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3.1 Abstract 

The functionalization of gold nanoparticles (GNPs) with peptidic moieties can 

prevent their aggregation and facilitate their use for applications both in vitro 

and in vivo. To date, no peptide-based coating has been shown to stabilize 

GNPs larger than 30 nm in diameter; such particles are of interest for 

applications including vaccine development, drug delivery, and sensing. 

Here, GNPs with diameters of 20, 40, and 100 nm are functionalized with 

peptide amphiphiles. Using a combination of transmission electron 

microscopy, UV−vis spectroscopy, and dynamic light scattering, we show 

that GNPs up to 100 nm in size can be stabilized by these molecules. 

Moreover, we demonstrate that these peptide amphiphiles form curvature-

dependent, ordered structures on the surface of the GNPs and that the GNPs 

remain disperse at high-salt concentrations and in the presence of competing 

thiol-containing molecules. These results represent the development of a 

peptide amphiphile-based coating system for GNPs which has the potential 

to be beneficial for a wide range of biological applications, in addition to 

image enhancement and catalysis. 
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3.2 Introduction 

Gold nanoparticles (GNPs) have been extensively studied in recent years 

and have found wide-ranging applications in areas including: photothermal 

therapy;1, 2 drug delivery;3, 4 catalysis;5-7 biosensing;8, 9 and vaccine 

development.10-12 GNPs are suited to such purposes due to their unique 

optical properties,13 ease of functionalization,14 facile synthesis, and 

programmable shape and size.15-17  

One major disadvantage of GNPs is that they are toxic both in vitro and in 

vivo.18-20 GNPs also have a tendency to aggregate, resulting in limited 

mobility which restricts the possibility of targeted delivery and prevents a 

uniform size distribution of GNPs, properties which are crucial requirements 

for drug delivery and photothermal therapy, for example. 

To circumvent these issues, GNPs can be coated with a moiety that prevents 

aggregation. Examples of GNP coatings include: silica,21 PEG,22, 23 low 

molecular weight alkanethiols,24, 25 and thiolated fatty acids.26, 27 Whilst these 

coatings reduce the toxicity of GNPs they have inherent limitations, for 

example silica coatings are porous, and often heterogeneous,28, 29 meaning 

they are reactive to components of cell culture media. Many polymers are 

large in size, therefore the diameters of polymer-coated GNPs are greatly 

increased, which limits cellular penetration. Additionally, polymers often 

exhibit packing defects that leave the gold surface exposed and cause 

aggregation.30 Alkane thiols and fatty acids are inherently hydrophobic, 

therefore they have poor solubility and can interact strongly with cellular 

membranes.31 
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A solution to many of these issues is to employ peptides: they are inherently 

biocompatible; can be programmed to possess well-defined folds; and can 

be facilely modified with targeting ligands, or therapeutic molecules. Several 

peptide sequences have been developed, the most notable of which is 

CALNN, a five-amino acid peptide developed by the Levy group.32 When this 

peptide is attached to small (<30 nm) GNPs, the resulting conjugates have 

been shown to be stable at high salt concentrations (>500 mM), and resistant 

to physical manipulations including size-exclusion chromatography (SEC), 

centrifugation, and lyophilization. Functional moieties have been appended 

to the peptide and have been demonstrated to remain active, for example: 

biotin-functionalized peptides bind streptavidin or avidin and act as a platform 

for bio-sensing;32, 33 ligands such as abscisic acid are recognized by specific 

antibodies;34 and peptidic substrates are cleaved by their corresponding 

enzymes.35 There is no information available regarding the stability of larger 

GNPs (>30 nm) coated with CALNN.34, 36 Similarly, other peptide sequences 

including CLPFFD,37 and CFGAILSS,38 have only been employed to stabilize 

small (i.e. <30 nm) GNPs.  

A second effective approach to GNP stabilization is to employ a short, 

thiolated, alkyl chain coupled to either a PEG molecule or a peptide.39-41 This 

method results in a thin GNP coating and the packing of the alkyl chains is 

uniform. It is theorized that the success of this coating approach is due, in 

addition to the tight packing, to the hydrophobic nature of the alkyl chain 

meaning water molecules are depleted at the GNP surface, which helps 

stabilize the particles. GNPs with such coatings have been equipped with 

targeting peptides and proven to fulfil the designed function.42 As with the 

peptide-coated GNPs, particles >35 nm in diameter were not stabilized 

effectively.39 
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Peptide amphiphiles are a class of molecules which possess both a 

hydrophilic peptidic portion and a hydrophobic alkyl tail.43, 44 These molecules 

combine the favorable properties of alkyl chains and peptides, namely 

hydrophobicity, tight, ordered packing, and the formation of defined 

structures; therefore we hypothesize that peptide amphiphiles could be used 

to effectively coat and stabilize GNPs.  

We have developed a series of peptide amphiphiles, using peptide 

sequences developed by the Stupp group.45 These have a sequence of 

(Val)v(Ala)a(Xxx)x where, usually, v=3, a=3, (Xxx)x = Glu3 or Lys3, although 

other combinations have been published.46 Alkyl chains of 11- or 16-carbons 

in length were attached to the peptide N-terminus. These amphiphiles adopt 

a β-sheet conformation and form long cylindrical fibers in aqueous 

environments. Although peptide conformations have been shown to differ 

when in solution or when confined to a flat or curved surface,38, 47 it has been 

hypothesized that the ability of peptides to self-assemble and adopt a defined 

conformation is important for GNP stabilization.38  

To elucidate the impact of both domains, peptides were evaluated with and 

without alkyl chains attached, and the alkyl chain length was varied. In 

addition, our designed constructs were compared to state-of-the-art 

peptides. Initially, the structures and self-assembly properties of the peptides 

and amphiphiles were probed in solution. A coating protocol was 

subsequently devised, and the resulting GNP-peptide/amphiphile conjugates 

were assessed using UV-Vis spectroscopy, dynamic light scattering (DLS), 

and transmission electron microscopy (TEM) to determine the aggregation 

degree, which provided insights as to how effectively the GNPs were 

stabilized. The secondary structure of the coatings on the surface of GNPs 

of different sizes was evaluated using Fourier transform-infrared (FT-IR) 
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spectroscopy to determine if secondary structure affected stabilization. This 

technique also allowed us to probe whether confining the peptides and 

amphiphiles to surfaces of differing curvatures altered their secondary 

structure. In addition, the effects of high salt concentrations and the presence 

of dithiothreitol (DTT), a competitive thiol-containing ligand, were also 

evaluated to determine the feasibility of employing such gold bioconjugates 

for applications in vitro and in vivo. 
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3.3 Results and Discussion 

3.3.1 Peptide and peptide amphiphile design 

Peptide amphiphiles comprising a thiolated alkyl tail of either 11 or 16 

carbons in length and a peptide domain with the sequence V3A3E3 were 

designed and synthesized. A third construct with two C-11 alkyl chains was 

generated to investigate the effect of increased steric bulk within the 

hydrophobic domain and to probe the presence of a bidentate gold binding 

motif. The sequences and structures of these three peptide amphiphiles, 

dubbed molecules 1-3, are shown in Scheme 3.1. For amphiphile 3, a fourth 

glutamic acid residue (Glu, E) was incorporated into the sequence to aid 

solubility.  

These designs are envisaged to stabilize GNPs for multiple reasons: similar 

amphiphilic constructs adopt well-defined β-sheet structures,45 and the 

formation of an ordered structure is thought to be important for effective GNP 

coating.36 The strong negative charge of the amphiphiles aids GNP stability 

under physiological conditions, and there is evidence that negatively charged 

GNPs are less toxic than positively charged particles.20 The alkyl chain 

provides a dense, hydrophobic shell around the GNP thereby aiding 

stability.30  

In addition to molecules 1-3, a peptide without an alkyl chain but with a 

cysteine (Cys, C) residue was also designed, (molecule 4, Scheme 3.1), to 

determine whether the peptide sequence alone was capable of stabilizing 

GNPs. State-of-the-art peptides CALNN, CVALNN and CVVVT were 

synthesized and compared to molecules 1-4. 5 is the most commonly used 

sequence for the peptidic stabilization of GNPs, and its derivative, 6, was 
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developed as there is evidence that additional steric bulk and hydrophobicity, 

provided by the valine (Val, V) residue, may provide additional stability.32 

Peptide 7 has been demonstrated to be highly efficient at stabilizing small 

GNPs,32 and was included to probe its stabilizing effects on larger GNPs.  

 
Scheme 3.1. Sequences and structures of peptides and amphiphiles generated for 
this study. Liquid chromatography-mass spectrometry (LC-MS) was employed to 
assess compound purity (Figures S3.1-3.11). 
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All peptides were synthesized by solid-phase peptide synthesis, (see 3.5.2 

for full details). Briefly, after automated synthesis of the peptidic portion, both 

1 and 2 were completed with an automated coupling of either 16-

mercaptohexadecanoic acid (1) or 11-mercaptoundecanoic acid (2). For 3, 

Fmoc-Lys(Fmoc)-OH was coupled at the N-terminus of the V3A3E4 peptide, 

and upon Fmoc deprotection with 20% piperidine, 11-mercaptoundecanoic 

acid was coupled to both the N-terminus and the amine side-chain of the Lys 

moiety to yield a double chain peptide amphiphile.  

3.3.2 Assembly in solution 

The peptide amphiphiles developed by the Stupp group self-assembled into 

β-structured fibers in aqueous solution.45 To determine whether thiolation 

and alterations to the alkyl chain length affected the secondary structure of 

the peptide amphiphiles, their circular dichroism (CD) spectra were recorded, 

Figure 3.1, and compared to C16H31O-V3A3E3.45 

 
Figure 3.1. CD spectra of amphiphiles 1-3, the peptidic analogue 4, and C16H31O-
V3A3E3, a peptide amphiphile developed by the Stupp group. All samples were 
prepared in PBS, pH 7.2, at a concentration of 100 µM for 1 and C16H31O-V3A3E3, 
and 250 µM for 2-4. The CD signal was converted to mean residue ellipticity which 
normalizes for peptide length and concentration (see 3.5.10 for details).  
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The spectra revealed that the introduction of a thiol, to generate amphiphile 

1, did not significantly alter the secondary structure as a spectrum 

corresponding to a β-structured species was observed. The magnitude of the 

CD signal was less intense than for C16H31O-V3A3E3, we postulate that this 

could be due to intermolecular disulfide bond formation, or thiol oxidation, 

since both were observed by liquid chromatography-mass spectrometry (LC-

MS), see Figure S3.12. Shortening the alkyl chain to produce 2 led to a 

reduction in the intensity of the CD signal, although a β-structure was still 

adopted. Interestingly, incorporation of two mercaptoundecanoyl chains, to 

form 3, produced a signal which was comparable in intensity to 1 and to 

C16H31O-V3A3E3. It should be noted that 1-3 exhibited a small shift in the 

position of the peak minimum when compared to C16H31O-V3A3E3. This could 

be due to a difference in the twist of the β-sheets,48 possibly as a result of 

disulfide bond formation. The peptide analogue 4 did not adopt an ordered 

structure, indicating the alkyl chain is important for self-assembly and the 

resultant formation of a defined secondary structure. 

C16H31O-V3A3E3 forms β-sheets in aqueous media, and these β-sheets 

propagate into long, cylindrical fibers.45 The self-assembly properties of 1-4 

were therefore investigated further with TEM (Figure 3.2). The TEM images 

show that 1-3 form fibers although the fiber morphologies vary, which is likely 

to be due to the differences in the number or length of the alkyl chains. No 

defined assemblies were observed for 4, which is in agreement with the 

absence of a defined secondary structure, as determined by CD 

spectroscopy. 
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Figure 3.2. Representative TEM images for (A) C16H31O-V3A3E3; (B) 1; (C) 2; (D) 3; 
(E) 4. Samples were prepared in PBS, pH 7.2, and stained with 0.5% uranyl acetate. 
Scale bar is 200 nm for all images. 

These studies confirm that peptide amphiphiles 1-3 self-assemble to form β-

structured fibers in aqueous solution. Whilst small differences in the 

secondary structures of the amphiphiles were observed, and the dimensions 

of the resulting fibers vary, it could be concluded that changing the alkyl chain 

length and adding a thiol to the N-terminus of these amphiphiles does not 

prevent their self-assembly.  

3.3.3 Coating of GNPs 

GNPs with diameters of 20, 40, or 100 nm were synthesized via sodium 

citrate reduction of chloroauric acid according to literature protocols,15, 49, 50 

(see 3.5.4 and Figure S3.13 for further information). 20 nm particles were 

evaluated as this size lies within the 10-30 nm range, which is commonly 
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employed by other researchers when probing coating efficiency.26, 29, 30, 32, 37-

39, 47, 51 40 and 100 nm GNPs were chosen as ‘large’ GNPs (>35 nm), and 

have not previously been successfully coated with peptides or amphiphiles.  

Ligand exchange is a technique commonly employed to generate covalently-

attached coatings on GNP surfaces via the displacement of citrate ions 

utilized in GNP synthesis.52 This strategy was employed to coat GNPs with 

our peptide amphiphiles. To circumvent undesired fiber formation during 

GNP coating, the thiolated peptide amphiphiles were dissolved in 

dimethylsulfoxide (DMSO). This solution was mixed with an aqueous GNP 

suspension, yielding an initial GNP:peptide ratio of 1:100,000 and a final 

DMSO concentration of 25% (v/v). After 1 hour of incubation, the samples 

were centrifuged to remove any unbound peptide before the pellet was 

resuspended in 5% DMSO (v/v). To eliminate any remaining unbound 

peptide or amphiphile, and to exchange buffers, size exclusion 

chromatography (SEC) was performed using PBS as the eluent. 

The colloidal stability of the GNPs was initially studied using dynamic light 

scattering (DLS). Table 3.1 summarizes the average hydrodynamic 

diameters of the peptide- or peptide amphiphile-coated particles compared 

to the citrate-coated GNPs. 1 preserves the original size distribution for all 

three sizes of GNPs evaluated and no aggregation was observed; although 

the hydrodynamic diameter increased for all particle sizes due to the 

presence of the peptide amphiphile on the GNP surface (Table 3.1 and 

Figure S3.14). Amphiphile 2 successfully stabilized 20 and 40 nm GNPs but 

100 nm particles aggregated. Interestingly, 3, with two mercaptoundecanoyl 

alkyl chains, was capable of stabilizing all GNP sizes. To determine whether 

the enhanced stabilizing effect of 3, in comparison to 2, was due to the 

presence of two alkyl chains or to the additional Glu residue and the resulting 
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increased negative charge, analogous amphiphiles with only one 

mercaptoundecanoyl chain were synthesized (for structures see Figure 
3.3A). These peptide amphiphiles could not stabilize larger particles, (Figure 
3.3B), indicating that either the increased hydrophobicity, or the bidentate 

nature of 3 was the reason for the improved GNP stability. Collectively, the 

behavior of 1-3 indicate that increased hydrophobicity of the amphiphile is 

critical for the stabilization of larger nanoparticles.  

Table 3.1. Average hydrodynamic diameters of citrate and peptide/amphiphile-
capped GNPs.  

coating identity hydrodynamic diameter ± SD*, nm 

citrate 22.0 ± 0.7 43.5 ± 0.3 101 ± 2 

1 35.1 ± 0.7 51.3 ± 0.6 115 ± 1 

2 30.1 ± 0.1 51.3 ± 0.4 172 ± 6 

3 33.6 ± 0.3 54.6 ± 0.4 113 ± 2 

4 28.8 ± 0.1 48.3 ± 0.5 234 ±37 

5 21.0 ± 0.1 225 ± 23 x 

6 23.3 ± 0.2 110 ± 4 x 

7 23.4 ± 1.4 155 ± 10 x 

‘x’ indicates that the coating experiments were not conducted as aggregation 
occurred for a smaller GNP size. Three independent measurements were recorded, 
and an average hydrodynamic diameter was calculated. *- SD = standard deviation. 
For representative size distribution profiles, see Figure S3.14. 

Molecule 4 was analyzed to investigate the stabilizing effect of the peptide 

domain alone. 4 could successfully stabilize 20 and 40 nm GNPs but not 

100 nm particles, Table 3.1. The successful stabilization of the smaller 

particles is likely due to electrostatic repulsion induced by the highly 

negatively charged peptide sequence. Neither 5, 6, nor 7 were able to 
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stabilize particles larger than 20 nm, which is in line with previous reports.34, 

36, 38 It has been suggested that adding a bulky hydrophobic residue to 5, to 

generate 6, would enhance the stabilizing ability of the peptide. However, no 

evidence was found for this here, as 40 and 100 nm particles still aggregated. 

Equally, substituting Val for Ile, Leu or Phe did not improve stability of larger 

GNPs (Figure 3.3C). These results indicate that, to stabilize larger GNPs, 

either a significant increase in hydrophobicity or net charge of the stabilizing 

peptide is required, or that the geometry of the peptide packing is not optimal 

for the stabilization of larger particles. 

In addition to size distributions of the GNPs, their zeta potential was 

measured. Due to the peptide design, the surface charge of all samples was 

negative (Figure 3.4 and Table S3.1). The citrate-stabilized GNPs exhibited 

a tendency for the surface charge to increase with size: a zeta potential of -

31 mV was measured for 20 nm GNPs, whilst values of -35 mV and -40 mV 

were recorded for 40 nm and 100 nm GNPs respectively. Similar values have 

been reported by Piella et.al.53 After coating, the zeta potential of the particles 

ranged between -15 and -25 mV for 20 nm GNPs; for all 40 nm GNPs the 

zeta potential was approximately -25 mV; and for 100 nm GNPs values 

between -34 and -40 mV were obtained. It is anticipated that this net negative 

charge will cause electrostatic repulsion between the particles, helping to 

prevent aggregation.  
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Figure 3.3. (A) Chemical structures of single-chain analogues of molecule 3: version 
1 contains an acetylated Lys residue (to neutralize the charged side-chain as would 
occur if an alkyl chain was attached in this position): and in version 2 the Lys residue 
is omitted. (B) Intensity size distributions by DLS for 100 nm GNPs coated with the 
two versions of amphiphile 3. Neither of these molecules stabilize the GNPs, 
demonstrating the stabilizing effect of 3 is due to the presence of two 
mercaptoundecanoyl chains. (C) Variants of CVALNN with Phe, Ile, and Leu in place 
of Val fail to stabilize 40 nm GNPs. Measurements performed in PBS, pH 7.2. 
Intensities are normalized to 100%. 



94 
 
 

 
Figure 3.4. Zeta-potential values for: (A) 20 nm; (B) 40 nm; (C) 100 nm GNPs with 
citrate and peptide/amphiphile coatings. Coated GNPs were prepared in PBS (pH 
7.2) and diluted 10 times with water prior the measurement. An average of three 
measurements is shown here. Error bars indicate max and min values. 

UV-Vis spectroscopy and TEM were utilized to further probe the properties 

of the coated GNPs. Citrate-capped GNPs exhibit characteristic surface 

plasmon resonance (SPR) peaks: for our 20, 40, and 100 nm GNPs peak 

maxima occur at 521, 530, and 577 nm, respectively (Figure 3.5). Coated 

GNPs that exhibited no aggregation by DLS showed no peak broadening or 

any significant red-shift, (Figure 3.5); both features would be indicative of  
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Figure 3.5. Normalized UV-Vis spectra of coated GNPs: A) 20 nm GNPs coated with 
1-7; B) 40 nm GNPs with molecules 1-4, and; C) 100 nm GNPs coated with 
molecules 1 and 3. Conditions: PBS, pH 7.2. 

aggregation. Small red-shifts, between 1-7 nm, were observed and were 

attributed to an alteration in the dielectric constant at the GNP surface due 

to substitution of citrate by the peptides and amphiphiles. Some peak 

broadening was observed for 100 nm GNPs; this is likely a result of the 

natural sedimentation of these larger nanoparticles: the DLS data showed 

the samples were monodisperse and this was confirmed by TEM analysis 

(vide infra), in which no GNP aggregates were observed (Figure 3.6). These 
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UV-Vis spectra confirm the results of the DLS experiments: molecules 1-7 

are capable of stabilizing 20 nm particles, 1-4 can stabilize 40 nm particles, 

but only 1 and 3 provide a stabilizing coating for 100 nm GNPs. 

 
Figure 3.6. TEM micrographs of peptide-capped GNPs. Top row: 20 nm GNPs 
coated with molecules 1-4; second row: 40 nm GNPs coated with 1-4, and; third row: 
100 nm GNPs coated with molecules 1 and 3. Images for 20 nm GNPs coated with 
molecules 5-7 are shown on the bottom row and are separated from the rest with a 
dashed line. No TEM images were recorded for 100 nm GNPs coated with molecules 
2 and 4 as DLS indicated these samples aggregated. Low magnification images can 
be found in Figures S3.15-S3.18. Scale bars: 20 nm GNPs = 50 nm; 40 and 100 nm 
GNPs = 200 nm.  
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All GNPs that had been demonstrated to have stable coatings were 

subsequently analyzed by TEM (Figure 3.6). The samples were negatively 

stained with uranyl acetate to determine whether the coating around the 

particles could be observed and also to ensure our coating method was 

effective at preventing fiber formation.  

Gratifyingly, a thin uniform shell around each particle was clearly visible 

indicating the presence of an ordered coating.38 It should be noted that the 

observation of this surface layer around the 100 nm GNPs is in part 

hampered by the Fresnel fringes that arise from the underfocus imaging that 

is needed for their visualization in TEM.54  

For all the samples analyzed no GNP aggregation or fibers were observed, 

(Figure 3.6 and Figures S3.15-S3.18), confirming the devised coating 

method was effective.  

3.3.4 Coverage density of GNP coatings 

As the TEM images appeared to indicate dense monolayers were formed on 

the surface of the GNPs, coverage densities were determined. High 

coverage densities indicate a tightly-packed ligand shell is formed around the 

GNP, leading to increased particle stability.36, 38 Through incorporation of a 

tyrosine (Tyr, Y) residue, coverage densities were determined using UV-Vis 

spectroscopy; a similar method has been employed previously.6 Amphiphile 

1 was therefore synthesized with a terminal Tyr residue (see Scheme S3.1 

for the structure), and the GNPs were coated in the manner described in the 

previous section. The UV-Vis absorbance of the supernatant, containing the 

unbound amphiphile, was measured after two cycles of centrifugation. As the 

initial concentration of peptide was known, it was possible to establish the 

amount of peptide attached to the GNPs. Combining this information with 
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knowledge of the concentration and surface area of the GNPs allowed 

coverage densities to be calculated (for full details, see 3.5.12). Using this 

method, the following coverage densities were determined: 

3.72 peptides/nm2 for 20 nm GNPs, 2.47 peptides/nm2 for 40 nm GNPs, and 

for 100 nm GNPs the density was determined to be 2.17 peptides/nm2. 

These densities are high: comparable densities determined by Shaw et al. 

for their 25 nm GNPs were 2.55 or 2.4 peptides/nm2 depending on the 

peptide sequence used;38 and a density of 0.72 peptides/nm2 for 5.4 nm 

GNPs was determined for samples prepared by Mikolajczak et al.6 It is likely 

that these high coverage densities are one of the reasons why the GNPs are 

so effectively stabilized. 

3.3.5 Peptide and amphiphile assembly on GNP surfaces 

Several studies have highlighted that the surface curvature of nanoparticles 

can affect the secondary structure of covalently attached peptides.38, 47, 55 We 

have demonstrated that peptide amphiphiles 1-3 adopt defined β-sheet 

secondary structures in solution, therefore their structures on the surface of 

GNPs were studied to determine whether they retain this structure when 

confined to a surface. Initially, the amphiphiles were probed using CD 

spectroscopy, Figure S3.19. A signal with a minimum at 215 nm, 

corresponding to the presence of β-structure, was detected on 20 nm GNPs 

coated with 1 even at GNP concentrations as low as 6 nM. Peptide 

amphiphile 2 behaved similarly but exhibited a minimum at 212 nm. The 

structure formed by 3 was more difficult to interpret as the signal was very 

noisy due to both the low concentration of amphiphile and the scattering of 

the GNPs.  
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Analysis of secondary structure formation on larger GNPs using CD 

spectroscopy was problematic due to the strong scattering of the particles. 

Therefore, to probe the structures of 1-3 on the GNPs, and to obtain 

quantitative data, Fourier-transform infra-red (FTIR) spectra were obtained.  

The data collected, Figure 3.7, and Figure S3.20, confirm that 1-3 do indeed 

form β-sheet structures, both in isolation and on GNP surfaces. The position 

of the peak maximum of the Amide I region is suggestive of the predominant 

secondary structure type.6, 47, 56 Thus, an Amide I peak located between 

1629-1640 cm-1 is indicative of β-structure; and 1649-1656 cm-1 is a typical 

position for α-structured peptides. Usually, the Amide I peak is a 

superposition of different backbone conformations and can be deconvoluted 

to quantify the amount of different types of secondary structure present.  

Deconvolution and fitting of the Amide I region showed that, in isolation, 1 

and 3 almost exclusively adopted a β-sheet structure (Figure 3.7A&E and 

Table 3.2), whilst 2 exhibited 85% β-sheet content, (Figure 3.7I, and Table 
3.2). This high propensity to form β-structures in solution was translated to 

the surface of 20 nm GNPs for all three molecules; they all self-assembled 

to form structures with >70% β-content, (Figure 3.7B,F&J). For 40 and 

100 nm particles, the data was more challenging to interpret. The large sizes 

of the particles meant that surface selection rules, which state that vibrations 

whose dipole moment are parallel to the nanoparticle surface will be 

suppressed,57 strongly influenced the spectra obtained. The general trend 

however, appeared to be that the amphiphiles displayed a lower amount of 

β-structure on these larger particles, (Figure 3.7C-H and Table 3.2). This 

decrease in the amount of β-structure observed is in contrast to other studies. 

It should be noted however that previous studies have examined particles 

between 5 – 25 nm in diameter,36, 38 where this study looks at GNP sizes of  
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Figure 3.7. Deconvoluted Amide I peaks for 1-3 in powder form, and on GNP 
surfaces. (A) 1, and as a coating on: (B) 20 nm; (C) 40 nm; and (D) 100 nm GNPs. 
(E) 3, and as a coating on: (F) 20 nm; (G) 40 nm, and; (H) 100 nm GNPs. (I) 2, and 
as a coating on: (J) 20 nm; and (K) 40 nm GNPs. Measurements were performed on 
lyophilized powders of peptide amphiphiles and on hydrated films for GNPs 
conjugates. 
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Table 3.2. Secondary structure percentages for amphiphiles in isolation and when 
bound to the surface of 20, 40, and 100 nm GNPs.  

Sample β, % α, % others, % 
1 97.7 0 2.3 
20@1 73.8 13.1 13.1 
40@1 41.8 38.6 19.6 
100@1 54.0 35.7 10.3 
3 94.8 0.8 4.4 
20@3 72.5 7.7 19.8 
40@3 60.9 31.4 7.7 
100@3 29.0 29.9 41.1 
2 85.2 5.4 9.4 
20@2 70.4 19.4 10.2 
40@2 76.9                  23.1 

≥20 nm, therefore there is no precedent for structure formation on particles 

of this size. We hypothesize that, along with the detrimental effect of the 

surface selection rules, the decrease in propensity to form ordered structures 

observed may be related to several different factors. Firstly, the coverage 

densities decrease with increasing particle size, therefore the spacing 

between the amphiphiles is increased making it more difficult for 

intermolecular hydrogen bonds, and therefore extended β-sheets, to form. 

Secondly, the amphiphiles are longer than the peptide sequences previously 

studied meaning they have more conformational freedom which can affect 

self-assembly. This is supported by the fact that 2, which has a shorter alkyl 

chain than 1, is more ordered on both 20 and 40 nm GNPs. Finally, the low 

curvature of 100 nm GNPs means 1 is likely to be more tightly packed than 

3 as it only has a single alkyl chain meaning more amphiphiles can be 

attached to the surface, therefore the level of self-assembly is increased. 
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This is reflected in the relative percentages of β-structure observed. While it 

can be concluded that the peptide amphiphiles do self-assemble to form 

defined β-structures on 20 nm particles, and appear to do so on 40 and 

100 nm GNPs, more detailed studies will be required to fully account for the 

effects of nanoparticle size and the surface selection rules.  

In addition to analyzing the amide I band, analysis of the region between 

2700-3500 cm-1 provides information about the packing of alkyl chains, (for 

spectra, see Figures S3.20-S3.21). The band centered around 2850 cm-1 is 

attributed to the CH2 symmetric stretching mode and can be used to infer 

information regarding the alkyl chain packing.58, 59 The well-defined and 

sharp bands observed for our molecules indicate they possess tightly packed 

alkyl chains when not conjugated to GNPs. Upon conjugation, a shift to 

higher wavenumbers and a broadening of the band is observed. This 

indicates the packing of the alkyl chains is less ordered, with the shift being 

more pronounced with larger GNP sizes. This is consistent with the 

observation that coverage density decreases with increasing particle size, 

meaning the molecules are further apart and therefore not optimally spaced 

to pack regularly.  

3.3.6 Stability of capped GNPs to electrolytes 

DLS, TEM, and UV-Vis data have demonstrated that both 1 and 3 can 

stabilize a range of GNP sizes in PBS. Particle stability at elevated salt 

concentrations provides information about the type of stabilizing interactions 

present, for example: if GNP stability is based solely upon repulsive 

electrostatic interactions, as with citrate-coated nanoparticles, then as the 

electrolyte concentration is increased the magnitude of electrostatic 

repulsion is diminished as the surface charge of the GNPs is screened by 
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the salt. As the stabilization of GNPs by both 1 and 3 is presumed to be 

largely due to hydrophobic effects, the GNPs should be resistant to high salt 

concentrations. 

Five different salt concentrations were tested: 0 mM; 150 mM; 500 mM; 

1.5 M; and 3.0 M. The GNPs were incubated with these salt solutions and 

their aggregation was monitored by UV-Vis, Figure 3.8A-C and 

Figure S3.22. To compare aggregation tendencies, the optical density (OD) 

at each salt concentration was normalized to the intensity of the LSPR peak 

maximum at 0 mM NaCl, (see 3.5.13 for full details).  

Whilst 1 was able to stabilize 20 nm GNPs at moderate salt concentrations, 

at concentrations >1.5 M aggregation was evident. The same molecule could 

only stabilize 40 and 100 nm particles at low salt concentrations. In contrast, 

2 stabilized both 20 and 40 nm particles, even at high salt concentrations (2 

was not tested with 100 nm particles as aggregation is observed in PBS). 

Finally, amphiphilic molecule, 3, proved highly effective at stabilizing the 

20 nm particles, but some aggregation was present for 40 nm particles, and 

for 100 nm particles severe aggregation occurred at salt concentrations >1.5 

M. Our peptide molecule, 4, outperformed peptides 5-7 on 20 nm particles 

and it was demonstrated to stabilize these particles even at high salt 

concentrations (Figure 3.8A). 4 was not effective at stabilizing 40 nm 

particles however. What is particularly interesting is that 1 is less effective at 

high salt concentrations in comparison to 2 and 3. It is assumed this is due 

to the longer alkyl chain length of 1, meaning the peptides have increased 

conformational freedom which may allow salt molecules to penetrate the 

coating, leading to destabilization.  
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Figure 3.8. GNP stability to electrolytes and DTT. Aggregation tendencies in 0−3 M 
NaCl are shown for: (A) 20 nm, (B) 40 nm, and (C) 100 nm GNPs. The Y-axis 
represents OD at the LSPR peak maximum, the wavelength of which varies with 
GNP size and is as follows: (A) 525 nm, (B) 535 nm, and (C) 585 nm. The OD is 
normalized to the value for 0 mM NaCl in each case. A decrease in normalized OD 
indicates aggregation. Aggregation after exposure to 1 M DTT is expressed by the 
normalized aggregation factor (AF) for: (D) 20 nm, (E) 40 nm, and (F) 100 nm GNPs. 
Exposure to DTT was conducted in the presence of NaCl at the following 
concentrations: (D, E) 400 mM and (F) 150 mM.  
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3.3.7 Stability against DTT-induced aggregation 

GNP stability to dithiothreitol (DTT) was also probed, as DTT is a small 

molecule that is known to be capable of displacing thiol ligands from gold 

surfaces, leading to GNP aggregation.30, 51 Resistance to thiol displacement 

indicates the gold surface is shielded from the surrounding solvent 

environment. Stability in the presence of DTT is important for GNPs with 

intended in vitro and in vivo functions, as intracellular thiol-containing 

molecules, such as glutathione, could displace the coating from the surface. 

In these experiments, DTT acts as a model for such molecules.  

The experimental protocol was adapted from one devised by Mei et al.51 The 

GNP samples were incubated with 1 M DTT, and their UV-Vis spectra were 

recorded over a period of 90  mins, Figure S3.23. NaCl was added as its 

presence leads to additional screening effects, speeding up the aggregation 

process. 400 mM NaCl was added to 20 nm and 40 nm GNP samples, but 

as this concentration led to aggregation of 100 nm GNPs, a lower NaCl 

concentration of 150 mM was employed. To quantify the amount of 

aggregation as a result of ligand displacement, we used the normalized 

aggregation factor (AF) parameter.51 To calculate this parameter, two 

absorbance peaks were compared: the original plasmon band and an 

emerging peak found at higher wavelengths (615 nm for 20 and 40 nm 

GNPs; and 700 nm for 100 nm GNPs), the emergence of this second peak 

is indicative of aggregation. The latter was divided by the former to yield the 

AF, which in turn was normalized to the absorbance at 0 minutes 

(Figure 3.8D-F). If the normalized AF is higher than 1, it indicates 

aggregation is occurring. 



106 
 
 

The amphiphilic molecules 1-3 effectively insulated the surface of 20 nm 

GNPs from DTT, though particles coated with 2 showed a slight tendency to 

aggregate after 80 mins (Figure 3.8D). This effect was more prominent when 

40 nm GNPs were studied: aggregation of these particles with 2 was evident 

after 50 mins and aggregation was more pronounced after 90 mins when 

compared to the 20 nm particles (Figure 3.8E). 100 nm particles were 

coated with amphiphiles 1 and 3 and both appear to stabilize the particles 

over the time range tested, although 3 does show a small increase in AF after 

15 mins; this does not increase significantly for the remainder of the 

experiment however (Figure 3.8F).  

When 4 was examined on 20 nm GNPs, aggregation in the presence of DTT 

was observed almost immediately with severe aggregation being observed 

after 15 mins (Figure 3.8D). In comparison, peptide 7, the best performing 

reference peptide from the electrolyte-induced aggregation experiments, 

showed significantly less aggregation than 4, although an AF of 1.5 was 

recorded after 90 mins (Figure 3.8D).  

The results of this DTT competition experiment highlight the importance of 

the alkyl chains and demonstrate that they can effectively shield the GNP 

surface from small molecules. This further reinforces the idea that these 

peptide amphiphiles form dense, well-ordered monolayers on the GNP 

surface.  
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3.4 Conclusions 

We have developed four molecules: three peptide amphiphiles and one 

peptide, and evaluated their ability to act as coatings for different sizes of 

GNPs. The DLS, UV−vis, and TEM data indicate that amphiphiles 1 and 3 

are capable of stabilizing all three sizes of GNPs under biologically relevant 

conditions (Scheme 3.2), while 2 can stabilize 20 and 40 nm particles. FTIR 

analysis revealed that the amphiphiles retain their abilities to self-assemble 

on the surfaces of the GNPs, leading to the creation of dense, ordered 

monolayers.  

The stabilizing effect of 1 is likely due to its long alkyl chain which provides 

increased hydrophobicity. For 3, stability is provided by a combination of 

hydrophobicity and the bidentate nature of the ligand, meaning that it has a 

stronger interaction with the GNPs and therefore an increased stabilizing 

effect. Both 1 and 3 proved to be resistant to DTT over 90 min, and 3 

outperformed 1 at high-salt concentrations. We hypothesize that this is to do 

with the packing of the peptides because the longer chain of 1 provides more 

conformational flexibility, meaning the peptides are not as ordered and the 

protective “shell” created by the amphiphile is more permeable. his is 

supported by the fact that 3 is more structured on 40 nm particles, suggesting 

it is better self-assembled than 1.  

While 1 and 3 are universal sequences and stabilize all three GNP sizes 

tested, it should be noted that amphiphile 2 and our peptide, 4, could stabilize 

both 20 and 40 nm GNPs (Scheme 3.2). Therefore, in addition to creating 

two universal stabilizing sequences, we have added other designs to the 

“toolkit” of peptide-based stabilizing sequences for GNPs, and we have 

demonstrated that 4 outperforms the current “state-of-the-art” peptide 
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sequences. Future work will focus on derivatizing these molecules with 

targeting and/or therapeutic moieties to probe their activities in vitro and in 

vivo. 

 
Scheme 3.2. GNPs (to scale) and the molecules capable of stabilizing each size. 
Arrows represent the span of molecules that are capable of stabilizing each GNP 
size, that is, all molecules can act as coatings for 20 nm GNPs, 1−4 stabilize 40 nm 
GNPs, and 1 and 3 are effective coatings for the 100 nm GNPs. 
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3.5 Experimental section 

3.5.1 Materials 

All chemicals were purchased from Sigma-Aldrich except where stated. TFA, 
piperidine, DMF, DCM, and acetonitrile were purchased from Biosolve. 
Oxyma pure was supplied by Carl Roth GmbH. TEM grids (Formvar 
Carbon/Copper, 200 mesh) were purchased from Electron Microscopy 
Sciences. 

3.5.2 Peptide and peptide amphiphile synthesis 

All peptide and peptide amphiphile sequences were synthesized by solid-
phase peptide synthesis using standard Fmoc-chemistry protocols. 20% 
piperidine in DMF was used as the deprotection agent, and DIC/Oxyma were 
employed as activator/activator base. All sequences were synthesized on 
Wang resin preloaded with the corresponding C-terminal residue. All the 
molecules were cleaved from the resin using 1.5% deionized water, 2.5% 
triisopropylsilane (TIS), 2.5% phenol, and 2.5% 3,4-ethylenedioxythiophene 
(EDOT) in trifluoroacetic acid (TFA). The crude peptides and amphiphiles 
were precipitated into cold diethyl ether, pelleted by centrifugation, 
redissolved in water, and lyophilized prior to purification.  

3.5.3 Peptide and 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 
either 0.1% TFA, for peptides, or 0.1% NH3, for amphiphiles. The purity of 
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the compounds was assessed using LCMS (Figures S3.1−S3.11). All 
purified molecules were lyophilized and stored at −20 °C until required. 

3.5.4 Gold nanoparticle synthesis  

The 20 nm particles were prepared according to a combination of the 
Turkevich and Frens’ methods.49, 50 In short, 25 mL of a 1 mM chloroauric 
acid (HAuCl4) solution was brought to a gentle boil while stirring. 5 mL of a 
1% trisodium citrate dehydrate solution was added to the boiling solution, 
and a condenser was attached to the flask. The mixture was boiled for 10 min 
before the sample was cooled to room temperature. The size of the particles 
was confirmed using DLS. 

A seed-mediated growth was used to obtain particles of 40 and 100 nm 
diameter.15 Seeds were prepared by heating 15 mL of a 2.2 mM sodium 
citrate solution to boiling. 50 μL of 50 mM HAuCl4 was added, and the mixture 
boiled for 10 min, before the temperature of the solution was maintained at 
90 °C. To perform controlled overgrowth of the seeds, the sequential addition 
of small amounts (1−3 mL) of 10 mM citrate solution was alternated with that 
of a 1 mM HAuCl4 solution (0.35−1 mL). It is critical to keep the molar ratio 
of citrate:HAuCl4 at 10:1. This manipulation was repeated as many times as 
required to obtain particles of the desired size, which was monitored by DLS. 
The sizes of the GNPs were confirmed by TEM and DLS (Figure S3.13). 

3.5.5 Preparation of peptide-capped GNPs 

Coating of the GNPs was performed via a ligand exchange strategy. The 
desired coating molecule was dissolved in DMSO and added to a stirred 
GNP suspension. The volumes of coatings and GNPs were such that the 
final concentration of DMSO in the solution was 20−25% (v/v). After 1 h, the 
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sample was centrifuged, (14,000 rpm, 45 min for 20 nm GNPs; 10 min for 
40 nm GNPs; 5 min for 100 nm GNPs), and the supernatant removed and 
replaced with 5% DMSO. Size exclusion chromatography was performed to 
remove any remaining free ligand, and the elution buffer was phosphate 
buffered saline (PBS). 

3.5.6 Dynamic light scattering measurements 

Size distributions of all particles in this study were obtained by dynamic light 
scattering (DLS) using a Zetasizer Nano-7 S (Malvern Instruments) with a 
633 nm laser wavelength and a 173° fixed scattering angle. The temperature 
was maintained at 25 °C during the measurements. An aliquot of 500 μL for 
each sample was placed into a disposable plastic cuvette, and three 
separate measurements were recorded from which a mean hydrodynamic 
diameter was calculated. 

3.5.7 Zeta potential measurements 

All ζ potential measurements were performed on a Zetasizer Nano-7 S 
(Malvern Instruments) equipped with the same laser as described above. 
Samples in PBS were diluted 10 times with deionized water to reduce the 
salt concentration to <20 mM. Sample aliquots of 1 mL were placed in a 
universal dip cuvette, and the ζ potential was calculated from an average of 
three measurements. 

3.5.8 UV−Vis spectroscopy 

Spectra were recorded using a Cary 300 UV−vis spectrophotometer 
(Agilent). Samples were placed in 1 mm quartz cuvettes, and spectra were 
recorded between 900 and 350 nm unless otherwise stated. Samples were 
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diluted with either MQ water or PBS as appropriate to provide an OD in the 
range of 0.6−1.0. All spectra were normalized to provide an OD = 1 to aid 
comparison, except for the spectra recorded for the electrolyte-induced 
aggregation experiments which were calculated as described below. 

3.5.9 Transmission electron microscopy 

For transmission electron microscopy (TEM) measurements, a 10 μL droplet 
of the sample of interest was placed on a continuous carbon grid on a copper 
support (200 mesh) and left for 20 min. 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% for fiber samples and 
1% for GNP samples) was applied, followed immediately by blotting. Images 
were collected on a JEM1400 Plus (JEOL) transmission electron microscope 
operated at 80 kV and equipped with a CCD camera or on the TU/e Sphera 
(TFS, www.cryotem.nl) operated at 200 kV, equipped with a 4096 × 4096 
CDD camera. 

3.5.10 Circular dichroism spectroscopy 

Circular dichroism (CD) spectra of the amphiphiles and peptides were 
recorded using a JASCO J-815 spectropolarimeter, fitted with a Peltier 
temperature controller. All measurements were performed at 20 °C. Samples 
were measured in quartz cuvettes with a 2 mm path length, and spectra were 
recorded from 260 to 190 nm at 2 nm intervals with a 1 nm bandwidth. All 
spectra were converted to mean residue ellipticity (deg cm2 dmol·res−1) using 
equation 1: 

[𝜃𝜃] = 100∗[𝜃𝜃]𝑜𝑜𝑜𝑜𝑜𝑜
𝑐𝑐∗𝑛𝑛∗𝑙𝑙

                                             (1), 
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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 peptide or amphiphile, 
and l is the path length of the cuvette in cm. 

3.5.11 Attenuated total reflection-infrared spectroscopy 

Attenuated total reflection-infrared (ATR-IR) spectra were recorded on an 
Excalibur FTS 4000 setup equipped with a “golden gate”. For peptide-capped 
GNPs, the sample preparation was as follows: a 5 μL drop of a highly 
concentrated sample in D2O was placed on top of the crystal and dried under 
a stream of air. After a uniform film was formed, a spectrum was recorded. 
For peptides, a lyophilized powder was used. Deconvolution and fitting of the 
Amide I peaks to the Lorenz function were performed using Origin Pro. 

3.5.12 Coverage density measurements 

Coverage densities were determined for all three sizes of the GNPs used in 
this study. Peptide amphiphile 1 was modified with a Tyr residue and was 
used to prepare coated GNPs. The supernatant of the first centrifugation 
cycle was collected and combined with the supernatant of the following 
washes. As the concentration of Tyr-modified 1 added to the GNP solution 
was known, the concentration of peptide in the combined supernatants was 
determined using UV−vis. The average size and number concentration of the 
GNPs was also calculated,60 and coverage densities were determined from 
this information. 

3.5.13 Stability to electrolyte-induced aggregation 

An aqueous GNP suspension was mixed with a 4.5 M NaCl solution to yield 
samples with the following final concentrations of salt: 150 mM, 500 mM, 
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1.5 M, and 3.0 M. The final volume of each sample and the GNP 
concentration remained constant for all samples tested. The optical densities 
of each sample at their maximum absorption wavelength were recorded 
using an Infinite M1000 plate-reader (Tecan). A spectrum from 650−400 nm 
was also recorded. This is because when GNPs aggregate, they exhibit a 
red-shift and often a broadening of the plasmon band. The OD values at the 
maximum absorption wavelength (ODLSPR) corresponded to the control 
sample (0 M NaCl), and this was taken as the value of a pristine, 
nonaggregated sample. The OD of the samples with increasing amounts of 
NaCl were compared to this sample, and a decrease in the value of the OD 
indicated aggregation. The LSPR peak maxima for GNPs of different sizes 
were as follows: 525 nm for 20 nm GNPs, 535 nm for 40 nm GNPs, and 
585 nm for 100 nm GNPs. 

3.5.14 Stability study by means of DTT-induced 

aggregation 

The protocol adopted was adapted from that published by the Mattoussi 
group.51 4 M DTT, 2 M NaCl, deionized water, and coated GNPs were mixed 
to yield a solution with final concentrations of 1 M DTT and 400 mM NaCl, 
(150 mM for 100 nm GNPs). Addition of NaCl accelerates aggregation due 
to Debye screening effects. The OD of the final mixture was adjusted to a 
value of 0.35. Aggregation was monitored by UV−vis using a BioDrop Duo 
UV−vis spectrophotometer (Harvard Bioscience) for 90 min with a 5 min 
interval between the data points. The aggregation factor (AF) was expressed 
as a ratio between the OD at the peak maximum of the LSPR and the OD at 
615 nm for 20 and 40 nm GNPs and the OD at 700 nm for 100 nm GNPs.
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3.7 Supporting Information 

Characterization of the synthesized peptides and peptide amphiphiles by 
means of LC-MS: 

 
Figure S3.1. LC-MS spectrum for 1: HS-C16H30O-V3A3E3-OH. [M-H]1-theor =1184.65. 



122 
 
 

 
Figure S3.2. LC-MS spectrum for 2: HS-C11H20O-V3A3E3 -OH. [M-H]1-theor =1114.57. 

 
Figure S2.3. LC-MS spectrum for 3: (HS-C11H20O)2-KV3A3E4-OH. [M-H]1-theor 
=1571.83. 
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Figure S3.4. LC-MS spectrum for 4: H2N-CV3A3E3-OH. [M-H]1-theor =1017.45. 

 
Figure S3.5. LC-MS spectrum for 5: H2N-CALNN-OH. [M-H]1-theor =533.23. 
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Figure S3.6. LC-MS spectrum for 6: H2N-CVALNN-OH. [M-H]1-theor =632.41. 

 
Figure S3.7. LC-MS spectrum for 7: H2N-CCVVVT-OH. [M+H]1+theor =622.28. 
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Figure S3.8. LC-MS spectrum for C16H31O-V3A3E3-OH. [M-H]1-theor =1152.67. 

 
Figure S3.9. LC-MS spectrum for HS-C11H20O-V3A3E4-OH. [M-H]1-theor =1242.60. 
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Figure S3.10. LC-MS spectrum for: HS-C11H20O-KAcV3A3E4-OH. [M-H]1-theor 
=1413.72. 

 
Figure S3.11. LC-MS spectrum for: HS-C16H30O-V3A3E3Y-OH. [M-H]1-theor 
=1346.53. 
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Spontaneous oxidation of peptide amphiphile thiol groups: 

 

 
Figure S3.12. LC-MS data showing dimer formation and oxidation of (A) 2, and (B) 
3 after dissolution in PBS. The samples were stored for >3 months. Dimerization 
resulted in a decrease in mass of 1 or 2 Da, for single- and double-chain amphiphiles 
respectively. Oxidation of the terminal thiol was characterized by the appearance of 
a new peak with a shorter retention time and an increase in mass of 48 Da. 

[M-1H]1- 

[M-1H]1- 

[M-1H]1- 

[M-2H]2- 
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Characterization of citrate-capped GNPs of different sizes: 

 
Figure S3.13. Size data for citrate-capped GNPs. TEM micrographs for (A) 20 nm 
GNPS, (B) 40 nm GNPs, and (C) 100 nm GNPs. (D) DLS data showing the size 
distributions for citrate-capped GNPs. The average sizes of the GNPs as determined 
by both DLS and TEM are shown in the table. Scale bar: 200 nm. 

Table S3.1. Average Zeta potential values for citrate- and peptide-/amphiphile-
coated GNPs. For conditions, see 3.6.7. 

Sample ζ, mV (average) 
 20 nm GNPs 40 nm GNPs 100 nm GNPs 

citrate -31.25 -34,87 -39.47 
1 -13.25 -23,70 -39.20 
2 -15.83 -24,40  
3 -18.97 -27.00 -34.17 
4 -10.93 -22.67  
5 -24.63   
6 -19.27   
7 -16.87   
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Characterization of GNPs after modification with peptides and peptide 
amphiphiles: 

 

Figure S3.14. Intensity size distributions by DLS for GNPs functionalized with 1-7. 
All distributions are normalized to 100%. Measurement conditions: PBS, pH 7.2.  
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Figure S3.15. Representative low magnification images of 20 nm GNPs coated with 
molecules 1-4. 
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Figure S3.16. Low magnification images of 20 nm GNPs coated with molecules 5-
7. 

 

 



132 
 
 

 
Figure S3.17. Representative low magnification images of 40 nm GNPs coated with 
molecules 1-4. 
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Figure S3.18. Representative low magnification images of 100 nm GNPs coated 
with molecules 1 and 3. 

Self-assembly of the peptide amphiphile monolayer attached to the GNP 
surface: 

 
Figure S3.19. CD spectra of 20 nm coated GNPs illustrating the self-assembly of 
the amphiphilic molecules on the gold surface. Conditions: [GNP] = 6 nM, PBS, pH 
7.2.  
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Figure S3.20. Full ATR-IR spectra of amphiphiles: (A) 1, (B) 3, and (C) 2.  
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Figure S3.21. ATR-IR spectra in the range 2700-3500 cm-1 (A-C) and a close-up of 
the -CH2- vibrational peak of the alkyl chain (D-F). Spectra are shown for the 
molecules by themselves and on 20 and 40 nm GNPs. For 100 nm GNPs it was not 
possible to distinguish individual peaks in this region due to a low intensity and high 
signal-to-noise ratio.  

 
Scheme S3.1. Structure of the peptide used to evaluate coverage densities. 
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GNP aggregation tests based on charge screening effects and competition 
with thiolated ligands: 

 
Figure S3.22. Overlays of UV-Vis spectra for 20, 40 and 100 nm GNPs coated with 
different stabilizing molecules at different concentrations of NaCl.  
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Figure S3.23. UV-Vis spectra for the DTT competition experiment with: (A) 1 on 20 
nm GNPs; (B) 1 on 40 nm GNPs; (C) 1 on 100 nm GNPs; (D) 2 on 20 nm GNPs; (E) 
2 on 40 nm GNPs; (F) 3 on 20 nm GNPs; (G) 3 on 40 nm GNPs; (H) 3 on 100 nm 
GNPs; (I) 4 on 20 nm GNPs, and; (J) 7 on 20 nm GNPs. 

  


