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Abstract 

Ultrasmall gold nanoparticles were functionalized with peptides of 2 to 7 amino acids that 

contained one cysteine molecule as anchor via a thiol-gold bond and a number of alanine 

residues as non-binding amino acid. The cysteine was located either in the center of the 

molecule or at the end (C-terminus). For comparison, gold nanoparticles were also 

functionalized with cysteine alone. The particles were characterized by UV spectroscopy, 

differential centrifugal sedimentation (DCS), high-resolution transmission electron microscopy 

(HRTEM), and small-angle X-ray scattering (SAXS). This confirmed the uniform metal core 

(2 nm diameter). The hydrodynamic diameter was probed by 1H-DOSY NMR spectroscopy and 

showed the increase in thickness of the hydrated peptide layer with increasing peptide size (up 

to 1.4 nm for heptapeptides; 0.20 nm per amino acid in the peptide). 1H-NMR spectroscopy on 

water-dispersed nanoparticles showed the integrity of the peptides and the effect of the metal 
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core on the peptide. Notably, the NMR signals were very broad near the metal surface and 

became increasingly narrow in a distance. In particular, the methyl groups of alanine can be 

used as probe for the resolution of the NMR spectra. The number of peptide ligands on each 

nanoparticle was determined by quantitative 1H-NMR spectroscopy. It decreased with 

increasing peptide length from about 100 for a dipeptide to about 12 for a heptapeptide, 

resulting in an increase of the molecular footprint from about 0.1 nm2 to 1.1 nm2. 
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Introduction 

Ultrasmall gold nanoparticles have considerable potential for biomedical applications.1-3 Due 

to their small size of 2 nm or less, they are able to penetrate the cell membrane and even enter 

the cell nucleus and cross the blood-brain barrier.4-7 Ultrasmall nanoparticles can also be 

functionalized, allowing them to be used in targeted drug delivery.8-12 Their small size allows 

them to make targeted interactions with biomolecules.2 A special case are atomically sharp 

metal clusters for which sometimes even the crystal structure is known (see refs.13-18 for recent 

comprehensive reviews). However, these are less easily prepared on a larger scale than 

ultrasmall nanoparticles. In turn, ultrasmall nanoparticles are less well defined and have some 

degree of polydispersity.1, 2, 19 

The surface functionalization of gold nanoparticles is usually accomplished with thiol-

containing ligands, which attach to the surface due to the aurophilic character of sulfur.20-22 In 

addition to a direct adsorption on the gold surface, a covalent functionalization of the ligand23-

26 or a ligand exchange27-30 are also possible. The number of ligands per nanoparticle is 

important to understand and to quantify the interaction of nanoparticles with targets, e.g. 

receptors on cells,31, 32 or when enzymes33, 34 or antibodies35 are attached to a nanoparticle. 

Furthermore, the ligand density is important for the colloidal stability and the surface charge of 

the particles. However, the quantification of the ligands is sometimes difficult due to the 

polydispersity of the nanoparticles and the potential presence of partially unbound ligands even 

after purification.36 In addition, the sensitivity of analytical methods can limit the determination 

of the number of ligands per nanoparticle, e.g. if a method cannot distinguish between bound 

and unbound ligands.37 UV/Vis spectroscopy, fluorescence spectroscopy, elemental analysis, 

thermogravimetry, ICP-MS, EDX, and 1H NMR spectroscopy have all been used to quantify 
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the ligand molecules on nanoparticles.26, 36-42 The surface curvature plays a dominant role for 

the ligand density,43, 44 clearly of high importance for ultrasmall nanoparticles.2 

Here we demonstrate the quantification of peptides bound to ultrasmall gold nanoparticle in a 

comprehensive NMR study, supported by a variety of analytical methods to obtain a full 

characterization of the nanoparticle core with its inherent high surface curvature. We used high-

resolution transmission electron microscopy (HRTEM), small-angle X-ray scattering (SAXS), 

differential centrifugal sedimentation (DCS), and 1H-NMR diffusion-ordered spectroscopy 

(DOSY) as complementary methods to determine the nanoparticle size distribution. Cysteine 

alone and cysteine-containing peptides of different lengths were attached to the gold surface 

via the thiol group. Alanine was used besides cysteine because it should not interact with the 

gold surface. Linear peptides with a terminal cysteine and symmetric peptides with a central 

cysteine surrounded by alanine were used. In particular, we wanted to determine the number of 

ligands on each nanoparticle and their molecular footprint as a function of the length of the 

peptide and the position of cysteine therein. 

 

Materials and methods 

 

Chemicals and reagents 

Tetrachloroauric acid was prepared by dissolving elemental gold (>99%) in aqua regia. Nitric 

acid (HNO3, 67%), hydrochloric acid (HCl, 37%), and sodium hydroxide (NaOH, 1 M) were 

obtained from Bernd Kraft (Duisburg, Germany). Sodium borohydride (NaBH4, >96%) and 3 

kDa spin filters were obtained from Merck (Darmstadt, Germany). Maleic acid (99%) was 

obtained from Sigma-Aldrich (Steinheim, Germany). Deuterium oxide (D2O, 99.9%) was 

obtained from Deutero GmbH (Kastellaun, Germany). L-cysteine (98%) and D-cysteine (98%) 

were obtained from Thermo Fisher Scientific (Schwerte, Germany). All peptides were obtained 

from Caslo (Kongens Lyngby, Denmark). Ultrapure water (ELGA Purelab, UK) was used for 

all syntheses and analyses unless otherwise stated. 

 

Methods 

The gold concentration was determined by atomic absorption spectroscopy (AAS) with a 

Thermo Electron M-Series spectrometer (graphite tube furnace; operated according to DIN EN 

ISO/IEC 17025:2005). For the measurement, 10 µL of the dispersed nanoparticles were 

digested with 990 µL aqua regia and diluted with 4 mL water. UV/Vis spectroscopy was 

performed with a Genesis 50 instrument (ThermoScientific) in quartz glass cuvettes in the range 
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of 200 nm to 800 nm. Differential centrifugal sedimentation (DCS) was performed with a CPS 

instrument DC 24000. The particles were measured at 4,000 rpm (2500 x g). A density gradient 

was generated with sucrose solutions (8 and 24 wt%), and 0.5 mL dodecane was used as 

stabilizing agent to prevent evaporation. Polyvinyl chloride particles with a defined size of 

483 nm provided by CPS were used as a standard. High-resolution transmission electron 

microscopy (HRTEM) was performed with an aberration-corrected FEI Titan transmission 

electron microscope equipped with a Cs-probe corrector (CEOS Company), operating at 

300 kV.45 The images were analyzed for particle size distribution with the program 

ANTEMA.46 The zeta potential of the particles was measured with a Stabino instrument 

(Particle Metrix). A 10 mL measuring cell with a 400 µm plunger was used. The pH was 

gradually reduced from 12 to 2 by adding 10 µL of 0.1 M hydrochloric acid at intervals of 10 

s. For NMR spectroscopy, the dispersed nanoparticles were dispersed in 540 µL H2O and 

measured after mixing with 60 µL D2O/NaOD with water suppression at pH 12. The pure 

ligands were measured in D2O with NaOD at pH 12. The 1H NMR spectra were recorded with 

a Bruker Avance Neo 400 MHz and a Bruker Avance III 600 MHz spectrometer. 

DOSY-NMR spectroscopy of peptide-functionalized nanoparticles dispersed in H2O with 10% 

D2O (pH 12) was performed with a Bruker Avance III 700 MHz spectrometer with a 5 mm TCI 

cryoprobe with a z-gradient at 25 °C. Presaturation for water suppression was added to a 1H-

DOSY pulse sequence from Bruker. Spectra were measured with a diffusion time of 

Δ = 100 ms and a pulsed gradient duration of δ = 3.5 ms for all nanoparticles. The gradient 

strength was incremented from 5 to 95% of the maximum gradient strength (66 G cm-1 for a 

smoothed square gradient pulse) in 32 linear steps. Spectra were processed with Topspin 3.5 

(Bruker). The linearized diffusion data were plotted and fitted according to the Stejskal-Tanner 

equation:47, 48 

 

ln ቀ
I

I0
ቁ = -γ2δ2ቀΔ - δ

3ൗ ቁ∙D∙G2     (1) 

 

with I = signal intensity, I0 = signal intensity without gradient, γ = gyromagnetic ratio of 1H, 

δ = diffusion gradient pulse length, Δ = diffusion delay, G = gradient strength, and D = 

translational diffusion coefficient. The linearized relative intensities for H and methyl protons 

of the peptide-coated nanoparticles were averaged. Error bars represent the standard deviation 

of these signals. While the standard error of the Stejskal-Tanner fit itself is small (<2%), we 

estimate the error for the diffusion coefficient to 20% due to manual integration and potentially 
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overlaying small signals from impurities. The hydrodynamic diameter was calculated according 

to the Stokes-Einstein equation: 

 

dH=
kB⋅T

3π⋅η⋅D
      (2) 

 

with dH = hydrodynamic diameter, kB = Boltzmann constant, T = temperature in K, η = dynamic 

viscosity at 25 °C, and D = translational diffusion coefficient. 

Small-angle X-ray scattering (SAXS) measurements with a scanning 1D line detector and a 

sample-to-detector distance of 240 mm were carried out on a laboratory Panalytical Empyrean 

diffractometer with Cu Kα radiation (λ = 1.54 Å, U = 40 kV and I = 40 mA) with an evacuated 

beam path ScatterX-78 (vacuum 0.1 mbar) in transmission mode. Colloidal dispersions of 

different gold nanoparticles were filled into glass capillaries (length 80 mm, outer diameter 1 

mm, wall thickness 0.01 mm) and measured for 21 min with a step size of 0.01° in the 2Θ range 

of -0.15° to 5.00°, i.e. a q value up to 0.35 Å-1. For background correction, the same capillary 

was filled with 0.1 M NaOH solution and measured again. The SAXS analysis was done with 

the Panalytical EasySAXS software 2.0 considering a polydisperse system of spheres and a 

desmearing effect from the line focus. The data was then fitted with the Indirect Fourier 

Tranformation Method (IFT),49 where the scattering intensity I(q) and the volume-weighted 

size distribution (Dv) assume a system of spherical homogenous particle (Psph): 

     (3) 

𝑃௦௣ (𝑞, 𝑅) = ቀ3 
ୱ୧୬(௤ோ)ି௤ோ ୡ୭ୱ(௤ோ)

(௤ோ)య
ቁ

ଶ

     (4) 

 

with cv a constant, q the scattering vector, defined as q=4π sin(Θ)/λ, R and V the radius and 

volume of the particles, respectively. 

SAXS investigations were also performed on the laboratory-based SAXS equipment Xenocs-

XEUSS 2.0, located at the EMUSAXS center at the Institute of Physics, University of São 

Paulo, Brazil. The instrument is equipped with a Genix3D microfocus source (Cu K radiation, 

 = 1.54 Å), a FOX3D mirror, and two sets of scatterless slits. As a result, a point-like beam 

with 0.7·0.7 mm2 is obtained. The 2D scattering image was collected on a Dectris-Pilatus 300k 

pixel detector. The 2D images were azimuthally integrated with the program FIT2D.50 The 

sample-to-detector distance was 520 mm, giving a range in q from 0.02 to 0.70 Å-1. The liquid 
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samples (dispersions) were placed on home-made sample holders composed of borosilicate 

glass-capillaries with 1.5 mm diameter glued on stainless steel cases, allowing easy handling, 

washing and rinsing. The holders were closed with metal caps with rubber sheets. In this way, 

the samples could be easily placed in vacuum, allowing the measurement of the samples and 

buffers under exactly the same conditions. Data treatment and normalization to absolute scale 

were performed with the SuperSAXS Package.51 

All particle size distributions were fitted with a Gaussian distribution which best represented 

the data. A log-normal distribution gave significantly worse results although it would better 

represent the fact that the probability for a particle diameter of zero would be zero as well. 

 

Synthesis of gold nanoparticles 

All particles were synthesized by a modified Brust-Schiffrin synthesis.52-55 The cysteine-

functionalized nanoparticles were prepared according to a modified synthesis of Ruks et al.56 

both with D- and L-cysteine. In 40 mL degassed water, tetrachloroauric acid (10 µmol, 1.97 mg 

gold) was dissolved. The pH was adjusted to 1.5 with about 5 mL HCl (1 M). Cysteine (3 eq., 

30 µmol, 3.63 mg) was dissolved in 100 µL water and quickly added to the solution. The 

mixture was stirred for 10 min at room temperature, resulting in decolorization of the reaction 

solution. Then 200 µL of a freshly prepared sodium borohydride solution in ice-cold water (4 

eq., 40 µmol, 200 mM, 7.6 g L-1) was quickly added to the reaction mixture, resulting in black 

decolorization of the solution. The particles were isolated by centrifugation at 4000 rpm (2500 x 

g) for 20 min. The black precipitate was dispersed in water and centrifuged again for 20 min. 

The precipitated particles were redispersed in 1 M aqueous NaOH solution and stored at 4 °C. 

The peptide-functionalized nanoparticles were synthesized similarly starting from 

tetrachloroauric acid (20 µmol, 3.94 mg Au). The corresponding peptides (3 eq., 60 µmol) were 

dissolved in 500 µL water and added to the tetrachloroauric acid. A decolorization of the 

solution was observed. Subsequently, 6.06 mg sodium borohydride (8 eq., 160 µmol) was 

dissolved in 800 µL ultrapure water. After rapid addition, the reaction mixture turned dark-

brown. The particles were isolated by spin filtration in 3 kDa Amicon® spin filters, followed by 

washing with ultrapure water twelve times for 40 min each at 4000 rpm (2500 x g). 

 

Results and discussion 

All functionalized nanoparticles were prepared by a modified Brust-Schiffrin synthesis in 

aqueous dispersion.55 Figure 1 shows the general reaction scheme and all peptide ligands that 

were used. The particles were stable under basic conditions (pH 12) but tended to agglomerate 
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at lower pH. Notably, the particles with shorter peptide ligands were less stable (for several 

hours) than those with larger peptide ligands (for several weeks). 

  

Figure 1: General reaction scheme to prepare peptide-stabilized ultrasmall gold nanoparticles 

(top) with cysteine-alanine peptides of different length (bottom). The arrow, originating at the 

cysteine thiol group, marks the attachment point of the peptide to the gold nanoparticle surface. 

In all peptides shown, the N-terminus is on the left and the C-terminus is on the right.  

 

If the density of the peptide ligands on the nanoparticles shall be analyzed, it is important to 

have a full characterization of the metal core in terms of size and shape.57 All nanoparticles 
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were comprehensively characterized by UV/Vis spectroscopy, differential centrifugal 

sedimentation, high-resolution transmission electron microscopy, small-angle X-ray scattering, 

measurement of the zeta potential, and 1H-NMR spectroscopy in dispersion.  

UV-Vis spectroscopy was used to exclude the presence of larger plasmonic particles that would 

give a surface plasmon resonance (SPR) band at about 520 nm.58 The UV-Vis spectra (Figure 

2) showed no prominent SPR band, i.e. it can be assumed that only ultrasmall nanoparticles 

smaller than about 3 to 4 nm were present.26, 59, 60 

 

 

Figure 2: UV-Vis spectra of all peptide-functionalized ultrasmall gold nanoparticles dispersed 

in water at pH 12. Only very weak surface plasmon resonance bands around 520 nm were found 

in some cases as weak shoulder, indicating the absence of higher amounts of larger (plasmonic) 

gold nanoparticles.  

 

The presence of ultrasmall gold nanoparticles was confirmed by differential centrifugal 

sedimentation (Figure 3). A monomodal particle size distribution as well as the absence of 

agglomeration was found for all particles with an average hydrodynamic diameter ranging from 

1.30 to 1.49 nm. However, it should be noted that the size of ultrasmall nanoparticles is 

underestimated in DCS due to the overestimation of the effective density that is reduced by the 

ligand shell compared to the density of the metallic core.61 In extreme cases, this can prevent 

the analysis by DCS, i.e. when a very thick ligand shell is present (demonstrated in ref.62 for 

ultrasmall gold nanoparticles, functionalized with siRNA). The particles were too small to be 

analyzed by dynamic light scattering (DLS), underscoring the absence of larger plasmonic 

nanoparticles. 
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 Figure 3: Differential centrifugal sedimentation of all peptide-functionalized ultrasmall gold 

nanoparticles, dispersed in water at pH 12. Neither larger particles nor aggregates were present, 

however, there is a shoulder for Au-A5C and Au-A6C particles which indicates a broader 

particle size distribution than with the other samples.  

 

The diameter of the nanoparticle core was determined by high-resolution transmission electron 

microscopy. All particles had a spherical shape with an average core diameter of about 2 nm. 

Figure 4 shows Au-A6C as representative example (HRTEM images of all other particles are 

given in the Supporting Information as Figures S1-S9). 

 

Figure 4: HRTEM images of Au-A6C nanoparticles as representative example and its particle 

size distribution (gold core only). The other peptide-functionalized ultrasmall gold 

nanoparticles gave very similar results (see SI). The particle size distribution was determined 

from n particles (here: 776) with the program ANTEMA based on a machine learning 

procedure.46 
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Another method to analyze the metal core is small-angle X-ray scattering (SAXS). This was 

performed with water-dispersed particles (Figures 5 and S10-S18). The particles had a diameter 

of the metallic core d = 2 R0 between 0.9 and 2.3 nm (Table 1). The results are in good 

agreement with the HRTEM data. The SAXS data were fitted with the aggregated hard-spheres 

model63-65 

 

𝐼(𝑞) = 𝑆஼  ·  𝑆(𝑞, 𝑅ீ , 𝑆𝑐ோீ)ீ௨௜  · 𝑆(𝑞, 𝜂, 𝑅ுௌ)ுௌ  · 𝑃(𝑞, 𝑅, 𝜎)௣௢௟௬ + 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 (5) 

 

In this model, the form factor 𝑃(𝑞, 𝑅, 𝜎)௣௢௟௬ describes a polydisperse system of spheres with 

average radius R and polydispersity . The polydispersity is given by a normalized Shulz-Zimm 

function.66 In some cases, the formation of aggregates was observed which is expressed by the 

structure factor 𝑆(𝑞, 𝑅ீ , 𝑆𝑐ோீ)ீ௨௜ with the overall radius of gyration RG and the scale factor 

𝑆𝑐ோீ . The hard sphere interactions, described by the structure factor 𝑆(𝑞, 𝜂, 𝑅ுௌ)ுௌ with a 

volume fraction  and hard sphere radius 𝑅ுௌ, account for interaction effects that cause a 

decrease of the scattering intensity. Interestingly, in some cases the hard sphere interactions 

indicated a large interaction radius with values close to the aggregate size and not to the particle 

size. In some cases, the fits at very low angles indicated the presence of a small fraction of even 

larger aggregates which would require the inclusion of a second radius of gyration in the model. 

This model was successfully used in our previous reports on dispersed metallic nanoparticles.63-

65 For one sample, i.e. Au-C (Figure S10), we found a broad distribution of aggregates of 

different size, and in this case, the Indirect Fourier Transformation (IFT) was used. 
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Figure 5: SAXS data of Au-A6C nanoparticles, dispersed in water at pH 12, measured at the 

Xenocs-Xeuss instrument (see the SI for SAXS data of all other particle types). Left: Scattering 

curve in q-space. Right: Volume-weighted particle size distribution.  
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Table 1: Particle size distribution data of peptide-functionalized ultrasmall gold nanoparticles, 

dispersed in water (pH 12) measured by SAXS at two different instruments (Xenocs-Xeuss and 

Panalytical).  

Nanoparticle d = 2·R0 / 
nm (Xenocs-

Xeuss) 

σ / nm 
(Xenocs-
Xeuss) 

RG / nm 
(Xenocs-
Xeuss) 

SCAgg 
(Xenocs-
Xeuss) 

d = 2·R0 / 
nm 

(Panalytical) 

Remarks 

Au-C  2.20±0.40 1.40±0.2 - - - No difference 
between D-cysteine 
and L-cysteine 

Au-A1C 1.28±0.08 0.77±0.008 2.4±0.1 0.33±0.03 2.3±0.6 - 

Au-A2C 1.40±0.20  0.86±0.08 4.1±0.1 1.40±0.10 1.3±0.5 Some agglomerates 
of 3.4 nm 
(Panalytical) 

Au-A3C 1.68±0.16 0.82±0.04 4.6±0.1 2.20±0.10 1.3±0.4 Some agglomerates 
of 3.8 nm 
(Panalytical) 

Au-A1CA1 1.50±0.04 0.55±0.01 2.53±0.04 1.05±0.02 1.3±0.4 - 

Au-A4C 1.40±0.20 0.80±0.20 4.7±0.2 2.00±0.10 1.2±0.4 Some agglomerates 
of 3.1 nm 
(Panalytical) 

Au-A5C 1.00±0.20 0.54±0.04 2.2±0.1 1.30±0.07 1.3±0.5 - 

Au-A2CA2 - - - - 1.4±0.5 - 

Au-A6C 0.94±0.08 0.42±0.06 4.3±0.1 5.50±0.30 1.1±0.3 - 

Au-A3CA3 - - - - 1.3±0.4 - 

 

The isoelectric point of water-dispersed nanoparticles was determined by measuring the zeta 

potential during a pH titration from 12 to 2 (Figure 6). All particles showed a similar trend, i.e. 

at basic pH, the particles had a negative zeta potential due to deprotonation of the carboxy 

groups. Decreasing the pH led to protonation of the carboxy and amino groups, resulting in an 

increase in the zeta potential. The isoelectric points of the particle species were between pH 5 

and pH 6 for all particles. This agrees well with the isoelectric point of the free peptides, which 

are reported between pH 5 and 6,67 indicating the integrity of the gold-bound peptides. 
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Figure 6: Zeta potential of peptide-functionalized ultrasmall gold nanoparticles dispersed in 

water during a titration from pH 12 to pH 2 with HCl. Below pH 4, the particles started to 

agglomerate and the zeta potential became unreliable (going towards zero for all particle types).  

 

Diffusion-ordered NMR spectroscopy is a method to determine the hydrodynamic diameter of 

dispersed particles.68, 69 DOSY can also distinguish between free (dissolved) ligands and 

surface-bound ligands. Figure 7 shows a representative Stejskal-Tanner plot for Au-A6C 

nanoparticles (see Figures S19 and S20 for additional DOSY data).48 The hydrodynamic 

diameters were in the range of 2 to 5 nm. Compared to the results determined by DCS, the 

diameters from DOSY are more reliable as this method is not based on the effective particle 

density,61 but only on the mobility of the hydrated nanoparticles by diffusion. DOSY showed a 

clear increase of the hydrodynamic diameter with increasing length of the ligands. A linear fit 

gives the relationship 

  

d(DOSY) / nm = (1.99 ± 0.42) + (0.41 ± 0.10) · n      (6) 

 

with n the peptide length (number of amino acids). Thus, each amino acid adds about 0.20 ± 

0.05 nm to the thickness of the hydrated shell. The sequence of the peptide, i.e. a terminal 

cysteine in comparison with a central cysteine, did not play a significant role. HRTEM and 

SAXS data gave the diameter of the metal core with about 2 nm, in good agreement with 

equation (6) which extrapolates to 1.99 ± 0.42 nm for n = 0. In order to compare size 

distributions as the values obtained from TEM and SAXS, the central value (average) is not 

sufficient because both methods give a relatively broad size distribution. In this case, the best 

comparison is to assess the overlap between the two size distributions by the Z-test:  
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𝑍 =
|𝑑ଵ − 𝑑ଶ|

ඥ𝜎ଵ
ଶ + 𝜎ଵ

ଶ
 

 

where d1 and d2 are two central values and 1 and 2 their corresponding standard deviations. 

For Z between 0 and 1, the probability that the values are identical is more than 68%. As shown 

in Table 2, all the comparisons between HRTEM and SAXS data give Z values below 1, which 

indicates that the values obtained with these two techniques are statistically not different. All 

particle size characterization data are summarized in Table 2 and shown in Figure 8.  

 

 

Figure 7: Representative Stejskal-Tanner plot of a 1H-DOSY NMR experiment of Au-A6C in 

10% D2O/90% H2O (pH 12). The absolute value of the slope gives the diffusion coefficient. 

The corresponding Stejskal-Tanner plots of all other particles are given in Figure S19 and 

DOSY plots in Figure S20.  
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Table 2: Summary of the particle size data obtained by DCS, DOSY, HRTEM and SAXS. 

Errors indicate standard deviations. SAXS data labelled with an * were measured with the 

Panalytical instrument. All other SAXS data were measured with the Xenoc-Xeuss instrument.  

Nanopartic
le 

Hydro-
dynamic 

diameter by 
DCS  
/ nm 

Hydro-
dynamic 

diameter by 
1H DOSY  

/ nm 

Core 
diameter by 

HRTEM  
/ nm 

Core 
diameter by 

SAXS  
/ nm 

ZHRTEM-SAXS 

Au-C 1.46 ± 0.37 2.08 ± 0.42 1.94 ± 0.63 2.20 ±1.40 0.17 
Au-A1C 1.47 ± 0.45 3.07 ± 0.61 2.07 ± 0.79 1.28 ± 0.77 0.72 
Au-A2C 1.49 ± 0.43 3.60 ± 0.72 2.09 ± 0.64 1.40 ± 0.86 0.64 
Au-A3C 1.31 ± 0.24 3.80 ± 0.76 2.15 ± 0.62 1.68 ± 0.82 0.46 
Au-A1CA1 1.30 ± 0.18 3.69 ± 0.74 2.16 ± 0.63 1.50 ± 0.55 0.79 
Au-A4C 1.30 ± 0.22 4.00 ± 0.80 1.85 ± 0.67 1.40 ± 0.80 0.43 
Au-A5C 1.30 ± 0.26 3.77 ± 0.75 1.82 ± 0.71 1.00 ± 0.60 0.88 
Au-A2CA2 1.39 ± 0.23 4.73 ± 0.95 2.27 ± 0.76 1.4 ± 0.5 * 0.96 
Au-A6C 1.30 ± 0.40 4.43 ± 0.89 1.99 ± 0.72 0.94 ± 0.40 0.83 
Au-A3CA3 1.30 ± 0.16 5.08 ± 1.02 1.90 ± 0.60 1.3 ± 0.4 * 0.17 

 

 

 

Figure 8: Particle diameter as determined by different methods. The particle diameter is shown 

as a function of the peptide length. TEM and SAXS show the diameter of the metallic core 

whereas DOSY probes the hydrodynamic diameter that includes the hydrated peptide shell. 
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DCS also probes the hydrodynamic diameter but gives diameters that are consistently too small 

for ultrasmall nanoparticles.61  

 

Surface properties and successful surface functionalization of ultrasmall gold nanoparticles can 

be investigated by NMR spectroscopy, in contrast to larger nanoparticles where the resolution 

is limited due to very broad or even absent NMR signals.26, 68, 70, 71 Indeed, NMR spectroscopy, 

also multidimensional, has been used to elucidate the ligand nature in atom-sharp gold clusters 

like Au102(pMBA)44 (pMBA: para-mercaptobenzoic acid)72 and Au144(SR)60 (R=Et, Pr).73 NMR 

spectroscopy can also be used to determine the number of ligands per nanoparticle. Figure 9 

shows a representative 1H NMR spectrum of the ligand A2C and the nanoparticle Au-A2C. The 

mobility of the bound ligands is decreased due to the close proximity to the metal core, resulting 

in a shortened spin-spin relaxation time.70 As a consequence, the signals of the bound ligands 

showed an increased peak width compared to the free ligands. In addition, a characteristic 

downfield shift of the signals to higher frequencies was observed.26, 71 

 

 

Figure 9: Representative 1H NMR spectra of the ligand A2C (top) and the coated nanoparticle 

Au-A2C (bottom) in 10% D2O/90% H2O (pH 12). NMR spectra of all other peptides and 

peptide-conjugated nanoparticles are given in Figures S21 to S29.  
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The 1H NMR spectra of ultrasmall gold nanoparticles functionalized with peptides showed 

broader peaks compared to the spectra of the free ligands (Figure 10 and Figures S21 to S29). 

All ligands were bound to the nanoparticles as there were no sharp peaks of dissolved (free) 

ligands.74 In general, the binding of the ligands to the nanoparticle particularly affected the 

signals of protons close to the nucleus, such as Hβ1a and Hβ1b of cysteine,26, 75 with decreasing 

shifts for protons farther away from the metal surface. Note that due to the suppression of water 

at 4.79 ppm, the neighboring NMR signals were partially suppressed as well, i.e. the integrals 

were smaller than expected. For particles functionalized with the dipeptide A1C, two broad 

signals were found. The first signal was assigned to the methyl group of alanine (1.3 ppm) and 

the second to the methine protons of alanine (3.6 ppm). For longer peptides, multiple signals 

between 1.20 and 1.60 ppm were found, belonging to the methyl groups of the outer and inner 

alanine residues in the peptide sequence.  
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Figure 10: 1H NMR spectra of peptide-functionalized ultrasmall gold nanoparticles dispersed 

in 10% D2O/90% H2O (pH 12). A characteristic signal broadening due to the vicinity of the 

metal surface can be seen. The major regions where sets of NMR peaks occur are enclosed in 

boxes.  

 

The protons of the Hα groups of the alanine residues were present in the range between 3.20 to 

4.00 ppm for all particles. Signals of the methyl protons, especially of the methyl group of the 

outer alanines, became narrower with increasing length of the peptide due to their increased 



19 
 

flexibility/range of motion. Figure 11 shows a magnification of this spectral range. At very high 

distance to the metal core, these groups increasingly resembled the sharp signals of the free 

peptides, despite the downfield shifts. If we take the hydrodynamic diameter as probed by 

DOSY, it can be assumed that the distance between the farthest amino acids and the metal 

surface is about 1 to 1.5 nm for longer peptides.  

 

 

Figure 11: Magnification of the 1H NMR spectra of peptide-functionalized ultrasmall gold 

nanoparticles dispersed in 10% D2O/90% H2O (pH 12). The region of the methyl groups of 

alanine is shown. The spectra of the dissolved peptides A1C, A6C, and A3CA3 are shown for 

comparison. 

 

The number of ligands on each nanoparticle was quantified by 1H NMR spectroscopy. Maleic 

acid was used as an internal calibration standard (Figure 12). The ligand concentration can be 

determined from the relative integrals of the protons and the known concentration of maleic 

acid.  
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Figure 12: 1H NMR spectrum of the Au-A2C nanoparticles functionalized with the tripeptide 

A2C in the presence of maleic acid as internal standard, dissolved in D2O at pH 12. The ligand 

concentration was determined by integration of the peak of maleic acid and the peaks of the 

methyl groups of the ligands (H2, H3). 

 

The nanoparticle concentration was obtained from the gold concentration, determined by 

atomic absorption spectroscopy (AAS), assuming spherical particles with an average diameter 

of 2 nm (see ref. 26 for details of a full computation). The number of gold atoms in a spherical 

particle with 2 nm diameter is about 250.76 The ratio of the molar concentrations of ligands and 

particles gives the number of ligands per particle. If a spherical particle with a diameter of 2 nm 

is assumed (average of HRTEM and SAXS results; Table 2), its surface area is 12.6 nm2. This 

area permits to compute the molecular footprint of each ligand on the nanoparticle surface.26 

We set the average particle diameter to 2 nm for all particle types because the differences among 

them were statistically insignificant. Assuming a variable particle diameter (e.g. the average 

diameter from Table 2) would change the number of ligands on each nanoparticle considerably 

and make a comparison difficult. Together with the fact that the particles were not strictly 

spherical, this approach appears reasonable to discuss the ligand number on the particles as a 

function of ligand type. 

The number of ligands on each nanoparticle decreased with increasing ligand size, i.e. peptide 

length. In turn, the molecular footprint of each ligand peptide increased. Figure 13 shows the 
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number of ligands per nanoparticle and the molecular footprint. For Au-A6C, only 13 ligands 

were bound to each particle, in contrast to 175 cysteine molecules for Au-C. As a result, the 

molecular footprint increased from 0.07 nm2 for Au-C to 0.97 nm2 for Au-A6C. Surprisingly, 

there was no significant difference between linear peptides with a terminal cysteine and 

branched peptides of the same length with a central cysteine. Importantly, there is no indication 

from NMR spectroscopy that the ligands are bound in two or more layers as this would 

immediately show up in the NMR spectra as a second set of sharper peaks. Furthermore, the 

bond between ligand and particle is very stable as no free (=desorbed and dissolved) ligands 

were found in the NMR spectra. Thus, we can assume a monolayer of peptide molecules on the 

nanoparticle surface. 
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Figure 13: Number of peptide ligands on each gold nanoparticle (core diameter: 2 nm) (top) 

and molecular footprint of each peptide ligand (bottom). With increasing peptide length, the 

number of ligands per nanoparticle decreases and the molecular footprint increases. The 

accuracy of the method is estimated to ±20% as indicated by error bars.  

 

The increasing molecular footprint with increasing peptide length is ascribed to steric 

interaction between the ligands, i.e. it indicates a close packing on the particle surface. This 

effect has been reported earlier in the literature for gold nanoparticles. Hinterwirth et al. 

observed a decrease in ligand number with increasing ligand length by ICP-MS with ω-

mercaptoalkanoic acids and mercapto-poly(ethylene glycol) carboxylic acids. The molecular 
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footprint was in a similar range with 0.16-0.23 nm2.36 Rahme et al. analyzed gold nanoparticles 

with a diameter of 15 nm functionalized with thiolated polyethylene glycol by 

thermogravimetry. They showed a decrease in ligand density with an increase in steric 

demand.77 Picardi et al. demonstrated that a copper complex with a disulfide ligand (lipoic acid) 

can bind to the surface of 40 nm gold nanoparticles with a molecular footprint of 0.71 nm2.78 

Ming et al. found a molecular footprint of 0.24 nm2 for pyrene-carrying thioesters and 

thiocarbonates on 12.5 nm gold particles.79 Ruks et al. synthesized cysteine-functionalized 

ultrasmall gold nanoparticles. They determined a molecular footprint of 0.19 nm2.74 For 

ultrasmall gold nanoparticles functionalized with a fluorescence-labeled hexapeptide, they 

found a footprint per ligand of 0.10 nm2.56 Van der Meer et al. found molecular footprints in 

the range of 0.15 to 0.40 nm2 for each cysteine linker of a precision macromolecule that was 

attached to ultrasmall gold particles (2 nm) via cysteine.80 Klein et al. determined a molecular 

footprint of the tripeptide glutathione (GSH) of 0.10 nm2 on 2 nm gold nanoparticles.26 It is 

remarkable that the footprints determined here for the tripeptides A2C (0.25 nm2) and A1CA1 

(0.29 nm2) were significantly higher. It was shown by Wolff et al.71 and Wetzel et al.81 for 

ultrasmall silver and platinum nanoparticles that the footprint of glutathione also depended on 

the core metal of the nanoparticles. Karki et al. used NMR spectroscopy and DFT calculations 

to investigate how the peptides Ala-Ala-Cys and the reverse variant attach to gold nanoparticles 

via the thiol group. The decisive factor here was whether the amino group or the carboxylate 

group was in the vicinity of the sulfur. This had a considerable influence on the structure of the 

peptide-gold system. With Cys-Ala-Ala, a monolayer was formed parallel to the gold surface, 

while Ala-Ala-Cys tended to form a bilayer.82 

Turning to the effect of curvature (as defined by the particle size), Jimenez et al. considered the 

molecular footprint of hexanethiol on gold nanoparticles of different size in a molecular 

dynamics (MD) study. They found a molecular footprint of 0.21 nm2 on a flat gold surface with 

a steep decrease for smaller particles (4.4 nm diameter: 0.14 nm2; 2 nm diameter: 0.12 nm2).43 

In experiments on SAMs on planar gold surfaces, n-alkylthiols adsorbed on (111) and (100) 

single-crystal gold substrates were examined. The density of the thiols on the surface was 

limited by steric effects, as in our study, giving typical molecular footprints of 0.22 nm2.83, 84 

This was confirmed by Chavez et al. who performed electrochemical measurements of thiolated 

polyethylene glycols on planar gold surfaces and found a molecular footprint of 0.29 to 0.44 

nm2, increasing with the length of the polyethylene glycol chain.85 Wu et al. discussed the 

influence of the ligand density as a function of the size of the nanoparticles. They investigated 

gold nanospheres with diameters from 1.2 to 25 nm that were functionalized with 
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(mercaptohexadecyl)trimethylammonium bromide (MTAB). They showed that the ligand 

density decreased with increasing nanoparticle size. For large nanoparticles with a diameter of 

25 nm, 3 molecules per nm2 were found, while the number increased to 5-6 for 10 nm particles. 

They established by NMR studies and MD simulations that it is not the sulfur packing on the 

nanoparticle surface that limits the ligand density, but rather the packing of head group that 

carries the thiol. While the ligands were more ordered on larger nanoparticles, the ligands were 

less ordered and more mobile on small nanoparticles, induced by the high curvature. Ligand 

islands were also present, which led to tighter packing of the head groups between the 

neighboring ligands.86 

Murray et al. discussed alkylthiolate monolayers as a function of the gold core size. Gold 

clusters with a diameter of 1.5 to 5.2 nm were prepared and functionalized with dodecanethiol. 

They studied the monolayer coverage, examining the transition from a 2D self-assembled 

monolayer (SAM) to a 3D SAM. For larger clusters, the radius of curvature was significantly 

higher, resulting in a layer resembling a 2D SAM. Smaller clusters were more likely to form a 

3D SAM, which led to a higher number of surface defect locations and a decreased radius of 

curvature. These defects led to an increased surface density.87-89 The decreased molecular 

footprint on nanoparticles with high surface curvature was also postulated by Rahnamoun et al. 

for poly(oxonorbornenes).90 Localized surface plasmon resonance spectroscopy (LSPRS) was 

used by Lanterna et al. to investigate gold nanoparticles functionalized with heterocyclic sulfur-

containing compounds. It was shown that the surface loading depended on both the molecular 

geometry of the ligands and the size (i.e. curvature) of the nanoparticles. The density of the 

ligands remained almost constant with increasing nanoparticle diameter, while the number of 

ligands increased with increasing ligand length at the same size, in good agreement with our 

results.91 Table 3 summarizes molecular footprint data of the particles studied here and from 

the literature. As the effects of ligand size and particle size (curvature) are clearly overlapping, 

the trend of ligand density is difficult to assess. Nevertheless, a comparison is possible for gold 

nanoparticles of the same size. 

Generally, it can be stated that the density of the ligands on the surface of ultrasmall gold 

nanoparticles is very high. For di- or tripeptides, the number of ligands is about half of the 

number of gold atoms (about 250). Stoichiometries of gold clusters with peptides were 

determined at the end of the 1990s by mass spectrometry, usually after gel electrophoretic 

separation. Glutathione which binds via a central cysteine turned out to be an especially useful 

ligand. In 1998, Whetten et al. isolated a glutathione-coated gold cluster with the composition 

Au28(GSH)16.39, 40 In 2004, Negishi et al. identified the following compositions for glutathione-
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covered gold clusters by mass spectrometry: Au18(GSH)11Clx, Au21(GSH)12Clx, 

Au28(GSH)16Clx, Au32(GSH)18Clx, and Au39(GSH)23Clx.41 In 2005, this was revised and 

extended to Au10(GSH)10, Au15(GSH)13, Au18(GSH)14, Au22(GSH)16, Au22(GSH)17, 

Au25(GSH)18, Au29(GSH)20, Au33(GSH)22, and Au39(GSH)24.42 The particle size was 1 nm or 

less. If we tentatively assume a diameter of 1 nm, the surface area per cluster is about 3.1 nm2, 

leading to molecular footprints of about 3.1 / 20 = 0.155 nm2, well in line with the ultrasmall 

nanoparticles studied here. 

It also compares well with atom-sharp clusters where the number of ligands is about 30-60% 

of the number of metal atoms due to the high surface curvature and the high number of metal 

atoms on the particle surface,14 e.g. Au32(R3P)12Cl8 (R=Et, nPr, nBu),92 Au102(pMBA)44 (pMBA: 

para-mercaptobenzoic acid),93, 94 and Au144(SR)60.73 For atom-sharp clusters with thiolate 

ligands, Dass gave the relationship44 

 

ligand number = 10.46 + 0.33 · number of gold atoms    (7) 

 

For a 2 nm gold particle with 250 gold atoms, this gives 92 ligands and a molecular footprint 

of 0.14 nm2, in good agreement with the binding of short peptides studied here.  

Notably, the conjugation of larger ligands to a glutathione-azide-terminated gold surface via 

click chemistry (CuAAC) leads to fewer ligands with a higher molecular footprint. This was 

found for 2 nm gold nanoparticles carrying Cy3 molecules (5 per nanoparticle, 2.5 nm2 each),4 

Cy5 molecules (36 per nanoparticle; 0.35 nm2 each),95 FAM molecules (6 per nanoparticle, 2.1 

nm2 each),26, 96 AlexaFluor-647 molecules (11 to 18 per nanoparticle, 0.70 to 1.15 nm2 each),26, 

95 nanobodies (5 per nanoparticle, 2.5 nm2 each),97 siRNA molecules (6 to 10 per nanoparticle, 

1.4 to 2.0 nm2 each),62 or molecular tweezers (11 to 30 per nanoparticle, 0.42 to 1.14 nm2 

each).25 A quantitative assessment of the clicking efficiency on glutathione-azide-terminated 2 

nm gold nanoparticles showed that only 6 to 11 out of 118 available azide groups were used for 

conjugation.26 Clearly, larger molecules and longer peptides need more space on the 

nanoparticle surface, i.e. they cannot use all potential conjugation sites for clicking. Similarly, 

Ha et al. found a molecular footprint of 2.3 nm2 for phosphine-bound calix[8]arene ligands on 

4 nm gold nanoparticles.98 Rai et al. attached the antimicrobial peptide cecropin-melittin (16 

amino acids) to the surface of 14 nm nanoparticles. Here, 240 peptides were bound on each 

nanoparticle with a considerably high molecular footprint of 2.57 nm2.99 This compares well to 

the size of the largest peptides used here (n=7), i.e. it confirms that the number of ligands is 

governed by steric demand.  
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Finally, it must be mentioned that the presence of the peptides during the reduction of gold may 

already influence the gold core. In principle, it would be possible to prepare standard particles 

of the same size (e.g. with glutathione as ligand) and then exchange glutathione by the peptides 

used here during immersion.28, 30, 37, 100, 101 In that case, one would have to prove that the ligand 

exchange was complete and that the gold core was not influenced by the exchange reaction (e.g. 

by surface etching with peptide ligands). Therefore, we believe that this alternative synthetic 

pathway would give rise to even more significant concerns than the method we employed. Note 

that the results presented and discussed here are focused on ultrasmall metal nanoparticles of 

approximately spherical shape. The situation will change with other particle cores (like 

quantum dots) or other geometries like nanorods. However, Fisher et al. estimated 65 stearic 

acid ligands (C18) on a 3 nm CdSe quantum dot with a molecular footprint of 0.44 nm2, i.e. a 

similar as in the case of ultrasmall metallic nanoparticles.102 
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Table 3: Molecular footprint of various compounds on the surface of metallic nanoparticles of different size. AA: Number of amino acids in a peptide. Usually, 

spherical particles have been assumed for the computations.  

Core 
metal 

Ligand  Number 
of amino 

acids 

Particle core 
diameter / 

nm 

Experimental methods Number of ligands 
per particle 

Molecular footprint of 
each ligand / nm2 

Reference 

Au C (cysteine) 1 2 1H-NMR 175 0.07 This work 
Au cysteine 1 1.78 13C-NMR 67 0.15 Ruks et al.74 
Au A1C 2 2 1H-NMR 105 0.12 This work 
Au A2C 3 2 1H-NMR 50 0.25 This work 
Au A1CA1 3 2 1H-NMR 44 0.29 This work 
Au GSH 3 2 1H-NMR 125 0.10 Klein et al.26  
Ag GSH 3 2 1H-NMR, ICP-MS 171 0.073 Wolff et al.71 
Ag GSH 3 2 1H-NMR 150 to 160 0.08 Wetzel et al.103 
AgPt GSH 3 2 1H-NMR, ICP-MS 336 0.037 Wolff et al.71 
Pt GSH 3 2 1H-NMR, ICP-MS 313 0.040 Wolff et al.71 
Au GSH 3 2 1H-NMR, ICP-MS 169 0.074 Wolff et al.71 
Au A3C 4 2 1H-NMR 39 0.32 This work 
Au A4C 5 2 1H-NMR 29 0.43 This work 
Au A2CA2 5 2 1H-NMR 13 0.97 This work 
Au A5C 6 2 1H-NMR 13 0.97 This work 
Au A6C 7 2 1H-NMR 13 0.97 This work 
Au A3CA3 7 2 1H-NMR 10 1.26 This work 
Au peptides 6 to 9 2 1H-NMR, UV-vis 129 to 176 0.07 to 0.1 Ruks et al.56 
Au cecropin-melittin (16 AA) 16 14 spectrophotometry 240 2.57 Rai et al.99 
Au CRaf (36 AA) 36 1.55 UV-vis 18 0.41 Ruks et al.104 
Au PEG7, PEG4, MHA, MUA, MPA  13.2 to 26.2 ICP-MS 4.3-6.3 ligands nm–2 0.16 to 0.23 Hinterwirth et al.26  
Au MTAB  1.2 to 25 1H-NMR, UV-vis 2-6 ligands nm–2 0.17 to 0.5 Wu et al.86 
Au alkanethiols  1.5 to 5.2 FT-IR, DSC, TGA, XPS 53 to 520 0.13 to 0.16 Hostetler et al.88 
Au citrate  13 TGA and CHNS analysis 3.1 0.32 Rostek et al.105 
Au oligo(amidoamine)s  2 1H-NMR 36-99 0.15-0.40 per cysteine van der Meer et al.80 
Au 3H-1,2-dithiole-3-thiones  7, 25, 49 LSPR, SERS, NMR 1.2 to 5 ligands/nm2 0.2 to 0.83 Lanterna et al.91 
Au pyrene-carrying thioesters  12.5 fluorescence spectroscopy 2000 0.24 Ming et al.79 
Au Cu complex bound via lipoic acid  40 ICP-AES 7000 0.71 Picardi et al. 78 
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Conclusions 

Gold nanoparticles functionalized with peptides of different lengths were synthesized and 

characterized. Various methods were used to analyze the ultrasmall nanoparticles. The particles 

had an average diameter of the metal core of 2 nm as shown by HRTEM and SAXS which 

probe the metal core of hundreds of particles in the dried state (HRTEM) and of millions of 

particles in dispersion (SAXS). Thus, they look on the particles in different states, giving a 

comprehensive view of the metal core. DCS systematically underestimates the particle diameter 

due to the effective particle density that is lowered by the hydrated peptide shell, but it shows 

a good dispersibility of the nanoparticles. 1H-DOSY NMR spectroscopy, looking on the 

conjugated ligand shell only, gave reliable hydrodynamic particle diameters that permitted to 

estimate the thickness of the hydrated peptide shell (up to 1.5 nm for a heptapeptide). The 

attached peptides showed the same protonation behavior as the dissolved peptides as indicated 

by the zeta potential as a function of pH. The successful surface functionalization was assessed 

by 1H NMR spectroscopy which was well applicable to ultrasmall particles. Binding to the 

nanoparticle was evident by a downfield shift as well as a broadening of the signals. The ligand 

density as determined by 1H-NMR spectroscopy decreased with increasing peptide length, 

resulting in an increase of the molecular footprint. This is probably due to increased steric 

demand and hindrance, although the high curvature of ultrasmall nanoparticles enabled a higher 

ligand density compared to larger nanoparticles. There was no significant difference between 

peptides of the same length (3, 5, 7) bound with a terminal cysteine and peptides bound with a 

central cysteine. This suggests a disordered state of the peptide on the nanoparticle surface, i.e. 

a not an ordered brush-like conformation. Of course, the molecular footprint depends on the 

nature of the ligand and also on the dispersion medium during synthesis. Finally, the dispersion 

medium (here: water) will determine the solvation of the ligand shell during the synthesis and 

thereby the steric demand. 
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