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a b s t r a c t

Many evolved biomolecular functions such as ion pumping or redox catalysis rely on controlled charge

transport through the polypeptide matrix, which can be regulated by shifts in molecular protonation

states and dependent supramolecular packing modes in response to environmental cues. However, the

exact roles of such dynamic, non-covalent interactions in peptide charge transport have remained elu-

sive. To tackle this challenge, here we report the modulation of charge transport in a series of lysine

(Lys)-substituted hepta-glycine (Gly) peptide self-assembled monolayers (SAMs) on template-striped gold

(AuTS) bottom electrodes with eutectic gallium-indium (EGaIn) liquid metal top electrodes. We demon-

strate systematic modulation of hydrogen bonding and more general electrostatic interactions by shift-

ing the position of the charged Lys-residue and creating different protonation patterns by changing the

environmental pH in the AuTS/peptide//GaOx/EGaIn junctions. The effective modulation is evidenced by

current density–voltage (J-V) measurements combined with SAM characterization using ultraviolet pho-

toelectron spectroscopy (UPS) and angle-resolved X-ray photoelectron spectroscopy (ARXPS), polarization

modulation–infrared reflection-absorption spectroscopy (PM-IRRAS), and molecular dynamics (MD) simu-

lations. Decreasing the hydrogen bonding inside the peptide SAMs and increasing the electrostatic inter-

actions by environmental counterions amplifies the charge transport differently with Lys-position, which

means that the sensitive electrical response of peptide SAMs can be tuned by the peptide sequence. Our

results provide insights into the relationship between molecular design and in situ modulation of charge

transport properties for the development of bionanoelectronics.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Non-covalent interactions direct the self-assembly of

biomolecules into complex functional architectures, which are

essential to maintain the delicate structures and diverse functions

of proteins inside cells. Moreover, non-covalent interactions are

known to regulate charge transfer involved in biologically impor-

tant processes such as enzymatic catalysis and signal transduction

[1–5], and are the key to rational design of molecular devices and

sensors. Proteins self-assemble and pack together using hydrogen

bonds and more general electrostatic interactions, van der Waals

(vdW) contacts, and hydrophobic interactions, which are created

by the charged, polar, and hydrophobic amino acid residues [6–8].

These dynamic binding interactions can be switched on and

off by environmental triggers to realize protein function [8–10].

Charge transfer through the peptide matrix will be sensitive to
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the presence and position of charged or polar groups but it is

difficult to predict a priori the exact effect of a given change in

molecular structure or environment on charge transport, which

is critical for the rational design and performance optimization

of peptide/protein based biosensors [11–13]. Deeper insight into

structure-function relations in peptide junctions would aid efforts

to design bioelectronics in different environments from vacuum to

water to complex bio-fluids.

To distinguish the roles of the various competing non-covalent

interactions in the regulation of charge transport in peptides, we

synthesized a series of lysine (Lys)-doped linear oligo-peptides as a

model system. The Lys side chain ε-ammonium group is positively

charged at neutral pH and is a key building block [14–16] as a hy-

drogen bond donor [17,18] and a creator of salt bridges with neg-

atively charged residues [19] and cation-π interactions with aro-

matic phenylalanine, tryptophan, and tyrosine residues [20]. The

Lys residue shifts between protonated ammonium (R-NH3
+) and

neutral amine (R-NH2) for different protein behaviors [21,22]. The

dynamic pKa-based switching provides a means of altering the
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protein function by rerouting charge transport [23–25] simply by

changing the acidity of the environment.

In this work, we designed a series of hetero-hepta-glycine

(Gly, G) self-assembled monolayers (SAMs) doped with a sin-

gle Lys at the bottom, middle, or top of the SAM. By switch-

ing the environment among alkaline, neutral, and acidic condi-

tions, the properties of the peptide SAMs on template-stripped

gold (AuTS) can be controlled by modulating the net charge

on Lys and the C-terminus. The corresponding charge transport

through the peptide SAMs was characterized by constructing the

AuTS/peptide//GaOx/EGaIn junctions with eutectic indium-gallium

liquid metal top-electrodes (EGaIn). We benchmarked molecu-

lar dynamics (MD) models using physicochemical characterization

of the SAMs under different conditions by angle-resolved X-ray

photoelectron spectroscopy (ARXPS) and polarization modulation–

infrared reflection-absorption spectroscopy (PM-IRRAS). The non-

covalent interactions inside the SAMs as well as between SAMs and

environmental counterions, including hydrogen bonding networks,

more general electrostatic interactions, and vdW interactions, were

then mapped with the models. The data shows that the charge

transport can be amplified by reducing hydrogen bonding and elec-

trostatic interactions inside the SAMs (including intra- and inter-

peptide contacts) and increasing the binding strengths between the

SAM and the environmental counterions, which can be achieved by

moving the Lys group from the bottom to the top of the SAM and

changing the environment. The demonstrated control of the sub-

tle balance between hydrogen bonding and more general electro-

statics in the SAMs helps to explain the relationship between the

peptide structure and charge transport. It also provides a path to

tailoring peptide sequence to generate or detect sensitive electri-

cal response, which provides new strategies for the development

of cost-effective, sustainable, biocompatible peptide-based devices

[26].

The freshly prepared AuTS substrate was incubated in pep-

tide solution overnight and then washed with H2O, followed by

nitrogen drying to construct peptide SAMs. The peptide SAMs

were characterized by atomic force microscopy (AFM), ellipsom-

etry, ARXPS, PM-IRRAS, and UPS to measure their morphology,

thickness, coverage, chemical structure. MD simulations were per-

formed to predict the packing modes of the peptides in the SAMs

and quantify the non-covalent interactions. The peptide SAMs

were contacted with cone-shaped GaOx/EGaIn tips to form the

AuTS/peptide//GaOx/EGaIn junctions for current-voltage measure-

ments. The full details of the experimental and modeling methods

are provided in Supporting information.

We designed three linear hepta-peptides comprised of six Gly

and one Lys (Fig. 1A). Mercaptopropionic acid (MPA) was covalently

conjugated at the N-terminus of each peptide to facilitate anchor-

ing of the peptide SAMs on the gold bottom-electrodes via Au-S

bonding. The carboxylate group (COO−) of the C-terminus at the

other end of the peptide and the amino group (NH3
+) of the Lys

side chain can exchange labile protons with environmental water

under acidic and alkaline conditions. The Lys was located at the N-

terminus (K-1) at the bottom of the SAM, in the middle of the SAM

(K-4), or the C-terminus (K-7) at the top of the SAM, to place the

carboxylate and amino groups in a series of far, medium, and close

distances to evaluate the effect of Lys position on electrostatic in-

teractions. The reference lysine-free hepta-7Gly (7G, Fig. S1 in Sup-

porting information) SAM was used as a control.

All the peptide SAMs display uniform morphologies on the AuTS

surface as characterized by AFM (Fig. S2 in Supporting informa-

tion). The thickness of peptide SAMs from ellipsometry is in the

range of 20–30 Å (Table S1 in Supporting information), similar

to reported thicknesses of hepta-peptides [27–29]. Among them,

K-1, K-4 and 7G display slightly lower thickness than the the-

oretical length under fully extended conformation (30 Å), which

Fig. 1. Scheme of the experimental setup. (A) Structures of peptides studied. K-1:

MPA-KGGGGGG; K-4: MPA-GGGKGGG; K-7: MPA-GGGGGGK (G= glycine, K= lysine).

MPA is attached to the N-terminal of the peptide. The orange and blue circles label

the titratable groups that switch between deprotonated and protonated conditions.

(B) Computed molecular structures of the K-7 peptide SAMs in normal, deproto-

nated, and protonated states following 10ns of free dynamics. Gold atoms are de-

picted as orange spheres, TEA+ molecules as red spheres, and TFA− molecules as

blue spheres. The peptides are depicted with sticks. Lys residues are shown in pur-

ple, Gly residues in cyan, and MPA residues in yellow. (C) Schematic illustration of

the AuTS/peptide//GaOx/EGaIn junction setup.

is due to the tilt or some back-bending of the residues in the

SAMs [27]. The molecular coverage of peptide SAMs (Table S2 in

Supporting information) from ARXPS (Fig. S3 in Supporting in-

formation) is in the range of 10−10 mol/cm2 with an order of

K-7 > K-4 > K-1, consistent with the measured heights. Moreover,

the peptide coverage is on the same order of magnitude as un-

functionalized alkanethiol SAMs [30,31], and, e.g., ferrocene- and

viologen-functionalized alkanethiol SAMs [32–34], indicating that

the peptide molecules assemble in densely-packed, upright SAMs.

The PM-IRRAS spectra further confirmed the successful assembly

of peptide molecules on the Au surface with the amide I and II

modes in the range of ∼1664 and 1562 cm−1 (Fig. S4 in Support-

ing information) [35,36].

The isoelectric points (pI) of the three hepta-peptides are ∼8.5.

Under normal conditions, the C-terminus and Lys-residue are in

the forms of –COO− and –NH3
+, respectively, creating a zwitte-

rion. The C-terminus and Lys residue converted into deprotonated

–COO− and –NH2 under alkaline conditions and into protonated –

COOH and –NH3
+ in acidic conditions [37,38]. We treated the pep-

tide SAMs with triethylamine (TEA) or trifluoroacetic acid (TFA).

The TEA+ or TFA− counterions could adsorb on top of the pep-

tide SAMs to balance the charges (Fig. 1B). The obtained peptide

SAMs do not have obvious changes in the thickness measured by

ellipsometry (Table S1), nor in the morphologies by AFM (Fig. S5 in

Supporting information). As shown in PM-IRRAS (Fig. S6 and Table

S3 in Supporting information), the protonation in acid produces a

blue shift in the amide I peak for K-1 and K-7, but not K-4. After

the deprotonation in alkaline conditions, the amide peak positions

barely shift, but the amide I/II ratio values increase largely for K-

1, less for K-4, and with no significant change for K-7. The above

results indicate that the peptide structure changes in two different

ways under acidic and alkaline conditions. The position of Lys in

the peptide also influences the response of the peptide structure to

different conditions. In this way, the delicate balance of SAM and

SAM–environment non-covalent interactions can be modulated.

We constructed the AuTS/peptide//GaOx/EGaIn junctions by

placing the EGaIn/GaOx tip on top of the peptide SAMs fol-

lowing reported methods (Fig. 1C) [39]. A total of 600–1000

current density–voltage J-V curves were recorded by biasing
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Fig. 2. Current density-voltage plots for peptide junctions of K-1, K-4, K-7, and

7G under normal condition. Inset: the trend of current density with Lys position

at+0.5V for peptide SAM junctions.

Fig. 3. Current density-voltage plots of peptide junctions under normal, deproto-

nated, and protonated conditions: (A) K-1, (B) K-4 and (C) K-7. Insets: Trends of

current density with different conditions at+0.5V. (D) Plot of �J/J at+0.5V vs. the

Lys position in peptide SAMs. �J is the change in current density under deproto-

nated or protonated conditions compared with the normal condition where J is the

current density under normal condition. (0): normal, (-): deprotonated, (+): proto-

nated.

the peptide SAM junctions and the current density values at

+0.5V were collected to quantify the statistics of conduc-

tance among peptide SAMs (Fig. S7 in Supporting informa-

tion). The normal peptide junctions show conductance of K-1 >

K-4 > K-7 in a near-linear relationship (Fig. 2). Among them, the K-

4 SAM shows a similar thickness to the reference Lys-free 7G SAM

and a slightly lower conductance than 7G, indicating that the mere

presence of Lys does not dramatically change the charge transport

of poly-Gly. The conductance differences among these K-peptides

reflect the change in SAM electronic and physical structure with

the Lys-position, and the conductance differences could come from

the combination of SAM thickness (barrier height for tunneling)

and peptide disorder (path lengths for incoherent tunneling or ef-

ficiency of inter-peptide charge transfer).

The peptide SAMs were then treated with acid or alkali to as-

sess the tunability of peptide interactions for environmental con-

trol of charge transport through the junction (Fig. 3). Both the pro-

tonation and deprotonation increase the peptide charge transport

in the trend of J (protonated) > J(deprotonated) > J(normal). Mean-

while, the changes of current density (shown as �J/J) gradually in-

crease (Fig. 3D) as Lys-moves from position 1 to 7 (i.e., as Lys is

shifted from the bottom to the top of the SAM, Fig. 1A). Hence, the

current amplification in the peptide SAM junction can be obtained

by both the protonation/deprotonation and the peptide sequence.

Interestingly, the �J/J values of K-7, i.e., with Lys at the top of the

SAM, have the largest change under deprotonated and protonated

conditions compared with K-1 and K-4.

To understand the current density increases of protonated and

deprotonated hepta-peptide junctions compared to the normal

Fig. 4. Comparison of peptide–electrode energy offset (�EUPS) (A) and work func-

tion (WF) (B) of peptide SAMs on AuTS from UPS measurements. The trend of �EUPS
(A) and WF (B) are for peptide SAMs with the Lys position shifting from 1 to 7.

one, we first characterized the energy landscape of the peptide

SAMs under these three conditions using UV photoelectron spec-

troscopy (UPS) (Figs. 4 and S8 in Supporting information) [40].

The peptide–electrode energy offsets �EUPS range from 1.20 eV to

2.38 eV for the three Lys-substituted peptide SAMs under the dif-

ferent conditions, but do not have clear trends with either the pro-

tonation state or Lys position, or with the charge transport proper-

ties of the peptide SAMs (Fig. 4A). The work function (WF) varies

with the Lys-position and is higher after protonation than after de-

protonation (Fig. 4B). Generally, the WF values are sensitive to the

peptide–electrode interaction, surface polarization, and dipole in-

teractions of peptides, which are related to peptide structure [41–

43]. Here, different WF shifts indicate various effects of the peptide

on the electrode during the (de)protonation process, which also

mean corresponding energy and structure changes among peptides

in this process. Notably, these overall WF shifts are also not consis-

tent with the changes of peptide charge transport. Therefore, we

reason that factors other than the overall �EUPS or WF shift, such

as packing interactions in the SAM, contribute to the measured

changes in charge transport.

To understand the possible factors related to the changes of

charge transport, we modeled the structure of peptide SAMs un-

der normal, deprotonated, and protonated conditions using room

temperature MD simulations (Fig. 1B and Fig. S9 in Supporting

information). The modeled peptide SAMs displayed a thickness

trend of K-1 < K-4 < K-7, consistent with the ellipsometry results

(Fig. S10 in Supporting information). The thickness from MD sim-

ulation does not show a unified trend due to the specificity of K-7

for which Lys is the terminal group. −COO− and −NH3
+ groups

are both close to the top of the SAM and will be the defining

factor of the SAM height depending on the protonation state. For

the normal and deprotonated SAMs, −COO− drives the height. As

the peptide is already stretched to its full extent due to molecular

packing, adding positive counterions can hardly force the −COO−

group to stretch further up. However, for the protonated SAM, the

long Lys side chain which carries the -NH3
+ is free to extend fur-

ther up to form complex with the negative counterions on top of

the SAM. The increase trend of current cannot be solely explained

by the variation in the SAM height. Hence the structural and ener-

getic analyses are discussed below in detail. In particular, as molec-

ular self-assembly is directed by the formation of hydrogen bonds,

electrostatic interactions, and vdW interactions [44–46], we evalu-

ated the incidence, dynamics, and energetics of these interactions

that are related to the peptide conformation and further the charge

transport of peptide SAMs [32,34,47,48].

The N–O separation was mapped between the nitrogen atom

of the Lys side chain and the oxygen atom at the C-terminus

within each peptide (intra-molecular) and between different pep-

tide molecules (inter-molecular) (Fig. S11 in Supporting informa-

tion). For all the three peptides in normal condition, a sharp

first peak at ∼3 Å was observed for intra-molecular N–O dis-

tances, but a much broader, disordered distribution was computed

for the inter-molecular N–O distances. Due to the flexibility of
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Fig. 5. Calculated supramolecular packing energies as a function of the Lys position

in the SAM as determined from molecular dynamics simulations. (A) The electro-

static interactions in peptide SAMs under different conditions. (B) The differences of

the electrostatic interactions between (de)protonated and normal conditions where

(de)protonated – normal=�electrostatic. (C) The vdW interactions in peptide SAMs

under different conditions. (D) The electrostatic interactions between the peptide

SAMs and environmental counterions under deprotonated and protonated condi-

tions.

the peptides, the Lys side chain can directly interact with the

C-terminus in peptide molecule, regardless of Lys-position shifts

(Fig. S12 in Supporting information). The contact distance is in

good agreement with known hydrogen bond lengths for amino–

carboxylate interactions (2.8–3.0 Å) [49–52]. These well-defined

hydrogen bonds only exist within each peptide molecule (Fig. S11,

gray histograms), but not between peptide molecules (Fig. S11,

red distribution). Furthermore, the population of N—O separa-

tions around 3 Å markedly decreases after (de)protonation treat-

ments for all three peptide SAMs. This suggests a decrease in

the interaction between Lys side chain and the C-terminus and/or

a steric hindrance establishes this specific hydrogen bond after

(de)protonation. The J-V response of the peptide junctions is en-

hanced after (de)protonation, which suggests that freeing the C-

terminus and Lys side chain from intramolecular hydrogen bonds

increases charge transport.

We further characterized the packing energies of the SAMs as

the combination of peptide-peptide and peptide-counterion elec-

trostatic and vdW interactions (Figs. S13 and S14 in Supporting in-

formation). Note the MD structures show that TEA+ cannot pene-

trate the SAMs, while TFA− penetrates the K-1 and K-4 but not the

ordered, fully-upright K-7 SAM (Fig. S9). The total packing energies

are comparable for protonated and neutral SAMs, while the depro-

tonated SAMs pack more loosely (Fig. S15 in Supporting informa-

tion). The peptide–peptide electrostatic interaction shows trends

similar to that of the measured energy offsets �EUPS (Figs. 4A and

5A). The variation of electrostatic interaction (Fig. 5B) tracks the

measured current density (Fig. 3D), in particular for the protonated

K-7 system with a sharp decrease of the peptide-peptide elec-

trostatic interaction coinciding with the increase of current den-

sity. The reduced interaction inside the SAM is due to the com-

peting attraction of the protonated K-7 for the counterions above

the SAM, which reduces the Lys interaction with the C-terminus.

Given that hydrogen bonds are generally the prime contributors

to electrostatic interactions inside peptide SAMs, the weakened

electrostatic interaction inside the SAM reflects the loss of hy-

drogen bonding. As the MD structures show that the side chain

of Lys binds to counterions on the surface of the SAMs (Fig. S9),

the internal Lys–C-terminus hydrogen bonds are removed to ac-

celerate charge transport. Furthermore, decomposing the electro-

static interaction shows different proportions of peptide-peptide

and peptide-counterion interactions among SAMs in alkaline, neu-

tral and acidic environments (Figs. S13 and S14). For the neu-

tral system, the C-terminus and Lys side chain in the forms of

–COO− and –NH3
+ make stronger peptide-peptide electrostatic in-

teractions, while the protonation and deprotonation both weaken

these interactions (Figs. 5A and B), matching with the loss of hy-

drogen bonds reported earlier. This is again consistent with the in-

creasing current density for peptide junctions after (de)protonation

treatment (Fig. 3D), showing that decreasing of peptide-peptide

electrostatic interactions between key functional groups can pro-

mote charge transport across the peptide junctions. However, the

changes of electrostatic interaction for K-1 and K-4 under dif-

ferent protonation conditions do not conform systematically with

the changes of charge transport. This confirms the non-negligible

role of secondary effects such as vdW interactions. Additionally,

peptide–peptide vdW interactions were computed (Fig. 5C). K-1

and K-4 have minor vdW attractions in peptide SAMs, while K-7

shows net repulsion for all the normal, protonated, and deproto-

nated conditions. As expected for these polar SAMs, the changes

of vdW interaction by (de)protonation are smaller than the elec-

trostatic interactions for all the three peptide SAMs, reflecting the

secondary influence of peptide–peptide vdW interaction.

We further detail the peptide–counterion interactions to cap-

ture the remaining electrostatic interactions in the junction

(Fig. 5D and Fig. S14 in Supporting information). After the alka-

line or acidic treatments, the counterions (TEA+ or TFA−) coordi-

nate the top of the SAM with the degree of penetration depend-

ing on the location of the complementary charged sites in the

SAM molecules, the order of the SAM packing, and the size of

the counterion. The peptide–counterion vdW interactions are al-

most the same between protonated and deprotonated conditions.

The electrostatic peptide(+)-TFA− interactions are stronger than

peptide(−)-TEA+, reflecting the stronger burrowing of the smaller

TFA− molecule into the SAMs. These electrostatic peptide(+)-

TFA−interactions also increase in a trend of K-7 > K-4 > K-1,

which is similar to that of the charge transport. It indicates that

promoting peptide–counterion interaction in order to reduce the

competing peptide–peptide interaction could efficiently facilitate

the charge transport of the peptide junctions, which is also one

of the reasons for the difference of �J/J between protonated and

deprotonated peptide junctions. The current densities of K-1 and

K-4 molecular junctions change little when the external environ-

ment changes. Our data indicates that this is because the Lys side

chain is buried and so, unlike K-7, the peptide-counterions interac-

tions that boost current density are hindered in the (de)protonated

within the K-1 and K-4 peptide SAMs. The counterions may help

order the SAM molecules in more upright orientations [34,53], as

shown for example here for protonated K-7, and may create tighter

seals between the SAM and the Ga2O3 top-electrode surface [54].

The comparisons between the models and electrical measurements

indicate that the balance between internal and external SAM inter-

actions is the main driving force behind the response of the junc-

tions to protonation state, providing a means of optimizing the

charge transport across peptide junctions by changing the charge

state of molecules (here, explored by the changing Lys position and

the type of counterion) and consequent SAM packing mode.

The charge transport of various molecular SAMs composed of

a broad range of chemical moieties including aliphatic hydrocar-

bon and aromatic linkers with functional groups (usually but not

always the terminal group) of organometallics and charged/redox

units have been compared in EGaIn//SAM-metal junctions, which

indicated that the charge transport is dominated by the SAMs, not

the SAM-EGaIn coupling [55–57]. Some electrostatic EGaIn//SAM

effects have been observed [47,58], including for SAMs with buried

redox units [33], but appear to be non-specific, field-based cou-

pling. Here, our measured charge transport variations of peptide
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junctions can be related to peptide-counterions electrostatic inter-

actions, suggesting that the coupling between peptides and EGaIn

is relatively weak. In earlier studies of Au-peptide-Au junctions, the

coupling between peptides and Au could be critical for the charge

transport, which depends on the peptide composition [27].

From the above discussions, hydrogen bonds and, more gener-

ally, electrostatic interactions are the primary means of regulating

the charge transport through peptide SAM junctions. Weakening

hydrogen bonding inside the SAMs can improve the charge trans-

port, and this is further promoted by interactions with counteri-

ons that mostly sit on top of the SAM. It was recently reported

that peptide hydrogen bonds can accelerate the charge transport

through oligo-peptide conjugates in an organic solution [59] and

amyloid crystals in a dry condition [60]. Here our work demon-

strates that external electrostatic attractions between peptides and

environmental ions can provide compensating, pH-controllable in-

teractions that also modulate peptide charge transport. Reconcil-

ing the measured charge transport with the molecular models in-

dicates that the Lys position is a key factor of the electrical prop-

erties, engaging in hydrogen bonding inside the SAM and electro-

static interactions with the counterions.

In this work, we focus on the sensitive response of peptide

charge transport to protonation in solid-state junctions, which

is finely controlled by the composition and structure of peptide

SAMs. The simple presence of Lys in the peptide sequence does

not dramatically improve the charge transport in net neutral oligo-

peptide SAM junctions but can controllably amplify the charge

transport by reacting to surrounding conditions which in turn de-

pends on its position in the SAM. Non-covalent interactions have a

large influence on the charge transport response, especially hydro-

gen bonding inside the SAM and electrostatic interactions between

the SAM and environmental counterions. These interactions can be

finely tuned by the position of Lys, the protonation state, and the

type of counterions, showing controllable response beyond just the

simple design of hydrogen bonding networks alone [59,60]. Our

results show that peptide junctions with polar or charged groups

at the top of the SAMs can modulate charge transport according

to the environmental dynamics. It would be interesting to test in

future work if the observed current regulation holds for differ-

ent peptide lengths and backbone sequences, including also fur-

ther exploration of the (de)protonation response of labile groups

for environment-based modulation of charge transport in peptide

junctions. Our work suggests an avenue toward the rational design

of hetero-peptide SAMs with orthogonally controllable electronic

properties for responsive devices.
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