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ABSTRACT: The use of proteins and peptides as part of
biosensors and electronic devices has been the focus of intense
research in recent years. However, despite the fact that the
interface between the bioorganic molecules and the inorganic
matter plays a significant role in determining the properties of
such devices, information on the electronic properties of such
interfaces is sparse. In this work, we demonstrate that the
identity and position of single amino acid in short inorganic
binding protein-segments can significantly modulate the
electronic properties of semiconductor surfaces on which
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they are bound. Specifically, we show that the introduction of tyrosine or tryptophan, both possessing an aromatic side chain
which higher occupied molecular orbitals are positioned in proximity to the edge of GaAs valence band, to the sequence of a
peptide that binds to GaAs (100) results in changes of both the electron affinity and surface potential of the semiconductor.
These effects were found to be more pronounced than the effects induced by the same amino acids once bound on the surface in
a head—tail configuration. Furthermore, the relative magnitude of each effect was found to depend on the position of the
modification in the sequence. This sequence dependent behavior is induced both indirectly by changes in the peptide surface
coverage, and directly, probably, due to changes in the orientation and proximity of the tyrosine/tryptophan side group with
respect to the surface due to the preferred conformation the peptide adopts on the surface. These studies reveal that despite the
use of short protein oligomers and aiming at a non-natural-electronic task, the well-known relations between the proteins’
structure and function is preserved. Combining the ability to tune the electronic properties at the interface with the ability to
direct the growth of inorganic materials makes peptides promising building blocks for the construction of novel hybrid electronic

devices and biosensors.

B INTRODUCTION

The modularity in the design and synthesis of organic
molecules has opened the way to use organic monolayer self-
assembly to tailor the chemical and physical properties of
inorganic surfaces.' > In a common design, the headgroup of
the molecules binds to the surface of the material while a
functional group is coupled to the molecules’ tail in order to
modify the desired surface property. Such molecular mono-
layers have been proven to be a powerful tool for tailoring
electronic properties of semiconductor surfaces in terms of
both surface dipole*™ and surface potential (i.e., surface band
bending).mo_15 These effects have been utilized for modulat-
ing the properties of nanodevices, ' Schottky diodes,"”™*° and
for the development of chemi- and bio- field-effect transistor
(EET) sensors.**~>* While the flexibility in the choice of the tail
group of the molecules makes this approach quite modular, the
magnitude of the effects is limited due to its distance from the
surface and its confined orientation with respect to the surface.
Furthermore, in many cases, especially concerning charge
redistribution at the surface, the effects are dominated by the
nature of the headgroup.'®**~*
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The growing interest in the development of novel
bioelectronic devices,’*™>* as well as different types of
biosensors that rely on the transduction of biological signal
to an electrical read-out,>**73% stimulate the need to
understand electronic interactions of proteins with inorganic
interfaces.®® This is of critical importance since these
biomolecules do not adopt the common head—tail config-
uration; hence, the behavior of the interface cannot be clearly
predicted. In particular, it is important to understand if and how
the position of a functional group on the protein affects the
interface electronic properties.

Protein immobilization on surfaces is usually achieved by the
use of antibody—antigen interactions.””** For direct binding
chemical bonding through amino acid side chains, such as
cysteine, lysine, or glutamic and aspartic acid, are commonly
used.®* In the natural system, on the contrary, the interface
between bioorganic molecules and inorganic matter is typically
comprised of multiple weak interactions. Such interfaces have
been recently mimicked by the use of inorganic peptide binders
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(IPBs).*” A large variety of IPBs with affinity to diverse
materials including metals, insulators, semiconducting and
magnetic materials, have been screened using combinatorial
biological libraries,**™* demonstrating unprecedented design
flexibility which is important for device engineering. Such IPBs
have been used as templates for growth of inorganic
nanoparticle films and nanostructures.”* We have recently
demonstrated that dual affinity IPBs can be used to pattern
inorganic materials on })redeﬁned locations on a substrate by
microcontact printing,”’ enabling the formation of multi-
component patterns of diverse materials on practically any
substrate of choice. A pioneering demonstration for the use of
IPBs to control electronic device performance was given by
Dezieck et al.** They have controlled the threshold voltage of
an organic FET in a range of 30 V by adjusting the dipole of an
IPB layer deposited on the device gate by controlling the pH of
the solution used for the IPBs deposition. Our own studies
have indicated that, in addition to dipolar effects, charge
transfer may also occur at the [PB—inorganic hybrid interface.*
This is despite the fact that peptides seemingly bind to surfaces
by weak interactions, which do not necessarily involve charge
transfer processes. These studies, hence, indicate that it may be
possible to use IPBs to tailor electronic properties at the
interface with inorganic material. However, it is important to
understand if, and to what extent, these processes could be
affected by the peptide sequence since such sequence
dependence may open a simple way to optimize these effects.
In this work, we examine the influence of IPBs’ binding on the
electronic properties of semiconductor surfaces. Using a small
library of IPBs that includes a series of peptides with point
mutation of a “native” sequence,” in which natural amino acids
tyrosine (Y) and tryptophan (W) were introduced at different
locations along the sequence, we show that peptides can affect
the surface electronic properties of GaAs both by dipolar and
charge redistribution eftects. Furthermore, we demonstrate the
sensitivity of the electronic effects to both the position and the
nature of functional groups on the peptide.

B EXPERIMENTAL SECTION

Materials. Peptides with >95% purity, capped on both ends, were
purchased from GL Biochem (China). Amino acids with purity of 98%
and eutectic indium—gallium alloy 99.99% were purchased from Sigma
Aldrich, Israel. HPLC grade acetonitrile, acetone, and ethanol (J. T.
Baker) and triply distilled water (TDW, 18.2 MQ, EASYpureRoDj,
Thermo Scientific) were used for the preparation of the samples.
NH,OH (29%) was used in the cleaning etching process (J. T. Baker).
Assembly experiments were done in Phosphate buffer saline (PBS,
Biological Industries, Israel).

Samples Preparation. Samples (1 cm?) were cut from Si doped
(49 x 10" cm™) GaAs (100) wafers (2.6 X 107> Q-cm resistivity,
Institute of Electronic Materials Technology, Poland). Samples were
cleaned using heated sonication bath in ethanol/acetone 1:1 (v/v)
ratio for 15 min, followed by 35 min UV/ozone treatment (Novascan
Industries Ltd.). Samples were then etched in basic solution
(NH,OH/TDW 1:9, v/v) for 1 min, and rinsed in TDW for 1 min.
Immediately after cleaning, the samples were transferred into a
glovebox (O, < 0.1 ppm, H,0 < 1 ppm, MBRAUN, MB 20G) and
were immersed in 1 mg/mL solution of the peptide in PBS (pH =
7.4). For amino acids assembly, the samples were immersed in 1 mM
solution of the amino acids in acetonitrile. After overnight assembly
time, the samples were thoroughly washed in TDW and dried in a
vacuum chamber for 1 h.

Structural Characterizations. Peptide monolayers’ thickness was
measured by ellipsometry (SE800, Sentech Instruments GmbH,
Germany) at a wavelength of 632 nm and angle of 70°. Measurements

were conducted immediately after deposition in order to eliminate
surface oxidation. Thickness values were calculated using a refractive
index of 1.46 and averaged over three different samples. X-ray
photoelectron spectroscopy (XPS) experiments were conducted using
an ESCALAB 250 instrument equipped with an Al X-ray source and
monochromator (Thermo Scientific, U.K.). Samples were transferred
from the glovebox into the XPS vacuum chamber without exposure to
air using a homemade introduction chamber. The obtained spectra
were calibrated with respect to the C-1s binding energy (284.5 eV).
The atomic percentage of nitrogen was evaluated from the ratio of the
N-1s and Ga3d peak areas, with peak fitting obtained using the
ThermoAdvantage software of the instrument with smart background
subtraction. For accurate determination of the nitrogen peak area, a
small satellite Auger peak of Ga at 390 eV, which slightly overlaps with
the nitrogen peak, was removed from all spectra by estimation of its
area from the bare GaAs sample. Values present average of three
different samples.

Electrical Characterizations. Electrical characterizations were
obtained in a contactless manner using the Kelvin probe technique
(Kelvin probe S, Besocke, Germany), which measures the contact
potential dlfference (CPD) between the sample and a reference gold
electrode.”” Fresh samples were mounted in a dark Faraday cage
operating under a nitrogen flow (15% humidity) in order to minimize
effects of oxidation and artifacts obtained due to changes in the
humidity. Contact to a grounded sample holder was achieved by
scratching the back of the sample and introduction of a layer of
eutectic InGa solution. Dark CPD values, which correspond to the
difference in the work function of the sample and the reference gold
electrode (o, = S V), were recorded and averaged for at least five
different samples for each peptide library member. Surface photo-
voltage (SPV) spectra were recorded by illuminating the sample at a
wavelength range of 1600—600 nm using the output of a xenon—
mercury light source transferred through a double monochromator
(MS 257, Newport, USA) and a long pass filter (in order to eliminate
second order reflections). Spectra were collected, using Tracq 32
software (Newport, USA) for a freshly prepared set of samples of
hybrids of all the library members in one day. Representative results of
one of the batches are presented. While some variations in the
magnitude of the signal were observed for other batches of samples,
the relative signal magnitudes showed the same typical behavior for at
least 80% of the examined batches.

band bending (Vpg) measurements were conducted by illuminating
the samples with a 532 nm diode laser (80 mW, Brighten optics Ltd.,
Canada) using the same Kelvin probe configuration. The beam was
collimated to a diameter of 1.5 cm on the sample. The intensity of the
laser was controlled using a circular variable neutral density filter
(Newport) until a saturation of the signal was obtained. To exclude
photochemical effects, it was verified that the samples regained their
dark (equilibrium) CPD value after the laser light was switched off.
Presented Vpp values are the average of 3—$ different samples.

B RESULTS AND DISCUSSION

The main hypothesis in this research was that peptide
monolayer binding may affect the electronic properties of
semiconductor surfaces due to interactions with the side chains
of the peptide. We postulated that such effects may depend on
the nature of the side chains and, furthermore, on the
orientation and proximity of such side chains with respect to
the surface, and hence may result in larger effects than these
induced by head—tail monolayer configuration. We, therefore,
anticipated that the surface electronic response should be
different for isolated amino acid bound to the surface through
its carboxylic group than for the same amino acid in the context
of a peptide binding segment. Furthermore, if the peptide
adopts preferred conformation on the surface, the response
should depend on the position of functional amino acids in the
sequence. These hypotheses were studied using GaAs, a
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Figure 1. Electrical characteristics of bare GaAs, and GaAs functionalized with alanine, tyrosine and tryptophan amino acid monolayers. (A) Dark
CPD of the different samples. (B) SPV of the different samples. Color scheme is the same as in A). SS1 and SS2 mark the onset of the SPV slope due
to electron transitions from surface states SS1 and SS2 (marked in the inset) to the conduction band, respectively. The small peaks in the SPV
spectra are due to features in the spectrum of the Xenon (Mercury) light source used for the measurements (marked by * in Figure S2). The inset
represents the surface energy bands diagram obtained from the analysis of the SPV spectra. (C) Vg of the different samples. Vi was obtained using
a 80 mW diode laser (4 = 532 nm). Verification of photosaturation conditions was obtained by measuring the signal as function of laser intensity

(Figure S3).

common semiconductor, for which an IPB has been identified
using a phage display library screening methodology.*

The electronic effects, which can be induced by binding of
such peptides on the semiconductor surface, include changing
the semiconductor electron affinity by dipolar effects and
altering the surface potential by charge redistribution, both of
these effects modulating the semiconductor work function,
®.* We have, therefore, used the Kelvin probe technique to
monitor the work function of the samples by means of the
contact potential difference (CPD), which is expressed as

e(CPD) = (I)s - q)ref (1)

where e is the electron charge, and @, is the work function of
the reference (gold) Kelvin probe (®.; ~S5 eV). Since
illumination of the sample can result in changes in the surface
band bending by means of a surface photovoltage (SPV) due to
charge excitation and redistribution across the surface space
charge region, recording the CPD both in dark, CPD4 and
under illumination, CPD,, provided the SPV as:"®

SPV = CPD, — CPD, )

Hence, monitoring the SPV at varying wavelengths provided
information on changes in surface states occupation. Further
insight into charge redistribution due to amino acid monolayers
adsorption was obtained by monitoring changes in the surface
band bending potential, V5. Such measurements were carried
out by measuring the SPV response due to exposure to a large
flux of photons with super bandgap energies. For such
conditions, the energy bands of the semiconductor flatten;
hence, the SPV value corresponds to Vy5.>° We note that, while
the validity of these measurements in obtaining the true band
banding of semiconductors has been disputed,’”®" the
deviations from the true band bending, which are related to
bulk effects, should be similar for all the samples, and thus,
changes in Vgpp between different samples indeed reflect
changes in the surface band-bending. Furthermore, since
CPDy is composed of Vg and dipolar contributions, comparing
the two first quantities for each hybrid enabled monitoring
changes in the dipolar contribution.

In the following, we will first use CPD measurements to
monitor electronic effects induced by binding three different
amino acids, tyrosine, tryptophan, and alanine, with head—tail
configuration on the surface. We then describe the design of a
small library of GaAs IPBs that includes tyrosine and
tryptophan modifications at different positions along the
“native” IPB sequence. After characterization of the effects of
such modifications on the surface coverage of the IPBs on
GaAs, we provide detailed studies of the electronic effects
induced by the library members on GaAs surface electronic
properties, emphasizing on amino acid position dependence.

Electronic Effects of Individual Amino Acids. The
effects of three amino acids, tyrosine, tryptophan, and alanine,
on the electronic properties of GaAs (100) were studied.
Tyrosine and tryptophan were chosen since their highest
occupied molecular orbital (HOMO) was estimated to overlap,
or be slightly above the valence band of GaAs (Figure S1),°>*
suggesting possible electronic interactions between them.
Alanine was chosen as a reference to study the effect of the
carboxylic headgroup on the electronic properties. The
assembly of these amino acids on GaAs (100) through their
carboxylic group, forming a common head—tail monolayer
configuration, was confirmed by ellipsometry and contact angle
measurements (data not shown). An increase in the CPD (and
thus in the work function) was observed in all three cases
(Figure 1A). The 250 mV increase in the CPD of the GaAs
surface once functionalized with alanine can be attributed to the
contribution of the bonds of the carboxylic headgroup with the
surface or to the polar amine group. Further increase in the
CPD, obtained once tyrosine and tryptophan have been bound
to the surface suggests that the aromatic side groups of these
amino acids affect the electronic properties of the surface, with
tryptophan showing a more pronounced effect than tyrosine.
We note that the CPD of GaAs sample which was subjected to
the same preparation conditions, but without the oxide removal
and peptide assembly steps, was larger than that of the bare
clean surface but smaller than that of surfaces covered with
tyrosine and tryptophan monolayers (Figure 1A), indicating
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that the changes observed due to amino acids assembly cannot
be attributed solely to surface oxidation effects.

Changes in the CPD can be attributed both to monolayer
induced dipolar effects and to charge redistribution. Hence, we
have used SPV measurements to monitor charge redistribution
effects separately. SPV spectra indicated changes in the
occupation of surface states due to monolayer adsorption
(Figure 1B). In such spectra, a slope onset corresponds to SPV
induced by electron transition between energy bands, which
energy difference can be deduced by the onset point.*’
Furthermore, the slope inclination direction and angle can be
used to identify which electronic levels are involved in the
transition and the density of states. Accordingly, the substantial
increase in the SPV at 1.4 eV, observed for all the samples
(Figure 1B), corresponds to super bandgap photon absorption,
accompanied by a typical flattening of the energy bands. The
emergence of a sub-bandgap SPV response at 1.1 eV (marked
as SS1 in Figures 1B and S2) with a positive slope for all the
samples, indicates photoinduced electron transition from a
surface state located 1.1 eV below the conduction band (inset
of Figure 1B) to the conduction band. A pronounced
enhancement of this sub-bandgap response was observed for
samples covered with the amino acids, indicated by an increase
in the tilt of the slope above 1.1 eV. Such an enhancement can
be attributed to an increase either in the density of electrons at
the surface state, or the band-bending, due to amino acids’
adsorption. Since, as will be shown below, the band-bending
decreases due to amino acid assembly, we conclude that the
first mechanism is the dominant one. Furthermore, a new sub
bandgap response appeared in the spectra with an onset at ~0.8
eV (marked SS2 in Figures 1B and S2), again with a positive
slope, indicating the formation or promoted occupation of an
additional surface state, located 0.8 eV below the conduction
band (inset of Figure 1B). The changes in the density of
electrons in surface-states can be related to the formation of
bonds between the carboxylic headgroup and the surface. The
sub-bandgap response was observed to be slightly enhanced for
surfaces functionalized with tyrosine and tryptophan compared
to surfaces functionalized with alanine, suggesting that the
aromatic tail group of these amino acids slightly contributes to
the surface states electron density, as anticipated from the
molecule—GaAs band alignment (Figure S1). It should be
noted that the SPV response of the oxidized sample was very
similar to the one obtained for the surface functionalized with
alanine, again indicating that the response to functionalization
with tyrosine and tryptophan cannot be solely attributed to
sample oxidation. A decrease in Vg was observed for surfaces
on which amino acids were adsorbed (Figure 1C). This
decrease, which inevitably is accompanied by decreasing the
distance between the Fermi level and the conduction band,
confirms that the large sub-bandgap response is due to an
increase in electron density in surface states SS1 and SS2 that is
induced by amino acid adsorption.

A decrease in the surface band-bending for an n-type
semiconductor should result in a decrease in the work function
and thus in the CPD, in contrary to the trends observed for the
amino acid functionalized surfaces (Figure 1A). This behavior
indicates a significant dipole contribution of the molecules,
which increases the semiconductor surface electron affinity.’
This dipole may originate from the polar amine group of the
amino acids. However, the differences in the CPD between the
samples covered with different amino acids clearly demonstrate
a dipolar contribution of the amino acids side chains. This

contribution seems to be larger for samples covered with
tyrosine and tryptophan, with the largest dipole effect being
detected for the later.

Overall, it can be concluded that for amino acid monolayers
the carboxylic headgroup dominates the induced electronic
effects; both increasing the semiconductor effective affinity, and
reducing the surface band bending. Furthermore, while a minor
contribution of the amino acid side chains is observed, the side
chains mainly affect the surface electron affinity. While these
studies may suggest that peptide side chains may induce only
moderate effects on GaAs surface electronic properties, the
actual effects may be enhanced in the context of a peptide due
to larger proximity, and changes in the orientation of the side
chains with respect to the surface. Furthermore, the elimination
of carboxylic binding groups can be used to highlight the sole
effects of peptide side chains. These behaviors will be
highlighted in the next section.

IPBs Library Design. To study the electronic effects
induced by tyrosine and tryptophan in the context of a peptide,
we have chosen to use a sequence of an IPB that binds to GaAs
(100) surface (GA, Table 1) that has been identified using a

Table 1. List of IPB Sequences Used in This Work

Peptide Name® Peptide Sequence”
GA’ AQNPSDNNTHTH
Y-GA YAQNPSDNNTHTH
N3Y AQYPSDNNTHTH
PAY RONYSDNNTHTH
S5Y AQONPYDNNTHTH
D6Y RONPSYNNTHTH
N7Y AQNPSDYNTHTH
H10Y BONPSDNNTYTH
GA-Y RQONPSDNNTHTHY
N3W AQWPSDNNTHTH
NTW RONPSDWNTHTH

“Peptide mutations were named K#M, where K represents the
replaced amino acid, # is its position along the peptide sequence (from
the N-terminus), and M is the incorporated amino acid. GA-Y and Y-
GA represents tyrosine addition mutations at the C- and N-termini,
respectively. ®Amino acids are given by their single letter
abbreviations. “Amino acid mutation position is highlighted in bold
blue/red color for tyrosine/tryptophan. “GA is the “native” peptide.?

phage display library screening methodology.® This sequence
was shown to retain its binding affinity and selectivity in the
context of an isolated synthetic peptide.***> On the basis of the
electronic effects of amino acids binding, we have postulated
that the incorporation of tyrosine or tryptophan, which are not
included in the “native” peptide, may enhance the electronic
interactions. Furthermore, it has been suggested that if the
peptide adopts defined conformation on the surface, altering
the position of the modification in the sequence would alter the
proximity and orientation of its side chain with respect to the
surface and its environment, and may thus control the
magnitude of the effects. Hence, a small library of peptides,
which contained modifications of GA with tyrosine and
tryptophan at different positions along the sequence, was
constructed (Table 1).
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The sequences were designed such that the basic sequence
was mutated near possible binding sites to the GaAs
surface.>***¢ Thus, tyrosine was used to replace amino acids
at positions 3, 6, and 7 near glutamine or asparagine that can
form Lewis pair with the substrate. Additionally, since
threonine and serine were found to be abounded amino acids
in sequences screened for GaAs binding, positions 4, 6, and 10
were also mutated by tyrosine. We note that in peptides N3Y
and N7Y, asparagine, which appears multiple times in the
peptide sequence, was mutated, allowing examination of its
importance for the peptide binding. Two additional tyrosine
modifications at the two ends of the peptide were also tested. It
was postulated that for these mutations minimal distortion of
peptide structure will be obtained, maintaining the conforma-
tion of the “native” peptide. Finally, in order to test the
importance of the chemical nature of the side group, we have
mutated positions 3 and 7 which were found to impose weak/
large electronic effects, respectively, with tryptophan as well.
Peptides were capped on both ends to eliminate possible effects
of their charge on the binding, and on the resulting electronic
properties.

Peptides’ Assembly. Peptide assembly was confirmed by
the appearance of a nitrogen 1s peak in the XPS spectra of the
GaAs surface, which did not appear for the bare surface.
Relative surface coverage of the different peptides was
estimated by the ratio of the N-Is and Ga3d peak areas
(Figure 2). The results indicate that the incorporation of
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Figure 2. IPBs surface coverage and effective thickness for tyrosine
(A) and tryptophan (B) mutations of GA. Surface coverage (blue) was
calculated from XPS measurements (details are given in the
Experimental Section). Values were normalized with respect to the
coverage of the GA—GaAs hybrid. Effective peptide layer thicknesses
(red) were obtained from ellipsometry measurements, taking into
account a refractive index of 1.46. Presented values are average of
measurements of three samples with the errors calculated by the
standard deviation.

tyrosine at different locations maintains or enhances the
binding affinity of the IPB. The observed increase in surface
coverage indicates that the introduction of tyrosine enhances
the binding interactions of the peptide with the surface. This
could be as a result of direct interactions between the phenol
side group and the surface, as will be shown below. The
introduction of tryptophan instead of tyrosine resulted in larger
surface coverage (Figure 2B). This is in line with the
observation by Peelle et al.,, who found that tryptophan possess
binding affinity to some semiconductors.®” Such changes in the
surface coverage can, in addition, suggest changes in the

conformation of the peptide on the surface. For example, the 2-
fold increase in surface coverage, which was obtained upon
assembly of P4Y may be attributed to the elimination of the
proline from the peptide sequence, which makes the peptide
more flexible to adopt an optimal conformation with respect to
the surface.

Further verification of peptide binding was obtained by
ellipsometry measurements (Figure 2). The resulting peptide
layer thicknesses were in the range of 1—3 nm, values that are
much smaller than the extended length of the peptides (~4
nm). These values suggest the formation of a monolayer on the
surface with possibly multiple binding sites to the surface. The
thickness variation trends are in general agreement with the
surface coverage trends observed by XPS, indicating that these
variations reflect changes in the surface coverage and not in the
effective peptide layer thickness. It is thus not possible to refer
these variations to changes in the conformation of the peptides.
However, in some cases, for example for Y-GA, N3Y, and
H10Y hybrids, the effective thickness was lower than expected,
suggesting that for these mutations the peptide has adopted a
flatter conformation.

Electronic Properties of IPB/GaAs Hybrids. An increase
of 100 meV in the CPD of GaAs was detected after the
assembly of GA on the surface (Figure 3A), smaller than the
effect induced by amino acid bound in head—tail configuration.
This slight increase in the CPD, and the absence of change in
the Vg and sub-bandgap responses (Figures 3B and 4A,
respectively), indicate that GA mostly affects the surface
electronic properties by a dipole contribution to the work
function, probably due to the net dipole of the peptide once

-2004 1 1 1 1 1 _
S’ -400- -
E
D’D = -
a
O -600- s
A C
-800 ) )
600
B) D)
500 - " _
=
B |
8
> 400 - 1
300- 1 ] 1 [ 1 " 1
@ > e ol L L Ty K
‘5?} © -k’@ O A= 3 \i\ Q\'\Q o %r5$\i\$

Figure 3. Electronic properties of GaAs functionalized with modified
GA monolayers. (A) Dark CPD and (B) Vg of GaAs functionalized
with tyrosine modifications of GA. (C) Dark CPD and (D) Vy of
GaAs functionalized with tryptophan modifications of GA. Verification
of photosaturation conditions was obtained by measuring the signal as
function of laser intensity (Figure S3).
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Figure 4. SPV spectra of GaAs surfaces functionalized with IPBs. (A)
SPV spectra and (B) SPV at hv = 1.3 eV (marked by dashed line in A)
for GaAs functionalized with tyrosine modifications of GA. Color
codes are the same in both panels. (C) SPV spectra and (D) SPV at hy
= 1.3 eV of GaAs functionalized with tryptophan modifications of GA.
Color codes are the same in both panels.

absorbed on the surface. In addition, the lack of changes in the
SPV and Vg responses of the GaAs surface indicate weak
interactions of the carboxylic group of the aspartic acid at
position 6 with the surface. This may suggest that it does not
play a significant role in the binding of GA to the surface.
Indeed its removal in mutation D6Y did not affect the binding
affinity to the surface drastically (Figure 2).

Modifying GA by the introduction of tyrosine strongly
affected the electronic behavior of the peptide—GaAs hybrid
interfaces. A significant increase in the CPD was observed for
all the hybrids (Figure 3A). These effects were found to be
much more pronounced than the effects induced by the binding
of the “native” peptide, GA, hence indicating a large effect of
the phenol side chain of tyrosine. In fact, the effect of the
phenol group seems to be significantly larger in the context of
the peptide than for its introduction in the context of isolated
amino acids. Furthermore, taking into account the fact that the
density of phenol groups on the surface is probably smaller for
the peptides, the larger response shows a more significant
response at the molecular level. The effect of tyrosine on the
interface electronic properties was further revealed by observing
the changes in Vgg upon peptide binding (Figure 3B). No
change in Vg was observed for surface functionalized with GA,
indicating week electronic interactions. Similar behavior was
observed for some of the peptide mutations, that is, for N3Y,
SSY, D6Y, and H10Y, suggesting that for these mutations the
electronic interactions of the phenol group with the surface are

week. In other cases, that is, for Y-GA P4Y and N7Y, the
assembly resulted in a decrease in Vg, probably indicating a
reduction in the band-bending of GaAs at the hybrid interface
(Figure 3B). These results indicate direct electronic interaction
between the phenol side group of tyrosine and the surface. It
should be noted that the suggested charge transfer interactions
may account for the larger surface coverage obtained for Y-GA
and P4Y. However, assembly of N7Y was not accompanied by
an increase in the surface coverage, suggesting that the charge
redistribution effect is more effective at the molecular level for
this specific modification. Despite the fact that Vyp either
decreased or remained intact, the CPD increased drastically in
all cases, similar to the behavior observed for surfaces
functionalized by isolated amino acids. This suggests that in
addition to affecting the band bending, the phenol group
introduces a pronounced positive dipole contribution in all
cases.

Charge redistribution effects were further highlighted by the
sub-bandgap SPV signal of the hybrid structures (Figure 4). In
all cases, except for the case of the “native” peptide, the
adsorption of the IPB on the surface has resulted in the
appearance of a pronounced sub-bandgap response, indicating a
direct effect of the phenol group on the surface states density or
their occupation, further confirming direct electronic inter-
actions between the phenol group and the surface. The
energetic positions of the observed surface states were similar
to these observed for the isolated amino acid hybrid interfaces.
We note that it is hard to distinguish, at this point, whether
charge redistribution occurred between the surface and the bulk
of GaAs, or (and) between the GaAs and the peptide.

Differences in the magnitude of the electronic responses, as
well as the surface coverage, were observed for the different
peptide mutations (Figures 2—4 and Figure S4). These effects
are summarized in Figure 5, clearly showing that each of the
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Figure 5. Depiction of the interactions of different tyrosine
modifications of GA with the surface of GaAs (100). Each square
represents a position on the peptide with the letters designating the
sequence of the “native” peptide using amino acids’ single letter
abbreviation. The codes used to represent the strength of interactions
for the different mutations are the following: thick borders represent
large electron surface density; red borders and down shift represent
large electron charge redistribution at the GaAs surface, with the
magnitude of the shift representing relative strength of the interaction;
light blue background represents strong dipolar effect. Positions
marked in gray were not tested (see design details above).

different effects depends on the position of the tyrosine
mutation in the sequence. In some of the cases, especially when
the tyrosine was incorporated toward the N-terminus of the
peptide, the changes in the electronic properties could be
correlated with changes in the peptide surface density; that is,
the larger the surface density, the larger the change in the CPD,
SPV, and Vg However, this behavior cannot be simply
explained by the dependence of the electronic properties on the
phenol group density on the surface. That is, since, as suggested
above, the induced reduction in surface band bending and
positive dipolar contribution observed upon introduction of the

dx.doi.org/10.1021/ja3078494 | J. Am. Chem. Soc. 2012, 134, 20403—20411



Journal of the American Chemical Society

phenol should affect oppositely the work function, hence,
increasing both should result in a moderate change in the CPD.
This is indeed the case for P4Y (Figure 3A and Figure $4).
However, the large change in Vg, sub-bandgap SPV and CPD
observed upon assembly of Y-GA indicates strong electronic
interactions accompanied by comparably large dipole effect.
Furthermore, the incorporation of tyrosine at the C-terminus
has a minute effect on the peptide surface coverage, but results
in a large increase in the CPD and sub-bandgap SPV,
accompanied by a moderate decrease in the band bending.
The observed dependence of the electronic properties of the
hybrids” interface on the position of tyrosine in the peptide
sequence indicates that, in addition to the density of the phenol
group on the surface, other parameters also affect the
magnitude of the induced effects. These may include the
proximity and the orientation of the phenol groups with respect
to the surface and the dielectric environment, all of which are
controlled by the preferred conformation the peptides adopt on
the surface. An additional example for this complex dependence
of the electronic properties on the location of the tyrosine
modification in the sequence can be observed when looking at
IPBs with tyrosine modifications at positions 4—7. Incorporat-
ing the tyrosine on positions 4, S, and 6 results in gradually
decrease in the surface coverage of the peptides and in the SPV
while the CPD remains constant. Vg, on the other hand, shows
an unexpected decrease for the GaAs-SSY hybrid (indicating an
increase in the band bending), which is not observed in any
other case. For N7Y functionalized surfaces, both significant
decrease in Vg and increase in the CPD are observed,
suggesting both effective charge redistribution and large dipole
contribution to the work function accompanied by no
significant change in the peptide surface coverage with respect
to the native peptide for this specific mutation. Finally, an
exceptional behavior is observed for surface functionalized with
H10Y. In this case, no significant change in the band bending is
observed (Figure 3B), while a large sub-bandgap SPV response
is induced. This behavior may suggest a unique role for tyrosine
when inserted in this position, which results in changes in the
surface recombination velocity. Alternatively, it may be
attributed to electronic interactions of histidine with surface
atoms for the “native” peptide due to its metal chelating
character, which are eliminated once it is removed from the
surface.

Our results show that the surface electronic characteristics of
the semiconductor depend on the structure of peptides
adsorbed on the surface. Unfortunately, the conformation of
the peptide on the surface, which could be different for each of
the mutations used, is hard to predict and monitor.>®
Furthermore, such small peptides are expected to be less
structured, and thus, it is possible that the peptides adopt
several preferred conformations on the surface. In addition,
nonspecific adsorption may also occur. Hence, it is hard to
directly correlate between peptide structure and the electronic
behavior. Nevertheless, some of the observed electronic
behaviors can be related to structural parameters. The
interactions of tyrosine with the surface, which are demon-
strated in this work, probably affect the conformation of the
peptide. However, it can be anticipated that the conformation
attained is restricted by the peptide sequence and the preferred
conformation of the “native” peptide. For example, introduc-
tion of tyrosine at position S in SSY results in week electronic
interactions despite the large surface density. This can be
explained by rigidity of the peptide chain around the proline at

position 4, which restricts the flexibility of the phenol side chain
to adopt a preferred orientation with respect to the surface.
This rigidity can further explain the low surface density and
small electronic effects upon the introduction of tyrosine at
position 3 in N3Y. Additional sequence dependent response
can be inferred by the differences in the electronic response for
hybrids which includes tyrosine at the edges of the peptide. As
suggested above, the use of an IPB in which the tyrosine is
coupled at the N-terminus results in larger surface electronic
interactions than for hybrids with IPB in which the tyrosine is
attached at the C-terminus. This could be due to the presence
of alanine at the N-terminus. Alanine does not interact by itself
with the surface; hence, it allows rearrangement of the peptide
on the surface upon the introduction of tyrosine to maximize
the interactions of the phenol group with the surface. The
THTH sequence at the C-terminus, which is considered to be a
binding site of the peptide with the surface, probably adopts a
more rigid structure with respect to the GaAs surface which
restricts the ability of the peptide to deform and thus induces
smaller electronic interactions (yet larger dipole effect). It is
important to note that such changes in the conformation of the
IPBs may also explain the changes observed in surface coverage,
which by themselves also affect the electronic behavior, as
demonstrated above for GaAs-P4Y hybrids.

As a final point, the effects of introduction of mutations
incorporating tryptophan to the surface were tested. In similar
fashion to the introduction of tyrosine, the introduction of
tryptophan to the IPBs resulted in an increase in the CPD of
the GaAs surface upon binding (Figure 3C). The magnitude of
the change followed the same trends as for tyrosine mutations,
that is, ACPDy,, > ACPDyyy > ACPDygsy, with the overall
changes larger than when using the corresponding tyrosine
analogs (Figure 3A). Vg, on the other hand, was found to be
similar in both cases (Figure 3B,D); hence, it cannot explain the
CPD behavior. Furthermore, the changes induced in the sub-
bandgap response were not significantly different (Figure 4);
modification at the N3 position resulted in a similar response in
both cases, whereas for the seventh position, functionalization
with the tryptophan modified peptide resulted in smaller sub-
bandgap response than for the tyrosine analog. These
observations suggest that functionalization of the surface with
tryptophan modifications of GA results in similar charge
redistribution at the surface as for the tyrosine analogs. In fact,
taking into account the larger surface density obtained for
tryptophan analogues, the single molecule effect seems to be
smaller in this case. In addition, as for the isolated amino acid
case, tryptophan modifications of GA induce larger dipole
effects, which increase the CPD (and work function) of the
GaAs surface. It could be speculated that stronger dipole—
dipole interactions result in larger affinity of the tryptophan—
GA modifications to the surface and thus are responsible for the
larger surface coverage. These results indicate that the specific
choice of amino acid and its position in the peptide sequence
can be used to dominantly modulate a specific property of the
surface. Importantly, non-natural amino acids can also be used
to further modify the interface by the introduction of light
sensitizing or biorecognition side chains, paving the way to
engineer novel devices based on such peptides.

B CONCLUSIONS

We have demonstrated that the assembly of IPBs on
semiconductor surfaces modulates the surface electronic
properties both in terms of the electron affinity and the surface
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potential in a manner that depends on the sequence that is
used. Specifically, we have found that a commonly used GaAs
IPB has a minor effect on the surface electronic properties in its
“native” form. However, the introduction of tyrosine or
tryptophan to the sequence results in pronounced dipolar
and charge redistribution effects at the interface. The
magnitude of each of these effects was found to depend on
the position of the modification in the peptide sequence due to
conformational changes that affect the IPB surface coverage
and/or the proximity and orientation of the phenol/indole side
chains of tyrosine/tryptophan with respect to the surface.
Moreover, we have found that the incorporation of tryptophan
increases the dipolar effect with respect to modification of the
peptide with tyrosine on the same location. Further studies are
required in order to understand the exact mechanisms by which
sequence and conformation affect the electronic properties.
Our results clearly show that the unique structure—function
relations of natural proteins can be preserved in unnatural
environment. For electronic applications, the large interface
formed between the biomolecules and the surface increases the
magnitude of effects induced by functional groups on the
biomolecules, resulting in effects that are larger than these
imposed by the same functional groups attached in a common
head—tail configuration. While general rules for tailoring the
interface electronic properties by peptide design have not yet
been provided, we show that if the functional amino acids have
the flexibility to adopt a preferred orientation, the effects are
enhanced. Furthermore, the ability to optimize the nature and
position of a functional side group in proteins and peptides can
be used to control independently the different electronic
properties of their interface with inorganic materials. The
introduction of other amino acids, including non-natural ones,
may extent the magnitude of the effects and can be used for the
introduction of additional functionalities, such as photo-
sensitization. Hence, the interface of IPBs, or other protein
and peptide architectures can be tailored to control the
performance of hybrid bioelectronics and biosensing devices.
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