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Abstract:  
 

Hypothesis 

The functionalization of gold nanoparticles is commonly based on the use of thiol groups for 

the anchoring of organic ligands. To functionalize gold nanoparticles with mixed layers in 

defined proportions, different thiolated ligands are often used and assumed to graft equally on 

the surface. This assumption is however generally not verified and a quantitative investigation 

of the grafting density of mixed organic layers of thiolated ligands is therefore required.  

 

Experiments 

Gold nanoparticles were exposed to solutions containing various proportions of two PEG 

ligands containing a thiol group at one extremity and a methoxy, carboxylate, or alkyne group 

at the other. A systematic study was performed on the resulting particles in order to quantify 

the composition of the PEG layer by quantitative 1H NMR spectroscopy. 

 

Findings 

Our results showed that the grafting of the PEG ligands with either a carboxylate or an alkyne 

group is strongly hindered in the presence of the methylated PEG ligands, despite the use of 

identical thiol anchoring groups. This is the first report on the quantification of mixed layers of 

PEGylated ligands on gold nanoparticles that demonstrates the severe limits of thiol chemistry 

for the functionalization of gold nanoparticles with mixed monolayers. 
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Introduction 
 

Nanomaterials are attracting much attention, due to their high surface area to volume 
ratio, making them perfect candidates for the development of new applications in the field of 
catalysis,[1][2] drug delivery,[3] diagnosis[4][5] or phototherapy.[5][6] Plasmonic 
nanoparticles, and in particular gold nanoparticles (GNPs), are widely used because of their 
interesting optical and chemical properties.[7][8] In particular, GNPs exhibit a Localized 
Surface Plasmon Resonance band (LSPR) in the visible region, which is strongly dependent on 
the dielectric properties of the local environment.[9][10] In addition to this, their surface 
reactivity allows their functionalization, using various chemistries, with a large range of 
ligands.[12]–[16] These features make them perfect materials for the development of 
nanosystems for in vitro sensing as well as in vivo diagnostics or as hot spots for photo-thermal 
therapy.[17]–[20] Generally, these applications require engineered GNPs showing excellent 
biocompatibility, a prolonged circulation time in the blood, and colloidal stability upon 
exposure to physiological media. Surrounding the GNPs with a hydrophilic and uncharged 
polymer, such as polyethylene glycol (PEG), can provide the GNPs with these properties. It has 
been shown that PEGylated GNPs are less subjected to non-specific adsorption of proteins or 
recognition by the immune system and that, due to the steric stabilization provided, the colloids 
remain stable in physiological conditions.[20][21] The thiol functional group is the most 
commonly used group for the grafting of ligands on GNPs, as it forms a covalent, but labile, 
Au-S bond.[23]–[26] The reversibility and dynamic nature of the Au-S bond usually allows the 
formation of a dense monolayer around the particles. 

Nowadays, more and more applications are requiring multi-functional NPs, 
functionalized with different ligands, each carrying a specific functional group. It is therefore 
essential to be able to control the grafting of different ligands onto particles in defined 
proportions.[27]–[30] A strategy that is frequently used to control grafting densities is the 
dilution of ligands bearing functional groups (as a carboxylate or an alkyne) with non-functional 
ligands. The assumption that different thiolated ligands will graft equally on the GNP surface 
is usually made and the proportions of the different ligands at the GNP surface are expected to 
be equal to their proportions in the functionalization solution.[31]–[33] However, this 
assumption is not frequently verified, due to the difficulties to perform quantitative analysis on 
the composition of the organic layer. 

Several methods can be used to characterize the formation of a layer around particles, 
such as UV-Vis absorption spectroscopy (UV-Vis), Infrared absorption spectroscopy (IR), 
dynamic light scattering (DLS), or zeta potential methods. However these are only providing 
qualitative assessments of the presence of organic ligands. Thermogravimetric analysis (TGA), 
on the other hand, can offer an accurate quantification of the total amount of organic material 
grafted onto NPs. However, this technique cannot distinguish between ligands of different 
molecular weight or different functional end groups. In addition, TGA possess several 
drawbacks such as long measurement time and the use of a large quantity of material (typically 
around several milligrams).[34][35] 

For these reasons, we have developed a fast, convenient and accurate method, inspired 
by Smith et al. and Yapar et al.,[36][37]  to quantify the absolute numbers of two different PEG 
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ligands grafted on GNPs. The quantification is performed by quantitative 1H NMR 
spectroscopy (qNMR), which allows quantitative determination of the amount of PEG ligands 
present in solution. However, the ligands cannot be quantified directly, since the 1H NMR 
signals of the organic ligands grafted on GNPs (usually with a diameter larger than 10 nm) are 
very broad, due to their large diffusion correlation time. This broadening prevents the 
quantitative integration of the signals in the 1H NMR spectrum and therefore the direct 
quantification by qNMR. Hence, iodine is used to etch the GNP surface, leading to the release 
of the PEG ligands into the solution and allowing their quantification by 1H NMR. Furthermore, 
iodine is described in the literature to induce an etching process that leads to the formation of 
large gold nanostructures and does not lead to the release of large amount of gold ions.[38]–
[40] This is an advantage over the commonly used methods using aqua regia or KCN (as used 
by Smith et al.),[37] where the high ionic strength caused by the oxidation of Au(0) and release 
of Au(III) cations in solution leads to difficulties to tune the NMR probes. 

Using this improved procedure, we could carry out the quantitative study of various 
layers of mixed PEG ligands grafted onto GNPs in order to verify the correlation between the 
grafted proportions and those in the functionalization solutions (Figure 1). We have investigated 
the functionalization of GNPs with solutions containing varying proportions of two thiolated 
PEG ligands (HS-PEGs). Both bear a thiol group at one extremity but differ at their other 
extremity by the presence of either a methoxy group or a functional group that could 
subsequently be used to couple a molecule of interest: a carboxylate or an alkyne (Figure 1). 
HS-PEGs with one of these two functional groups are commonly used for the post-
functionalization of GNPs, as it allows the coupling of biological ligands respectively via the 
formation of an amide bond or by copper(I)-catalyzed alkyne-azide cycloaddition, most 
commonly known as “click chemistry”, while preserving the biological activity of the ligands. 
[41]–[43] This choice of HS-PEGs was motivated by the fact that (i) carboxylates and alkynes 
represent the most commonly used functional groups to couple molecules onto gold 
nanoparticles and that (ii) carboxylates and alkynes differ by their charge at physiological pH, 
which could be one of the key parameters influencing the grafting efficiency. 
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Fig. 1. Scheme of the functionalization process: A mixture of (a) HS-PEG6-CH3 and (b) HS-PEGn-X (where X is either a 
carboxylate (HS-PEG-COOH) or an alkyne (HS-PEG-C≡CH) and n is 6 or 10, respectively) with chosen ratio (y) is added to 
citrate-capped GNPs. After the reaction, the GNPs are covered with a mixed layer of PEG ligands in unknown proportions. 

EXPERIMENTAL SECTION  
 
General materials 

Potassium gold (III) tetrachloride (KAuCl4), trisodium citrate (Na3C6H5O7) and Poly(ethylene 
glycol) methyl ether thiol (HS-PEG-CH3, average Mn = 356 Da) (purity of >95%) were ordered 
from Sigma-Aldrich (St. Louis, MO). Alpha-Thio-omega-(propionic acid) octa(ethylene 
glycol) (HS-PEG-COOH, average Mn = 458.57 Da) was ordered from Iris Biotech GMBH with 
a purity of >95%. Alkyne PEG thiol (HS-PEG-C≡CH, average Mn = 600 Da) was purchased 
from Nanocs Inc. (New-York, NY). Deuterium oxide (D2O, 99.9% D) was obtained from 
Fluorochem (Hadfield, United Kingdom). Iodine (99+%) was purchased from Alfa Aesar 
(Lancashire, United Kingdom). All solutions were prepared with HPLC grade water 
(Lichrosolv®) and all reagent solutions were aqueous unless otherwise noted. Before use, all 
glassware and Teflon-coated stir bars were washed with aqua regia (3:1 volume ratio of 
concentrated HCl and HNO3) and rinsed thoroughly with water. Caution: Aqua regia is highly 
toxic and corrosive and requires proper personal protective equipment. Aqua regia should only 
be handled in a fume hood. 

Gold nanoparticles synthesis  

GNPs were synthesized in an aqueous solution using a modified Turkevich method in order to 
obtain a mean core diameter between 15 and 20 nm.[44] Briefly, in a three-neck round-bottom 
flask containing a stir bar, 1.4 mL of trisodium citrate (0.15 M) were injected into 50 mL of 
boiling aqueous potassium tetrachloroaurate (3 mM) at pH 7. After addition, the reaction 
mixture changed from yellow, to colorless, to black and finally to purple-red within 1 min. The 
solution was refluxed for five minutes and then quenched to room temperature. The freshly 
synthesized GNP suspension was then dialyzed against a 1 mM citrate solution during 12 h. 
Images of the GNPs were obtained with a Philips CM20-UltraTWIN Transmission Electron 
Microscope (TEM) equipped with a lanthanum hexaboride (LaB6) crystal at a 200 kV 
accelerating voltage. The average size and standard deviation were determined by measuring 
the size of more than 100 GNPs. The GNP concentration was determined by UV-Vis absorption 
spectroscopy using the extinction coefficient calculated by making the assumption that all the 
gold ions added during the synthesis have been reduced into nanoparticles (the remaining gold 
salts were below detection limit of ICP) and knowing the GNPs size. As an example, for GNPs 
of 16 nm, the GNP concentration of the solution was estimated to be around 23 nM and their 
extinction coefficient to be 4.3 x 108 M-1 cm-1. 

GNPs functionalization 
 
HS-PEG solutions (HS-PEG-CH3, HS-PEG-COOH or HS-PEG-C≡CH) were prepared by 
dissolving the HS-PEGs in D2O and the final concentrations were measured by quantitative 1H 
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NMR spectroscopy. Three mixtures of HS-PEG-CH3 and HS-PEG-COOH containing different 
molar fractions of HS-PEG-COOH (χPEG-COOH): 0.25, 0.50 and 0.75 while four mixtures of 
HS-PEG-CH3 and HS-PEG-C≡CH containing different molar fractions of HS-PEG-C≡CH 
(χPEG-C≡CH): 0.2, 0.4, 0.6, and 0.8 were prepared. All the mixtures were prepared by mixing 
appropriate volume of the stock solutions. The general procedure for the functionalization was 
the following: an excess of HS-PEGs was added to citrate-capped aqueous GNPs suspensions 
(> 3 x 104 HS-PEGs/GNP) and the resulting suspensions were stirred overnight. The particles 
were subsequently cleaned by centrifugation (18 minutes at 17000 g) and replacement of the 
supernatant by an equal volume of water. This process was performed 6 times, which 
corresponds to a dilution of the soluble species (mostly HS-PEGs and citrate) by a factor of 5 
x 106. In the case of the GNPs batches prepared for the 1H NMR analysis, D2O was used instead 
of water for the cleaning procedure and the initial citrate-capped GNPs were dispersed in D2O 
instead of water. In the case of TGA, the washing of the GNPs functionalized with the HS-
PEG-COOH was performed in basic conditions using NaOH 1 mM instead of water. This was 
necessary to prevent any loss of GNPs, which is crucial for TGA as this method requires a large 
quantity of material. The final concentration of NaOH was thus around 1 mM. 
 
 
 Analysis of the mixed layers by 1H NMR spectroscopy 
 
Quantification of the HS-PEGs densities on the GNPs was performed by 1H NMR on a Varian 
Unity 600 MHz spectrometer, by determining both the amounts of non-grafted and grafted HS-
PEGs.   
 
First, the supernatant of the first centrifugation cycle of the freshly functionalized GNPs was 
analyzed by 1H NMR spectroscopy, allowing the quantification of non-grafted HS-PEGs 
(Figure S7.1). Then, the functionalized GNPs were further washed and analyzed. However, as 
already mentioned, no signal could be observed due to the broadening caused by the slow 
rotational diffusion of 15-20 nm GNPs (Figure S7.2). 500 µL of these GNPs were then treated 
with iodine: 10 mg of iodine was directly added into the aqueous GNP suspension in the NMR 
tube. The solution was heated at 40 °C in order to reach the maximum I2 solubility. After 10 
minutes of treatment, the resulting solution was analyzed by quantitative 1H NMR 
spectroscopy, allowing the quantification of the grafted HS-PEGs (Figure S7.3). A time 
evolution study of the spectra has highlighted that no change of the intensity of the signals was 
observed after 10 minutes of exposure of the GNPs to I2 at 40°C.  
Acquisition time, recycling delay (15 seconds) and 90-degree pulse were carefully calibrated 
in order to obtain quantitative measurements. 1D proton spectra were recorded at 25 °C with 
64 or 128 transients, an acquisition time of 2 s, a relaxation delay of 13 s, a spectral width of 
9600 Hz, and a digital resolution of at least 0.2 Hz/pt. The chemical shift of water at 25°C (4.79 
ppm) was used as chemical shift reference. Experiments were performed in YOUNG tubes and 
absolute concentrations were obtained using FTEG reference calibration curves.[45] The 
quantification procedure is explained in detail in Figure S9. 
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GNPs-PEGs post-functionalization 
 
After having functionalized the GNPs with mixtures of HS-PEGs, we post-functionalized them 
with a Cyanine 7.5 dye containing either an amine group (Mn = 819 Da, purity = 95%) or an 
azide group (Mn = 767 Da, purity = 95%). These dyes were purchased from Lumiprobe 
(Hannover, Germany) and they both possess an absorption maximum at 788 nm and an 
extinction coefficient of 223 x 103 L.mol-1.cm-1. In the case of the amide bond formation, 100 
µL of GNPs-PEGs (15 nM) were added to 900 µL of a solution of EDC/sulfo-NHS 
(respectively 0.5 and 1 g/L) diluted in phosphate buffer (100 mM, pH 6). After 10 minutes of 
stirring at 35 °C, the Cya7.5 amino dye was added in order to reach 104 eq. of dye per GNP. 
The solution was kept at 35°C during 4 hours and then the GNPs-PEGs-Dye were washed by 
centrifugation with SDS 1% (m/m). 5 cycles of centrifugation were performed, which 
corresponds to a dilution of the supernatant by a factor 106. In the case of the cycloaddition 
(click chemistry), 100 µL of GNPs-PEGs (15 nM) were added to 700 µL of water with 1 mM 
of NaHCO3, 0.4 mM of sodium ascorbate and 10 µM of Cya7.5 azido dye. The solution was 
then degased for 15 minutes and then 200 µL of CuSO4 (2 mM) were added. The solution was 
kept at 35°C during 4 hours and then the GNPs-PEG-Dye were washed by centrifugation with 
SDS 1% (m/m). 5 cycles of centrifugation were performed which corresponds to a dilution of 
the supernatant by a factor 106. After the washing steps, both sets of GNPs were characterized 
by UV-Vis and the absorbance of the dye was compared to the absorbance of the GNPs in order 
to obtain the amount of dyes/GNP. 
 
 
RESULTS AND DISCUSSION 
 
Optimization of the etching conditions and validation of the quantification method 
 
In order to gain insight into the functionalization of gold nanoparticles using mixtures of 
HS-PEGs, we developed a method based on 1H NMR analysis of the suspension supernatant 
after the release of the grafted HS-PEGs upon iodine etching of the GNPs. In a first step, the 
quantification method was optimized and validated. Batches of GNPs were functionalized with 
either HS-PEG-CH3 or HS-PEG-COOH and cleaned by multiple centrifugation steps. We then 
incubated the GNPs with different iodine concentrations, at different temperatures and for 
different times. The etching process was monitored by separating the GNPs from iodine by 
centrifugation and recording of the absorption spectrum of the particles after resuspension. We 
found that incubating the GNPs-PEGs in an aqueous solution containing 20 mg/mL of iodine 
at 40°C for 10 minutes is sufficient to degrade all the GNPs, as no LSPR band could be observed 
anymore in their UV-Vis spectrum. Figure 2a shows the UV-Vis spectra of the GNPs-PEGs 
before and after iodine treatment.  



 7 

 

 
 

Fig. 2. UV-Vis spectra of the GNPs-PEG-CH3 before (black, straight) and after (red, dashed) I2 treatment (a.) and the TEM 
images of GNPs functionalized either with the HS-PEG-CH3 (b) or the HS-PEG-COOH (c) before and 10 minutes after the I2 
treatment. 
 
Figure 2b and 2c shows the TEM analysis of the GNPs-PEG-CH3 and the GNPs-PEG-COOH 
before and after treatment with iodine. We can observe the formation of large gold structures 
replacing the initial spherical gold nanoparticles. This observation is in good agreement with 
the mechanism described in the literature: iodine etches the GNPs, which then aggregate into 
larger structures.[38][39] 

 
In order to verify that all the HS-PEGs have been detached from the particles by the iodine 
treatment, we compared the total amount of HS-PEGs added to the GNPs during the 
functionalization step to the sum of the non-grafted (in the first supernatant) and grafted (after 
etching of the GNPs) HS-PEGs that we measured by 1H NMR spectroscopy. The complete 
protocol is detailed in the experimental section and a scheme of the procedure is presented in 
the supporting information. This was performed on GNPs functionalized either with HS-PEG-
COOH or HS-PEG-CH3 and repeated on three different batches for each ligand and the results 
are summarized in Figure 3. The sums of the values of HS-PEGs quantities measured in the 
supernatant and in solution after the etching process were very close to the initial amounts of 
HS-PEGs added (less than 2% difference for both HS-PEGs). It confirms that, under these 
conditions, the etching of the GNPs-PEGs leads to a complete release of the grafted ligands, 
validating our strategy. All detailed results can be found in the supporting information, Table 
S1. 
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Fig. 3. Validation of the PEG quantification method. (a) and (b) Comparison between the sum of the measured values of the 
grafted (dark stripes) and non-grafted (light stripes) HS-PEGs/GNP and the total amount of HS-PEGs/GNP added either for 
the HS-PEG-CH3 (a) or the HS-PEG-COOH (b) and  (c) comparison of the measured values of grafted HS-PEGs obtained 
either by 1H NMR (grey) or TGA (white). 
 
In order to further confirm the validity of the method, we compared the grafting densities 
obtained by quantitative 1H NMR to that obtained using the standard technique for the 
quantification of organic matter grafted on GNPs, TGA (Figure 3c and Table S3). The results 
obtained by these two techniques are in very good agreement (less than 10 % difference for 
both HS-PEGs grafting densities), which again confirms the validity of our method to obtain 
absolute quantitative measurements by 1H NMR spectroscopy. Furthermore, the average 
grafting density that we found for both HS-PEGs is around 3.5 HS-PEG molecules per nm2, 
which is similar to the values reported in the literature.[46] Full results and calculations can be 
found in the supporting information, Table S2. 
 
Analysis of mixed layers of HS-PEG-COOH or HS-PEG-C≡CH and HS-PEG-CH3. 
 
Using this convenient protocol for the quantification of HS-PEGs grafted on GNPs, we 
quantitatively analyzed mixed layers grafted onto GNPs. The aim was to determine if the 
addition of two thiolated PEGs to GNPs in defined proportions during the functionalization step 
would lead to a control over their proportions at the GNP surface.  
 
For that purpose, several solutions containing mixtures of HS-PEG-CH3 and HS-PEG-COOH 
(χPEG-COOH= 0 - 0.25 - 0.50 - 0.75 - 1) or mixtures of HS-PEG-CH3 and HS-PEG-C≡CH (χHS-PEG-C≡

CH  = 0 - 0.2 - 0.40 - 0.6 - 0.8 - 1) were used to functionalize citrate-capped GNPs. The total number 
of HS-PEGs per GNP was kept constant in all cases. This procedure was repeated for each of 
the HS-PEGs on different samples of citrate-GNPs obtained from independent syntheses and 
with freshly prepared HS-PEG solutions. The samples were always labeled as function of the 
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molar fraction (χ) of the functional HS-PEG present in the solution used for the 
functionalization, either HS-PEG-COOH or HS-PEG-C≡CH. 
 
Figure 4 shows the 1H NMR spectra of the samples of one series of five samples functionalized 
with different molar fraction of HS-PEG-COOH after iodine etching. We can observe that most 
of the spectra are very similar and only in the χPEG-COOH = 0.75 and 1 samples the signal around 
2.5 ppm (the signal of the -CH2- in alpha position of the carboxylate) can be clearly assigned to 
the HS-PEG-COOH (indicated with arrows in Figure 4). These signals (from two protons each) 
are not visible in the other samples, showing that the amount of HS-PEG-COOH grafted is very 
low and not proportional to the initial amount of that HS-PEG in the functionalization solution. 
However, we were able to calculate the concentration of both HS-PEGs by integrating the signal 
of the methoxy group (signal at 3.4 ppm) and by comparing it to the integral of the signal of the 
PEG chain (signals at 3.8-3.6 ppm). More details are available in Section S3 of the supporting 
information and the results are summarized in Figure 5a. 

 
Fig. 4. 1H NMR spectra in D2O of the series of five samples of GNPS functionalized with different molar fraction of HS-PEG-
COOH after I2 etching and centrifugation. From top to bottom: χPEG-COOH = 0, 0.25, 0.50, 0.75 and 1. 
 
We observed that the grafting of HS-PEG-COOH is strongly hindered in presence of the 
HS-PEG-CH3 and that the percentage of HS-PEG-COOH grafted on the GNPs is not correlated 
to the fraction in the functionalization solution. The large standard deviation indicates the low 
reproducibility of the functionalization procedure when mixtures of HS-PEGs are used. The 
measured grafting densities of both HS-PEGs at the surface of GNPs for the different batches 
can be found in Table S4. The same phenomenon was observed in the case of mixture of 
HS-PEG-CH3 and HS-PEG-C≡CH. The grafting of HS-PEG-C≡CH is also strongly hindered 
in presence of the HS-PEG-CH3 and the percentage of HS-PEG-C≡CH grafted on the GNPs is 
not correlated to the fraction in the functionalization solution (Figure 5b). All results are 
available in Table S5.  
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Fig. 5. (a) Average grafting density of HS-PEG-COOH (red) and HS PEG-CH3 (stripped blue) grafted on GNPs as function of 
the   χPEG-COOH in the solution used to functionalize the GNPs. (b) Average grafting density of HS-PEG-C≡CH (green) and 
HS-PEG-CH3 (stripped blue) grafted on GNPs as function of the χPEG-C≡CH in the solution used to functionalize the GNPs. 
 
In conclusion, despite the absence of charge in HS-PEG-C≡CH, it was not possible to obtain 
controlled grafting densities of this latter when mixed with the HS-PEG-CH3. While 
electrostatic repulsion between HS-PEG-COO- molecules is a possible explanation for their 
unfavorable grafting compared to that of the neutral HS-PEG-CH3, this cannot be the case for 
HS-PEG-C≡CH. It is however interesting to point out that the grafting density of the pure 
HS-PEG-C≡CH on GNPs is much lower than that of the two other HS-PEGs that were used in 
this study. This could be explained by the affinity of the alkyne functional group for the gold 
surface that could lead to a grafting of this molecule via its two extremities, resulting in higher 
steric hindrance at the surface (Figure 6).[46][47] This would require further investigation, but 
is out of the scope of this paper. 
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Fig. 6. Model of the grafting of the HS-PEG-C≡CH (a) and HS-PEG-CH3 (b) onto the GNP surface. 
 
Both sets of particles (functionalized with HS-PEG-CH3 / HS-PEG-COOH or HS-PEG-CH3 / 
HS-PEG-C≡CH mixtures) were characterized by IR spectroscopy. Although IR revealed the 
presence of PEG chains on all batches (band at 1100 cm-1 characteristic of C-O-C asymmetric 
stretching), the presence of carboxylate groups could not be identified in the first series of 
samples, except for sample χPEG-COOH = 1, which shows a significant absorption band at 1580 cm-

1 (asymmetric stretching of the carboxylate group at the extremity of the PEG chain). The signal 
at 1680 cm-1 that can be observed in all samples can be attributed to the residual citrate anions 
adsorbed on the particles. Samples χPEG-COOH = 0.25, 0.50 and 0.75 gave similar spectra to sample 
χPEG-COOH = 0, with some characteristics of sample χPEG-COOH = 1, but no clear trend emerged 
(Figure 7a). In the case of the HS-PEG-C≡CH, no alkyne signal was observed in any of the 
samples and only the IR spectra of the samples χPEG-C CH  = 0 and 1 are shown in Figure 7b. We 
can see an absorption band at 1680 cm-1 with intensity much higher than in the case of pure 
GNPs-PEG-CH3, which indicates that many citrate anions were still present at the surface of 
the GNPs, suggesting a lower grafting density of the HS-PEG-C≡CH. 
 
 
 

  
Fig. 7. (a). Normalized IR spectra of the GNPs functionalized with HS-PEG-CH3/HS-PEG-COOH for the sample χPEG-COOH 

= 1.00, 0.75, 0.50, 0.25 and 0.00. (b) Normalized IR spectra of the GNPs functionalized with HS-PEG-CH3/HS-PEG-C≡CH 
for the sample χPEG-C≡CH  = 1.00 and 0.00. Samples have been normalized on the intensity of the PEG signal (1100 cm-1).  
 
We also characterized the different suspensions by UV-Vis absorption spectroscopy, and in 
particular the shift of the LSPR band upon pH variations (at pH values of 3, 5 and 12) were 
monitored. This can be related to the aggregation of the particles following the modification of 
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their surface potential due to the protonation or deprotonation of the carboxylate groups. 
Sterically stabilized GNPs should show a higher stability window vs pH than electrostatically 
stabilized particles. The presence of the grafted HS-PEG-COO- will contribute to the 
electrostatic stabilization of the GNP colloids, which will be influenced by the 
carboxylate/carboxylic acid equilibrium. Figure 8 shows the position of the maximum of 
absorbance of the LSPR band of the GNPs functionalized with mixtures of HS-PEG-CH3/ HS-
PEG-COOH at these different pH values. We can clearly observe that, as expected, the LSPR 
band of sample χPEG-COOH = 1, with only PEG-COOH, is strongly pH sensitive, while that of 
sample χPEG-COOH = 0, without PEG-COOH, is not affected by pH variations, due to the steric 
stabilization of the GNPs. The samples with χPEG-COOH = 0.25, 0.50 and 0.75 show a behavior 
that is similar to that of the χPEG-COOH = 0 sample, which suggests that few HS-PEG-COOH 
ligands have been grafted, qualitatively confirming our qNMR results. The minor variations of 
the maximum of absorbance of the LSPR at low pH seem to reveal the presence of low amounts 
of HS-PEG-COOH in the organic layer. All the spectra are available in the supporting 
information (Figure S10). UV-Vis absorption spectroscopy was not informative in the case of 
mixed layer of HS-PEG-C≡CH and HS-PEG-CH3, as neither of these show a 
protonation/deprotonation equilibrium. Figure S10a shows the UV-Vis spectrum of the GNPs-
PEG-C≡CH (χPEG-C≡CH  = 1) and we can see that these GNPs are not pH sensitive.  
However, the possibility to expose all these GNPs-PEGs to pH variation cycles, without loss 
of particles, demonstrates that the functionalization was well performed. Indeed, citrate-GNPs 
are not sufficiently stable to endure such extreme conditions. 

 
Fig. 8. Position of the maximum of absorbance of the LSPR band of the GNPs functionalized either with HS-PEG-COOH for 
the sample χPEG-COOH = 0, 0.25, 0.50, 0.75 and 1 or with HS-PEG-C≡CH for the sample χPEG-C≡CH  = 1 as a function of pH. 

 
These UV-Vis and IR analysis confirm our initial hypothesis that the initial ratio of different 
thialoted PEG concentrations in the functionalization solution is not reflected at the GNP 
surface and that it is crucial to quantitatively analyze the composition of mixed layers of 
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HS-PEGs around the GNPs in order to evaluate their relative grafting densities, which IR and 
UV-Vis cannot afford quantitatively. 
 
Post-functionaization of GNPs functionalized of mixed layers of HS-PEGs. 
 
To further confirm that this lack of control of the proportions of the two HS-PEGs in the mixed 
layer is a strong limitation for the development of sensors, we carried out post-functionalization 
experiments of the GNPs-PEGs (χPEG-COOH from 0 to 1) and GNPs-PEG (χPEG-C≡CH  from 0 to 1), 
with a NIR dye bearing an amine or an azide group, respectively via the formation of an amide 
bond or via click chemistry. The absorption band of these dye around 800 nm makes it possible 
to quantify the concentration of grafted dyes on the GNPs directly by absorption spectroscopy 
(for more details, see Figure S12 and Table S6). The amount of grafted dyes per GNP is reported 
in Figure 9.  
 

 
 
Fig. 9. Number of Cya7.5 dyes coupled to the GNPs-PEGs as function of the molar ratios of the functional HS-PEGs used to 
functionalize the GNPs, either HS-PEG-COOH (in black) or HS-PEG-C≡CH (in red). 

 
In the case of the HS-PEG-COOH, we can observe the same trend as for the 1H NMR 
quantification study: only the sample χPEG-COOH = 1 shows a significant amount of grafted dyes. 
This poor control over the amount of coupled dye is due to the fact that it was not possible to 
obtain mixed layers around the GNPs with controlled proportions of functional groups. In the 
case of the HS-PEG-C≡CH, we can observe only very low amounts of dyes coupled for all 
fractions, including χPEG-C≡CH  = 1. This could be the consequence of “hairpin-like” structures 
due to the grafting of the PEG ligands by both their –SH and -C≡CH extremities, making this 
latter functional group unavailable for a subsequent coupling. These results highlight another 
complication for the functionalization of gold nanoparticles with post-functionalizable ligands, 
namely that terminal alkyne groups cannot be used straightforward due to the affinity of this 
group for gold. 
 
 
 
 

N
um

be
r o

f C
ya

7.
5 

dy
es

 /G
N

P

χPEG-COOH or χPEG-C�CH added

0
100
200
300
400
500
600
700
800

0 0.2 0.4 0.6 0.8 1

HS-PEG-C�CH
HS-PEG-COOH



 14 

CONCLUSIONS 
 
We studied the functionalization of citrate-capped GNPs with different mixtures of two 
HS-PEGs, both grafted via their thiol end group to the particles but presenting either a methoxy 
group or a functional group (a carboxylate or an alkyne) at their other extremity. Using 
quantitative analysis of detached ligands by 1H NMR spectroscopy, we have shown that, in 
both cases, the grafting of the functional HS-PEGs is strongly disfavored when added in 
mixtures with HS-PEG-CH3 to the GNPs. We demonstrated that the commonly made 
assumption that thiolated molecules will graft equally on gold nanoparticles is not valid, with 
large deviations of the proportions of grafted ligands from that of the functionalization solution 
and poorly reproducible results. These observations are crucial for the development of GNP-
based sensors or Drug Delivery Systems, for which GNPs are often only qualitatively 
characterized.[49]–[51] In that context, quantitative studies of the functionalization of GNPs 
should be performed routinely in order to verify the control over the grafting densities to prevent 
problems during the use of these GNPs, from non-qualitative or irreproducible sensors to 
inappropriate behavior of the particles while used in vivo. Furthermore, the method that we 
propose in this study can be extended to any mixed layer of thiolated ligands grafted onto GNPs, 
as far as it possible to distinguish both ligands by 1H NMR spectroscopy or any other 
quantitative experimental technique, as HPLC for example. 
This study clearly demonstrates the necessity to develop alternative ways to functionalize 
nanomaterials, allowing better control over the densities by stronger binding of the ligands. 
This could be achieved using polythiolated ligands[52] or with alternative anchoring groups, 
such as diazonium groups, which lead to the formation of carbon-gold bonds, that are not as 
labile as sulfur-gold bonds. This approach is unfortunately often leading to the formation of a 
large organic layer around the metallic core. Troian-Gauthier et al. and Valkenier et al. have 
recently demonstrated that this drawback could be overcome by using calix[4]arene-
tetradiazonium salts, which allow to form a robust organic monolayer around the GNPs,[53] 
and even that mixtures of these calix[4]arenes could be used to obtain controlled layers with 
defined numbers of functional groups.[54] Developing such strategies is necessary to provide 
the many researchers and industries using nanomaterials to develop biomedical applications 
with well-controlled and reliable particles. This is also crucial for the rational development of 
multifunctional nanoparticles, which is a key challenge in the field.[55] 
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