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Abstract 

Gold nanoparticles (AuNPs) are currently intensively exploited in the biomedical field as they 

possess interesting chemical and optical properties. Although their synthesis is well-known, 

their controlled surface modification with defined densities of ligands such as peptides, DNA, 

or antibodies remains challenging and has generally to be optimized case by case. This is 

particularly true for applications like in vivo drug delivery that require AuNPs with multiple 

ligands, for example a targeting ligand and a drug in well-defined proportions. In this context, 

we aimed to develop a calixarene-modification strategy that would allow the controlled 

orthogonal conjugation of AuNPs respectively via amide bond formation and copper(I)-

catalyzed azide-alkyne cycloaddition (CuAAC). To do this, we synthesized a calix[4]arene-

tetradiazonium salt bearing four PEG chains ended by an alkyne group (C1) and, after 

optimization of its grafting on 20 nm AuNPs, we demonstrated that CuAAC can be used to 

conjugate an azide containing dye (N3-cya7.5). It was observed that AuNPs coated with C1 

(AuNPs-C1) can be conjugated to approximately 600 N3-cya7.5 that is much higher than the 

value obtained for AuNPs decorated with traditional thiolated PEG ligands terminated by an 

alkyne group. The control over the number of molecules conjugated via CuAAC was even 

possible by incorporating a non-functional calixarene (C2) in the coating layer. We then 

combined C1 with a calix[4]arene-tetradiazonium salt bearing four carboxyl groups (C3) that 

allows conjugation of an amine (NH2-cya7.5) containing dye. The conjugation potential of 

these bifunctional AuNPs-C1/C3 was quantified by UV-Vis spectroscopy: AuNPs decorated 

with equal amount of C1 and C3 could be conjugated to approximately 350 NH2-dyes and 300 

N3-dyes using successively amide bond formation and CuAAC, demonstrating the control over 

the orthogonal conjugation. Such nanoconstructs could benefit to anyone in the need of a 

controlled modification of AuNPs with two different molecules via two different chemistries.  
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Introduction 

During the last decades, nanomedicine has known huge developments in various 

applications including drug delivery, sensing and imaging.1–4 Among the different classes of 

nanomaterials used in this field, gold nanoparticles (AuNPs) are particularly attractive thanks 

to their ease of synthesis, plasmonic properties,5,6 biocompatibility and low toxicity,7 and 

surface reactivity that allows the anchoring of (bio)molecules.8–12 In this regard, AuNPs have 

been notably exploited for the design of in vitro sensors,13,14 as nanocarriers for in vivo drug 

delivery systems,15,16 or phototherapy hotspots.17,18 For all these applications, the surface of the 

AuNPs has to be functionalized in order to increase their stability in complex media or to confer 

them properties such as biocompatibility or targeting of specific cells/tissues. A possible 

functionalization strategy consists in grafting a dense layer of organic ligands that further 

allows the covalent immobilization of (bio)molecules through classical (bio)conjugation 

reactions (post-functionalization step). Typically, citrate-capped AuNPs are first synthesized 

and the citrate anions present at the surface are then exchanged with thiol ligands displaying a 

terminal reactive group.19 An usual method to prepare AuNPs carrying mixed layers of ligands 

random spread over the surface with a control over the grafting density, consists in the 

concomitant addition of two different thiol ligands at specific ratios (“simultaneous” method). 

Due to the lability of the Au-S bond, it was however shown that the resulting ratio of ligands 

at the surface may greatly differ from that initially introduced in solution.20,21 Another classical 

method for the formation of mixed layers relies on the stepwise addition of different ligands 

but, in this case, control over the ligands ratio is complicated to obtain and this “stepwise” 

method has been shown to be more adapted to the formation of Janus-like nanoparticles.22 The 

limitations of these two methods is particularly problematic for applications requiring multi-

functional AuNPs, for example, when both a targeting ligand and a drug have to be anchored 

on a same particle.23–27 
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It is known that, upon reduction of their diazonium groups,28–30 calix[4]arene-

tetradiazonium salts31,32 can form multiple C-metal bonds33 with the surface of gold or silver 

nanoparticles, leading to thin and extremely robust organic layers.34–36 When the calix[4]arene 

is substituted with a reactive functional group at its small rim (e.g. carboxyl), it is possible to 

further post-functionalize the nanoparticles with various (bio)molecules.37,38 Moreover, the 

irreversible nature of the grafting and the similar reactivity toward surfaces of calix[4]arene-

tetradiazonium salts31,32 bearing different substituents at the small rim allow the formation of 

mixed layers with control over the proportions of the different calix[4]arenes used.39,40 We thus 

envisioned that the calixarene-based methodology could be used for the preparation of AuNPs 

bearing multiple ligands that would enable further orthogonal (bio)conjugation. For this, the 

concomitant grafting of calixarenes bearing alkyne or carboxyl groups was envisaged. Indeed, 

while carboxyl groups can be used for the formation of an amide bond with amine-containing 

molecules via classical amidation reactions, alkynes can react with azide-containing molecules 

through the well-known copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC). To our 

knowledge, bifunctional gold nanoparticles that could be orthogonally post-functionalized by 

CuAAC and amidation have never been reported in the literature.41 

Herein, we report on the preparation of AuNPs coated by two different calixarenes with 

a control over the composition of the mixed layers and the use of these nanoparticles for the 

orthogonal conjugation of molecules. 

 

Results and Discussion 

Preparation of the calix[4]arene-tetradiazonium salts and of the AuNPs. Three 

calix[4]arene-tetradiazonium salts differing by their substituents at the small rim were used 

(Figure 1). C1 and C3 were chosen as their terminal functional groups could be exploited for 

the further conjugation of (bio)molecules through CuAAC and amidation reactions, 
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respectively. C2 bears four PEG chains ended by a methoxy group and was used for 

optimization and control experiments. Note that C1 was synthesized in a few steps from 

commercial ptBu-calix[4]arene-tetraacetic acid tetraethyl ester (see the Experimental section 

and the SI) while C2 and C3 were readily obtained according to literature procedures.39,42 

Water dispersible AuNPs-citrate with a core diameter of 19.7 ± 2.5 nm were synthesized via a 

modified Turkevich method and used for all the experiments reported in this study. UV-Vis, 

IR and TEM characterizations are available in Supporting Information (Figures S1 and S2). 

 

Figure 1. Structure of calix[4]arene-tetradiazonium salts C1, C2 and C3. 

 

Preparation, characterization, and post-functionalization of AuNPs bearing alkyne 

groups. The modification of AuNPs-citrate with the newly synthesized C1 was first 

investigated as the grafting of a calix[4]arene-tetradiazonium salt bearing alkyne groups had 

never been described before. The coating was achieved under reducing conditions through a 

classical ligand exchange process (Scheme 1).39 Briefly, 2×105 C1/NP (AuNPs   ̴10 nM ; C1  ̴

2 mM) were added dropwise and under vigorous stirring to a dispersion of AuNPs-citrate in 

presence of sodium borohydride (0.5 equiv. per C1). After 16 hours of reaction, the resulting 

water dispersible AuNPs-C1 were purified from the excess of free calixarenes by 

centrifugation and replacement of the supernatant by pure water. 
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Scheme 1. Synthesis of AuNPs-C1 and AuNPs-C1-cya7.5. Inset: structure of N3-cya7.5. 

Barely no loss of particles was observed by UV−Vis spectroscopy after the 

functionalization and purification processes but a significant shift of the maximum of 

absorbance of the LSPR band was observed (max > 10 nm) (Figure 2A), in agreement with 

the modification of the AuNPs surface with C1. The grafting of C1 was further confirmed by 

ATR-FTIR analysis of the particles (Figure 2B). In comparison to AuNPs-citrate, asymmetric 

C-O-C stretching of PEG chains at 1100 cm-1, Car-Car ring stretching at 1456 cm-1 and amide 

bands I and II at 1664 and 1542 cm-1, respectively, could be observed on the IR spectrum of 

AuNPs-C1. Furthermore, the signal corresponding to the carboxylate groups of the adsorbed 

citrates at 1600 cm-1 decreased drastically, confirming the success of the ligand exchange 

process. Unfortunately, signals of the alkyne groups were not intense enough to be observed in 

the FTIR spectrum, probably because they are too far from the AuNPs surface to benefit from 

the surface-enhanced infrared absorption effect. It is worth noting that the AuNPs-C1 

expressed high colloidal and chemical stabilities due to the calixarene-based coating. They 

endured extreme pH (pH1 for 3 hours) or high fluoride concentrations (250 mM for 3 hours) 

without showing any signs of degradation or aggregation (Figure S3). 
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Figure 2. (A) UV-Vis spectra of the AuNPs-citrate (black line) and the AuNPs-C1 (blue line). (B) ATR-FTIR 

spectra of the AuNPs-citrate (dashed black line) and the AuNPs-C1 (blue line). (C) UV-Vis spectrum of AuNPs-

C1-cya7.5.  

For comparison purpose, AuNPs functionalized with a pegylated thiol derivative 

bearing a terminal alkyne group, i.e. HS-CH2CH2(CH2CH2O)12-CH2C≡CH (HS-PEG-alkyne), 

were also prepared under a classical ligand exchange process (see the Experimental section). 

UV-Vis and FTIR spectra of the resulting nanoparticles (i.e. AuNPs-S-PEG-alkyne) showed 

respectively a shift of the max and the characteristic C-O-C stretching band of the PEG chains, 

confirming the chemisorption of the thiol derivative on the particles (Figure S4A and S4B). 

The conjugation capacity of both AuNPs-C1 and AuNPs-S-PEG-alkyne was then 

evaluated through the coupling of a near-infrared cyanine7.5-based dye containing and azido 

group (i.e. N3-cya7.5, see Scheme 1 for the structure of the dye). This dye was chosen as it 

does not absorb light in the same UV-Vis region than the gold particles (i.e. 805 nm vs 520 

nm, respectively), which allows its easy quantification on the AuNP surface by UV-Vis 

analysis of the AuNPs. The conjugation of N3-cya7.5 to the particles was achieved in presence 

of copper sulfate and sodium ascorbate at pH 9 and at 50°C (see Scheme 1 for AuNPs-C1-

cya7.5). The conjugated AuNPs-C1-cya7.5 and AuNPs-S-PEG-cya7.5 were then cleaned from 

the excess of reagents and dyes by four cycles of centrifugation, removal of the supernatant 

and replacement of this latter by an aqueous SDS solution. Densities of approximately 600 ± 
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55 and 75 ± 15 dyes covalently conjugated per particle were measured by UV-Vis spectroscopy 

for AuNPs-C1-cya7.5 and AuNPs-S-PEG-cya7.5, respectively (Figures 2C and S4C). 

Considering the reported grafting density of 0.7/nm² (or 600 per NP of that size) for similar 

calixarenes,39 i.e. bearing PEG chains of similar size at the level of their small rim, the dye 

density measured represents approximately one dye per C1. Furthermore, the number of dyes 

that were covalently conjugated to the AuNPs-C1 is more than 10 times higher than the one 

obtained with nanoparticles functionalized by the traditional chemisorption of thiols. Terminal 

alkyne groups are known to display an affinity for gold surfaces43,44 and are sometimes 

exploited to anchor ligands on AuNPs.45 As a result, only few examples of AuNPs with 

terminal alkyne groups have been reported in the literature.46 Thus, the poor ability of AuNPs-

S-PEG-alkyne for conjugation through CuAAC may well result from the fact that a large part 

of the ligands have their terminal alkyne group bound to the surface. In the case of AuNPs-C1, 

the high reactivity of the radicals generated through the reduction of the diazonium groups and 

the irreversible nature of the calixarene attachment to the surface may explain that most of the 

calixarene-based ligands are attached through the aryl moieties and that a large number of 

alkyne groups remains available for coupling. 

Having shown that C1 could be used for the efficient conjugation of azides on AuNPs, 

we then evaluated the possibility to form mixed layers to control the amount of terminal alkyne 

groups at the surface of the particles. For this, the grafting of mixtures of calix[4]arene-

tetradiazonium salts C1 and C2 (with different ratios of C1/C2: 100/0, 75/25, 50/50, 25/75 and 

0/100) was investigated under similar conditions than detailed previously. In all cases, the total 

amount of calixarenes was kept constant (i.e. 2×105/NP). The resulting various batches of water 

dispersible AuNPs-C1/C2 were then analyzed by UV-Vis spectroscopy. A sharp LSPR band 

was obtained, whatever the composition of the mixed layer (Figure S6). Interestingly, all the 

AuNPs-C1/C2 expressed high colloidal and chemical stabilities. As an example, Figures 3A 
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and 3B show the UV-Vis spectra of AuNPs-C1/C2 prepared with 50% of C1 at pH7 and after 

3 hours at pH 1 or in 250 mM KF, respectively, showing no degradation of the particles. UV-

Vis spectra of AuNPs-C2 at pH 1 or in 250 mM KF can be found in the Supporting Information, 

Figure S6. ATR-FTIR analysis of the particles AuNPs-C1/C2 indicated that, in all cases, a 

similar amount of calixarenes was grafted onto the AuNPs. However, due to a high similarity 

between the FTIR spectra of AuNPs-C1 and AuNPs-C2, it was not possible to draw conclusion 

on the composition of the mixed layer from these analyses (Figure S7). The conjugation of N3-

cya7.5 to the different batches of particles AuNPs-C1/C2 was achieved under similar 

conditions than for AuNPs-C1. After the usual cleaning process, the dispersions were analyzed 

by UV-Vis spectroscopy. Very interestingly, a linear relationship was observed between the 

number of dyes covalently conjugated to the particles and the proportion of C1 in the grafting 

solution (Figure 3C). This result clearly shows that the ratio of C1 and C2 grafted at the AuNPs 

surface, and thus the amount of conjugated dye, can be controlled by the composition of the 

grafting solution. 

 

Figure 3. (A) UV-Vis spectra of AuNPs-C1/C2 (50% of C1) at pH7 and after suspension at pH1 for 3 hours. (B) 

UV-Vis spectra of AuNPs-C1/C2 (50% of C1) at pH7 and after suspension in 250 mM of KF for 3 hours. (C) 

Number of dyes covalently conjugated per particle to the AuNPs-C1/C2-cya7.5 as a function of the percentage 

of C1 used for the functionalization of the particles. 
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Bifunctional nanoparticles. The production of water dispersible bifunctional AuNPs (i.e. 

carrying both carboxyl and alkyne groups) was investigated by modifying AuNPs-citrate with 

a 1:1 mixture of calix[4]arene-tetradiazonium salts C1 and C3 (Scheme 2). The grafting 

procedure was similar to what was described previously (105 calixarenes/NP). After 

appropriate cleaning, the resulting AuNPs-C1/C3 were characterized and compared to AuNPs-

C1 and AuNPs-C3. 

 

Scheme 2. Synthesis of AuNPs-C1/C3 and AuNPs-C1/C3-cya7.5. Inset: structure of H2N-cya7.5. 

UV-Vis analysis showed a similar sharp and intense LSPR band for AuNPs-C1/C3, 

AuNPs-C1 and AuNPs-C3 (Figures 4A-C). It is worth noting that AuNPs-C1/C3 expressed a 

similar stability toward KF addition than AuNPs-C1 or AuNPs-C2 (Figure S8). More 
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interesting, when the spectra were recorded at pH7 then 2 (addition of HCl) and finally back to 

7 (further addition of NaOH), a different behavior was observed for the three types of particles. 

While the UV-Vis spectrum of AuNPs-C1 was not affected by pH changes (Figure 4A), an 

aggregation was observed at pH2 in the case of AuNPs-C3 but a further addition of NaOH 

redispersed cleanly the particles (Figure 4C). This reversible aggregation of AuNPs-C3 was 

already described in the literature and is due to the protonation of the carboxylate groups of the 

grafted calixarenes under acidic conditions.34 Interestingly, an intermediate behavior was 

observed for AuNPs-C1/C3 upon pH variation (Figure 4B). Indeed, the difference between 

the λmax at pH7 and pH2 (Δλmax) for AuNPs-C1/C3 is approximately half of that observed for 

AuNPs-C3. This gives a first indication that AuNPs-C1/C3 are coated by a mixed layer of both 

calixarenes in similar proportions. The composition of the mixed layer of calixarenes was 

further analyzed by ATR-FTIR spectroscopy. A combination of the signals of AuNPs-C1 

(amide I and II and COC at 1664, 1542 and 1100 cm-1, respectively) and AuNPs-C3 (C=O at 

1600 cm-1) was observed for AuNPs-C1/C3, confirming the presence of the two calixarenes 

on the particles (Figure 4D). Furthermore, the intensities of the signals of amide I and COC 

were roughly half of the intensity of those of AuNPs-C1 and AuNPs-C3 respectively, 

suggesting a ca. 1:1 ratio of both calixarenes at the surface of AuNPs-C1/C3 (Figure 4D, 

inset), as already observed for other combinations of calixarenes (see vide supra and refs 

32 and 33). Finally, DLS analysis showed that the hydrodynamic radius of AuNPs-C1/C3 was 

intermediate between those of AuNPs-C1 and AuNPs-C3 (Figure S9). 
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Figure 4. UV-Vis spectra of (A) AuNPs-C1, (B) AuNPs-C1/C3 and (C) AuNPs-C3 at pH7, pH2 and back to 

pH7. (D) FTIR spectra of AuNPs-C1, AuNPs-C1/C3 and AuNPs-C3. Inset shows the absorbances at 1100 cm-1 

(COC) and 1664 cm-1 (amide band I) as a function of the amount C1 used in the grafting solution. (E) Amount of 

N3-cya7.5 or NH2-cya7.5 dyes conjugated to the AuNPs-C1, AuNPs-C1/C3 or AuNPs-C3 either via CuAAC 

(red) or amidation (blue). 

To demonstrate that AuNPs-C1/C3 can be used as bifunctional AuNPs, the orthogonal 

conjugation of two dyes was evaluated via amide bond formation and CuAAC, respectively 

(Scheme 2). Two cyanine7.5-based dyes, i.e. H2N-cya7.5 (see Scheme 2 for the structure) and 

N3-cya7.5, were used in order to avoid structural or physico-chemical differences (i.e. 

solubility, size, etc.) that could affect the conjugation and thus to have only the conjugation 

group that differs (i.e. amine or azide). 

First, AuNPs-C1/C3 were conjugated to H2N-cya7.5 via a classical EDC/sulfo-NHS 

procedure and then cleaned from excess of reagents. The number of dyes covalently conjugated 

was measured by UV-Vis spectroscopy as described above (see Figure S10 for all the UV-Vis 

spectra). For comparison, experiments were also achieved with AuNPs-C1 and AuNPs-C3 
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under the same conditions than for AuNPs-C1/C3. Estimations of 600±60 and 350±40 dyes 

conjugated per particles were found for AuNPs-C3 and AuNPs-C1/C3, respectively, in 

agreement with the lower number of carboxyl groups at the surface of AuNPs-C1/C3 (Figure 

4E). In the case of AuNPs-C1, no UV-Vis absorption band around 800 nm was observed, as 

these particles carry no carboxyl groups for conjugation. Subsequent conjugation of N3-cya7.5 

was then performed via CuAAC on the different AuNPs that had been first reacted with NH2-

cya7.5. The number of dyes conjugated per particles was estimated to be 600 for AuNPs-C1 

while, as expected, no more dyes could be observed at the surface of AuNPs-C3. To our delight, 

a number of ca. 300±30 supplementary dyes was estimated at the surface of AuNPs-C1/C3. In 

other words, these particles were conjugated by a total of ca. 650 dyes (i.e. ca. 350 via 

amidation and ca. 300 via CuAAC), which roughly corresponds to the total of dyes carried by 

AuNPs-C1 and AuNPs-C3 (Figure 4E). Note that only tiny amount of dyes were detected on 

these different sets of particules when the conjugation experiments were conducted in the 

absence of coupling amidation or CuAAC reagents (Figure S11). These control experiments 

clearly show that the dyes are covalently linked onto the AuNPs and not only adsorbed. 

 

Conclusion 

Our bet was that calix[4]arene-tetradiazonium salts bearing alkynes and carboxyl 

groups could be used for the preparation of bifunctional gold nanoparticles that could be 

orthogonally post-functionalized. To do so, the synthesis of a new calixarene C1 decorated 

with PEG chains ended by alkynes groups was first developed. The grafting of C1 on AuNPs 

via a classical ligand-exchange procedure led to ultra-stable NPs that could be further post-

functionalized through CuAAC. When mixtures of different ratios of C1 and a similar 

calixarene deprived of alkyne groups (C2) were grafted, a control over the composition of the 

mixed layer was achieved. These first results are particularly attracting as the direct 
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functionalization of AuNPs with organic ligands bearing non protected terminal alkyne groups 

is far from trivial. The next step was to graft C1 in association with a calix[4]arene-

tetradiazonium salt bearing carboxyl groups (C3): AuNPs were coated with a mixed layer 

composed of approximately an equal amount of both calixarenes C1 and C3. The subsequent 

conjugation of two dyes N3-cya7.5 and NH2-cya7.5 was performed through CuAAC and amide 

bond formation, respectively. Remarkably, a similar amount of each dye could be conjugated 

to these particles, as evidenced by UV-Vis spectroscopy. To our knowledge, this is the first 

example of bifunctional gold nanoparticles that can be simply conjugated with two different 

molecules in controlled ratios via different conjugation chemistries. Mixed layers of 

calixarenes bearing carboxyl and alkyne groups could be exploited for the orthogonal 

bioconjugation of nanomaterials with biomolecules such as peptides or DNA. Future work will 

be directed toward the use of this strategy for the design of new types of delivery systems based 

on multifunctional nanomaterials. 

 

Experimental Section 

Materials. Potassium gold (III) tetrachloride (KAuCl4), trisodium citrate (Na3C6H5O7) were 

purchased from Sigma-Aldridge (Saint-Louis, MO). HS-CH2CH2(CH2CH2O)12-CH2C≡CH 

(HS-PEG-alkyne, average Mn = 600 Da) was purchased from Nanocs Inc. (New-York, NY). 

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 nanoparticle synthesis. AuNPs were synthesized in an aqueous solution using a 

modified Turkevich method.47 Briefly, in a three-neck round-bottom flask, 10 mL of trisodium 
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citrate (75 mM) were injected into 500 mL of boiling aqueous potassium gold (III) tetrachloride 

(0.3 mM) at pH 7. During the process, the reaction mixture changed quickly from yellow to 

orange then light red and finally bright red within one hour. The solution was refluxed for two 

hours and then quenched to room temperature. The freshly synthesized AuNPs suspension was 

then concentrated by decreasing the volume of the solution with a rotavapor. The final volume 

was between 100 mL and 150 mL and was then dialyzed against a 1 mM citrate solution during 

6 h. This dialysis step was repeated three times, each with a fresh citrate solution. Images of 

the AuNPs were obtained with a Philips CM20-UltraTWIN Transmission Electron Microscope 

(TEM) equipped with a lanthanum hexaboride (LaB6) crystal at a 200kV accelerating voltage. 

The average size and standard deviation were determined by measuring the size of more than 

100 AuNPs and a core diameter of 19.7 ± 2.5 nm was measured. A concentration of 3.7 nM 

was determined by UV-Vis absorption spectroscopy, knowing the absorbance (Adil10x= 0.35) 

and using the reported extinction coefficient by Liu et al. (2006) that is 9.5 L.cm-1.mol-1 for 

particles of that size.48 

Calix[4]arene synthesis. C1 was synthesized in a few steps from commercial ptBu-

calix[4]arene-tetraacetic acid tetraethyl ester  while C2 and C3 were readily obtained according 

to literature procedures.28,33,35 Detailed synthesis and characterization of C1 are presented in 

the Supporting Information. 

Gold nanoparticles modification with calixarenes. Typically, 10 µL of NaBH4 (0.1 M) were 

added to 0.8 mL of AuNPs-citrate (3.7 nM) under vigorous stirring in a glass vial containing a 

stir bar. Quickly after this, appropriate volume of calixarene aqueous solutions (5 mM) was 

added slowly (approximately 20 seconds for the complete addition) to reach 2×105 

calixarenes/NP and the resulting suspensions were stirred over 16 hours at room temperature. 

The water dispersible nanoparticles were cleaned by centrifugation (20 minutes at 18.000g) 
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and replacement of the supernatant by an equivalent volume of milliQ water. This process was 

repeated four times.  

Gold nanoparticles modification with HS-PEG-alkyne. 20 nm AuNPs-Citrate were 

functionalized with HS-CH2CH2(CH2CH2O)12-CH2C≡CH (HS-PEG-alkyne) via a ligand-

exchange method. Briefly, excess of HS-PEG-alkyne was added to AuNPs-citrate (>106 HS-

PEG-alkyne/NP) under vigorous stirring at room temperature. After 16 hours of stirring, the 

functionalized gold nanoparticles (AuNPs-S-PEG-alkyne) were cleaned from the excess of HS-

PEG-alkyne by four cycles of: (i) centrifugation (18000 g, 20 minutes), (ii) removal of the 

supernatant and (iii) dispersion of the NPs in pure water. 

CuAAC conjugation of N3-cya7.5. In a LoBind eppendorf, AuNPs were diluted in carbonate 

buffer (1 mM; pH 9) in order to reach a concentration of 0.4 nM in nanoparticles in a volume 

of 500 µL. 100 µL of DMSO were then added to ensure later the solubility of the dye. To this, 

200 µL of sodium ascorbate (2 mM) were then added and the resulting mixture was degassed 

for 15 minutes. Finally, 200 µL of copper sulfate (2 mM) were added as well as an appropriate 

volume of N3-cya7.5 to reach approximately 5000 dyes per particle. The temperature was then 

increased to 50 °C and the final mixture was stirred at 1000 rpm for four hours. It is worth to 

mention that initially the N3-cya7.5 dye was dissolved in DMSO in order to make a highly 

concentrated mother solution (approximately 400 µM), the volume of dye added was thus 

neglectable compared to the total volume. At the end of the reaction, the AuNPs were cleaned 

from the excess of reagents and dyes by four cycles of centrifugation, removal of the 

supernatant and replacement of this latter by an aqueous SDS solution (1% in mass) to ensure 

the removal of non-conjugated dyes. SDS was used to resuspend the AuNPs for the three first 

centrifugation cycle and milliQ water was used for the final round. 

Amide bond formation conjugation of H2N-cya7.5 dye: In a LoBind eppendorf, AuNPs were 

diluted in phosphate buffer (50 mM, pH6.5) in order to reach a concentration of 0.4 nM in 
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nanoparticles in a volume of 250 µL. To this, 100 µL of DMSO were added to ensure later the 

solubility of the dye. Finally, 125 µL of an aqueous solution of EDC (6 mM) and 125 µL of an 

aqueous solution of sulfo-NHS (10 mM) were added, followed by the addition of the 

appropriate volume of H2N-cya7.5 to reach approximately 5000 dyes per particle. The 

temperature was then increased to 50 °C and the final mixture was stirred at 1000 rpm for four 

hours. It is worth mentioning that the H2N-cya7.5 dye was initially dissolved in DMSO in order 

to make a highly concentrated mother solution (approximately 400 µM), the volume of dye 

added was thus neglectable compared to the total volume. At the end of the reaction, the AuNPs 

were cleaned from the excess of reagents and dyes by four cycles of centrifugation, removal of 

the supernatant and replacement of this latter by an aqueous SDS solution (1% in mass) to 

ensure the removal of non-conjugated dyes. SDS was used to resuspend the AuNPs for the 

three first centrifugation cycle and milliQ water was used for the final round. 

Conjugation quantification: After the cleaning step, UV-Vis spectroscopy was used to 

quantify the amount of N3-cya7.5- or H2N-cya7.5 dyes conjugated to the AuNPs. 

The procedure was the following:  

(i) The total absorbance at 805 nm was measured, corresponding to the absorbance of the dyes 

and the absorbance of the LSPR band of the particles.  

(ii) The contribution of the LSPR band of the AuNPs at 805 nm was obtained with a polynomial 

fit between the regions 630-660 nm and 900-1000 nm. 

(iii) The dye contribution at 805 nm was obtained by subtracting (ii) from (i) and the dye 

concentration was obtained thanks to its extinction coefficient (223.000 L.mol-1.cm-1). 

(iv) The amount of dye adsorbed onto the particles and not covalently conjugated was obtained 

by performing steps (i), (ii) and (iii) in the absence of reagents (copper or EDC/NHS for 

CuAAC or amidation, respectively). 
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(v) The amount of dyes covalently conjugated to the AuNPs was obtained by subtracting (iv) 

from (iii) and by comparing this concentration to the AuNPs concentration determined by 

the absorbance at λmax (assuming that the absorbance of the dye at 525 nm was 

neglectable). 

ATR-FTIR analysis. ATR-FTIR spectra were recorded at 20°C on a Bruker Equinox 55 

spectrophotometer equipped with a liquid nitrogen-cooled mercury−cadmium−telluride 

(MCT) detector. Typically, AuNPs were centrifuged (10 minutes, 20000g) and 1 µL of the 

AuNPs pellet was dried on a Germanium internal reflection crystal (triangular prism of 6.8 × 

45 mm2 with an internal angle of incidence of 45°, ACM France) with a flow of nitrogen gas. 

Opus software (4.2.37) was used to record 128 scans with a resolution of 2 cm−1 under a 

continuous flow of nitrogen gas over the sample. Data were processed and analyzed using the 

home-written Kinetics package in Matlab R2013a (Mathworks Inc., Natick, MA) by the 

subtraction of water vapor, baseline correction, apodization at 8 cm−1, and flattening of the CO2 

signal. Finally, the spectra were normalized at 1456 cm−1 (Car-Car ring stretching band from the 

calix[4]arenes) to compensate for variations in the number of AuNPs present on the spot where 

the measurement was performed. 

 

Supporting Information. Detailed procedures for the preparation of the synthesized 

compounds C1, C2 and C3; NMR spectra of all the new compounds; characterization data of 

AuNPs-citrate, AuNPs-S-PEG-alkyne, AuNPs-S-PEG-cya7.5, AuNPs-C1/C2 and AuNPs-

C1/C3; stability tests with AuNPS-C1; UV-vis spectrum of N3-cya7.5 are available free of 

charge on the ACS Publications website at DOI: XXX. 
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