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Abstract Abstract 
Oligopeptides stand out for their remarkable structural variability, ease of synthesis, and amenability to functionalization, 
making them exceedingly appealing for crafting functional nanostructured materials. The low metabolic stability of natural 
peptides can be overcome by replacing α-amino acids with β3- amino acids, to yield artificial peptides best described as 
substituted β3-oligoamides. Controlling the morphology of such structures by varying the amino acid residues and altering the 
oligoamide termini makes it possible to adapt the core design to a range of hierarchical structures and function. Conductivity 
is a desired property in such nanomaterials; preferably conductive materials should be chemically anchored to a highly 
conductive metal, such as gold surface to connect to macroscopic electronics. It is preferable to use thiol functionality, however 
β3 cysteine is not synthetically achieveable. In this study β3 [SLIA] oligoamide has been synthesized and functionalized at the N 
terminus with a thiol moiety. After successful synthesis and purification, the thiolated oligoamide was physically characterized 
to confirm binding to gold, self-assembly and hetero assembly on these anchor points. It was demonstrated with a quartz crystal 
microbalance (QCM) that self-assembling monolayers can be formed on a gold surface and the formation of a S-Au bond was 
confirmed with X-ray photoelectron spectroscopy. Growth of Ac-β3[WKLWEL] fibres on these anchor points was confirmed 
by using atomic force microscopy and QCM. Hence, a viable metal anchor has been established that lays the foundations for 
the future development of molecular electronics based on β3 oligoamides. 

Keywords:Keywords:  Substituted oligoamide, gold binding, self-assembly, hetero-assembly.

Introduction Introduction 
Self-assembly is the spontaneous organization of molecules into complex 
structures that can be influenced by factors such as solvent, environment, 
temperature and pH[1]. It offers a design principle to create complex structures 
based on monomer units that are easy to produce and control, such as peptides 
[2-7]. Depending on the sequence, peptides can fold into different secondary 
structures, for example the α-helix or β-sheet [8-9]. These secondary structures 
may further assemble to form nanowires, nanotubes or nanofibrils that are 
considered for a wide range of applications such as biosensing and nanofabrication 
techniques[10]. However, α-peptides have inherent limitations including stimuli/
sensitive folding, limited functionalizability without affecting structure, as well as 
limited chemical and metabolic stability that can lead to fast degradation [11-12].
Using unnatural β-amino acids, where an extra methylene group is present in 
the backbone of each unit in the oligoamide chain, offers the means to overcome 
limitations of α-peptides; for distinction these peptides can be called substituted 
oligoamides. The secondary structures of β-oligoamides are more diverse and 
thermodynamically stable, while also exhibiting higher metabolic and chemical 
stability[6-7, 13-18]. β-Oligoamides can fold into secondary structures to form 
sheets and a range of different types of helices[19]. These foldamers are defined by 
the physical properties of the amino acid residues such as stereochemistry, size, 
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and the chemical properties of the sidechains[6, 15]. Helical 
structures include 14, 12, and 12/10/12 helices, where the 
designation indicates the number of atoms that make up one 
turn of the helix. These structures are stabilized by hydrogen 
bonding between amide NH protons and carbonyl oxygen in 
the backbone of the oligoamide chain. [9, 20-23] 

For β3-oligoamides the 14-helix fold is most stable. The 
14-helix contains 3-3.1 residues per turn resulting in longitudinal 
alignment of the side chains along the helix that provides 
extra stability due to side chain interactions and a predictable 
structure for new materials with specific functionality[20-24].  
We demonstrated that in β3-oligoamides, intermolecular three-
point hydrogen bonds can be easily formed by acetylation of 
terminal NH2 group, yielding head to tail self-assembling 
helical nanorods using both intermolecular and intramolecular 
hydrogen bonding as we have demonstrated in a range of 
articles [1, 18, 22, 25-28]. We have shown that these stable 
nanorods further assemble in different solvent environments 
into either fibre bundles, mesh-like or dendritic structures[22, 
25-29]. We have also demonstrated the co-assembly of Ac-β3-
oligoamides of different monomer units into structures that 
are analogous to co-polymers[28], offering extra flexibility in 
designing supramolecular structures and underpinning the 
work reported here. 

A specific challenge towards designing self-assembling 
materials is to incorporate conductivity – based applications 
in e.g. molecular electronics or  regenerative medicine [30-31]. 
In macromolecular systems, such as polymers, conductivity 
may be achieved by including conjugation or adding metal 
redox centers through coordination chemistry. It is challenging 
to transfer these principles to self-assembled materials; it is 
even more challenging to connect them to metal electrodes. 
Binding the conducting material to a metal surface is a key 

problem for molecular electronics[32]. It should be noted that  

immobilizing oligoamides or proteins to specific surfaces is 
also important to a wide range of other applications, in e.g. 
medicine, sensing and nanotechnology.[33] Chemical surface 
modifications are routinely used to bind polypeptides to a 
surface, typically in  two-step process based on intermediate 
self-assembled monolayer (SAMs) of organic molecules on 
a metal.[33-34] SAMs on gold are typically reliant on thiol 
chemistry, and then oligopeptides are immobilized through 
routine coupling chemistry[35-38]. It is possible, however, 
to bind small oligoamides to surfaces using thiol chemistry 
without the need to involve a SAM. 

In this paper we outline a solution for anchoring self-
assembled β3 oligoamide helices to gold surface by designing 
a synthetic strategy for thiolated versions of Ac-β3 [SLIA] 
oligoamide that are known to self-assemble into helical 
superstructures. N-chlorinated β3 [SLIA] oligoamide was 
synthesized and functionalized with a thiol moiety and 
characterized chemically using mass spectroscopy, 1H-NMR 
and HPLC. Binding this oligoamide to gold was done as 
an anchor point for self-assembling N-acyl β3 oligoamides. 
Hetero-assembly of N-acyl β3[WKLWEL] on the anchor points 
was confirmed with microscopy and spectroscopy methods.

Materials and MethodsMaterials and Methods
Solvents, including acetonitrile, were purchased from Sig-
ma-Aldrich Pty. LTD. (Castle Hill, NSW, 2154 Australia). For 
some experiments, ultrapure water with a resistivity of 18.2 
MΩ-cm was used (Sartorius AG, Germany).

1. Oligoamide synthesis and purification1. Oligoamide synthesis and purification
Two β3-oligoamides (Figure 1.:  SH- β3[SLIA] and Ac-

Figure 1.Figure 1. Chemical structures of (a) SH- β3[SLIA] and (b) Ac- β3[WKLWEL]
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β3[WKLWEL]) were synthesized using solid phase oligoamide 
synthesis as reported previously[25]. In the case of the thiolated 
oligoamide, SH- β3[SLIA], N-terminus was acetylated by 
treating the oligoamide on resin with a solution of chloroacetic 
anhydride (171 mg), and 100 µL of DIPEA in 3 mL of DMF for 
60 min. The capped resin was subsequently washed with DMF, 
DCM and Et2O (2 × 5 min) and then air-dried for 10 min. The 
resin was treated with cleavage solution which consisted of 12 
mL of TFA, an equal volume of water and 360 µL TIS by gentle 
rotation for 60 min. The crude was filtrated to remove the 
resin and the filtrate was concentrated with a stream of N2 for 
TFA evaporation. The β-oligoamide solution was then diluted 
with 50% aqueous acetonitrile for lyophilisation. In order to 
functionalize the oligoamides, the cleaved β3-oligoamide was 
dissolved in 20 mL of 50% aqueous/acetonitrile along with 
NH4HCO3 (150 mg) and 100.65 µL of ethanedithiol and allowed 
to react for 48 hours. Reaction completion was confirmed by 
MS and the mixture was then lyophilized. 

HPLC purification was conducted on a preparative HPLC 
system (1260 series Agilent Technologies) using a reverse-phase 
semi-preparative (Onyx Monolithic, C18, 10 mm x 100 mm) 
column (Phenomenex, Agilent Technologies) and detected at 
wavelengths of 220, 254 and 280 nm. The oligoamides were 
eluted over a 14 min gradient from 20 to 60 % solvent B, (solvent 
B: 0.1 % TFA/CH3CN; solvent A: 0.1 % TFA/H2O) with a flow 
rate of 7 mL/min. An analytical column was used to confirm 
purity. Mass and 1H-NMR spectra for SH- β3[SLIA] synthesised 
oligoamides are included in the supporting information.

For the experiments, SH-β3[SLIA] solutions were 
prepared by dissolving 0.5 mg in 1ml of solvent mixture (3:8 
acetonitrile:water – the minimum amount of acetonitrile to 
fully dissolve the material) and then centrifuged for 15 mins, 
while Ac-β3[WKLWEL] was prepared by dissolving 1 mg in 1 
ml of ultra-pure water. 

2. Surface binding experiments
2.1 Quartz crystal microbalance experiments
A Qsense QCM-D system (Qsense, Gothenburg, Sweden) 
was used with a single channel measurement unit. Given the 
sensitivity of the peristaltic pump tubing to organic solvents 
the pump module could not be used and thus an open QCM 
chamber system was used for all experiments. Measurements 
were performed at 20°C. The eigenfrequencies of a blank QCM 
sensor chip were measured first in 150 µl of 3:8 acetonitrile: wa-
ter mixture and then followed by adding 50 µl of SH- β3[SLIA] 
solution for one hour. The frequency changes (difference be-
tween before and after modification) were used to monitor 
mass adsorption. 

For co-assembly experiments the same thiolated QCM sen-
sor was thoroughly washed to remove any unbound monomers 
and then the crystal was tuned in 100 µl of deionized water. The 
temperature was increased to 40°C and eigenfrequencies were 
monitored. After stabilizing the temperature and frequency, 50 
µl of the Ac-β3[WKLWEL] solution was added, monitored for 
4 hours and then left for 15 days at room temperature. Care 

was taken to ensure the solution did not evaporate. The eigen-
frequency was measured every two days at 40°C to compare 
the mass changes. OriginPro software (OriginLab) was used to 
plot all QCM data.

2.2 X-ray photoelectron spectroscopy (XPS)
After depositing the thiolated peptides the QCM sensor was 
removed, washed and dried for XPS measurements. A Kratos
Axis Nova spectrometer was used with Al Kα X-ray source (al-
uminium anode, pass energy of 20, dwell time 426 ms, sweeps 
of 25). The data were plotted using OriginPro software (Origin-
Lab).

2.3 Sample preparations for AFM images 
AFM imaging was conducted on samples deposited onto 
either freshly cleaved mica surface or QCM sensor. For mica 
substrates, 1 µl of two-months old, aged SH-β3[SLIA] solution 
was deposited on surface and imaged after drying. The 
ageing process is required to produce long one dimensional 
fibres, as the fibre growth is essentially one dimensional 
and it follows an Ostwald ripening pathway. Co-assembled 
oligoamide solution was prepared by mixing equal amount 
(30 µl) of SH- β3[SLIA] and Ac-β3[WKLWEL] in 60 µl of 
3:8 acetonitrile: water mixture and aged for one week. 1 µl 
of this solution was deposited for imaging. QCM sensors 
were imaged after the completion of QCM experiments.

All samples were left to dry over two nights and an Ntegra 
AFM platform (NT-MDT, Russia) was used to image the 
samples with silicon probes of nominal 10 nm apex radius 
and typical spring constants of 1-15 Nm-1.  87-230 kHz 
resonance frequency, 0.5 Hz scan rate with 512 × 512-pixel 
resolution. Gwyddion software (version 2.47) was used to 
process and analyse AFM images (http://gwyddion.net).

2.4 Experimental details of DLS measurements
50 µl of SH-β3[SLIA] solution in 3:8 acetonitrile: water mixture 
at 0.5 mg/ml concentration was measured in a plastic cuvette. 
Three repeat measurements were performed. The measure-
ments were conducted using a Malvern Zetasizer Nano ZS in-
strument (Malvern Instruments Ltd., UK) at controlled tem-
peratures. Number distribution plots were based on NNLS fit 
model.  Three measurements were taken on each sample. DLS 
data was plotted using OriginPro software (OriginLab).

ResultsResults
The synthetic route to obtain oligoamide SH-β3[SLIA], is outlined 
in Figure 2. β3[SLIA] was synthesized on Wang resin and treated 
with chloroacetic anhydride on the resin. After cleavage from the 
resin, a thiol moiety was attached to the oligoamide by reaction 
with ethanedithiol.   The oligoamide was purified successfully 
using HPLC and its structure confirmed by 1H-NMR and mass 
spectrometry (see Supplementary data Figures S1,2 and 3). 

To be able to use SH-β3[SLIA] as anchor points for attachment 
of other self-assembling oligoamides, it should be bound to 
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gold in monomeric form and so conditions were optimized 
for keeping SH-β3[SLIA] monomeric in solution. Dynamic 
light scattering was used to investigate the aggregation state 
of thiolated oligoamides in 3:8 acetonitrile:water mixture. 
At 20°C the results showed that SH-β3[SLIA] suspension is 
polydisperse but dominated by a population of a size less than 

1 nm as expected for monomer (see Supplementary data figure 
S4). Given the sensitivity of DLS to the 6th power of diameter 
this confirms that SH-β3[SLIA] is predominantly monomeric 
in acetonitrile-water solution at 0.5 mg/ml concentration.  

This oligoamide can bind specifically to gold surface owing 
to -SH group. To confirm that the attachment takes place, 
QCM mass measurements were performed in real time in 
the same solvent mixture and temperature where monomer 
units dominate in the solution as confirmed by DLS. Figure 3 
shows that, after an initial transient, the resonance frequency 
of the QCM sensor has decreased upon introducing the 
thiolated oligoamides. Decreasing frequency confirms 
increased mass, that is, binding of SH-β3 [SLIA] on the sensor 
chip surface. The -4 Hz frequency change is consistent with 
one sparse layer of SH-β3 [SLIA] on the QCM sensor; for 
comparison, a frequency change of around -6 Hz was reported 
before for the deposition of a tightly packed phospholipid 
monolayer on alkanethiol modified QCM sensor [39].

CM confirms attachment of SH-β3[SLIA] to the sensor 
surface but does not reveal whether  it is physisorption or 
chemisorption. XPS can provide information about the 
binding energy of sulfur and the presence of S-Au bonds 
and so it was used to complement the QCM results. Figure 

4 shows the S2P region of the XPS spectrum of the modified 
QCM surface. The characteristic intrinsic energy step of 
the XPS background was fitted in specialist software (Casa 
XPS) that was also used to fit the curve using known bond 
energies and shapes of S-H and S-Au peaks: the S2p1/2 peak at 
binding energy of 165 eV, and the S2p3/2 peak that has binding 
energy of 162 eV consistent with gold-bound sulfur[40-41]. 
Thus, QCM and XPS results provided evidence for 
chemisorption of thiolated oligoamides to the gold surface.

To grow nanorods on these anchor points, and to correctly 
characterize these as hetero-assembly it is critical to assess 

Figure 2. Functionalization of N-terminus for gold binding 
oligoamide

Figure 3. QCM frequency change of the binding of SH- 
β3[SLIA] to the gold surface the initial transient is due to 
injecting solution into the open cell.

Figure 4. XPS spectra of S2P of modified QCM surface with 
SH-β3 [SLIA] solution
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the ability of SH-β3 [SLIA] to homo-assemble, which is to be 
avoided, and co-assemble with a reference oligoamide Ac- 
β3[WKLWEL] that is the desired outcome.  AFM imaging was 
used to determine the changes in oligoamide morphology 
as evidence of homo-and co-assembly. AFM images of pure 
SH-β3[SLIA] show fibrous materials, hence the oligoamide 
can homo-assemble in spite of the terminal thiolation. The 
morphology of the thiolated peptide is dominated by thick 
layers of branching bundles of around 47 nm height (figure 5 
A-B). AFM images in previous studies of Ac- β3[WKLWEL] in 
water showed large, fibrous bundle structures of very different 
appearance [42]. Mixing SH-β3 [SLIA] and Ac- β3[WKLWEL]  
yielded distinct, slightly dendritic structures (figure 5 C) 
with underlying parallel ribbon structure (figure 5 D) that is 
characteristically different from the fibres formed by the pure 
oligoamides, consistent with co-assembly into an organised 
arrangement that might also involve inter-fibril H-bonding 
of the thiol moiety. Thus, growing nanorods of a different 
oligoamide on the anchor points is feasible.

Nanorod growth on SH-β3 [SLIA] anchors
SH-β3[SLIA] deposited on gold QCM sensor was used as the 

anchoring point for Ac-β3[WKLWEL] nanorod growth in 
water. After binding SH-β3[SLIA] to the gold surface of QCM 
sensor and confirmed using QCM and XPS as per above, Ac-
β3[WKLWEL] was introduced under condictions where it is 
mosly monomeric; this limits growth kinetics but allows for 
controlling the growth on the anchor sites without spontaneous 
fibre formation in the bulk of the solution. Optimizing the 
conditions suggests that Ac-β3[WKLWEL] is mostly monomeric 
at 40 °C, i.e. there is no non-specific aggregation, but there is 
scope for slow nanorod growth.. Hence, after an incubation 
time of 15 days at 40 °C, under continuous monitoring co-
assembled nanorods of Ac-β3[WKLWEL] have grown on the 
anchoring thiolated oligoamide. As it can be seen from Figure 
6, after four days of incubation the Δf decrease by 25-40 Hz 
and after 15 days it reduced by 45-60 Hz. Decreasing frequency 
of QCM sensor confirms the attachment of mass and thus the 
fibre formation of non-thiolated oligoamide on the anchoring 

SH-β3[SLIA].
AFM imaging of nanorod growth
AFM for the three stages: bare gold surface, attachment of 
SH-β3[SLIA], and nanorod growth from this initial layer are 
shown in Figure 7. The morphology of the blank QCM sensor 
shows the gold nanoparticles with smooth surfaces and well-
defined gaps between them (Figure 7A). These gaps narrow 
substantially and the top surface of the gold grains appears 
flatter after tyreatment with SH-β3 [SLIA] in 7B, without 
any appearance of grains or fibres. However, after nanorod 
growth, in figure 7C numerous grains/spikes appear on the 
surface the size and shape of which (figure 7 C) is defined by 
the convolution artefact of AFM imaging, id east, in case of 

Figure 5. AFM images of self-assembled structures of the 
oligoamides SH-β3[SLIA] in its pure form (A, B) and co-
assembled with  Ac- β3[WKLWEL]. C and D All AFM 
images were recorded after two days of slow drying. Height is 
represented by colour scale (right of image) of (A) 47 nm, (B) 
23 nm, (C) 65 nm and (D) 36 nm.

Figure 6. Frequency changes of co-assembly of Ac- β3 [WKL-
WEL] to the anchoring point of SH- β3[SLIA] on gold surface: 
QCM frequency.
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imaging very small structures the AFM tip shape is recorded 
on the image (Figure 7D). Thus, consistent with the QCM data, 
the AFM imaging suggests that the nanorods are sparse and 
only a few nanometres long. Significantly, they appear vertical, 

growing away from the surface. 

DiscussionDiscussion
The main aim of this study was to create anchor units of β3 
oligoamides with thiol functionality for covalent attachment to 
gold electrode. For this, it is not possible to use cystein residues 
given that synthetic pathways for β3   amino acid analogue of 

cysteine have not been developed thus far. This necessitated 
the use of an alternative method. Importantly, there is no other 
strategy in existence to bind β3peptides to gold surface. 

According to the experimental outcomes, successful 
synthesis and functionalisation of SH-β3[SLIA] was achieved 
through chlorinating the N-terminus and then thiolating using 
nucleophilic substitution, confirmed by H-NMR and mass 
spectroscopy.  Binding of this oligoamide to a gold surface via 
S-Au bond was confirmed using XPS which showed a clear 
peak at 62 eV corresponding to the binding energy of the S-Au 
bond. Thus, the first aim, successful synthesis and covalent 
attachment of the anchor points to gold surface has been 
achieved. 

The next aim was to grow nanorods of a different oligoamide 
on these anchor points, using the universal three point 
hydrogen bonding assembly motif described and characterized 
before[25, 43]. For this the oligoamide Ac- β3 [WKLWEL] was 
chosen, the self-assembling properties of which was thoroughly 
characterized before [28, 42] and so the focus was on hetero-
attachment of these oligoamides on the established anchor 
points followed by homo-assembly to grow nanorods on the 
surface.  The ability of Ac- β3 [WKLWEL] to hetero assemble 
with an oligoamide of the same self-assembly motif was shown 
before [28]. It was demonstrated with geometrical analysis 
that both oligoamides can homo-assemble under the right 
conditions, as well as co-assemble into a geometrically distinct 
superstructure. Hence, conditions had to be established where 
the thiolated peptide remains monomeric on the surface, 
that was confirmed with QCM mass measurement and AFM 
imaging, after which Ac-β3[WKLWEL] was introduced in 
monomeric form under conditions that substantially restrict 
the nanorod formation, to promote fibre growth from the 
surface but inhibit, as much as possible, self-assembly in 
solution. This was achieved by controlling the temperature and 
growing the nanorods over several days. 

QCM confirmed the slow mass uptake and AFM images 
shows small vertical nanorods that appear round due to 
AFM tip deconvolution artefact, i. e. given the much smaller 
dimensions of the nanorod compared to the AFM tip, it is 
essentially the AFM tip that is imaged on the nanorod (figure 
7C-H).  Thus nanorods of Ac- β3oligoamides were successfully 
covalently anchored and grown on a gold substrate.  

ConclusionConclusion
SH-β3[SLIA] oligoamide was synthesized and functionalized 
with a thiol moiety. After successfully purifying and 
chemically characterizing the oligoamide, QCM and AFM 
confirmed attachment to gold surface. The presence of S-Au 
bond was confirmed with X-ray photoelectron spectroscopy. 
Thus, “anchor” thiolated oligoamide for molecular electronic 
applications has been designed successfully. Hetero-assembly 
of N-acyl β3 [WKLWEL] on these anchor points was also 
successful. This metal anchor strategy forms the basis of 
molecular electronics applications based on co-assembled β3 
oligoamides.
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Figure 7. AFM images of QCM sensor. (A) images of blank 
QCM sensor (height scale 10 nm), (B) thiolated oligoamide 
attached, height of 36 nm; (C) is co-assembly of Ac- 
β3[WKLWEL] on SH-β3[SLIA] at height of 69 nm and (E) is the 
height profile for line 1 and 2 in (C); (D) is schematic diagram 
for the convolution in AFM images.
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