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Abstract 

N-acylated substituted β3 oligoamides are known to form unique supramolecular nanorods based on a 3-point hydrogen bond self-assembly motif. This motif 

is an intermolecular extension of the hydrogen bonding network that stabilizes the 14-helix secondary structure unique to β3 oligoamides. Acetylation of the 

N-terminus of the molecule provides the necessary third hydrogen bond pair of the motif. Here, the possibility of introducing the third hydrogen bond pair 

via amidation of the C terminus is investigated. While similar in purpose, this modification introduces a chemically distinct new self-assembly motif, also 

removing the bulky carboxyl group that does not fold into the 14 helix positioning instead as a side chain. Three substituted β3 oligoamide variants with the 

base sequence LIA (where the letters denote β3 residues with side chains analogous to α amino acids) were compared: N-acylated Ac-β3[LIA] as a reference, 

C-amidated β3[LIA]- CONH2, and β3[LIA] with free unmodified N and C termini as a negative control. The three variants were dissolved in water to promote 

self-assembly.  The self-assembly was characterised using mid- and far-infrared spectroscopy, small angle x-ray scattering (SAXS) and atomic force 

microscopy (AFM). IR measurements confirmed that all three samples were in a similar conformation, consistent with pseudo 14-helical secondary 

structures. Far-infrared spectroscopy measurements of β3[LIA]- CONH2 showed distinct peaks consistent with highly organised skeletal modes, i.e., regular 

supramolecular assembly, that was largely absent from the other two oligoamides. Modelling of SAXS data is consistent with elliptical cylinder structures 

resulting from nanorod bundling for both β3[LIA]- CONH2 and Ac-β3[LIA], but not in the unmodified sample. Consistently, AFM imaging showed large nanorod 

bundling structure in β3[LIA]- CONH2, varied bundling structures in Ac-β3[LIA], and only aggregation in β3[LIA]. Amidation showed much more organised and 

robust assembly compared to acetylation, providing a new, easy to synthesize self-assembly motif for helical nanorod assembly that is similar but distinct to 

N-acylation

Introduction 

Bottom-up nanofabrication is a collective name for the 

formation of complex, pre-defined structures from discrete 

subunits following self-assembly principles, for efficient, 

replicable generation of nanostructured materials.1-3 The 

predefined superstructure geometries are encoded by the 

physico-chemical properties of the structural subunits and the 

conditions under which the assembly occurs.1-3 For self-

assembly to be truly effective, careful design of appropriate 

subunits is key.1-3 Substituted oligoamides (synthetic 

analogues to natural peptides) based on β3 amino acids were 

shown to be suitable subunits to form nano-to-micrometer 

scale fibrous self-assembled structures.4-9 β3 amino acids hold 

strong similarities to natural amino acids, with the 

characteristic difference of an additional methylene group in 

the carbon backbone of the molecule; as such, the side chains 

of these amino acids can be described using standard α amino 

acid nomenclature.10-12 β3 oligoamides (also known as β3-

peptides) fold spontaneously into several different types of 

helical secondary structures.11-14 Of these, the 14-helix (that 

contains 14 atoms in one loop from H-bond donor to acceptor) 

is the most interesting for self-assembly due to its superior 

stability and unique properties.15-20 The 14-helix is formed and 

stabilised through hydrogen-bonding of amides between 

residues i – i+3, and has a pitch of 3-3.1 residues per turn, 

resulting in the alignment of every 4th residue to form three 

“faces” of the structure. Studies have shown that the 14-helix 

structure is stable with as little as four residues, i.e. with a 

single intramolecular hydrogen bond.21-24   

The acylation of the N-terminus of the oligoamides leads to 

the head-to-tail assembly of the helices into long fibrils, also 

described as nanorods, through an intermolecular H-bonding 

pattern that mimics the 14-helix core motif, where the amide 

formed with the acyl group provides the necessary third 

hydrogen bond donor.10, 23-25 This motif is very strong and self-

assembly occurs regardless of the chemistry of the sidechains 

present and/or residue sequence.23-24, 26-27 The fibrils further 

assemble into an array of diverse structures ranging from a 

few nm to hundreds of nm in diameter. The properties of the 

distinct faces of the nanorods, determined by the primary 

structure of the oligoamide, strongly affect the assembly of the 

helices into these superstructures through van der Waals 

interactions and solvophobic effects.9, 23-24, 28-29 Remarkably, 

the motif is also maintained in oligoamides as short as three 

amino acids, which are unable to form a full helical loop due to 

their insufficient length.21-24 Previous X-ray crystallography and 

Far IR spectroscopy studies suggested that these tri-

oligoamides form curved “horseshoe” shaped structures that 

assemble head-to-tail to form a ‘14-helical-like’ structure with 

comparable steric strain to its 14-helical counterparts (figure 

1).22, 25 The oligoamide Ac-β3[LIA] in particular has shown to 

consistently form large scale supramolecular structures 



exhibiting various geometries highly dependent on solvent 

properties.21-24 Far IR and computational studies on 

”scrambled” tri-oligoamides differing only in amino acid 

sequence show no change in the sterics of the horseshoe 

conformation.22 These helical-like structures consist of 4 faces 

as opposed to the three normally seen in 14 helices; in 

addition to the three faces created through residues 

alignment, the terminal carboxyl group forms the fourth face 

in the fibres as it cannot sterically fit in the pseudo-helical 

loop, and hence bends outward due to the high 

conformational flexibility of the beta amino acid backbone.22, 25  

The strength and versatility of this supramolecular H-bonding 

motif can be attributed to the third H-bond pairing provided 

by the addition of the third H-bond donor amide group formed 

via acylation.10, 25 Based on the confirmed success of this 

principle, there is a potential second method of creating the 

third H-bonding pair by the amidation of the C-terminus of the 

oligoamide.10, 21-27 This would form an amide moiety at the C 

terminal end of the molecule, in a way common to natural 

peptides. C-terminal amidation is a simpler synthetic process 

compared to N-terminal acylation. In this work, N-terminal 

acylation and C-terminal amidation are compared on the basis 

of the well characterized tri-oligoamide β3[LIA] (Figure 1), in 

order to determine if assembly can occur via the proposed 

motif, and if the proposed and the established motifs exhibit 

the same self-assembly behaviours. Morphological analysis is 

performed using atomic force microscopy and small angle X-

ray scattering to determine the supramolecular shapes formed 

in solid and solution phase, respectively, while both far- and 

mid-infrared spectroscopy is used to glean further insights of 

the secondary structures present.  

Experimental 

Materials 

Three substituted oligoamides were characterised in this 

study. The three oligoamides share the same base structure, 

denoted by standard peptide nomenclature as β3Lβ3Iβ3A 

(leucine, isoleucine, alanine) or β3[LIA] for short, and differ in 

their termini. Ac-β3[LIA] sample has N-terminus acetylation, 

β3[LIA]-CONH2 has C-terminus amidation, while the 

unmodified oligoamide β3[LIA] has no modifications of either 

termini (Figure 1).  Ac-β3[LIA] has been well characterised 

previously 21-24, 27, 30-31 and is included here as a direct 

reference. β3[LIA]-CONH2 contains the proposed new self-

assembly motif. β3[LIA] is used as a negative control to confirm 

that nanorod formation cannot occur without the third amide 

moiety. 

Substituted oligoamides were synthesised using standard solid 

phase synthesis as previously described from L-β3-amino 

acids.25 The C-amidation was achieved by conducting synthesis 

on Rink amide resin, while the unmodified and N-acetylated 

samples were synthesised on Wang resin. Acetylation was 

performed post synthesis, but before resin cleavage as 

previously described.25  

  

Methods 

Far-Infrared Spectroscopy. All far-IR measurements were 

conducted at the Australian synchrotron, using the ATR set-up 

on the Far IR beamline. Samples of concentrated oligoamides 

in water were deposited in 0.5 µl increments and dried with 

nitrogen gas on a diamond ATR disc until the amount of 

material was sufficient to be detected. Measurements were 

conducted in the 50-600 cm-1 spectral region. Spectra were 

recorded using the synchrotron light source with an IFS 

125/HR Bruker spectrometer coupled to a Si Bolometer cooled 

with liquid He. The beam aperture was set to 12.5 µm and 200 

scans were recorded per spectra with a resolution of 1 cm-1. 

Backgrounds were recorded on the clean ATR disc before 

sample deposition using the same settings and collecting 400 

scans.  Analysis was performed by averaging 7-10 spectra for 

each sample using OPUS software (Bruker). Final plots were 

produced in Origin (Pro) Version 2018 (OriginLab Corporation, 

Northampton, MA, USA) 

Mid-Infrared Spectroscopy. All mid-IR measurements were 

performed at HZB using the BESSY II synchrotron IRIS 

beamline. Samples were deposited on ZnSe disc from 

isopropanol and allowed to dry at room temperature.  

Data was collected on a N2 gas purged Nicolet Continuμm 

Infrared Microscope (Thermo Scientific) coupled to a Nexus 

870 FT-IR spectrometer using Cassegrain infrared reflective 

objectives. The experimental setup was coupled with a Linkam 

stage cell purged with nitrogen gas, and was cooled to -35 C° 

using liquid nitrogen. A knife edge aperture was used to set 

 

Figure 1. Structure of three substituted oligoamides based on the β3-amino acid 

sequence LIA, along with proposed 3-point bonding motif. Dash arrow indicates 

H-bond created by terminal modifications. Right hand side shows 3D models of 

expected 14-helcal loop folding and stacking to form fibrils from Ac- β3[LIA] and 

β3[LIA}-CONH2 

 



synchrotron light source illumination to a 15 x 15 µm area.  

128 scans were collected at each sample measurement point, 

with a 4 cm-1 resolution using OMNIC Atlμs™ software. 

Background measurements were collected through a nearby 

clean area of the ZnSe using 256 scans. The spectra with the 

most intensity was used for each sample, and final plots were 

prepared using Origin(Pro) software. 

Atomic Force Microscopy. Two sample solutions of each 

oligoamide were prepared by dissolving in either water or 

isopropanol to 1mg/ml concentration. Samples were 

incubated at 37°C for 1 week before deposition on freshly 

cleaved mica. Each solution was deposited and dried under 

two conditions. A “slow drying” method was achieved by 

depositing the sample and drying at 37°C overnight, while an 

“instant dry” method was achieved by purging sample for 15 

minutes with argon gas directly after deposition, followed by 

immediate AFM imaging.  

All AFM imaging was conducted using the Ntegra AFM 

platform and software (NT-MDT, Zelenograd, Russia). Semi-

contact mode was used for all imaging, using silicon probes 

with 140-390 kHz resonance frequencies (force constant of 3-

37 N/nm). All data processing was performed with Gwyddion 

software (www.gwyddion.net, Czech Metrology Institute).  

Small Angle X-ray Scattering (SAXS). SAXS spectra of the three 

samples were collected on the SAXS/WAXS beamline32 at the 

Australian Synchrotron in a beamline configuration especially 

for collecting background subtracted absolutely scaled 

scattered intensity, I(q). Samples were dissolved in water to a 

concentration of 1 mg/ml and left to mature for at least 12 

months at 4° C. β3 oligoamides are chemically stable and hence 

the prolonged storage/aging does not cause any noticeable 

degradation. The solutions were aspirated into 1mm quartz 

crystal capillaries, and 10 x 1 s measurements were taken at 7 

m distances between Pilatus 1M detector (Dectric, Baden, 

Switzerland) and the sample. The isotropic 2-dimensional 

scattering patterns were background subtracted (capillary with 

water) and azimuthally averaged to the intensity versus 

scattering vector form, I(q) and normalised to absolute scale 

with a water sample for background using beamline software 

Scatterbrain.33 The scattering vector defined  q = 2/ sin() 

where  is the wavelength of the X-rays (1.078 Å) and /2 is 

scattering angle. 

Structural information was extracted from the scattering 

curves by non-linear least squares model fitting with 

appropriate constraints was applied to data from all three 

samples using SASview (http://www.sasview.org/).34 While the 

AFM data gives local insight into the types of shapes present in 

the samples on a surface, which can inform SAXS analysis, the 

analysis of SAXS gives a low resolution representation of the 

average structure in solution with little sample preparation.  

The aim of modelling is to give spatially averaged values for 

size, shape and particles present in the solution. The Ac-β3[LIA] 

and β3[LIA]-CONH2 were fitted to an elliptical cylinder model35-

36, describing a flattened cylinder with a length factor, and a 

major and minor radius (supplementary information). The data 

generated from β3[LIA] was modelled with a composite of two 

models to account for the extended scattering in the high Q 

region (cylinder model36-37), while the Low Q region was fitted 

with an ellipsoid model (supplementary information).  

All model fitting was performed with the assumption that 

scattering was in the dilute limit, i.e.  the form factor scattering 

(that is, scattering due to morphological envelopes of the 

suspended species).  An important step in the modelling was 

to constrain the parameter space with physically reasonable 

values. Scattering length density values were calculated using 

IGOR software with the IrenaSAS macros38. Partial molar 

values for these calculations were found by using CRYSOL39 

and an appropriate PDB file. PDB files were obtained by 

modifying the side chains and terminal groups of a PDB crystal 

structure previously obtained of a tri-substituted oligoamide25. 

Results and Discussion 

Infrared Spectroscopy 

Far-Infrared Spectroscopy. Far-infrared amide bands 

appearing at 597-601 cm-1 and 466-470 cm-1 spectral ranges 

can be seen in all three samples (figure 2), and are most likely 

a combination of amide IV, V and VI bands due to C=O out-of-

plane bending.22-23, 40-41 These bands are highly sensitive to any 

tension in the structure and therefore the secondary structure, 

and hence the similarity of the peak positions in all three 

oligoamides indicates a highly consistent secondary structure, 

while the band positions match previously recorded spectra of 

three unit long substituted oligoamides.22-23 A broad band can 

be seen at 100-300 cm-1 in both Ac-β3[LIA] and β3[LIA] that is 

not present in β3[LIA]-CONH2. This region corresponds to 

multiple vibrations that can potentially include CN rotational 

modes (amide VII) and skeletal modes.22, 40-41 This band is at a 

position where water vibrations may also occur, however 

water as a source is highly unlikely: all samples were prepared 

under the same conditions, and if the band was caused by 

residual water it should be present in all three samples. 

Furthermore, the same basic preparation method for MIR data 

shows no water bands in the 3400 cm-1 (Supplementary 

information).  All samples show very small but consistent 

peaks in this region, although the broad band obscures these 

peaks somewhat in the Ac-β3[LIA] and β3[LIA] samples.  The 

presence of small but well defined peaks in this region for 

β3[LIA]-CONH2 indicates highly consistent structures, where 

these vibrational modes take place in a highly conserved 

chemical environment, i.e. regular structure. The broadening 

of these peaks in Ac-β3[LIA] and into one broad band in β3[LIA] 

indicates substantial variation in the local chemical 

environment, suggesting increasingly higher conformational  

flexibility.  Thus, based on far-IR data, β3[LIA]-CONH2 has the 

most regular structure, indicating potentially crystalline, 

regularly packed material. 

http://www.gwyddion.net/


Mid-infrared Spectroscopy.  The amide I and II bands can be 

seen at 1645-1649 cm-1 and 1545-1551 cm-1, respectively, and 

are consistent across all three samples (figure 3).  Amide I 

bands are mainly due to C=O stretch, while amide II bands are 

CN stretch and NH bending vibrations, and as such both are 

highly sensitive to the secondary structure of the oligoamides 

and are commonly used to determine secondary structures 

present in peptides.42-47  As in case of the far-IR data the 

consistency in amide I and II band positions for all three 

samples indicates highly similar secondary structures, while 

the band positions match values previously associated with 14-

helix confirmation, indicating that the secondary structure of  

the oligoamides is not affected by the terminal groups and 

does not require any intramolecular H-bonds to be in a 14-

helix-like conformation, likely due to the steric effect of the 

bulk of the side chains.26, 48-49 An absence of peaks at 3450 cm-1 

and 3615 cm-1 (supplementary information) indicates no water 

molecules associated with the samples, and hence no 

interference with the amide I band.  

The band at 1702-1724 cm-1 in Ac-β3[LIA] and β3[LIA] 

correspond to the C-terminal carboxyl group, and as expected 

it is not present in β3[LIA]-CONH2.26, 42-45, 47 The band at 

1660 cm-1 in β3[LIA]-CONH2 corresponds to N-H stretch 

vibration of the primary amine of the N-terminus.42-45, 47 In the 

control sample this peak likely overlaps with the amide I peak, 

revealing more conformational flexibility. The CN stretch 

vibrations of the primary amide can also be seen at 1143-1142 

cm-1. This peak is absent in Ac β3[LIA], as expected. The 

remaining peaks in the 1000-1500 cm-1 region correspond to C-

H vibrations of the side chain moieties and are consistent 

between each sample, as expected due to their identical 

sidechain moieties. Slight variations in this region suggest 

different intermolecular sidechain-sidechain interactions upon 

bundling, as seen in the far-IR region as well.  

AFM 

AFM imaging provides information of the morphological 

structures formed by the substituted oligoamides when dried. 

All samples were deposited atop of atomically smooth mica 

surface and thus the lowest (darkest) areas in the background 

show the exposed mica, and used as a reference to measure 

layer thicknesses. The images thus show that the material is 

spread in a very thin layer over the surface, with the exception 

of a few large fibrous aggregates. 

Deposits were made from either water or isopropanol solvent 

under two conditions: slow dried, where the solvent was left 

to evaporate overnight under standard conditions, or “instant” 

dried, where the sample was immediately dried using a stream 

of argon gas for 15 minutes. In the slow dry method, 

(commonly used for AFM sample preparation) the natural 

evaporation of solvent gives a slowly increasing sample 

concentration, that could allow the increasingly concentrated 

sample to assemble. The “instant” dried method is used to 

prevent this evaporation dependant assembly, to show the 

structures as they exist in solution. The distinct differences 

between the slow and instant dried data sets indicates that a 

high level of assembly does occur during the standard AFM 

drying process, and hence the structures present here are 

expected to be distinct to those found in solution via SAXS. 

Water and isopropanol solvents were both used to test the 

robustness of hierarchical assembled structures under 

differing dielectric constants and solvophobic conditions, as 

previous work shows Ac-β3[LIA] to be highly sensitive to these 

factors.21, 23-24  

 

Figure 2. Far-infrared spectra of the three substituted oligoamide samples.  

 

 

Fig. 3 Mid-infrared spectra of the three substituted oligoamide samples. 

 



 Ac-β3[LIA]. Ac-β3[LIA] is shown for reference and also to 

benchmark the instant drying method. AFM images show large 

dendritic structures when slow dried from isopropanol (figure 

4A), as previously reported.21-24, 30-31 The low dielectric 

constant of isopropanol allows Van der Waals interaction to 

dominate, allowing the formation of these structures.  A closer 

look at these structures reveals them to be entirely comprised 

of smaller, densely packed thin fibres (figure 4C & D). These 

fibres and dendritic structures are not seen when the sample is 

instantly dried (figure 4 B): the deposit appears to show a 

smooth layer, implying that the dendritic structures appear 

when the solution is concentrated during drying while the 

dilute nature of the bulk solution shifts the self-assembly 

equilibrium towards the individual fibres and small oligomers. 

It was shown before that larger fibres do form in the solution 

phase, however based on these AFM images fibrous form 

might not be the dominant structure. When deposited from 

water, solvophobic interactions dominate the assembly. 

Instant drying yields an organised oligoamide layer of around 1 

nm thickness, with small visible fibres of 2 nm diameter and up 

to 0.1 µm length (figure 4 F). When allowed to slow dry, a  

somewhat random system of larger structures of up to 6 nm 

height can be seen from which small fibres (1 uM length) 

protrude, indicating that these are islands formed from 

bundles of the smaller fibres as described before (Figure 4 

E)..21-24, 30-31 

β3[LIA]-CONH2. The C-amidated oligoamide shows increased 

fibrous assembly in both solvents and under both fast and slow 

drying conditions (figure 5), albeit with lesser dendritic and 

larger assembly structures. This indicates that solvent and 

drying (and hence concentration) effects have less effect on 

assembly, possibly due to more formed structures in solution 

that are less susceptible to change by environmental factors 

When instant dried from isopropanol (figure 5A), β3[LIA]-

CONH2 forms a layer of short fibres of 20 nm diameter and 

0.25µm length, which clump together upon slow drying to 

form bundles of ~12 nm height (figure 5B). Instant drying from 

 

Figure 4. AFM images of Ac-β3[LIA]. A & B depict sample deposited from 
isopropanol. Images E & F depict sample deposited from water. A & E 
were prepared using the slow dry method, while B and F were prepared 
using the instant dry method. C depicts higher resolution scan of area 
depicted in A by dotted lines, and D shows the hight profiles of the lines 
depicted in C. Arrows in E and F indicate areas of fibrous material where 
individual fibres are too tightly paced to be resolved. Colour scale gives 
structural height; (A) 40 nm, (B) 3.9 nm, (E) 5.5 nm, and (F) 2.4 nm. 

Darkest colour is the mica substrate surface. 
 

 

Figure 5. AFM images of the β3[LIA]-CONH2. A & B depict sample deposited from 
isopropanol. C - F depict sample deposited from water. A & C were prepared using 
the instant dry method, while B and D were prepared using the slow dry method. E 
depicts higher resolution scan of area shown in C by dotted lines, and F shows the 
height profiles of the lines depicted in E. Colour scale gives structural height; (A) 
12.5 nm, (B) 300 nm, (C) 9.6 nm, and (D) 171 nm. Darkest colour in all cases is the 
mica substrate surface. 
 



water (figure 5 C) is mostly amorphous but the deposit also 

contains a few long hierarchical fibre bundles of 2-10 µm 

length and around 20 nm thickness that offers a clear view of 

the hierarchical self-assembling nature of the sample in the 

solvent phase. Close inspection of these fibres (figure 5 E & F) 

reveals regular, periodic grooves every 50 nm and indicates a 

highly structured winding of fibres to form larger structures. 

Thus C-amidation promotes nanorod formation better than N-

acylation for this oligoamide sequence. The slow dried samples 

show areas of high concentration of short fibres, forming 

aggregations of up to 300 nm height (figure 5 B & D). 

β3[LIA]. As expected, most sample preparation methods show 

nonspecific aggregation of β3[LIA] (figure 6 A-C), consistent 

with the notion that the third amide moiety is essential for 

nanorod formation. However, when slow dried from 

isopropanol β3[LIA] unexpectedly developed large aggregates 

of dendritic appearance (figure 6 D) similar to those formed by 

Ac-β3[LIA] under the same conditions. However, these 

structures are noticeably different in that they do not show 

the defined small fibres found in the structures formed by Ac-

β3[LIA]. A closer view instead reveals irregular, globular like 

definitions, which is consistent with an aggregation-based 

structure (Figure 6 E & F). The presence of such dendritic 

structures suggests that the overall geometry is the product of 

the drying process in the presence of isopropanol, likely driven 

by Van der Waals interactions of amorphous aggregates of the 

oligoamide in the gradually increasing concentration. It is 

notable that the same overall geometry appears much more 

fibrous in the Ac-β3[LIA] case while remains amorphous in 

β3[LIA], suggesting that the local high concentration of the 

oligoamides leads to the fibrous self-assembly in the former.  

SAXS 

SAXS data of the three oligoamides dissolved in water provides 

information of the morphological structures present when 

each oligoamide is in an aqueous environment and yields 

distinct morphological envelopes for each oligoamide sample. 

Observing the raw data (Figure 7) Ac-β3[LIA] and β3[LIA]-

CONH2
 both showed high error margins in the high Q region 

where background scattering overpowered the isotropic 

scattering pattern, indicating the absence of a measurable 

population of species small enough to scatter in the higher Q 

regions. In contrast, β3[LIA] showed clear isotropic scattering in 

 

Figure 6. AFM images of β3[LIA]. A & B depicts sample deposited from water. 
C & D depicts samples deposited from Isopropanol. A & C were instant 
dried, while B and D were slow dried. E depicts higher resolution scan of 
area depicted in D by dotted lines, and F shows the hight profiles of the lines 
depicted in E. Colour scale indicates height: (A) 1.5 nm, (B) 2.0 nm, (C) 96 
nm, and (D) 77 nm. Darkest colour is the mica substrate surface. 
 

 

Figure 7. SAXS data and model fitting of all three samples using ellipsoid, triaxial ellipsoid and elliptical cylinder models for the  acetylated and amidated sample, 
and the combined ellipsoid and cylindrical double model for the unmodified sample. 



the high Q region, indicating the presence of a population of 

smaller oligomers. This follows the trend found from AFM 

imaging of instant dried water samples where β3[LIA]-CONH2 

showed greatest degree of assembly, while as expected β3[LIA] 

was largely amorphous. Thus, SAXS data is consistent with the 

importance of the three hydrogen bonding pairs for self-

assembly.  

Fitting the low Q region of the samples yielded slopes of -2.5 

to -3, which is inconsistent with the expected slope of -1 for 

elongated anisotropic structures. However, this is most likely 

due to the highly variable length dimension, confirmed by AFM 

imaging, where both very long and very short fibrous 

structures are expected to coexist in accordance with the 

head-to-tail assembly motif. Model fitting is thus based on 

AFM evidence of the fibrous material to avoid mis-identifying 

the geometries due to polydispersity. Ac-β3[LIA] and β3[LIA]-

CONH2 samples yield a population of cylindrical structures 

(fibres) with well-defined and consistent radii, but with highly 

variable lengths. Thus, initially a simple cylinder model was 

applied, but was found impossible to fit. However, an elliptical 

cylinder model, which allows for flattened cylindrical 

structures, could be fitted to the scattering curves with good 

accuracy. Fitting of Ac-β3[LIA] shows that 4.69 X 10-2 % ± 1.07 X 

10-3 % of the sample assemble into elliptical cylinders with an 

average minor radius value of 6.63 nm ± 0.014 nm, a major 

radius value of 48.08 nm ± 3.32 nm, and a length value of 

1,347.9 nm ± 153.15 nm. Fitting of β3[LIA]-CONH2 shows that 

9.18 X 10-3 % ± 2.94 X 10-4 % of the sample forms somewhat 

larger elliptical cylinders with an average minor radius value of 

16.36 nm ± 0.48 nm, a major radius value of 59.75 nm ± 7.44 

nm, and a length value of 4,138.6 nm ± 429.75 nm. This is a 

surprisingly small fraction for both samples; the remaining 

material forms structures the sizes of which fall outside of the 

Q range of the measurement, i.e. the oligoamides are either in 

monomeric/small oligomeric form or in very large fibre 

bundles (that have been observed before by optical 

microscopy), and hence not detected using this method. That 

is not a shortcoming, however, as the aim of the SAXS 

measurements was to compare the fibrous assemblies in 

solution at a size range comparable to AFM measurements.  

Additionally, the length values are likely to have a larger 

distribution from the mean than this model accounts for, due 

to the head-to-tail assembly motif of the oligoamides. It can 

therefore be concluded from this data that while the length 

factor is far too variable to give any meaningful values, both 

Ac-β3[LIA] and β3[LIA]-CONH2 samples exist in water as 

asymmetrical fibre bundles with cross section radii of 

approximately 6.63 nm by 48.08 nm, and 16.36 nm by 59.75 

nm, respectively.  

The data from β3[LIA] could not be fitted accurately with any 

one of these models, possibly due to the isotropic scattering 

curve in the high Q region. Modelling was then attempted 

assuming two populations coexisting in the sample; a less 

assembled population that scatters in the high Q region, and a 

population of larger structure in the lower Q region.  

Fitting was successful with a combined model consisting of 

ellipsoid and cylinder models (eq. II).  The ellipsoid model 

corresponds to the larger population, with radii values of 21 

nm x 78 nm consistent with the random aggregation seen via 

AFM (figure 6), accounting for 1.15 X 10-2 % ± 3 X 10-4 % of the 

total sample mass.  The cylinder model gives a radius value of 

4 nm and length value of 6000 nm (Figure 7), accounting for 

1.24 X 10-2 % ± 1.99 X 10-3 %. These values are unexpected as 

no similar structure is seen with AFM, indicating linear 

aggregation of β3[LIA] into structures that do not survive the 

drying process, suggesting very weak interactions compared to 

the supramolecular self-assembly. These structures are 

consistent with micellar assemblies in water due to the polar 

backbone and non-polar side chains of the oligoamide. During 

sample preparation substantial foaming was noticed when 

mixing in water; this is consistent with surfactant behaviour 

and thus micellarization.  
 

Discussion 

β3 substituted oligoamides are well documented to form 14-

helix structures with a minimum of 4 backbone amides that is 

provided by 5 residues with free termini, or 4 if N-acylated, to 

complete a single loop of the helix.11-12, 14, 50-52 Although N-

acylated tri-β3 oligoamides are lacking the 4th amide moiety to 

directly form 14-helices, previous work has shown that these 

oligoamides naturally arrange in a “horseshoe” conformation, 

which is similar in shape to a loop of the 14-helix found in 

larger oligoamides.22-23 The fold can be confirmed indirectly 

from IR measurements: the peak positions of the amide IV-VI 

bands in the far IR and amide I and II bands in the mid-IR are 

specific to 14-helix/like confirmation, that was consistently 

identified in all three molecules in this study, strongly 

Table 1. Size and shape parameters from model fitting of SAXS data of Ac-β-3[LIA], β-

3[LIA]-CONH2, and β-3[LIA] 

β
-3

[L
IA

] 
-C

O
N

H
2 

   
   
   

  A
c-

β
-3

[L
IA

] 

Elliptical Cylinder Model 

Minor 
Radius 
(nm) 

Major 
Radius 
(nm) 

Length 
(nm) 

% of Total 
Sample 

 
6.63 

± 0.14 

 
48.1 
± 3.3 

 
1,347.9 
± 153.2 

 
4.69 × 10-2 

± 1.07×10-3 

16.36  
± 0.48 

59.8  
± 7.4 

4,138.6 ± 
429.8 

9.18×10-3 

± 2.94×10-4 

 Ellipsoid plus Cylinder Model 

β
-3

[L
IA

] 

Ellipsoid Model (low Q) 

Minor Radius 
(nm) 

 

Major Radius 
(nm) 

% of Total 
Sample 

22.89 ± 0.93 90.35 ± 7.58 9.393 

± 3.67×10-4 

Cylinder Model (high Q) 

Radius 
(nm) 

Length 
(nm) 

% of Total 
Sample 

 

5.45 ± 0.62 4354.7 ± 545.1 1.00×10-2 

± 1.99×10-3 



suggesting that all samples are in this 14-helix-like 

confirmation.22-23, 26, 48-49 The subsequent nanorod and 

consecutive bundling assembly however are dramatically 

different depending on the oligoamide end group. 

The IR, AFM, and SAXS data combine to show a unique 

assembly preference for each sample. As expected, β3[LIA] 

shows the least evidence of any regular assembly, with mostly 

mono/small oligomeric background with some random 

aggregation structures seen via AFM under dry condition (with 

the notable exception of the dendritic structures produced in 

the slow dried isopropanol sample), and no evidence of 

nanorod formation.  The IR data shows broad bands in the 

100-300 cm-1 region indicating no regular bundling structures, 

and the SAXS data also shows irregular assembly and some 

micellarization in solution. Hence, the lack of the third 

hydrogen bonding pair does limit the ability of the peptide to 

self-assemble into regular structures.  

 Ac-β3[LIA], consistent with former observations21-24, 30-31, 

shows clear signs of hierarchical assembly which can be seen 

via the winding visible on AFM images, and from SAXS data 

modelling which indicates the presence of fibrous structures in 

solution. It should be noted that, as also observed before, the 

variety of structures under dry conditions seen via AFM 

imaging, coupled with the broad band at 100-300 cm-1 in the 

far IR spectra indicates relatively high flexibility in the 

supramolecular interactions and therefore a high variability of 

the possible bundling/superstructures. 

β3[LIA]-CONH2 forms the most consistent structures of all the 

samples. Although AFM imaging reveals some differences in 

each set of drying conditions, each show highly regular large 

bundles, with clear evidence of winding and hence hierarchical 

structures. The Far IR region of 100-300 cm-1 shows regular, 

well defined bands, indicating highly restricted chemical 

environments due to regular supramolecular structures. SAXS 

model fitting yields consistent, regular elliptical cylinder 

structures in solution. Hence, β3[LIA]-CONH2 shows a high level 

of regular structures at all levels of assembly, with both 

nanorods and regular bundles evident.  

Conclusions 

In conclusion, C-terminal amidation results in nanorod 

formation in substituted oligoamides that is comparable, and 

potentially superior to N-terminal acylation. Thus, C-terminal 

amidation offers an easier, quicker synthetic option to initiate 

nanorod formation and further hierarchical assembly of 

substituted oligoamides.  
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