemically identical surface properties as the n-GaN electrodes.
These quantum structures provide a room temperature photo-
luminescence (PL) signal whose intensity is highly sensitive to
variations in the surface potential (cf. Figure 5.)?! As prelimi-
nary test of this approach InGaN/GaN QD transducers were
functionalized with DOGS-NTA using the methods described
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Figure 5. Room-temperature PL spectra of InGaN/GaN quantum dot
transducers under applied bias between 600 mV and 1000 mV (in steps
of 100 mV). The insert shows a schematic of the transducer structure fea-
turing five InGaN-QD layers embedded in GaN matrix grown on a highly
conductive AlGaN:Si backside contact layer. The transducer surface is in
contact with the electrolyte and the device is operated in three-electrode
configuration. Excitation and detection of the charge dependent PL signal
takes place from the sample’s backside.

above. Figure 6 shows three PL spectra of the hybrid system in
different charging states. The InGaN-QD related PL signal at
2.78 eV showed a higher intensity in the Ni**-loaded state than
in pure HEPES buffer solution (unloaded state). After EDTA
addition (intentional unloading) the PL intensity returned to its
original value in agreement with the results shown for the flat
band voltage in Figure 4b. Hence, the group IlI-nitride mate-
rial system offers the attractive possibility for membrane-based
charge sensing with optical readout.

3. Conclusion

We demonstrated that supported lipid monolayers deposited
on wide band-gap gallium nitride (GaN) electrodes can be

A (nm)
480 460 440 420 400
v T T T T T T T T T T
1.6 | room temperature -
14 [ bias: 800 mV ]
N ——HEPES buffer
S 12F —— Ni*"-loaded .
g 1.0 - ——EDTA _.
2 08F -
§ 06 1
= L ]
= 04F .
0.2 InGaN-QDs b
0 0 n 1 n n N 1 n N n 1
26 2.8 3.0 3.2
Energy (eV)
Figure 6. PL spectra of InGaN/GaN quantum dot transducers functional-

ized with DOGS-NTA under different charging states.
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used as a membrane-based electrolyte-insulator-semiconductor
(EIS) sensor platform. Owing to the excellent chemical/elec-
trochemical stability of GaN under various bias potentials and
wide frequency windows, changes in the surface charge density
due to the reversible complexation/de-complexation of chelator
(NTA) lipids and the binding/unbinding of histidine-tagged
fusion proteins can be detected with an accuracy of AQ =
0.1 pC/cm?. Furthermore, the reproducible switching of surface
charges could be observed for more than a week of experiment,
which ensures the stability and reliability of supported lipid
monolayers on chemically robust GaN. Taking the advantage
of wide bad-gap semiconductors, we examined the potential of
optically active InGaN/GaN quantum dot (QD) structures, con-
sisting of 5 InGaN QD layers embedded in GaN matrix, as an
optical sensor platform to detect changes in the surface poten-
tial from the intensity of photoluminescence signals at room
temperature.

4. Experimental Section

Gallium Nitride Substrates: GaN films with (0001)-orientation grown
on c-plane sapphire substrates (330 pm) with a total thickness of
3 pm (first low temperature undoped GaN buffer, possibly recrystallized,
0.3 pm; then GaN: C-compensated, 2.7 pm) were used as electrode
material. GaN electrodes were grown by metal organic chemical vapor
deposition (MOCVD) (TopGaN Ltd, Warsaw, Poland). A 210 nm thick
Si-doped (2 x 10'® cm™) GaN film was deposited to ensure a sufficiently
high semiconductor space charge capacitance for electrochemical
sensing.

Chemicals: Cholesterol and 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (DOGS-NTA(Ni))
were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA).
Dimyristoylphosphatidylcholine (DMPC) was a generous gift from
Lipoid GmbH (Ludwigshafen, Germany). HEPES [4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid] was purchased from Carl Roth GmbH
(Karlsruhe, Germany), NiCl, was purchased from Sigma Aldrich Chemie
(Steinheim, Germany). All other chemicals were purchased from Appli
Chem (Darmstadt, Germany) and were used without further purification.

The standard HEPES buffered saline (HBS) buffer was prepared using
10 mM HEPES and 80 mM NaCl. For the reversible charging of chelator
lipids, HBS buffers (pH 7.5) containing either 1 mM NiCl, (Nickel
buffer) and 80 mM NaCl or 100 mM EDTA (disodium salt dehydrate)
(ethylenediaminetetraacetate, EDTA buffer) were used. All buffers were
titrated with NaOH to pH 7.5 and degassed prior to use.

The plasmid used for GFP expression was derived from the pQE31-
GFP-CBP vectorl*? by deletion of the C-terminal CBP sequence. This
plasmid was a kind gift obtained from Dr. Ingrid M. Weiss, Universitat
Regensburg, Germany.

Sample Preparation: Prior to the surface functionalization, the samples
were cleaned according to the modified RCA cleaning procedure.*’] First,
they were immersed and sonicated with acetone, ethanol and methanol,
then sonicated in a freshly prepared solution of 1:1:5 (v/v) H,0, (30%)/
NH,OH (30%)/H,0 for 5 min and kept for another 45 min at 60 °C
to achieve hydrophilic surfaces. Finally, they were rinsed 10 times with
water, thoroughly dried at 70 °C and stored in a vacuum chamber.

To achieve hydrophobic surfaces, GaN substrates were silanized with
octadecyltrimethoxysilane (ODTMS).[44 The reaction was performed
using 60 min sonication in a 5% (v/v) solution of ODTMS in constantly
ice-cooled (T = 0 °C),[*] water-free toluene with 0.5% (v/v) butylamine
as a catalyst. Subsequently, the substrates were incubated for another
30 min without sonication at T = 0 °C. To remove physisorbed silanes
from the sample surface, the samples were rinsed and sonicated in
toluene and ethanol for 2 min. Finally, they were dried at 70 °C and
stored in a vacuum chamber. The quality of each ODTMS monolayer
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Scheme 2. Schematic illustration of the electrochemical cell used in this
study. The functionalized GaN is used as a work electrode, Ag/AgCl and
Pt as a reference and counter electrodes, respectively.

was checked by a static contact angle measurement in sessile drop
configuration. A water contact angle of beyond 90° confirmed that the
GaN surface was hydrophobic enough for the deposition of a lipid
monolayer.

A lipid monolayer was deposited on freshly silanized GaN by fusion
of DMPC vesicles, containing 35 mol% cholesteroll'®! and 2 mol% or
0.5 mol% DOGS-NTA(Ni). The lipid suspension was incubated at room
temperature overnight and the supported lipid monolayer was washed
with the standard HBS buffer to remove the unbound vesicles.

Electrochemical Methods: The electrochemical properties of the GaN
electrodes functionalized with supported membranes were determined
using electrochemical impedance spectroscopy over a wide frequency
range between 50 mHz and 50 kHz (VoltaLab 40, Radiometer Analytical,
Lyon, France) inside a Faraday cage. Spectra were acquired with an AC
amplitude of 20 mV at bias potentials between 0 and 900 mV. A 750 Q
resistance was inserted in series with the GaN electrode to improve the
high-frequency signal. Electrochemical measurements were carried out
in an electrochemical flow chamber equipped with three electrodes. The
setup, represented in Scheme 2, consisted of a GaN work electrode,
a Pt counter electrode and a Ag/AgCl reference electrode (World
Precision Instruments, Berlin, Germany). Due to the insulating sapphire
carrier substrate, the GaN electrodes were contacted from outside the
chamber through four copper plates touching the front side corners of
the substrate with four Ti (30 nm)/Au (100 nm) Ohmic contacts. An
O-ring prevented leakage of the buffer solution out of the chamber and
defined an active electrode area of 0.5 cm?. To avoid the formation of
dielectric surface layers, the buffer was continuously pumped through
the chamber by a peristaltic pump (Perimax, Spetec GmbH, Erding,
Germany).

Atomic Force Microscopy (AFM): All measurements were performed
in contact mode with a JPK Nanowizard 3 (JPK Instruments AG, Berlin,
Germany) using Sharp Nitride Lever SNL-10 cantilevers with a spring
constant of k=0.35 N/m and a tip radius of <12 nm (Bruker, Germany).
The scan rate was set to be 0.5 Hz for scan areas between 1 x 1 pm? and
10 x 10 pm?.

Fluorescence Recovery after Photobleaching (FRAP): The measurements
were carried out on Perkin Elmer ERS-6 (Nikon TE2000 inverted
microscope, Nikon Plan Apo VC 60x NA 1.4 oil immersion objective,
Hamamatsu C9100-02 EMCCD camera) at Nikon Imaging Center,
Heidelberg University. The spot size was r = 4.47 pm. The data were
evaluated according to the procedure described by Soumpasis.!*¢l

InGaN/GaN Quantum Dot Substrates: Polar InGaN/GaN quantum
dot (QD) multilayers, consisting of 5 InGaN QD layers embedded in
GaN matrix, were grown by plasma-assisted molecular beam epitaxy on
(0001)-oriented AIN-on-sapphire templates.*”] The surface properties
of the QD structures are chemically identical to those of the n-GaN
electrodes. The In concentration in the QDs was estimated to ~10%.[2']
A conductive Si-doped Alg35GagesN intermediate layer (thickness
500 nm-700 nm) acts as a backside contact for the QD stack (cf. inset
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of Figure 5 for a schematic of the sample structure). The AlGaN back
contact layer was opened at the edges of the sample by photolithography
and Ar ion-beam etching; Ohmic contacts were realized by deposition of
a Ti/Au (25 nm/120 nm) metallization.

Photoluminescence Measurements: Photoluminescence (PL) measu-
rements in liquid environment were performed in a flow chamber using
the QD sample as a window for backside excitation and detection. The
chamber was equipped with a three-electrode setup using the AlGaN
contact layer as working electrode, a Pt counter electrode, and an Ag/
AgCl reference electrode in order to define the optical transducer’s
electrochemical working point.?!l PL excitation was carried out from the
sample backside with the 325 nm line of a HeCd laser focused by a 10x
objective resulting in a laser spot diameter of the order of 20 um. The PL
signal was collected by the same objective, dispersed in a spectrometer
(focal length of 250 mm and 3600 lines/mm grating) and detected by
a CCD camera. Figure 5 depicts PL spectra recorded in contact with
HEPES buffer and at different cathodic bias values. The spectra show
a QD-related emission at 2.8 eV (440 nm) and an emission at 3.4 eV
(365 nm) attributed to the intrinsic luminescence of water occurring
under UV excitation.*®l The intensity of the QD-related PL is highly
sensitive to variations in the surface potential featuring an increasing
intensity under cathodic bias due to the suppression of non-radiative
loss mechanisms.?l For experiments with functionalized transducer
surfaces the bias is adjusted to 800 mV for maximum sensitivity.

Supporting Information

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