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A B S T R A C T

Series tunneling across peptides composed of various amino acids is one of the main charge transport
mechanisms for realizing the function of protein. Histidine, more frequently found in redox active
proteins, has been proved to be efficient tunneling mediator. While how it exactly modulates charge
transport in a long peptide sequence remains poorly explored. In this work, we studied charge transport
of a model peptide junction, where oligo-alanine peptide was doped by histidine at different position,
and the series of peptides were self-assembled into a monolayer on gold electrodewith soft EGaIn as top
electrode to formmolecular junction. It was found that histidine increased the overall conductance of the
peptide, meanwhile, its position modulated the conductance as well. Quantitative analysis by transport
model and ultraviolet photoelectron spectroscopy (UPS) indicated a sequence dependent energy
landscape of the tunneling barrier of the junction. Density-functional theory (DFT) calculation on the
electronic structure of histidine doped oligo-alanine peptides revealed localized highest occupied
molecular orbital (HOMO) on imidazole group of the histidine, which decreased charge transport barrier.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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The charge transport process in proteins across peptide
segments has been proved to be efficient over long distance in
both solution state [1–3] and solid state [4–8] via charge tunneling
through an optimistic pathway, initiating the hope on bio-
electronics using protein and peptide as functional units [9–14].
The charge tunneling over homopeptides with different side
groups shows variation in junction current which indicates the
tunability of charge transport across peptide junctions by choice of
different amino acids side groups [15–17]. Experimental studies
and theoretical calculations on hetero-peptides, on the other hand,
prove a series tunneling charge transport process and provide a
new strategy to modify charge transport by conjugated side group
doping in homopeptides, which tunes the tunneling barrier
landscape in the junction conductance, leading to a facile
modulation in the junction conductance [18,19].

Histidine, among all amino acids with conjugate side groups, is
more frequently found in oxidoreductase enzymes than amino
acids with non-conjugating side groups [20]. The imidazole side

group of histidine can be protonated/deprotonated [21,22] and
facilitates proton coupled electron transport in photosynthesis
systems [23]. Histidine has been proposed to serve as the last site
of the tunneling pathway via electron tunnels through proteins to
metal ions of the redox center [24]. Recent study on homopeptides
of histidine found similar tunneling attenuation factor comparable
to conjugated molecules (�0.5 Å�1), indicating histidine is an
efficient tunneling mediator. The properties of histidine suggest a
promising candidate for modification of peptide through multiple
aspects [25]. While the tunability of peptide energy barrier
landscape and junction tunneling by histidine doping remains an
unknown question.

In this work, we prepared peptide self-assembled monolayers
of similar thickness with histidine doping into oligo-alanine
peptides at different position. EGaIn was used for the study of the
charge transport across these peptide monolayers (see schematic
experimental setup in Fig.1). The doping of histidine into 7-alanine
peptides increased the junction tunneling current, indicating
effective modification of the peptide junction energy landscape.
Based on theoretical modeling combined with energy state
analysis by both density-functional theory (DFT) calculation and
ultraviolet photoelectron spectroscopy (UPS), we found series
tunneling through tested peptide junctions and doping histidine

* Corresponding authors.
E-mail addresses: xi.yu@tju.edu.cn (X. Yu), wanglejia@nbut.edu.cn (L. Wang),

huwp@tju.edu.cn (W. Hu).

https://doi.org/10.1016/j.cclet.2021.04.013
1001-8417/© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.

Chinese Chemical Letters 32 (2021) 3782–3786

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier .com/ locate /cc let



effectively reduced the junction tunneling barrier height. The
sequence of histidine doped into 7-alanine peptides resulted in
different energy landscape, thus achieving fine tuning of the
charge transport through peptide monolayers.

In order to study the effect of histidine doping in peptides, we
designed a series of peptide derivatives including hepta-alanine (7-
Ala) and histidine substitution at the N-terminal (H-1), in the
center (H-4) and at the C-terminal (H-7) of the hepta-alanine (see
chemical structure in Fig. 1) with a mercaptopropionic acid (MPA)
connected to the peptides through covalent bond at the N terminus
for self-assembling to the gold substrate by S-Au bond.

These four types of peptides (7-Ala, H-1, H-4 and H-7) were all
immobilized onto the gold substrate through self-assembling
process in solution and the self-assembled monolayers (SAMs) of
similar thickness of �2 nm for these peptides were obtained by
ellipsometry measurement (Fig. 2a). The theoretical length of
these designed peptide derivatives with fully stretched conforma-
tion is �3 nm, while measured SAMs thickness is around 2 nm,
indicating the peptide chains may take a random coiled
conformation as commonly seen in short oligopeptides, such as
histidine or tryptophan peptides, on the gold substrate [18,25]. In
order to gain further information on the peptide SAM structure, we
conducted atomic force scratching, cyclic voltametry desorption

and Infrared spectroscopy (IR) measurment. Atomic force micros-
copy (AFM) characterization of the mophology of the SAMs found
an uniform peptide monolayer without aggregation and the
thickness of all peptide SAMsmeasured byAFM scratch agreeswell
with ellipsometry thickness (Fig. 2a, AFM images of peptide SAMs
and bare gold substrate can be seen in Supporting information).
We further conducted electrochemical desorption experiment for
all four types of peptide SAMs to calculate the surface coverage and
similar values (� 1.0�10�10 mol/cm2) for H-1, H-4 and 7-Ala SAMs
and slightly larger surface coverage for H-7 SAM (�1.3�10�10

mol/cm2) were found. The larger surface coverage of H-7 and the
single desorption peak in CV occuring at more negative potential
(Fig. S3 in Supporting information) indicates more densely packed
molecules in the SAM, thus resulting a larger SAM thickness for H-7
compared to the other peptide SAMs [26].

In order to study the peptide orientation in the monolayers, we
conducted reflective IR measurement on the peptide SAMs
immobilized on the gold surface. The IR spectra of 7-Ala, H-1,
H-4 and H-7 all show two amide peaks (amide I at�1668 cm�1 and
amide II at �1542 cm�1) which confirms the presence of the
peptides on the gold substrate (Fig. 2b). The conformation and
amide chain orientation can be interpreted from the reflective IR,
where only vibrationmodeswith a transition dipole perpendicular
to the meatal surface are active in the reflective IR. Transition
dipole moments of amide I and amide II in the amide plane are
nearly along and perpendicular to the peptide chain, respectively.
The orientation of the amide plane relative to the gold surface thus
can be deduced from these two amide dipole orientation by the
relative intensity of two amide peaks from IR absorbance [27].
When the relative intensity of amide I to amide II is larger, the SAM
on the gold surface is less tilted [28]. H-1, H-7 and 7-Ala SAMs all
exhibit a large amide I/amide II peak intensity ratio compared to
that of H-4 SAM, which indicates H-1, H-7 and 7-Ala have smaller
tilting angle on the gold substrate, which might originate from a
more stretched conformation, while H-4 SAM has a larger tilting
angle due to more collapsed conformation on the gold substrate.
These results are consistent with larger thickness for H-1, H-7 and
7-Ala monolayers and smaller thickness for H-4.

We then turn to study the charge tranpsort properties of the
monolayer by applying I–V measurement. We used gold substrate
of the monolayers as bottom electrode and EGaIn as top electrode.
The EGaIn is known as soft and non-permeable electrode for SAMs
based molecular junction characterization due to its liquid nature
and naturally produced GaO protective layer [29–31]. The
measurement was performed by a home-made EGaIn system at
room temperature and low humidity in the dry air. The 2D
histograms of log(J)-V curves for 7-Ala, H-1, H-4 and H-7molecular
junctions are illustrated in Figs. 3a-d, where J is the current density.
All peptide junctions showed linear I–V relation in the low bias
region and non-linear I–V curve in the high bias region, which is
believed to be tunneling charge transport (see Fig. 4 for averaged I–
V curves of 7-Ala, H-1, H-4 and H-7 molecular junctions). Histidine
doping into oligo-alanine peptide exhibits obvious tuning on the
current density of the peptide junctions as big as one order of
magnitude, following a variation in current density as: H-4 > H-1
>H-7 � 7-Ala (Fig. 3e).

For the low bias range, it has been reported that tunneling
current across the polypeptide can be expressed as charge
transport over heterogeneous energy barrier with series of sub-
units in a “series tunneling”manner, as shown in Eq. 1 below [32]:

I / Tb�Tt�exp
Xm
i¼1

�bili
� � !

ð1Þ

where βi and li are the transport attenuation factor and length of
individual subunits, respectively. Tb and Tt describe the tunneling

[(Fig._1)TD$FIG]

Fig. 1. Molecular structures of peptides in this work. 7-Ala: MPA-AAAAAAA, H-1:
MPA-HAAAAAA, H-4: MPA-AAAHAAA, H-7: MPA-AAAAAAH. (A = alanine, H = histi-
dine) Schematic illustration of the experimental setup of the EGaIn I-V
measurement.

[(Fig._2)TD$FIG]

Fig. 2. (a) The ellipsometry and AFM scratch measured thickness of 7-Ala, H-1, H-4
and H-7 SAMs and the surface coverage of the corresponding SAMs. (b) Normalized
reflective IR of 7-Ala, H-1, H-4 and H-7 SAMs immobilized on gold substrate.
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probability across the bottom and top electrode-peptide interface,
respectively. β is characteristic parameter that describes how fast
the conductance decay with length. In the simple Simmons model,
it relates to the tunneling barrier height eh as Eq. 2 [15]:

 b � ffiffiffiffiffi
eh

p ð2Þ
Thus a smaller barrier will produce a smaller decay

coefficient and afford a more efficient long range tunneling.
We extracted the low bias conductance of the 4 peptides, and

summarized themwith respective to film thickness in Fig. 3f. We
can see an obvious increase in the current density magnitude of
H-1 compared to 7-Ala molecular junction at similar thickness.
According to Eqs. 1 and 2, this implies a smaller β and lower
tunnelign barrier eh. For H-7, the monolayer thickness is
significatly larger than 7-Ala, while the conductance is similar,
again implying better long range tunneling by histidine doping.
Since the thickness of H-4 is smaller compared to 7-Ala, we cannot
separate the influence of conductance increase from the two
factors of smaller thickness and the change in tunneling barrier
height. In our previous study, based on homo-histidine peptide
junctions, we obtained a distance attenuation factor of the
histidine of β � 0.5 Å�1, which is similar to the value obtained
from unsaturated molecules, indicating the effective charge
tunneling across oligo-histidine junctions [25]. Thus we propose
that the doping of hisitidine unit into oligo-alanine peptide
reduces the tunneling energy barrier.

To further understand the histidine doping effect we did more
detailed quantitative anaylsis of junction I-V characteristics using
the transition voltage spectrum (TVS), which has beenwidely used
as quantification tool for molecular transport characteristics, due
to its simplicity and reproducibility. The tunneling barrier height
(eh) can be correlated to transition voltage (VTVS) by Eq. 3 [33]:

eVTVS  ¼  2eh=
ffiffiffi
3

p
ð3Þ

However, the limitation of this method is that one has to scan
the bias to high voltage to obtain the VTVS. In this work, we cannot
apply high bias to the peptide SAMs due to its stability. Therefore
we turn to a method using I-V simulation parameters to get the
VTVS. Ayelet Vilan and coworkers ever proposed amethod to derive
VTVS using a scalingmodel based onTaylor expansion of the current
in response to voltage. According to Vilan, the I-V curves in
tunneling junction have approximately a generic parabolic shape,
which can be expended using Taylor expansion as shown below.

J ffi GeqVð1þ S
V
V0

þ A2
V
V0

� �2

þ O
V
V0

� �n

Þ ð4Þ

where Geq is the equilibrium conductance (i.e., the conductance at
V →0), S measures the even function component of the I-V in the
transport and can generally be omitted. A2 is a pre-factor
describing the symmetry of junction current which equals 1 for
symmetric junctions and weakly varies with asymmetry. O
represents higher order terms in Taylor expansion for current
density. The key parameter in Eq. 4 is V0, which is the bias scaling
parameter. Vilan showed that the transition voltage VTVS is related
to V0 by Eq. 5 [34]:

VTVS ¼ V0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½1� OðVTVS=V0Þn�=A2

q
� V0 ð5Þ

Therefore, by fitting I-V curves using Eq. 4, one can obtain V0,
and then find out the transition voltage VTVS and tunneling energy
barrier eh. This method largely expands the use of TVS in cases
where the transition voltage has not been reached.We utilized this
method here to study the I-V data of the peptide junctions and
obtainedwell agreed fitting curves (Fig. 4 for the fitting results and
Supporting information for details).

From the fitting obtained value of V0 we could find VTVS derived
junction energy barrier eh. The doping of histidine into the oligo-
alanine lowered the tunneling energy barrier in the peptide
junctions. (Fig. 5, the energy barrier of the peptide junctions is
summarized in Table 1). Moreover, we also find the energy barrier
change varies as the position of the histidine in the oligo-alanine
chain. Thus, we propose that histidine doping effect on junction
energy barrier is sequence dependent, which may originate from
the polarization of the nearby peptide environment.

[(Fig._3)TD$FIG]

Fig. 3. (a-d) The 2D histogram of log(J) distribution of 7-Ala, H-1, H-4 and H-7
junctions. (e) Average log(J)-V curves of the tested peptide junctions of 7-Ala, H-1,
H-4 and H-7 SAMs. (f) Junction charge tunneling distance vs. log(J) at 0.05 V of the
peptide junctions of 7-Ala, H-1, H-4 and H-7 SAMs.

[(Fig._4)TD$FIG]

Fig. 4. Taylor expansion fitted I-V curves and experimental I-V curves of peptide
junctions of (a) 7-Ala, (b) H-1, (c) H-4 and (d) H-7.
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To further approve the doping effect of histidine on the energy
landscape and the charge transport, we analyzed the energy state
of the studied peptides from UPS results and DFT calculation. The
energy offset between HOMO energy levels of four peptides SAMs
and gold substrate Fermi energy by UPS measured were illustrated
in Fig. 6 and summarized in Table 2. The lowest unoccupied
molecular orbital (LUMO) energy level of these peptides, estimated
by optical gap from UV measurement, were further away from the
gold Feimi energy level than HOMO (�3 eV above gold Fermi level
estimeated from the optical bandgap) [33]. Thus HOMO is believed
to dominate the charge transport in these peptide SAMs. The
doping of histidine into different position of peptdie chain all
showed a reduction in peptide HOMO and gold Fermi level energy
offset (for H-1, H-4 and H-7 is 2.21, 2.16 and 2.58 eV, respectively
and for 7-Ala is 2.67 eV). We can see a position dependence in
tuning the energy offset of peptdies H-1, H-4 and H-7 and similar
trend has been found from I–V simulation obtained tunneling
energy barrier (see Fig. 5 for the comparision in trend).

DFT calculation of the fully stretched peptide molecules was
further employed to find the electronic structure information of
the four types of peptides. As shown in Fig. 7 (details of the DFT
calculation see Supporting information), in presence of histidine,
the HOMO energy level was shifted from anchoring sulfor atom to
the conjugate imidazole ring of histidine, and their energy levels
are much closer to the gold electrode Fermi level (� 5.1 eV), thus
resulting a reduction in effective junction energy barrier. We
observe difference in value of energy barrier obtained from UPS
measurement, I-V fitting and DFT calculation (Fig. 5). UPS
measured increase in peptides HOMO energy (peptides immobi-
lized to gold substrate) compared to DFT calculated HOMO energy
(calculated with peptides in vacuum without attachment to
electrode), which may originated from the surface-induced gap
renormalization effect upon immobilization of the peptide to the
gold surface [35]. And further decrease in energy barrier by I-V
fitting can be attributed to the interaction of the peptide with the
top GaIn electrode. On the other hand, the imidazole HOMO
energies did not show a strong sequence dependence. A weak
sequence dependent conductance was ever reported on series
tunneling in tryptophan doped oligo-alanine junctions [16]. There,
the conductance difference was mainly attributed to the contact
coupling to the electrode when tryptophan is at C terminal of the
peptide relative to in the middle of the peptide. While the TVS
analysis of our histidine doped oligo-alanine peptide demonstrat-
ed a significant sequence dependent energy barrier. Considering
the H-4 peptide took more collapsed conformation assembled to
the substrate relative to the other two, the lowered energy barrier
might originate from the conformation of H-4. Indeed, in previous
study, Sepunaru et al. have found that the transport energy barrier
of oligo-alanine in the helix conformation is lower than that of the
stretched conformation [15].

[(Fig._5)TD$FIG]

Fig. 5. TVS within Taylor expansion fitted energy offset and UPS experimental and
DTF calculated HOMO and gold Fermi level energy offset of H-1, H-4, H-7 and 7-Ala
SAMs molecular junctions.

Table 1
Key electronic structure parameters of 7-Ala, H-1, H-4 and H-7 SAMs on gold
substrate. Unit is in eV.

Peptide SAM UPS offset a V0
b VTVS

b eh b DFT c

7-Ala 2.67 0.81 0.58 0.40 3.93
H-1 2.21 0.58 0.41 0.36 3.03
H-4 2.16 0.46 0.33 0.28 3.24
H-7 2.58 0.66 0.47 0.41 3.14

a UPS measured peptide SAMs HOMO and gold Fermi level energy offset.
b Taylor expansion fitted and derived parameters V0, VTVS and eh.
c DFT calculated gas phase peptide energy level and gold Fermi level energy

difference.

[(Fig._6)TD$FIG]

Fig. 6. Estimated energy diagram of 7-Ala, H-1, H-4 and H-7 SAMs on the gold
substrate.

Table 2
Summary of HOMO, LUMO energy levels, energy bandgap and work function of 7-
Ala, H-1, H-4 and H-7 SAMs on gold substrate. Unit is in eV.

Peptide SAM HOMOa LUMOb Eg
c Wf

a

7-Ala 2.67 2.89 5.56 4.68
H-1 2.21 3.13 5.35 4.44
H-4 2.16 3.07 5.23 4.76
H-7 2.58 2.86 5.44 4.64

a The HOMO energy level relative to the Fermi level of gold and thework function
Wf are determined from UPS measurement.

b The LUMO energy level is determined from HOMO and optical energy bandgap
Eg.

c Optical energy bandgap Eg is determined from UV spectra.

[(Fig._7)TD$FIG]

Fig. 7. Electronic structure calculation by DFT of H-1, H-4 and H-7 and their
comparison with 7-Ala.
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To find the origin of the energy barrier decrease in H-4 peptide,
we performed further theoretical calculation. First, we run
molecular dynamics to obtain many different conformers of
neutral H-4 and picked up those with similar diameters as the
monolayer thickness we obtained in the experiment. We then run
further DFT calculation on these conformers (see detailed
calculation method and results in Supporting information)
[36,37]. We found there exist conformers, of which the HOMO
energy levels of the imidazole are higher and closer to the gold
electrode Fermi energy levels (HOMO energy levels of Conf 4 and
Conf 5 are -7.51 eV and -7.98 eV, respectively). Molecular
electrostatic potential surface analysis (Fig. 8) showed that the
negative charge group, mainly the carbonyl group of the amide,
around the imidazole can significantly increase its negative
potentials and HOMO energy levels. We believe this is due to
the nitrogen atom with lone pair electron in imidazole side group
of H-4, which is quite sensitive to environmental polarity and
presents different potential when surrounded by different charged
groups. Therefore, the imidazole groups in folded conformers of
Conf 4 and Conf 5 in H-4 monolayer may experience an
enhancement of the HOMO energy by the carbonyl groups of
the amide bond of the peptide chain so that a decreased charge
transport barrier.

In summary, we have fabricated molecular junctions by self-
assembling peptides, oligo-alanine and histidine doped at
different position of oligo-alanine, onto gold substrate as the
bottom electrode and using EGaIn as the top electrode. EGaIn
measured junction current density revealed series tunneling in
these peptide junctions. The average junction current of peptide
junctions with histidine doping showed an overall increase
compared to oligo-alanine junction current. DFT calculations and
UPS measured HOMO and gold Fermi level energy difference
suggests that the introducing of histidine into oligo-alanine
changes the electronic structure of the peptides, HOMO located
on the imidazole side group for H-1, H-4 and H-7 instead of
located on sulfur atom for 7-Ala, which reduces the peptide
HOMO and gold Fermi level energy difference. This position
dependent lowering in peptide HOMO and gold Fermi level
energy difference leads to a reduction of the molecular junction
effective energy offset, which is supported by TVS within Taylor
expansion fitting results. This position dependence may result
from the polarity change by histidine doping at different position
into the peptide chain. Histidine with effectiveness of mediating

charge tunneling and ability to fine tuning molecular junction
energy landscape provides to be a promising candidate towards
fine tunable functional bio-electronic devices.

Declaration of competing interest

The authors report no declarations of interest.

Acknowledgments

This work is supported by the National Natural Science
Foundation of China (Nos. 21773169, 21973069, 21805144), Natural
Science Foundation of Zhejiang Province (No. LY18B020016), and
the PEIYANG Young Scholars Program of Tianjin University (No.
2018XRX-0007). We thank Y. Zou from Institute of Chemistry,
Chinese Academy of Sciences for helping with UPS measurement.

Appendix A. Supplementary data

Supplementarymaterial related tothisarticle canbe found, in the
online version, at doi:https://doi.org/10.1016/j.cclet.2021.04.013.

References

[1] M. Kai, K. Takeda, T. Morita, S. Kimura, J. Pept. Sci. 14 (2008) 192–202.
[2] J.R. Winkler, H.B. Gray, Chem. Rev. 114 (2014) 3369–3380.
[3] N. Amdursky, D. Marchak, L. Sepunaru, et al., Adv. Mater. 26 (2014) 7142–7161.
[4] J. Juhaniewicz, J. Pawlowski, S. Sek, Isr. J. Chem. 55 (2015) 645–660.
[5] C.D. Bostick, S. Mukhopadhyay, I. Pecht, et al., Rep. Prog. Phys. 81 (2018)

026601.
[6] M. Baghbanzadeh, C.M. Bowers, D. Rappoport, et al., Angew. Chem. Int. Ed. 54

(2015) 14743–14747.
[7] L. Venkataraman, J.E. Klare, C. Nuckolls, M.S. Hybertsen, M.L. Steigerwald,

Nature 442 (2006) 904–907.
[8] O.E.C. Ocampo, P. Gordiichuk, S. Catarci, et al., J. Am. Chem. Soc. 137 (2015)

8419–8427.
[9] D.N. Beratan, J.N. Onuchic, J.N. Betts, B.E. Bowler, H.B. Gray, J. Am. Chem. Soc.

112 (1990) 7915–7921.
[10] H.B. Gray, B.G. Malmstroem, Biochemistry 28 (1989) 7499–7505.
[11] J.N. Onuchic, D.N. Beratan, J.R. Winkler, H.B. Gray, Annu. Rev. Biophys. Biomol.

Struct. 21 (1992) 349–377.
[12] K. Zhou, K. Dai, C. Liu, C. Shen, SmartMat 1 (2020) e1010.
[13] L. Kong, C. Tang, H.J. Peng, J.Q. Huang, Q. Zhang, SmartMat 1 (2020) e1007.
[14] X. Chen, Y.Q. Yeoh, Y. He, et al., Angew. Chem. Int. Ed. 59 (2020) 22554–22562.
[15] L. Sepunaru, S. Refaely-Abramson, R. Lovrincǐc’, et al., J. Am. Chem. Soc. 137
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