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We report on charge transport across single short peptides using the Mechanically Controlled Break
Junction (MCBJ) method. We record thousands of electron transport events across single-molecule junc-
tions and with an unsupervised machine learning algorithm, we identify several classes of traces with mul-
tifarious conductance values that may correspond to different peptide conformations. Data analysis
shows that very short peptides, which are more rigid, show conductance plateaus at low conductance
values of about 107G, and below, with G being the conductance quantum, whereas slightly longer,
more flexible peptides also show plateaus at higher values. Fully stretched peptide chains exhibit conduc-
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tance values that are of the same order as that of alkane chains of similar length. The measurements
show that in the case of short peptides, different compositions and molecular lengths offer a wide range
of junction conformations. Such information is crucial to understand mechanism(s) of charge transport in
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Introduction

Electronic charge transport through a peptide matrix is crucial
for proteins to perform their function in processes such as res-
piration, photosynthesis, and cellular signaling." Their
remarkably good electrical conductance, diverse and program-
mable structure, and unique bio-recognition ability make pro-
teins suitable candidates for functional molecular electronic
devices.> Peptides are common building blocks of bio-
molecules, but in order to implement them in solid-state
devices, the relationship between electron transport, peptide
structure and amino acid composition needs to be understood.
Amino acid composition, ie., the side chains present in the
peptide, influences the electronic structure of the peptide,
impacting its energy levels and coupling to the electrodes.®™
Tunnelling is the dominant charge transport mechanism
observed in solid-state junctions of linear peptide chains, with
conductance exponentially decreasing with molecular
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and across peptide-based biomolecules.

length.>”” However, the electronic properties of peptides sig-
nificantly change once they form secondary structures, gener-
ally resulting in an increase in length-normalized conductance
and variable length-conductance dependence for both linear
and helical peptides,”®"? or because of the functional groups
at the amino acid that modify the interaction with the
electrodes.”>'* All these variables multiply the possible beha-
viors of peptide molecular junctions, information which is
usually averaged out by measurements in bulk and, although
to a lesser extent, also in self-assembled monolayers.
Investigating the intrinsic properties of single peptides is thus
crucial to understand electron transport via peptide junctions
and to separate intrinsic properties from cooperative effects.
The conductance of single peptides was measured in a
mechanically controlled break junction (MCB]J) at a fixed dis-
tance for recognition purposes'® and in the STM-BJ as a func-
tion of electrode separation.'®*® In the later experiments, the
weak effect of the amino-acid composition on the peptide con-
ductance was confirmed. Typically, the analysis only involves
the study of the most prominent conductance peak and
stretched peptide chains were found to be poor conductors. In
this work, we study the electron transport properties of single
peptides using the MCBJ technique (Fig. 1a) while stretching
the junction. The mechanical stability of this technique allows
one to study in detail the evolution of junction conduction
with electrode separation. Several conductance plateaus at
different electrode separations are observed and analyzed
using a machine learning clustering method; the multiple pla-

This journal is © The Royal Society of Chemistry 2021


www.rsc.li/nanoscale
http://orcid.org/0000-0002-9406-9265
http://orcid.org/0000-0001-7706-5230
http://orcid.org/0000-0001-5293-2887
http://orcid.org/0000-0001-5177-6528
http://orcid.org/0000-0002-5048-8169
http://orcid.org/0000-0001-8118-5446
http://orcid.org/0000-0002-5385-0282
http://crossmark.crossref.org/dialog/?doi=10.1039/d0nr08556a&domain=pdf&date_stamp=2021-02-04
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr08556a
https://rsc.66557.net/en/journals/journal/NR
https://rsc.66557.net/en/journals/journal/NR?issueid=NR013005

Open Access Article. Published on 26 December 2020. Downloaded on 7/16/2025 11:31:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

Polyimide »
1 Phosphorous i @ —
L bronze
Pushing rod -
(i) (b
S " Baa®_
E % 3Ala
TR
(e @S EL) @)@ (iv) @
5 g 3Ala-Trp -@
< a
: w0000 [T,
_2AIa-Trp-Cys -@@ . —

Fig. 1

View Article Online

Paper

(a) Schematic representation of the Mechanically Controlled Break-Junction (MCBJ) setup. (b) Schematic representation of the structure of

the peptides measured in this work. (c) Cartoon representation of possible conformations during a breaking event with 4Ala: the peptide is anchored
to one of the gold electrodes via the MPA linker group and it forms various metastable configurations as it is dragged across the junction.

teaus may correspond to different configurations of the
peptide in the junction.

In the MCB]J technique, a flexible substrate is coated with
an insulating polyimide layer. A 100 nm wide constriction is
lithographically defined in a gold wire and then suspended by
reactive ion etching. By bending the substrate with a pushing
rod, the suspended gold wire is stretched until it ruptures,
forming two atomically sharp electrodes (Fig. 1a). This process
can be reverted by reducing the deformation of the substrate,
fusing back the wire. When a bias voltage is applied, current
flows through the junction and a trace of conductance versus
electrode displacement is recorded (Fig. S1T). The conductance
recorded while the junction is broken constitutes the so-called
breaking trace. By repeatedly breaking and fusing the wire, statisti-
cal information about the junction’s conductance is collected.

The molecules under investigation are a series of linear
peptides composed of typical amino acids: alanine (Ala),
tryptophan (Trp), and cysteine (Cys), which have, respectively,
methyl, methyl-indole and thiomethyl as side chains.
Mercaptopropionic acid (MPA) is added to the N-terminus of
the peptides to introduce a thiol group that acts as an anchor-
ing unit to one of the gold electrodes of the MCB]J device. The
dependence of electron transport on chain length is studied
with poly-Ala peptides (Fig. 1b), whereas the influence of side
chain composition is investigated in a series of 4-amino-acid
long peptides with different amino acid combinations. The
roles of different electrode-anchoring groups at the C-terminus
(-COOH and -SH) are explored by introducing a terminal Cys

This journal is © The Royal Society of Chemistry 2021

element (Fig. 1b). Because of the important role that aromatic
groups play in molecular conductance,"®”>* Trp, an aromatic
amino acid, is introduced into the peptide to investigate its
effect on electron transport. Trp has a low ionization potential
(IP) as natural amino acid and its indole ring provides deloca-
lized electrons that can contribute to transport.”** In the fol-
lowing sections, the peptides will be denoted without the MPA
and we will use common abbreviations for the amino acids
(Ala, Cys and Trp).

Experimental results

The MCBJ charge transport measurements across single pep-
tides are performed in a vacuum.>*>” After electrical character-
ization of a bare gold device, 2 uM solution of the target
peptide in 1:3 ACN:H,O is drop-cast on the MCBJ sample.
After evacuating the sample chamber and the solvent has evap-
orated, thousands of consecutive breaking traces are collected
and combined into one- and two-dimensional conductance
histograms (Fig. 2a, S2, and S31). One-dimensional histograms
(right panel of Fig. 2a) are usually employed to extract the
most probable conductance of the molecule. However, for all
peptides, no unique conductance peak is found in these histo-
grams. However, the data show longer traces and clustering of
counts at particular conductance values absent before drop-
casting of the molecular solution, revealing a signature of the
molecule. Specifically, when examining individual breaking

Nanoscale, 2021,13, 3002-3009 | 3003
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(a) Two-dimensional (left panel) and one-dimensional (right panel) conductance histograms, built from 10 000 consecutive breaking traces,

collected after deposition of 3Ala and displayed without data selection. The measurements are performed in a vacuum with an applied bias of
100 mV, and an electrode speed of 3.0 nm s™*. (b) Examples of breaking traces of 3Ala. The traces are offset by 1 nm in the x-direction for clarity. (c)
and (d) Examples of clusters obtained with the K-means++ method from the measurement of 3Ala shown in panel (a). The one-dimensional histo-
gram of the cluster is shown in the right panel, together with a log-normal fit to the conductance peak (dashed line).

traces, short plateaus are observed as the molecule is stretched
across the junction (Fig. 2b). These short plateaus are found
for all peptide junctions studied (Fig. S2b, d, f and S3b, d, f¥).
Interestingly, they are distributed over a wide conductance
range, which indicates the formation of several metastable
molecular junction configurations at different conductance
values and electrode separations. It is important to note that
these plateaus are absent in the same bare gold junctions,
characterized before deposition (see Fig. S1 and S47).

To help sorting the plateaus, we employ a reference-free
classification algorithm based on clustering of the data with the
K-means++ method.”® The algorithm groups traces that have
similar one- and two-dimensional histograms, thus highlighting

3004 | Nanoscale, 2021,13, 3002-3009

their most prominent features. Fig. 2c and d show two of these
classes which clearly exhibit distinct features around a particular
conductance value both in the one- and two-dimensional histo-
grams. In the algorithm, from each trace, a 28-by-28 two-dimen-
sional histogram and a 100-bin one-dimensional histogram are
extracted. These are then combined to form the 884-dimensional
feature space over which the clustering algorithm operates; the
inclusion of the 1D histograms gives more weight to the short
plateaus in the traces and thus helps with their classification.>®
More details can be found in the ESI (section IVY).

An important parameter to be set in the classification algor-
ithm is the number of clusters. In order to account for the be-
havior of the high diversity of traces, the default number of

This journal is © The Royal Society of Chemistry 2021
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clusters is chosen to be 15 (more details can be found in the
following paragraph). It is important to realize that the
number of clusters does not correspond to the number of
possible plateau groups in the measurement (see Fig. S57).
One reason is that not all classes contain molecular, plateau-
like features; a few of the clusters contain tunnelling-like
curves without clear features. Additionally, in some cases, mul-
tiple clusters represent similar features, which are split
because the K-means algorithm has the tendency to create
clusters of equal size.*®

For each cluster, the conductance value, length, and posi-
tion of the plateaus are extracted and compared between the
different peptide series (more details can be found in the ESI,
section Vt). For conductance values below 107" G,, the three
parameters are obtained in the following way: a log—normal fit
of the one-dimensional histogram of each cluster yields the
conductance value associated with that cluster as illustrated in
Fig. 3a. The fit also defines the interval used for the calcu-
lation of the plateau length and position. To do so, a conduc-
tance interval centered around the peak of the fit is defined
with a width equal 3 times its standard deviation (Fig. 3a).
Then, the length is calculated as the portion of each trace that
falls in this interval (see Fig. S6T) and the plateau position as
the displacement at the middle of this length interval. With
these conductance values and position of the clusters, we con-
struct graphs (Fig. 3c and d) which show where the various pla-
teaus appear in the breaking traces. Fig. 3b shows this for 3Ala
when considering different numbers of clusters in the classifi-
cation algorithm and Fig. 3c shows the comparison of the
results for (n)Ala with n = 2, 3 and 4. We find that the conduc-
tance peaks decay approximately exponentially with the
plateau position over several orders of magnitude. We define a
parameter y corresponding to the decay rate of this exponential
curve. When considering 15 clusters, we find y = (15.3 + 3.3)
nm™" for 3Ala. Importantly, the inset of Fig. 3b shows that this
value is approximately the same when considering different
cluster numbers as input in the classification algorithm. The
green dashed line in Fig. 3c yields y = (13.5 + 1.3) nm ™" for the
4Ala measurement.

A decay rate is commonly used to study the conductance of
a series of molecules with the same repeating subunit
(G = Ae™ with A being a constant, L the length of the mole-
cule and f the decay parameter). f-values of peptide chains
found in the literature are deduced from measurements per-
formed with scanning tunnelling microscopy (STM) break
junctions: for cysteamine-(n)glycinecysteine chains, f = 8.7 +
7.0 nm™'*! for tri-alanine, # = 9.3 + 0.4 nm™" and for tri-
glycine, # = 9.7 =+ 0.1 nm™".** These STM break-junction-
derived values are in the same range as the y-values in our
MCBJ measurements and indicate low tunnelling efficiency.
Furthermore, the low tunnelling efficiency is close to that of
other non-conjugated molecules like alkanes (8 =
7.5-10.0 nm™*),>*7** implying that short peptides are not par-
ticularly good conductors, in agreement with recent calcu-
lations.>® We want to stress that, while § is usually determined
by separately measuring molecules with systematically chan-

This journal is © The Royal Society of Chemistry 2021
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ging lengths, we estimate the tunnelling decay from a series of
successive measurements done on a single molecule of a given
type. More details about this method can be found in the ESI
(section VIT).

As shown in Fig. 3c, the extracted conductance peaks for
3Ala and 4Ala show a similar distribution across a large con-
ductance range; however, they are found across different dis-
placement values (ranging both from <0.05 nm to around
0.6 nm for 3Ala and 0.9 nm for 4Ala) in agreement with their
respective total length. The conductance peak distribution of
2Ala does not have a clear correspondence with those of 3- and
4Ala, but the most striking difference is that the peaks at high
conductance (>107*G,) are absent in 2Ala. The high-conduc-
tance peaks are also significantly less prominent in 3Ala than
in 4Ala. Furthermore, by systematically changing the number
of clusters from 5 to 20, we demonstrate that the number of
clusters does not affect these observations (Fig. 3b).

The role of peptide composition in its electron transport
was studied by comparing the clustering results of 4Ala, 3Ala-
Trp, 3Ala-Cys, and 2Ala-Trp-Cys (Fig. 3d). The extracted con-
ductance peaks are found across the whole conductance range
and at displacement values ranging from 0.05 to 1.2 nm. This
matches well with the estimated length of the 4-amino-acid
peptides of 1.7 nm after we take into account the 0.5 nm snap
back distance of the electrodes which occurs as the last gold
atom connection breaks.’’*® The conductance peaks of these
four peptides all show exponential decays with the plateau
position. The steepness follows the order 4Ala > 3Ala-Cys ~
3Ala-Trp ~ 2Ala-Trp-Cys, indicating that the precise amino
acid composition has only a marginal effect on molecular
conductance.

Discussion

The plateau-like features observed in the measurements are
likely associated with various metastable junction configur-
ations probed during the breaking process. The configurations
can vary depending on the binding sites involved, the local
geometries of the Au atoms, the electrode surface and the con-
formation of the molecule. Possible binding groups in the pep-
tides are the thiol (-SH), carboxyl/carboxylic (-COOH/-COO-)
and indole (-CgNH,) groups.”>'* Common combinations of
these binding sites can be found in the different peptides
studied, which suggests that there should be some similarity
between the conductance values and the positions of the
peaks for the different peptides. Indeed, there are similarities
between the extracted conductance peak distributions for
different peptides (peaks overlay for different peptides in
Fig. 3c and d). Furthermore, mechanical stabilization involving
van der Waals forces between the metallic electrode and mole-
cule may also lead to metastable junction configurations.* It
is thus not straightforward to associate a conductance peak
with a specific electron path because of the complexity of the
peak distribution. To be able to identify the metastable
peptide conformation corresponding to each extracted conduc-

Nanoscale, 2021, 13, 3002-3009 | 3005
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Fig. 3 (a) Exemplification of the method for defining the plateau position: the dash-dotted horizontal purple line corresponds to the conductance

of the plateau extracted from the fit. The solid green lines define the limits of the 3¢ interval around it; the dash-dotted vertical blue line indicates
the plateau position so that the crossing of the two dash-dotted lines defines the point shown in the plateau conductance vs. plateau position plots
(same data as in Fig. 2c). (b) Dependence of the plateau conductance vs. position plot on the number of classes for 3Ala. The panel reports the
results for 5, 9 and 15 classes. Each dot corresponds to the plateau position and conductance of a molecular cluster. The dashed lines are the
corresponding fits. The inset displays the slope of the fit for 5, 7, 9, 11, 13, 15, 17 and 20 classes (the error bar is the standard deviation on the slope.
Note that for 5 clusters there is no error bar, as the clustering yielded only 2 molecular classes. (c) Extracted conductance value vs. plateau position
for increasing peptide length, and (d) for different peptide composition. In both panels, the results corresponding to 15 clusters are reported, and
the dashed lines (best fit) illustrate the exponential decay (y) of conductance on plateau position. ysa. = 13.5 + 1.3 nm™, V3aa-cys = 9.4 + 0.9 nm™,

V3ma-rp = 8.8 + 1.3 nm™, and y2a-Trp-cys = 8.0 + 0.9 nm™™,

tance, complementary electronic structure computations will
be required.

The plateau distribution of 4Ala shows exponential decay
over a wider distance range compared to that of the shorter
3Ala and 2Ala. Classes at high conductance and short distance
are present in 3Ala and 4Ala and are absent in the shorter 2Ala
one. This may be related to the increasing flexibility of 3Ala
and 4Ala, compared to the shorter one. When a polymer is

3006 | Nanoscale, 2021, 13, 3002-3009

close to or shorter than its persistence length, it behaves like a
relatively rigid rod. From atomic force spectroscopy, the per-
sistence length of unfolded peptides was found to be approxi-
mately 0.4 nm.**** This value is close to the distance of two
adjacent a-carbons in the peptide backbone (approximately
the length of an amide group), even though the persistence
length of peptides is affected by the amino acid composition,
pH, ionic strength in the solution, and other environmental

This journal is © The Royal Society of Chemistry 2021
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factors. Therefore, it is possible to imagine a peptide as com-
posed of rigid rods (the amide groups) that can rotate around
their connection points (the a-carbons). Peptide flexibility and
the possible conformations it can have® thus increase with the
number of amino acids. Even in a vacuum, linear (unfolded)
4Ala likely has several conformations and there will be
additional ones in our experiments, considering the presence
of multiple binding sites to Au. However, estimating such con-
formations is significantly more cumbersome than doing so in
the gas phase. Molecular dynamics simulations could help in
this regard, but they are out of the scope of this work.

Some information can still be gained from considering the
persistence length and the carbon-carbon bonds (see the ESI,
section VIIf). The a-carbon has sp® hybridization, which
means that the angles of two adjacent bonds via a-carbons are
around 110°. Since the length of the stretched peptides (2Ala,
3Ala, and 4Ala) is approximately 2, 3, and 4 times the persist-
ence length, the flexibility of the peptides should follow 4Ala >
3Ala > 2Ala (Fig. S71). Based on this information, it is possible
that 3Ala and 4Ala have the ability to fold and form a mole-
cular junction with non-linear configurations somewhat akin
to the random coil of a peptide. If electrons flow via these
metastable peptide junctions, they need not flow along the
peptide backbone but across charge pathways shorter than the
length of the stretched molecule. This can result in higher con-
ductance plateaus at the initial stages of the breaking
sequence, which will be absent for 2Ala and less prominent in
3Ala because the associated configurations are not available to
them due to their reduced flexibility. Thus, long and flexible
enough peptides that are pulled across the gap between the
electrodes may be able to bridge this gap in different configur-
ations while preserving a non-linear structure, as illustrated in
Fig. 1c. Moreover, since all of the 4-amino-acid peptides have a
similar length, they are also expected to have a flexibility
similar to that of 4Ala. This is consistent with the experiments,
which show that all of them exhibit conductance plateaus
above 107" G, at short displacement. Finally, we note that at
the largest electrode spacing, the peptides are extended in the
junction and are expected to approach a linear structure,
which would be consistent with the low conductance observed
in this regime.

The conductance of a flexible molecule under stretching
between electrodes, before/without breaking the junction, has
been studied, with an eye towards the contribution of mole-
cular conformations** and contact geometry.*>*® Here, we
classified the conductance plateaus which represent the break-
ing of peptide junctions in the metastable conformations. The
exponential decay of plateau conductance with position is
similar to that computed for stretched molecules (~10 nm~*)**
and consistent with tunneling,"” which responds to the
change of peptide conformations. Specific models, like the
pathway (through bond and space segments) and single energy
level (consider the junction as a whole) ones, have been devel-
oped. While our results indicate differences between peptides,
they do not allow, at this stage, the singling out of a more
specific model than that of tunneling through the peptide.

This journal is © The Royal Society of Chemistry 2021
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Further studies including molecular simulations are required
to draw more specific conclusions.

Conclusions

In this work, we used the MCB]J technique to measure the con-
ductance of six different peptides, investigating the influence
of the chain length and composition on electronic transport
across them. The MCB]J results were classified by a reference-
free algorithm based on K-means++ clustering. The multitude
of conductance plateaus observed at various displacements
suggests that peptides establish various metastable confor-
mations when forming a single-molecule junction. The overall
low tunnelling efficiency found for these peptides suggests
that stretched peptides are not good conductors. However,
short plateaus at high conductance values are found for the
peptides composed of 4 amino acids, suggesting that their
increased flexibility allows them to fold into non-linear con-
figurations which might be beneficial for electron transport.
These results are helpful for understanding electron transport
mechanism(s) in peptides and proteins and in future works,
molecular dynamics simulations may help to identify preferred
molecular junction conformations.
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