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Abstract

The self-assembly properties of peptide amphiphiles make them attractive for a range

of applications, such as scaffolds for cell culture, drug delivery vehicles, or as stabiliz-

ing coatings for nanoparticles. The latter application requires derivatization of the

amphiphiles to enable them to bind to, and interact with, a surface. This can be

achieved by introduction of a thiol which facilitates binding to gold surfaces for

example. However, small changes to the composition of peptide amphiphiles can

have a large impact on their self-assembly behavior. Therefore, we have synthesized

and characterized a range of amphiphiles with different peptide sequences, alkyl

chain lengths, and with or without a terminal thiol. We have characterized their struc-

ture and self-assembly using circular dichroism (CD) spectroscopy, attenuated total

reflection infrared (ATR-IR) spectroscopy, and transmission electron microscopy

(TEM). We discuss how changes to the peptide sequence and alkyl chain affect self-

assembly and compare the self-assembly properties of thiolated and non-thiolated

amphiphiles. Such knowledge not only provides fundamental insights as to how self-

assembly can be controlled, but will also be helpful in determining which amphiphiles

are most suitable for use as stabilizing nanoparticle coatings.

K E YWORD S
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1 | INTRODUCTION

Gold nanoparticles (GNPs) have a wide range of applications in areas

such as drug delivery,[1] photothermal therapy,[2,3] and sensing.[4–6]

However, GNPs are typically synthesized with a citrate coating, which

is unstable under physiological conditions. A different coating is there-

fore required in order for GNPs to be used for biological applica-

tions.[7,8] Polymers[9–11] or silica[12–14] are commonly used for this

purpose. However, the effective size of the GNPs is often significantly

increased due to the thickness of these coatings.[14] Therefore, low

molecular weight molecules with stabilizing capabilities are of interest.

It has been previously demonstrated that oligopeptides are able to sta-

bilize small spherical GNPs (≤35 nm).[15,16] These peptides are tethered

to a gold surface via a cysteine side chain resulting in covalent binding

through Au S bond formation.[17,18] The stabilizing effect of these pep-

tides was partially attributed to their propensity to adopt β-structured

self-assemblies both in solution and when attached to a gold sur-

face.[19,20] However, these peptides also have limitations: their use for

coating larger GNPs, or nonspherical GNPs, has not been reported.

To overcome the limitations of cysteine-containing peptides as

GNP stabilizers, the use of peptide amphiphiles is proposed. Peptide

amphiphiles are composed of a (polar) peptide segment conjugated to
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an aliphatic chain.[21] Peptide amphiphiles are designed to form self-

assembled supramolecular structures: in aqueous conditions a range

of three-dimensional assemblies have been reported[21]; and two-

dimensional assemblies are formed at interfaces.[22,23] If a thiol group

is introduced at the terminus of the amphiphile's alkyl chain, it is pos-

sible to tether these molecules to a gold surface via an Au S bond. In

this arrangement, the gold core is surrounded with a hydrophobic

environment created by the alkyl chains meaning the gold surface is

shielded from undesired interactions with the biological medium. In

addition, charged amino acids at the surface increase the colloidal sta-

bility of the GNPs due to increased repulsive forces.[17] Moreover, a

high propensity to form β-sheets, which is typical for peptide amphi-

philes, is an advantage for a GNP stabilizer.[24]

However, it is known that even small changes to the composition

of a peptide amphiphile can affect the self-assembly properties.[24–27]

Therefore any alterations made to either the alkyl chain (e.g., chain

length, or inclusion of terminal functional groups such as thiols), or the

amino acid sequence within the peptide domain need to be fully

evaluated.

The aim of this study is to investigate how the self-assembly of

different peptide amphiphiles changes when they are modified with

thiols. For this, a thiol group was introduced at the alkyl chain termi-

nus to yield functional peptide amphiphiles comprising valine (Val, V),

alanine (Ala, A), and lysine (Lys, K) residues. Such amphiphiles are gen-

erally described as mercaptoacyl-[VA]3K3. Two different alkyl chains,

16-mercaptohexadecanoyl or 11-mercaptoundecanoyl were investi-

gated as these are commonly employed in a variety of peptide amphi-

philes.[21,28–30] For the peptide segment, inspiration was taken from

the Stupp group and a [VA]3 domain, representing four different pep-

tide sequences: VVVAAA, AAAVVV, VAVAVA, and AVAVAV was

studied. In addition, thiolated peptide amphiphiles were oxidized to

form dimerized peptide amphiphiles with two alkyl chains and two

identical peptide domains coupled via the formation of a disulfide

bond. The effect of alkyl chain thiolation, alkyl chain length, and pep-

tide composition on peptide amphiphile secondary structure was

investigated using a variety of techniques. The propensities of non-

thiolated and thiolated amphiphiles to form ordered secondary struc-

tures and to self-assemble into supramolecular fibers were evaluated

with circular dichroism (CD) and attenuated total reflection infrared

(ATR-IR) spectroscopy, as well as transmission electron microscopy

(TEM). This approach not only allowed us to determine the effect of

adding a thiol to the peptide amphiphile, but also enabled identifica-

tion of peptide amphiphiles that exhibit peptide-driven self-assembly

and are therefore candidates for GNP stabilization.

2 | MATERIALS AND METHODS

2.1 | Materials

All chemicals were purchased from Sigma-Aldrich except where stated

otherwise. Fmoc-amino acids were obtained from Novabiochem. TFA,

piperidine, DMF, DCM, methanol, and acetonitrile were purchased

from Biosolve. Oxyma pure was supplied by Carl Roth GmbH.

Formvar Carbon/Copper (200 mesh) TEM grids were purchased from

Electron Microscopy Sciences.

2.2 | Peptide amphiphile synthesis

All peptide amphiphile sequences were synthesized by solid-phase pep-

tide synthesis using standard Fmoc-chemistry protocols. The synthesis

was performed on an automated microwave peptide synthesizer Liberty

Blue (CEM). 20% piperidine in DMF was used as the deprotection agent

and DIC/Oxyma were employed as activator/activator base. All

sequences were synthesized on a Rink Amide resin. The alkyl chains

were introduced via an on-resin coupling of the corresponding alkyl

chain to the N-terminal amine of the corresponding peptide. The list of

peptides and alkyl chains employed is shown in Scheme 1. All molecules

were cleaved from the resin using a trifluoroacetic acid (TFA) cocktail

with 1.5% deionized water, 2.5% triisopropylsilane (TIS), and 2.5%

3,4-ethylenedioxythiophene (EDOT) for thiolated peptide amphiphiles

only. The crude amphiphiles were precipitated into cold diethyl ether,

pelleted by centrifugation, redissolved in water, and lyophilized prior to

purification.

2.3 | Peptide amphiphile purification

HPLC purification was performed on a Shimadzu system equipped

with two LC-20AR pumps, an SPD-20A UV-Vis detector and a

Phenomenex Kinetex EVO C18 column. The mobile phases were

water and acetonitrile, containing 0.1% TFA. The purity of the com-

pounds was assessed using LC-MS (Figures S1-S15). VariPure IPE

(PL3540-D603VP, 100 mg, Agilent) columns were used to capture

and remove TFA traces from the sample after purification and drying.

2.4 | Peptide amphiphile dimerization

Dimerization was conducted via oxidation of terminal thiols with iodine

to form a disulfide bond. A peptide amphiphile was dissolved in 80%

methanol at a concentration of 2 mg/mL and 0.5 M iodine solution was

added dropwise to the stirred solution. The addition of iodine was

stopped as soon as the color became persistently yellow. Stirring was

continued for another 15 minutes and excess iodine was quenched with

1 M ascorbic acid. Methanol was evaporated and the presence of the

dimers was confirmed with LC-MS. Dimerized amphiphiles were purified

and lyophilized prior to analysis in the manner described above. The

purity of the compounds was assessed using LC-MS (Figures S16-S25).

2.5 | CD measurements

CD spectra of the amphiphiles were recorded using a JASCO J-815

spectropolarimeter, fitted with a Peltier temperature controller. All
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measurements were performed at 20 �C. Unless stated otherwise,

lyophilized powders of peptide amphiphiles were dissolved in

10 mM phosphate buffer (PB), pH 5.8, at the following concentra-

tions: 50 μM for peptide amphiphiles terminated with 16- and

HS16- alkyl chains; 25 μM for peptide amphiphiles terminated with

di-16- chains; 250 μM for peptide amphiphiles terminated with

HS11- alkyl chains; and 125 μM for peptide amphiphiles terminated

with di-11- alkyl chains. Samples were left in the dark in sealed vials

for 14 days to age before being measured. Spectra were recorded

from 260 to 190 nm at 1 nm intervals with a 1 nm bandwidth. All

spectra were converted to mean residue ellipticity (deg cm2 dmol�1

res�1) using Equation (1):

θ½ � ¼100� θ½ �obs
c�n� l , ð1Þ

where [θ]obs is the observed ellipticity in mdeg, c is the concentration

of the sample in mM, n is the number of amino acids in the amphiphile

and l is the path length of the cuvette in cm.

SCHEME 1 Peptide amphiphiles were generated as a combination of one of the alkyl chain options and one of the peptide sequences
resulting in 25 different peptide amphiphiles. Di-16- and di-11- peptide amphiphiles comprised two identical molecules dimerized via the thiols to
form a disulfide bond

EGOROVA ET AL. 3 of 11



2.6 | Infrared spectroscopy measurements

ATR-IR spectra were recorded on an Excalibur FTS 4000 setup

equipped with a “golden gate.” A lyophilized powder of a peptide

amphiphile was placed on top of the crystal and a spectrum was

recorded (512 scans at 2 cm�1 aperture). Deconvolution and fitting of

the Amide I peaks to the Lorenz function were performed using

Origin Pro.

2.7 | Transmission electron microscopy

For TEM measurements, a 10 μL droplet of the sample (in PB, pH 5.8)

was placed on a continuous carbon grid on a copper support

(200 mesh) and left for 20 seconds. The excess liquid was removed by

manually blotting with filter paper. The grid was washed with

deionized water once and blotted again. Uranyl acetate staining (0.5%

w/v) was applied, followed immediately by blotting. Images were col-

lected on a JEM1400 Plus (JEOL) transmission electron microscope

operating at 80 kV and equipped with a CCD camera.

2.8 | Determination of oxidation of thiolated
peptide amphiphiles

Selected peptide amphiphile stocks were prepared as for CD experi-

ments (i.e., in PB buffer) and divided into aliquots which were stored in

the dark in sealed vials. At specific time points, the percentage of free

thiols in each sample was determined by performing an Ellman's test.

The Ellman's test was performed as follows: Ellman's solution was pre-

pared by dissolving Ellman's reagent (5,50-dithiobis-(2-nitrobenzoic acid),

DTNB) in 0.1 M sodium phosphate buffer, pH 8.0 which contained

1 mM EDTA. This was subsequently added to the peptide amphiphile

samples and the absorbance of the solution at 412 nm was recorded.

The absorbance at day 0 was taken to represent the peptide amphi-

philes in a non-oxidized state (i.e., 100% “free” thiols) and the % of free

thiols at subsequent time points was calculated relative to this value.

2.9 | Gold nanorod synthesis

Gold nanorods (GNRs) were synthesized in the presence of CTAB in a

two-step process commonly described as a seed-mediated approach.

2-3 nm seeds were prepared by mixing the following solutions under

intense stirring at room temperature: CTAB (5 mL, 0.20 M), and HAuCl4

(5 mL, 0.50 mM) with ice-cold NaBH4 (0.60 mL, 10 mM). After

2 minutes of vigorous stirring, the solution was left undisturbed at

room temperature for 2 hours. For the overgrowth, solutions of HAuCl4

(50 mL, 1.0 mM) and AgNO3 (200 μL, 100 mM) were gently mixed with

CTAB (50 mL, 0.20 M) at 25 �C. After 2 minutes of stirring, ascorbic

acid (550 μL, 100 mM) was added. The growth solution underwent a

color change from dark yellow to colorless due to reduction of gold.

Next, 120 μL of the seed solution was added to the growth solution

under vigorous stirring at room temperature. After 6 hours the rods

were washed with MilliQ twice (2 � 100 mL) by means of centrifuga-

tion to remove the CTAB excess.

2.10 | Coating of GNRs with peptide amphiphiles

Coating of the GNRs was performed via a ligand exchange strategy.

The PAs were dissolved in DMSO and added to a stirred GNR suspen-

sion. The volumes of PA and GNRs were such that the final concen-

tration of DMSO in the solution was 10% (v/v). After 1 hour, the

sample was centrifuged, (14 000 rpm, 10 minutes), and the superna-

tant removed and replaced with water. To remove any remaining free

ligand, two extra centrifugation steps were performed.

3 | RESULTS AND DISCUSSION

3.1 | Peptide amphiphile design

The composition of the peptide and alkyl chain segments of the

peptide amphiphiles were altered in order to tune the physical and

chemical properties to enable the investigation of these effects on self-

assembly. For this, five different peptide domains and five alkyl chains

(including two dimerized variants) were investigated (Scheme 1). Pep-

tide sequences investigated in this study contained the nonpolar neu-

tral residues valine and alanine in combination with the positively-

charged, polar residue lysine. All peptide sequences comprised a C-

terminal amide followed by three Lys residues. Three Val and three Ala

residues were combined in different ways to yield V3A3, A3V3, (VA)3,

and (AV)3. A peptide comprising six Ala residues (A6), which is likely to

form helical structures, was synthesized for comparison.

We employed alkyl chains with a length of either 11 or 16 car-

bons. The C16 (palmitoyl) chain is widely employed as it is has been

demonstrated to result in more stable assemblies in comparison to

shorter alkyl chains.[21,28] A thiolated C11 (undecanoyl) chain was also

studied; this length is at the lower limit of that required to induce self-

assembly.[29,30] Palmitoylated amphiphiles were denoted as 16- and

thiolated amphiphiles were denoted as HS16- and HS11- (Scheme 1).

Introduction of a thiol may not only influence molecule-surface

interactions but also the peptide amphiphile self-assembly process via

dimerization. For this reason, disulfide-bonded molecules were also

evaluated (di-16- and di-11- in Scheme 1).

In total, 25 peptide amphiphiles were synthesized and character-

ized. Initially, their propensities to form ordered secondary structures

were studied using CD spectroscopy and ATR-IR spectroscopy. The

morphology of the assemblies was visualized with TEM.

3.2 | Peptide amphiphile self-assembly

Formation of supramolecular structures can be affected by environ-

mental factors, including the concentration of the self-assembling
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molecules and the composition of the solvent.[31–33] CD spectroscopy

is well-suited to screen peptide amphiphile secondary

structure,[24,34,35] therefore the optimal concentration of peptide

amphiphiles for reliable CD measurements was determined by record-

ing spectra of 16-V3A3 and HS11-V3A3 at different concentrations in

water (Figure 1A,B). The resulting spectra are typical for β-structured

peptides, which possess a minimum around 216 nm.[24,36] For self-

assembled peptide amphiphiles, this minimum can be red-shifted

(by up to 10 nm) due to a change in the mutual orientation of the pep-

tide backbones.[24] Both peptide amphiphiles showed a minimum

between 220 and 224 nm. 16-V3A3 showed comparable CD spectra in

the range 25 to 100 μM with a significant decrease in the quality of

the signal at 10 μM (Figure 1A). Thus, a concentration of 50 μM was

chosen for peptide amphiphiles incorporating 16-, and HS16- alkyl

chains, and 25 μM for di-16- peptide amphiphiles. A higher optimal

concentration was expected for the shorter C11 chain. HS11-V3A3 at

1 mM concentration showed a significant difference in the normalized

CD intensity compared to lower concentrations, suggesting that the

linear dependence on concentration is lost above 0.5 mM

(Figure 1B).[21] At 100 μM a low intensity was recorded, therefore a

concentration of 250 μM was chosen for all HS11- peptide amphi-

philes, and 125 μM for di-11- peptide amphiphiles.

The effect of ionic strength on secondary structure was subse-

quently investigated. 16-(AV)3 was dissolved in water or in 10 mM

phosphate buffer (PB) at two different pHs: 5.8 and 7.5 (Figure 1C).

Significant differences were observed: 16-(AV)3 prepared in water

showed a noticeable presence of α-helical structures (minima at

206 nm and 220 nm), and at pH 7.5 the minimum at 223 nm was

attributed to β-structures, although a small shoulder at 210 nm

was observed. In PB at pH 5.8 the peptide amphiphile was predomi-

nantly β-structured, indicated by a single minimum at 221 nm. Inter-

estingly, at pH 7.5 the maximum was red-shifted and broadened,

indicating less-ordered structures were formed. Therefore, samples

were analyzed in PB at pH 5.8, although it should be noted that publi-

shed reports on 16-V3A3 utilized neutral pH conditions.[37]

Next, the secondary structures and assembly propensities of all

25 peptide amphiphiles were probed with CD spectroscopy, in

10 mM PB, pH 5.8 (Figure 2). It can be observed that only peptide

amphiphiles with the A6 domain deviated from the typical β-structure.

The minimum position and peak intensity of HS16- peptide

amphiphiles were compared to their 16- counterparts to obtain

insight in their β-structure-forming ability and the internal organiza-

tion within the assemblies. Two parameters are important for charac-

terizing and comparing β-structured amphiphile assemblies: the

F IGURE 1 Optimization of different conditions for self-assembly monitored with CD spectroscopy: A, 16-V3A3 in the concentration range
7.5 to 100 μM (H2O, no buffer); B, HS11-V3A3 in the concentration range 100 to 1000 μM (H2O, no buffer); C, 16-(AV)3 prepared in buffer at
different pHs, or water. Total [peptide] = 100 μM
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position of the ellipticity minimum (θmin) and its intensity.[24] θmin char-

acterizes the orientation of peptide chains within a self-assembled

structure. If θmin is located at 216 nm, the peptide chains are likely to

be locked into a planar β-strand orientation by means of effective

hydrogen bonding alignment. A red-shifted θmin is indicative of less

effective hydrogen bond alignment and thus there is more twisting of

the peptide chains within the assemblies. Furthermore, the intensity

of the spectrum can also provide insights into the assemblies. While

self-assembled systems can cause light scattering which affects peak

intensities, the differences in the orientations of the β-strands can also

affect peak intensities.

While all the SH16- and 16- amphiphiles had minima centered

around 221 nm (Figure S26), indicating a shift from the typical

position at 216 nm, there were not significant red shifts between

the thiolated and non-thiolated C16 variants for any of the peptide

sequences studied. Therefore, thiolation of the C16 alkyl chain

F IGURE 2 CD spectra for peptide amphiphiles: A, V3A3; B, A3V3; C, (VA)3; D, (AV)3; E, A6. Samples were prepared in 10 mM PB (pH 5.8)
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does not appear to cause a significant change in the hydrogen

bonding of the peptide portion of the amphiphiles within their self-

assemblies.

Comparisons between different alkyl chains were more complex to

unravel. The V3A3 domain did not undergo a significant rearrangement

when the 16- chain was dimerized to form di-16-, only a slight blue-

shift (�2 nm) in the minimum position was observed (Figures 2A and

S26). Shortening the alkyl chain to HS11- resulted in a higher molar

ellipticity, while dimerization resulted in peak broadening. The reversed

sequence, A3V3, responded to the alkyl chain alteration differently

(Figure 2B): dimerization of 16- to form di-16-A3V3 significantly

reduced the peak minimum intensity. Shortening the alkyl chain also

reduced the peak intensity by almost 25% (Figure S27), but dimeriza-

tion of HS11-A3V3 restored the signal to the level of di-16-A3V3.

Interestingly, thiolation of 16-(VA)3 significantly enhanced the

intensity of the CD signal, as did dimerization (Figures 2C and S27).

No large differences in intensity of the peak minimum were detected

for 16-(VA)3, HS11-(VA)3, and di-11-(VA)3, yet peak broadening was

apparent for the two thiolated amphiphiles. In contrast, (AV)3

responded to thiolation in a similar fashion as A3V3: di-16- was less

structured than 16- (Figure 2D). Interestingly, the similarities between

the two peptide domains were maintained for the HS11- and di-11-

coupled molecules: the intensity of the HS11-(AV)3 spectrum was

significantly lower compared to di-11-(AV)3. This indicates that the

peptide domain which is coupled to the alkyl chain affects assembly,

and it is possible that the positions of the amino acids within the

sequence influence the morphologies of the self-assembly.

A6 peptide amphiphiles revealed the lowest overall ellipticity sig-

nals for all five variants (Figure 2E). Thiolation of the C16 chain led to

a significant reduction of the signal, and shortening the thiolated chain

to HS11-A6 resulted in a CD spectrum that did not appear to be char-

acteristic for a predominantly β-structured peptide amphiphile. The

shoulder which is apparent at 208 nm could be explained by either a

blue-shift of the minimum position or a contribution from an α-helical

structure.[35] Similar small shoulders were evident for the dimerized

molecules di-16-A6 and di-11-A6.

While some similarities and trends between peptide domains

could be observed, in particular for the A3V3 and (AV)3 domains, it

was clear that both the peptide and alkyl chain domains affected the

self-assembly behavior.

To obtain quantitative insights into the β-content within the

assemblies, attenuated total reflection Fourier-transform infrared

spectroscopy (ATR-FTIR) spectra of lyophilized peptide amphiphiles

were recorded (Figures 3 and S28-S32). The Amide I peak is typi-

cally centered between 1575-1725 cm�1 and represents a superpo-

sition of signals derived from different conformations of the peptide

backbone: 1627-1640 cm�1 is attributed to β-structures;

1647-1654 cm�1 to α-structures; and 1650-1670 cm�1 to random

and other structures.[38,39]

The Amide I peak overlaps with peaks corresponding to the

C-terminal amide and the amine of the Lys side chain. Therefore, the

Amide I peak was fitted to three peaks with maxima centered

around: 1616 cm�1 for the C-terminal amide; 1630 cm�1 for the

amine lysine side-chain, together with β-structures, and; 1669 cm�1

for random coil and other structures (Figure 3A). These positions

were present in all spectra, although small shifts occurred for some

of the samples (Figures S28-S32). If a peak at 1654 cm�1, indicative

of α-helix structure, could be resolved, it was added to the fitting

procedure. IR spectra of lysine-containing peptides are known to be

sensitive to the pH of the solution they are lyophilized from,

resulting in a peak shift and peak broadening.[40,41] Although residual

TFA was removed, it is possible some traces still remained that

affected the position of the observed peaks. Therefore, the joint

contribution of β-structures, the C-terminal amide, and primary

amines of lysine side chains was compared. This value was consid-

ered to reflect the content of β-structures in the samples, while the

rest of the Amide I peak was attributed to other structures. The

β-associated content for all 25 peptide amphiphiles is summarized in

a heatmap (Figure 3B).

F IGURE 3 Determination of secondary structure content using ATR-IR spectroscopy based on assignment of different contributing secondary
structures according to their peaks positions. A, An example of the Amide I peak fitting for 16-V3A3, where the peak centered around 1616 cm�1

shows the contribution of the terminal amide (blue line); the peak around 1630 cm�1 indicates the presence of β-structures but also the presence of
lysine tertiary amines (red line); and the peak around 1667 cm�1 is attributed to other structures (cyan line). Relative shifts of the peak maxima were
observed for some samples and are likely due to intrinsic factors of self-assembly. B, A heatmap illustrating the β-associated content derived from
the Amide I peak fitting; blue shades represent low amounts of β-structure whereas red shades indicate a high percentage of β-structure. Near-white
shades indicate an average level of β-structure for these systems. All measurements were performed using freeze-dried, solid samples
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It was only possible to resolve a peak at 1654 cm�1 for some of

the thiolated peptide amphiphiles and it was absent in all

palmitoylated peptide amphiphiles (Figures S28-S32). Relatively low

levels of β-structure, and therefore of self-assembly, (β-associated

content <60% and high α-content—between 10% and 25%), were

observed for all A6 amphiphiles, with the exception of 16-A6, which is

in good agreement with the CD data (Figures 2E and S32). For the

other peptide amphiphiles, a higher percentage of β-structure was

generally observed.

>For the V3A3 peptide domain, 76% β-content was observed with

the C16 alkyl chain, although thiolation of this chain resulted in the

β-content dropping to 63%. Dimerization of the latter molecule did

not significantly change the secondary structure, consistent with the

CD spectra. HS11-V3A3 showed only 48% β-content, but di-11-V3A3

was comparable to the C16 peptide amphiphiles. The A3V3 peptide

domain showed smaller changes when the alkyl chain composition

was altered: the β-associated content varied between 56% and 68%

(Figure S28) with di-11-A3V3 being the most β-structured. However,

(VA)3 and (AV)3 showed more deviant behavior. In general, 16-(VA)3

showed the lowest β-associated content (60%) among all

palmitoylated peptide amphiphiles (Figure S30). Although thiolation or

shortening the alkyl chain to yield HS16- and HS11- variants did not

significantly change the β-associated content, dimerization of these

molecules showed opposing effects with di-16-(VA)3 showing a

decrease in β-structure to 51%, whereas the amount of β-structure in

di-11-(VA)3 increased to 63%. One notable feature was observed for

the (AV)3 peptide domain: it was the only example where thiolation of

the C16 chain gave rise to a more β-structured assembly (67% vs

88%, Figure S31). All other variants (di-16-, HS11-, di-11-) showed a

β-associated content below 60%.

In some instances, the CD data and the IR analysis appeared to

be inconsistent. For example, the CD spectra of 16-(VA)3 and

HS16-(VA)3 would suggest a higher level of self-assembly for the

latter, but according to the IR data, the β-associated content did not

significantly differ between the two (Figures 2C and 3B). In contrast,

16-(AV)3 and HS16-(AV)3 had similar CD spectra, however FTIR

showed the latter was significantly more β-structured (Figures 2D

and 3B). These discrepancies could be attributed to the differences

in preparation method: CD spectra were recorded in solution how-

ever it was necessary to perform IR experiments with powdered

samples, otherwise the signal-to-noise ratio was too high and did

not allow for reliable peak fitting. Moreover, we could not prevent

some thiol oxidation occurring for both HS16- and HS11- peptide

amphiphiles. We observed oxidation for peptide amphiphiles stored

in solution, (Figure S33), and as powders, (Figure S34); however, oxi-

dation occurred faster for the peptide amphiphiles that were in

solution. Therefore it is possible that another reason for this dis-

crepancy could be partial oxidation of the thiolated amphiphiles in

solution.

It is clear from both the CD and FTIR studies that finding common

self-assembly trends, and linking these to secondary structure, is not

trivial. In general, thiolated peptide amphiphiles were less structured

than their C16 counterparts, although significant (>60%) amounts

of β-structure were still observed. However, dimerization, and substi-

tution of the C16 alkyl chain for C11, had different impacts depending

on the peptide sequence.

To obtain more insight on the effect of thiolation and dimeriza-

tion of peptide amphiphiles on self-assembly in solution, TEM was

performed.

3.3 | Evaluation of peptide amphiphile fibers
using TEM

All peptide amphiphiles assembled into fibers, (Figure 4), as was previ-

ously reported for palmitoyl (C16) peptide amphiphiles.[42] This indi-

cated that thiolation did not disrupt self-assembly; thus sequestration

of the alkyl chains from the aqueous environment due to effective

hydrophobic collapse was maintained. Quantitative information such

as true fiber thickness could not be obtained as images were acquired

relatively close to focus, with a certain defocus needed, and most of

the samples bundled, plus negative staining was performed. Nonethe-

less, it was determined that all observed fibers had a diameter of

�9 nm, corresponding to the length of two peptide amphiphiles.[43]

However, it was evident that there were differences in the fiber

appearance for the different samples.

Fibers comprising palmitoyl peptide amphiphiles were long (typi-

cally >500 nm) and aligned into sheets (top panels in Figure 4). Fractur-

ing of these fiber stacks appeared to be present in some images, see for

example, 16-(AV)3. Sample preparation could have caused this as sam-

ples were blotted and dried on the TEM grid.[44] Moreover, when the

top two rows of Figure 4 were compared, it was obvious that thiol

introduction reduced the average fiber length irrespective of peptide

domain composition. Furthermore, all five dimeric (di-16-) peptide

amphiphiles also formed short fibers (<200 nm).

In contrast, no general trend was observed for HS11- peptide

amphiphiles: HS11-V3A3, HS11-A3V3, and HS11-(VA)3 showed a

similar length distribution to their HS16- counterparts, and bun-

dling was also evident. Intense bundling was observed for

HS11-(AV)3 whereas HS11-A6 fibers exhibited no interactions. In

addition, no clear tendency was observed that would unify the

effect of dimerization for HS11- peptide amphiphiles. The appear-

ance of the fibers was altered in every case, with the exception of

di-11-V3A3. For di-11-A6 the fibers were longer, appeared to be

more defined, and formed bundles. Bundling was also apparent for

di-11-A3V3 and di-11-(AV)3, whereas for di-11-(VA)3 the interac-

tions between individual fibers were reduced.

Due to the variety of assemblies, it appeared that the self-

assembly of C11 peptide amphiphiles was more sensitive toward the

peptide sequence as compared to their C16 variants. In addition, most

of the HS11- peptide amphiphiles showed less β-associated content

and/or significant contributions of α-structures and other structures.

However, this is to be expected as it is known that self-assembly of

amphiphiles with shorter alkyl chains is less robust.[29,30] In addition, a

clear difference between V3A3, and (VA)3, in comparison to A3V3,

(AV)3, or A6 was observed: the latter amphiphiles tended to form
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rope-like fiber bundles covering vast areas, while the former amphi-

philes yielded smaller-scale structures.

In summary, TEM imaging revealed differences in fiber appear-

ance, in particular for thiolated peptide amphiphiles. Additionally, dif-

ferences between fibers formed by highly β-structured molecules

(such as all 16- samples) and molecules with high percentages of

α-content (e.g., HS11-A6 which exhibited 25% α-structures) was

observed. Peptide amphiphiles coupled to the V3A3 peptide

headgroup were arguably the only group that exhibited relatively simi-

lar fiber appearances for all five alkyl chain variants.

3.4 | Implications for self-assembly

It is clear from the CD, FTIR, and TEM data that the secondary struc-

ture and morphology of all amphiphiles are affected by changes to the

length of, and presence or absence of a thiol on, the alkyl chain

attached to the peptide portion. Although, for the CD spectra, the

position of the ellipticity minimum is not significantly altered

(Figure S26), the intensity of the spectra varies for all the amphiphiles

tested (Figure S27). The amount of secondary structure attributed to

β-structures, as determined by FTIR, also fluctuates significantly when

peptide amphiphiles with identical peptide domains are compared. It

is challenging to find trends to these changes in self-assembly; this

issue is further complicated by the fact that the CD and FTIR data do

not always correlate as the CD spectra were recorded in solution,

while FTIR data had to be obtained with solid samples otherwise the

signal-to-noise ratio was too high to permit reliable fitting of the data.

In addition, some disulfide bond formation occurred with the thiolated

amphiphiles, (Figure S33), which is also likely to cause discrepancies.

Despite this disulfide bond formation, the data does indicate that

there are differences in the secondary structure and fiber morphol-

ogies of the thiolated (and partially oxidized), and disulfide-bonded

(i.e., fully oxidized), peptide amphiphiles.

One intriguing observation can be made from these data, in com-

bination with the TEM images. It appears that peptide geometry plays

a role in self-assembly as we observed that the “block” sequences,

V3A3 and A3V3 were less influenced by alterations to the alkyl chain

length composition. These peptides consistently demonstrated more-

ordered self-assemblies and possessed the ability to adopt a β-strand

conformation when coupled to different alkyl chains. In contrast, the

alternating sequences (VA)3 and (AV)3 were more sensitive to changes

F IGURE 4 Representative TEM images of peptide amphiphiles (uranyl acetate stained). Columns show the same peptide domain conjugated
to different alkyl chains, while rows show the same alkyl chain conjugated to different peptides. Samples were prepared in 10 mM PB (pH 5.8) at
peptide amphiphile concentrations of: 50 μM for 16- and HS16- samples; 25 μM for di-16-; 250 μM for HS11-; and 125 μM for di-11-. Scale bar
is 200 nm
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to the alkyl chain composition. These sequences showed dramatically

different self-assembly behavior for palmitoyl and thiolated variants,

as well as for monomeric and dimeric species. Such differences in self-

assembly have been observed for other constitutionally isomeric pep-

tide amphiphiles, where it was concluded that the side-chain interac-

tions play a significant role in guiding self-assembly.[32] In this study,

we expand this concept to include the effects of the alkyl chains and

it can clearly be observed that the alkyl chains do indeed influence the

self-assembly of the amphiphiles, as well as the type of secondary

structures formed.

4 | CONCLUSIONS

We have generated a series of 25 peptide amphiphiles comprising dif-

ferent amino acid sequences and alkyl chain lengths, with some

possessing a thiolated alkyl chain terminus. These amphiphiles have

been characterized to establish their secondary structure and self-

assembly properties in order to determine the factors that affect self-

assembly.

Importantly, all the studied amphiphiles possessed a predomi-

nant β-sheet secondary structure and self-assembled to form fibers.

Although the fibers differed in morphology, it was evident that

introduction of a thiol did not prevent assembly into supramolecular

structures. If such self-assembly can be translated from solution to a

surface, such amphiphiles could prove to be stabilizing coatings for

nanoparticles.[45] In particular, the V3A3 peptide domain exhibited

high levels of self-assembly and appeared to be most robust in

terms of preserving the β-content upon modification of the alkyl

chain. Therefore, this peptide domain appears to be the most suited

for functionalization of metal surfaces, such as GNPs. Indeed, we

have used the HS16-V3A3K3 peptide amphiphile to coat GNRs, and

have shown that the GNRs are well-dispersed and that the

characteristic plasmon absorption band is not altered by the pres-

ence of the peptide amphiphile coating (Figure 5).
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