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Abstract 

The goal of this Ph.D. thesis work is the development of novel reactive nanomaterial 

templates that can be chemically modified in a facile and robust (i.e., formation of covalent 

bonds) way for the further modification of the nanomaterial’s physical-chemical properties 

by the reaction partner molecular system. This type of technology was employed to further 

expand the application of nanomaterials in nanomedicine, chemical biology and materials 

science. 

In order to reach this goal, as a proof of concept, small (φ = 3nm) gold nanoparticles 

(AuNPs) and carbon nanotubes (CNT) were used as the nanomaterial substrates. Innovative 

synthetic strategies for the introduction of click and bioorthogonal functional groups onto the 

surface of these nanomaterials were developed. These functional groups include a maleimide 

that can undergo three click reactions with different functional groups (i.e., Michael addition 

with nucleophiles, Diels-Alder cycloaddition with dienes, dipolar cycloadditions with dipolar 

molecules), strained alkynes for bioorthogonal strain-promoted cycloaddition reactions with 

azides and nitrones, and methyl-2-(diphenylphosphino)benzoate moieties for the 

bioorthogonal Staudinger-Bertozzi ligation with azides.  

In order to study and characterize these clickable and bioorthogonal nanomaterial templates, 

methodologies for the determination of the amount of reactive functionalities introduced onto 

the nanomaterial’s surface and the evaluation of their proper reactivity were also developed. 
1H NMR spectroscopy, transmission electron microscopy, and thermogravimetric analysis, 

were methodically used for the quantification of the interfacial reactive functionalities. 1H 

NMR spectroscopy was also employed to follow the correct interfacial reactivity of the 

nanomaterial template. Finally, in collaboration with Surface Science Western, the use of X-

ray photoelectron spectroscopy (XPS) was developed as a method to independently confirm 

all the previously obtained results and, more specifically, quantitate the amount of interfacial 

reactive molecules that were introduced, track the interfacial organic chemistry of the 

nanomaterial template, and determine interfacial reaction yields. In all cases the clickable and 

bioorthogonal nanomaterial templates were found to react quickly, efficiently and 

chemoselectively with their chemical reporter through a simple pour-and-mix type of 
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chemistry. The utility of these clickable and bioorthogonal nanomaterial templates was 

finally showcased in bioconjugation, for the synthesis of fluorogenic biosensors, 

nanomaterial hybrids and nanomaterial-based MRI contrast agents. 
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Gold Nanoparticle, Carbon Nanotube, Functional Nanomaterial, Click Chemistry, 

Bioorthogonal Chemistry, Michael-Type Addition, Diels-Alder Cycloaddition, Strain-
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Preface 

The present thesis is divided in two parts: Part I, which includes Chapters 1-5, and Part II, 

which includes Chapters 6-10. 

Part I 

Part I describes the synthesis, characterization and applications of small, water-soluble 

maleimide-functionalized AuNPs. Chapter 1 serves as an introduction to Chapters 2-5 and 

introduces the reader to maleimide chemistry and to the methodologies developed in the 

Workentin group for the incorporation of maleimide functionalities at the interface of 

AuNPs. Chapter 1 starts by illustrating the synthesis, characterization and reactivity of 

organic-solvent soluble Maleimide-AuNPs, and continues by describing the evolution of 

ideas that eventually brought to the synthesis of their water-soluble version. Chapter 1 will 

be published as an account paper.  

Chapter 2 describes the synthesis and characterization of small, water-soluble Maleimide-

AuNP. It also describes the issues behind their successful synthesis, especially the hydrolysis 

of the interfacial maleimide moieties during the interfacial deprotection reaction. 

Part I continues with Chapter 3-5, which show how maleimide chemistry further expands the 

scope AuNPs in nanomedicine, drug delivery and materials chemistry, respectively. In 

particular, Chapter 4 shows how maleimide chemistry, despite its consolidate use in many 

different fields of chemical sciences, still reserves surprises in its reactivity and proper 

precautions must be taken when using the maleimide group. This chapter demonstrates that 

the Michael-type addition reaction at the interface of Maleimide-AuNPs can be reversible, 

impacting the use of the nanomaterial template as a drug carrier and for bioconjugation. It 

also shows that the retro Michael-type addition reaction can be exploited for the delivery of a 

molecular cargo, thus expanding the scope of the water-soluble Maleimide-AuNPs. 

Part II 

Part II introduces the concept of bioorthogonally reactive nanomaterials templates. It 

describes our methodologies to introduce bioorthogonal functionalities onto the surface of 

AuNPs, determine the number of bioorthogonal functionalities that have been introduced, 
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and obtain proof of successful interfacial bioorthogonal chemistry. Chapter 6 serves as an 

introduction and outlook to Chapters 7-10 and will be published as an account paper. 

Chapters 7-8 describe the challenges that we had to overcome for synthesizing small water-

soluble gold nanoparticles able to react through the interfacial strain-promoted alkyne-azide 

cycloaddition reaction. These two chapters (and especially Chapter 7) highlight the 

importance of developing synthetic methodologies for the introduction of bioorthogonal 

groups, rather than chemical reporters, at the nanomaterial’s interface. Chapter 9 describes 

the synthesis, characterization and reactivity of small AuNPs displaying interfacial methyl-2-

(diphenylphosphino)benzoate moieties for Staudinger-Bertozzi ligation. This chapter 

demonstrates the utility of the resulting Staudinger-AuNPs in bioconjugation, due to their 

high chemoselectivity towards the azide chemical reporter, and ease of following their 

interfacial reactivity. Finally, Chapter 10 further extends the concept of bioorthogonal 

nanomaterial template to other nanomaterials, which describes the synthesis, characterization 

and reactivity of strained alkyne-modified single-walled carbon nanotubes. 
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Chapter 1  

1 Maleimide-Modified Gold Nanoparticle (AuNP): a 
Versatile Platform for Interfacial Click Reactions 
Leading to Chemically Modified AuNPs 

Chapter 1 will be published as an account paper. 

I wrote the drafts of the manuscript, with input and final edit by my supervisor, Prof. M. 

S. Workentin. 

ABSTRACT: The maleimide moiety can undergo a wide variety of organic reactions, 

including Diels-Alder reactions, dipolar cycloadditions and Michael-type additions, 

making them a suitable moiety for further elaboration of the functionality at the interface 

of AuNPs through key reactions useful in a host of applications.  This account will cover 

1) our approach to prepare Maleimide-AuNPs; 2) our survey of the scope of the reactivity 

of the Maleimide-AuNPs, which was very slow, impractical and required the 

development of high pressure techniques in AuNP chemistry yielding dramatic results, 

and 3) the extension of these ideas to prepare water-soluble small AuNPs expanding the 

scope of the organic transformation to aqueous environments. Within each of these 

sections there were problems and issues that had to be overcome, and we will describe 

the evolution of the ideas so that readers can get a glimpse of our thinking and problem 

solving as we proceeded. 
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1.1 Introduction 
Our main research interest is directed towards the investigation of fundamental aspects of 

interfacial organic reactions on 2D and 3D surfaces and the demonstration of their 

potential applications. While organic reactions in solution are described by well-defined 

and intuitive physical-organic chemistry rules, organic reactions that take place at 

material interfaces sometimes behave in very different ways. A complete understanding 

of the factors that cause these reactivity changes is essential for rational design and 

control of any functional material and nanomaterial. 

A preferred 3D surface that we use as a template for our investigations are monolayer 

protected gold nanoparticles (AuNPs). This particular nanosystem attracted our attention 

because of its properties that make them a desirable material for all sorts of applications. 

These range from molecular and biomolecular electronics, to catalysis, sensing and drug 

delivery. In fact, AuNPs can be made chemically stable, are easy to synthesize, and have 

size dependent Coulomb charging effects that make them ideal for the preparation of 

transistors and non-volatile memory devices.1-4 The AuNP’s size plays a fundamental 

role also in catalysis, where the catalytic activity is inversely proportional to the 

nanoparticle size. Some typical reactions catalyzed by AuNPs are oxidation of alcohols, 

reduction of nitro-groups, and oxidation of carbon monoxide.5 Furthermore, pseudo-

spherical AuNPs with a gold core diameter larger than 5 nm display a surface plasmon 

resonance (SPR) when the gold core’s conduction electrons enter in resonance with 

incident photons, conditions that is satisfied by the visible light (typically 500 to 550 nm). 

Because of this property, AuNPs display size-dependent colors ranging from brown to 

blue that are commonly used for the creation of colorimetric (bio)sensors.6-9 Another 

advantage of monolayer protected AuNPs is that they are a robust system due to the 

presence of an organic corona strongly bound to the gold core through a gold-sulfur bond 

(126 kJ mol-1).10 These nanoparticles can be readily dried and redispersed in different 

solvents with little to no aggregation, and can be exposed to drastic reactions conditions 

(like high temperatures and very high pressure, and preserve their physical chemical 

properties. Furthermore, functional groups can be easily introduced onto the AuNP’s 

organic corona through a ligand exchange reaction with an appropriately functionalized 
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thiolated ligand. These characteristics make the monolayer-protected AuNPs an ideal 

template for the investigation of interfacial organic chemistry reactions by using a pure 

traditional organic analytical approach. Furthermore, these properties merged with the 

virtually limitless potential of interfacial organic chemistry provide novel routes towards 

the synthesis of functional nanomaterials. 

One of the most attractive functional groups that we successfully introduced onto the 

AuNP’s organic corona is the maleimide group. The maleimide moiety finds application 

in the most diverse areas of chemistry. For example, it has been used in material 

chemistry for the synthesis of polymers11-19, hydrogels20, 21 and biomaterials22, and for the 

functionalization of surfaces and the preparation of sensors.23-26 Applications in 

biochemistry instead involve biolabeling27-30, pharmaceutics31, 32, and preparation of 

biosensors that involve attachment of biomolecules to surfaces.33-37  

 

Figure 1.1: Representation of the reactivity of the maleimide group at the interface 

of a AuNP. The maleimide can undergo Diels-Alder cycloaddition with dienes, 

Michael-type additions with thiols and amines (nucleophiles), and 1,3-dipolar 

cycloadditions with nitrones and azides. 
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The reason why this molecular unit attracts so much interest is because it is small, 

symmetrical, stable, biocompatible, and can be easily functionalized through its 

nucleophilic nitrogen to form the corresponding N-substituted derivatives. Furthermore, 

maleimides can undergo three different click reactions: Michael-type addition with 

nucleophiles, 1,3-dipolar cycloadditions with nitrones and azides, and Diels-Alder 

cycloadditions with dienes (see Figure 1.1). These three reactions are desirable because 

they form stable reaction products, the reaction conditions are generally mild due to the 

low activation energy required, and they can all occur in water media. Another important 

characteristic of this interesting functional group is its tendency to hydrolyze. Maleimide 

undergoes a mono-hydrolysis at both basic and acidic pH to form maleamic acid.38, 39 

Additionally, as shown by our research group (vide infra), under more drastic reaction 

conditions N-substituted maleimide undergoes a double hydrolysis to form maleic acid 

and the corresponding N-substituted primary amine.40 However, it was shown that N-

substituted maleimides are generally stable and do not hydrolyze at pH ranging from 6.5 

to 7.5, and that their stability is related to the substituent at the nitrogen.41 This ability to 

hydrolyze can represent an advantage or a disadvantage, depending on the application. If 

the maleimide hydrolyzes before having the chance to react with the clickable partner 

molecule, the efficiency of the reaction would decrease notably, as the maleamic acid is 

much less reactive towards Michael-type additions, 1,3-dipolar cycloadditions and Diels-

Alder cycloadditions. Alternatively, if the hydrolysis takes place after the maleimide has 

reacted with the target molecular system, then possible retro-reactions, like the retro-

Diels-Alder cycloaddition and the retro Michael-type addition, would also be hindered.41, 

42 This is desirable for those applications that rely on the formation of a stable and robust 

link between the molecular system of interest and a substrate formed through maleimide 

chemistry. It is clear that the introduction of such a functional group onto AuNPs can lead 

to the development of novel functional nanomaterials and further expand the scope of 

AuNPs in materials chemistry, chemical biology and nanomedicine. 

In this account we aim to describe our challenges in the development of a synthetic 

approach to the preparation of organic solvent-soluble Maleimide-AuNPs, where we had 

to be mindful of the high reactivity of maleimide with thiols.  We will also go through 

our survey of the reactivity of the Maleimide-AuNP, which tend to react very slowly 
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because of the conditions under which the AuNP are stable, and required the 

development of high-pressure techniques in AuNP chemistry with dramatic results. 

Finally we will describe the extension of our work towards the preparation of water-

soluble Maleimide-AuNP, expanding the scope of the organic transformations to aqueous 

environments. 

1.2 Maleimide-AuNP: the synthetic strategy 

 

Scheme 1.1: Synthesis of organic solvent-soluble Maleimide-AuNP. 

The first 3D platform that we used for the investigation of interfacial organic reactions is 

the dodecanethiol-AuNP (C12-AuNP). C12-AuNP initially attracted our attention because 

of their thermal stability and ability to be dried and redissolved in the majority of organic 

solvents. C12-AuNP can be easily prepared through the Brust-Schiffrin method, which 

involves the controlled reduction of the HAuCl4 with NaBH4 in presence of 

dodecanethiol. This synthetic method is versatile because it makes it possible to easily 

vary the size of the nanoparticle’s gold core from 2 to 10 nm simply by changing the 

Au:S ratio.43 For these reasons C12-AuNP have been selected for our studies providing a 

robust nanomaterial substrate for our investigations.44 
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The subsequent step was the synthesis of a thiolated ligand that contains a maleimide in 

the ω position. As mentioned before, the maleimide is highly reactive towards 

nucleophiles, therefore such a maleimide-thiolated ligand would rapidly self-react. 

Therefore, the maleimide moiety needs to be protected. Scheme 1.1 describes our 

synthetic strategy leading to organic solvent-soluble Maleimide-AuNPs. The first step 

involves the protection of the maleimide with furan through a Diels-Alder reaction. The 

furan-protected maleimide is then attached to one extremity of a 1,12-dibromododecane 

spacer. This molecular spacer has a similar molecular structure to the C12-AuNP ligands, 

so that it ensures a good packing of the monolayer around the gold core and preservation 

of a robust organic corona. Finally, the other extremity of the spacer is transformed into 

thiol. The resulting furan-protected maleimide-thiolated ligand can then be introduced 

onto the AuNP’s organic corona through a ligand exchange reaction by simply mixing 

the newly synthesized ligand with the C12-AuNP substrate in toluene for 75 min. 

Subsequently, the furan-protected maleimide AuNP ((FP)Maleimide-AuNP) undergoes a 

very careful process of purification in order to remove any unbound thiol before the 

deprotection reaction. This process involves repeatedly washing a AuNP thin film made 

inside a round bottom flask with 95% ethanol, which selectively dissolves unbound 

thiols. The final step involves the deprotection of the maleimide through a retro-Diels-

Alder reaction by heating the (FP)Maleimide-AuNPs in toluene at 100 ºC for 6-10 hours. 

This retro-Diels-Alder strategy avoids the problem of the competitive Michael-type 

addition to the maleimide, leading to the Maleimide-AuNP template in a safe and 

efficient way. In the literature, AuNP have been reported to be sensitive to high 

temperatures. However, at 100 ºC only a negligible amount of thiolated ligands are 

cleaved off the gold core as disulfides, and only a slight broadening of the gold core size 

distribution is observed through TEM images. This indicates a good stability of the C12-

AuNP substrate under the retro-Diels-Alder reaction conditions.44, 45 

The synthesis of Maleimide-AuNP can be easily followed by 1H NMR spectroscopy (see 

to Figure 1.2). While the 1H NMR spectrum of C12-AuNP only shows the signals of 

aliphatic protons in the 0-2 ppm region, after the ligand exchange reaction the typical 

three peaks of the furan-protected maleimide thiolated ligand appear. 
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Figure 1.2: 1H NMR characterization of C12-AuNP (bottom), (FP)Maleimide-AuNP 

(center), Maleimide-AuNP (top). Spectra recorded in CDCl3 and referenced to 

residual CHCl3. 

The peak at 3.50 ppm corresponds to the two protons alpha to the carbonyls of the furan-

protected maleimide moiety. The peak at 4.95 ppm corresponds to the two protons next to 

the bridged oxygen, while the peak at 5.65 ppm corresponds the two alkene protons. 

After the retro-Diels-Alder reaction, because of the loss of furan, the peaks at 4.95 ppm 

and 5.65 ppm disappear and the signal at 3.50 ppm shifts to 5.80 ppm, upfield with 
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respect to the former alkene peak of the (FP)Maleimide-AuNPs. These organic solvent-

soluble Maleimide-AuNP were found to be stable for months and the solubility of the 

precursor C12-AuNP was retained. 

Our synthetic strategy provides an easy and efficient route to the synthesis of AuNPs 

displaying an interfacial reactive maleimide moiety. The interfacial retro-Diels-Alder 

reaction is easy to perform, quantitative, and the generated furan can be easily removed, 

leading to a pure Maleimide-AuNP sample. Because of this, and since the introduction of 

the maleimide group exploits a direct ligand exchange reaction, the amount of maleimide 

at the AuNP’s interface can be carefully tuned. This would not be possible if an 

interfacial coupling approach (e.g., reaction between an alcohol- or amine-terminate 

AuNP with maleimidopropionic acid) was used.44 The Maleimide-AuNPs synthesized 

through our retro-Diels-Alder method represents a very stable and robust nanomaterial 

template that allows us to investigate the interfacial Michael-type addition, 1,3-dipolar 

cycloaddition, and Diels-Alder cycloaddition reactions in great detail. 

1.3 Reactivity of the organic solvent-soluble Maleimide-
AuNP template 

The organic solvent-soluble Maleimide-AuNPs could efficiently undergo several Diels-

Alder/retro-Diels-Alder cycles. It was possible to re-protect the Maleimide-AuNPs by 

mixing them with furan at room temperature for 1 day to reform the (FP)Maleimide-

AuNPs. The reaction could be monitored by 1H NMR spectroscopy through the 

disappearance of the maleimide’s alkene peak at 5.80 ppm and the reappearance of the 

peaks of the interfacial Diels-Alder adduct at 3.50, 4.96, and 5.65 ppm. It is worth noting 

that the forward-Diels-Alder performed at room temperature to re-protect the AuNP’s 

maleimide moieties leads to a mixture of endo- and exo- products. Prolonged heating at 

50 ºC converts the mixture of isomers exclusively to the exo-isomer, the most 

thermodynamically stable product. Subsequently, it was possible to re-deprotect the 

(FP)Maleimide-AuNP by heating again at 100 ºC. The repeated cycling for protecting 

and deprotecting the Maleimide-AuNP using high temperature was not found to affect the 

solubility and stability of the AuNPs. Most importantly, the increase of the gold core size  
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Figure 1.3: Representation of the Diels-Alder and retro-Diels-Alder reaction 

between maleimide-modified AuNPs and furan-modified AuNPs with the 

corresponding TEM images (scale bar 10 nm). 

distribution due to the high temperature required for the retro-Diels-Alder to occur took 

place only in the first cycle.44 

The organic solvent-soluble Maleimide-AuNPs could then reversibly form inter-particle 

macrostructures, reacting at room temperature with furan-modified AuNPs, see Figure 

1.3. The resulting nanoparticle macrostructures were formed on the time scale of days, 

and slowly precipitated out of solution. Heating of the macrostructures at 100 ºC for 1h in 

toluene triggered the retro-Diels-Alder reaction that caused the disaggregation of the 

macrostructures and the re-dissolution of the two populations of AuNPs (i.e., Maleimide-

AuNPs and Furan-AuNPs). The reversible formation of the AuNP aggregates was 

completely reversible even after 30 Diels-Alder/retro-Diels-Alder cycles.44 

The reactivity of the Maleimide-AuNPs through Diels-Alder reaction was then tested 

using a wide range of dienes, and it was compared to the same reaction carried out in 

solution using N-dodecylmaleimide as a model compound. The interfacial reactivity 

could be followed by the disappearance of the maleimide peak at 5.80 ppm and the 

appearance of the peaks of the interfacial cycloaddition product. 
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Table 1.1: Times for completion for the interfacial Diels-Alder cycloaddition, 1,3-

dipolar cycloaddition and Michael-type addition reaction with different dienes, 

dipoles and amines, respectively. The model reaction involves use of N-

dodecylmaleimide in place of Maleimide-AuNP. Reactions performed in CH2Cl2 and 

at room temperature. 
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Due to the typical broad peaks of the 1H NMR spectrum of a AuNP sample, proof of 

proper interfacial reactivity for each cycloaddition reaction was obtained by comparing 

the 1H NMR spectrum of the interfacial reaction product with that of the corresponding 

model reaction in homogeneous solution. An excellent correspondence between the peak 

chemical shifts indicated successful interfacial reactivity. The data reported in Table 1.1 

shows that, as expected, electron deficient dienes (e.g., Table 1.1, entry c) or more 

sterically hindered dienes (e.g., Table 1.1, entry d) reacted more sluggishly in both 

interfacial and model reactions. More interestingly, Table 1.1 also shows that the reaction 

at the AuNP interface is always slower than the corresponding reaction in solution, 

reaching completion in the time scale of days instead of hours. This is most likely due to 

the bulky character of the AuNP that imposes unique diffusional parameters and 

constraints to the orientation required for the reaction to occur.46 On one hand, the 

Maleimide-AuNP template demonstrated versatility by reacting cleanly (as per 1H NMR 

spectroscopy) with a range of dienes under standard conditions, however, on the other 

hand the long reaction times required for the reactions to reach completion (~ 1 week) 

can be impractical and hinder potential applications for this nanomaterial template. 

This pushed us to explore the possibility of using very high pressure to increase the 

kinetics of the interfacial Diels-Alder reaction. This idea was supported by the fact that 

the Diels-Alder reaction has a negative volume of activation. The activation volume 

(∆𝑉‡) is defined as the difference between the partial molar volume of the transition state 

and the sum of the partial molar volumes of the reactants. In other words, for the generic 

chemical reaction: 

𝐴 + 𝐵	 → ‡ → 𝑃 

The activation volume is: 

Δ𝑉‡ = 𝑉‡ − 𝑉- − 𝑉. 

Because the activation volume is related to the reaction rate constant (k) by the equation: 

Δ𝑉‡ = −𝑅𝑇
𝜕 ln 𝑘
𝜕𝑃 5
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it follows that the smaller the activation volume, the higher the rate constant is, and an 

increase of P is accompanied by an increase in k.47, 48 In other words, in theory high 

pressure can be used to push the reactions forward. However, in order to have an 

appreciable change in the kinetic rate constant the pressure applied must be very high 

(>10000 atm). 

While theory shows that the method would work, we had to face some practical 

challenges. First of all: will the AuNP substrate survive such drastic reaction conditions? 

To answer this question Maleimide-AuNPs were dissolved in CH2Cl2 and exposed to 

11000 atm for 24 h. Surprisingly, TEM images recorded before and after exposing of the 

AuNPs to high pressure showed that the AuNP’s size distribution did not undergo any 

change after the high pressure treatment, and that the Maleimide-AuNPs were perfectly 

stable and could be dried and readily redissolved in organic solvent with little to no 

aggregation. 

Subsequently, the interfacial Diels-Alder cycloaddition was investigated under very high 

pressure conditions.46 Results surpassed our expectations: all the interfacial reactions, 

which took days or weeks at atmospheric pressure, reached completion in the time scale 

of minutes. Table 1.1 summarizes our findings. Most importantly, the AuNP physical-

chemical properties after the high-pressure reaction were well preserved: the 

functionalized AuNPs could be dried and readily redissolved in organic solvents with 

little to no aggregation, and TEM images confirmed that after the high-pressure reaction 

AuNPs retained their original size and shape. 

We next investigated the 1,3-dipolar cycloaddition49, and the Michael-type addition 

reaction45 at the interface of the organic solvent-soluble Maleimide-AuNP template using 

a family of nitrones and amines, respectively. For the investigation of the Michael-type 

addition reaction, thiols were avoided because during the long reaction time in non-protic 

solvents ligand exchange reaction could occur, making the characterization of the product 

difficult or impossible. For these studies, we employed a similar methodology to that 

used for the Diels-Alder reaction, and the interfacial reaction was followed by 1H NMR 

spectroscopy and compared to the corresponding model reaction carried out in solution 
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using N-dodecylmaleimide as the model molecule. Results are summarized in Table 1.1 

and, similarly to the Diels-Alder reaction, show that the Maleimide-AuNPs gave the 

cycloaddition or the Michael-type addition products cleanly but on a longer time scale 

than the corresponding model reactions in homogeneous solution. This confirms our 

hypothesis that the AuNP environment must impose particular constraints to the reaction 

mechanisms. 

Through the screening of differently substituted nitrones it was possible to evaluate steric 

and electronic effects for the interfacial 1,3-dipolar cycloaddition. In particular the 

inductive effect exerted by N-aryl substituted nitrones was found to favor the reactivity 

by enhancing the dipolar nature of the nitrone. The presence of electron-withdrawing 

substituents at the carbon or nitrogen terminus of the nitrone was found instead to 

decrease its reactivity (see Table 1.1, compare entries f-g). However, steric hindrance was 

found to play the major role. Because of the bulky character of the AuNP, sterically 

hindered nitrones were found to enhance the difference in the reaction rates between 

interfacial reaction and model reaction. If the C-terminus of the nitrone is not sterically 

hindered (non-substituted, see Table 1.1, entry e), the reaction at the AuNP interface can 

take place in the time scale of hours and is comparable to the rate of the model reaction. 

Finally, it is worth noting that a furan-substituted nitrone (see Table 1.1, entry h) has 

been found to react exclusively through the 1,3-dipolar cycloaddition rather than through 

Diels-Alder reaction. This could in part be due to a more negative activation and reaction 

volume for the dipolar cycloaddition than for the Diels-Alder cycloaddition reaction.49 

Electronic and steric effects were also investigated for the interfacial Michael-type 

addition reaction by employing differently substituted amines. As expected, it was 

observed that the increased nucleophilic character of the amine resulted in faster reaction 

kinetic, and that the increased steric hindrance on the amine increased the reaction time 

(see Table 1.1). Furthermore, as observed for both the cycloaddition reactions, the 

interfacial reaction was always found to be slower than the corresponding reaction in 

solution. 
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Finally, because both 1,3-dipolar cycloaddition and the Michael-type addition also have 

negative activation volumes, the possibility of using very high pressure was investigated 

in an attempt to increase their reaction kinetics. Table 1.1 shows that for both reactions 

the corresponding products could be obtained in a few minutes, while under normal 

atmosphere the reactions would require hours or days. These results further show the 

generality of our high pressure methodology for increasing the reactivity of the 

Maleimide-AuNP and making it an excellent and versatile template for its further 

modification with potentially any molecular system of interest. 

For the first time very high pressure was employed for the functionalization of AuNPs. 

The interfacial reactions that under normal conditions take a very long time, reach 

completion in a few minutes under very high pressure, without causing any alteration on 

the AuNP’s core and therefore preserving the AuNP’s size-dependent physical-chemical 

properties. This new high-pressure strategy opened new scenarios for the 

functionalization of AuNPs, making it possible to safely react interfacial groups that 

would show poor reactivity under normal condition. 

1.4 Synthesis of the water-soluble Maleimide-AuNP 
template 

The success achieved with the organic solvent-soluble Maleimide-AuNPs pushed us to 

expand their versatility even more. The Maleimide-AuNPs synthesized so far present the 

restriction that they can be readily redissolved exclusively in organic solvents, ranging 

from apolar solvents (i.e., benzene, hexanes) to solvents with a low to medium polarity 

(i.e., toluene, THF, CH2Cl2) that are known to disfavor the reactivity of the interfacial 

maleimide moieties. Attempts were made in order to try to push the reactivity of the 

organic solvent-soluble Maleimide-AuNP template by using protic solvents. For 

example, a catalytic amount of methanol was added to a solution of Maleimide-AuNPs 

and a nucleophile in CH2Cl2, but it failed to catalyze the Michael-type addition reaction 

because of the instantaneous precipitation of insoluble Maleimide-AuNPs. The strategy 

of using very high pressure solved this slow reaction kinetic issue. Carrying out the 

reactions at 11000 atm significantly decreased the reaction times and had no effect on the 

AuNPs, which could maintain their size-dependent physical-chemical properties. 
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However, the use of the very high pressure is not straightforward. It requires a specific 

apparatus and, most importantly, it cannot be employed with particularly delicate systems 

like biosystems or biomolecules, therefore restricting many potential applications of the 

Maleimide-AuNPs in chemical biology and medicine. Because of these reasons we were 

pushed to design a new Maleimide-AuNP that could display solubility in protic solvents 

and especially in water. These type of solvents are well known to catalyze the Michael-

type addition, the 1,3-dipolar cycloaddition, and the Diels-Alder cycloaddition by 

lowering the energy level of the maleimide’s LUMO and making the maleimide a better 

electrophile, dipolarophile and dienophile.50-54 

Because the solubility properties are mainly related to the AuNP’s organic corona, the 

first thing to change was the ligand that constitutes the template. We synthesized a new 

AuNP template using triethylene glycol-monomethylether-thiol (MeO-EG3-SH) as the 

new ligand (see Scheme 1.2). The ethylene glycol framework has a double function: is 

confers the AuNP both water-solubility and solubility in polar organic solvents, and it is 

well known to be biocompatible and hinder protein adsorption. This can potentially 

prolong the AuNP’s circulation half-life, and reduce the AuNP’s immunogenicity, 

making the nanosystem suitable for many applications in both chemical biology and 

nanomedicine.55-57 The solubility in organic solvents is very important because it allows 

us to perform the retro-Diels-Alder reaction to deprotect the maleimide under reaction 

conditions that avoid the hydrolysis of the maleimide. If a hydroxy-terminated thiolated 

ligand was used, the resulting AuNPs would have not been soluble in toluene where the 

maleimide deprotection reaction is most efficient (vide infra).  

The desired TEG-AuNPs were synthesized using a modified one-phase synthesis method. 

Briefly, HAuCl4 was mixed with MeO-EG3-SH in a solvent mixture of methanol and 

acetic acid, and with a Au/S ratio of 1:3. Once the bright yellow color of the solution 

faded, an aqueous solution of NaBH4 was slowly added to the reaction mixture. The 

success of AuNPs formation was confirmed by the typical rapid change of the solution’s 

color from light yellow to dark brown, indicating formation of small (~3 nm) AuNPs (as 

per TEM images).40 
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Scheme 1.2: Synthesis of water-soluble Maleimide-AuNP. 

To obtain the water-soluble Maleimide-AuNPs we used a retro-Diels-Alder-based 

synthetic strategy similar to that described above. The required (FP)Maleimide thiolated 

ligand was synthesized using tetraethylene glycol as the starting material. The extra 

ethylene glycol unit has the function of minimizing the steric hindrance at the maleimide, 

making it more prone to undergo interfacial reactions. The synthetic path leading to the 

new water-soluble furan-protected-maleimide-thiol ((FP)Maleimide-EG4-SH) is reported 

in Scheme 1.2. First, the maleimide is protected with furan. Subsequently, the furan-

protected maleimide is attached to one extremity of the tetraethylene glycole spacer. 

Finally, the thiol is synthesized on the other extremity of the spacer. The (FP)Maleimide-

EG4-SH was then introduced onto the MeO-EG3-AuNP organic corona through a ligand 

exchange reaction by using a mixture of methanol and acetone as the solvent. Similarly to 

their organic solvent-soluble counterparts, the (FP)Maleimide-AuNPs were thoroughly 

washed in order to remove any unreacted thiols before the deprotection of the maleimide 

group. To wash away the free thiols we employed trituration in hexanes (which 

selectively dissolves the thiols but not the (FP)Maleimide-AuNP), followed by dialysis.  
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Figure 1.4: 1H NMR characterization of TEG-AuNP (bottom), water-soluble 

(FP)Maleimide-AuNP (center), and water-soluble Maleimide-AuNP (top). Spectra 

recorded using D2O as solvent and referenced to residual H2O. 

The retro-Diels-Alder reaction to deprotect the maleimide functionalities from the furan 

was carried out by dissolving the nanoparticles in a mixture of toluene and CH3CN in a 

10:1 ratio, and heating the system at 110 ºC for overnight. Also in this case, each 

synthetic step leading to the final water-soluble Maleimide-AuNPs could be easily 

monitored by 1H NMR spectroscopy (refer to Figure 1.4). The 1H NMR spectrum 

recorded in D2O for the (FP)Maleimide-EG4-AuNP shows the peak of the two 

maleimides alkene protons at 6.60 ppm, the peak of the two protons adjacent to the 

bridged oxygen at 5.25 ppm, and the peak of the two protons closer to the carbonyls at 

3.07 ppm. After the deprotection reaction the peaks of the Diels-Alder adduct at 6.60, 

5.25, and 3.07 ppm disappeard, and a new peak appears at 6.86 ppm, which corresponds 

to the alkene protons of the deprotected maleimide. 



www.manaraa.com

18 

 

 

Figure 1.5: Reaction scheme and 1H NMR spectra recorded in D2O illustrating the 

result of the retro-Diels-Alder reaction carried out using water or toluene as 

solvents. 

TEM images recorded before and after the retro-Diels-Alder reaction showed that the 

high temperature required for the deprotection reaction caused a slight increase of the 

AuNP’s size from 2.0 ± 0.3 nm to 2.5 ± 0.5 nm, and a slight broadening of the AuNP’s 

size distribution.40 

The solvent employed to carry out the retro-Diels-Alder reaction and deprotect the 

interfacial maleimide functionalities has a key role in the synthetic procedure. The 

solvent must 1) have a high-enough boiling point in order to trigger the retro-Diels-Alder 

reaction, 2) be reasonably easy to remove, 3) be able to completely dissolve the 

(FP)Maleimide-AuNP and not cause any side reaction. The solvent initially employed 

was toluene.40 However, after the ligand exchange reaction to introduce the furan-

protected maleimide-thiolated ligands, the solubility of the (FP)Maleimide-AuNP in 

toluene is low, resulting in a poor yield for the retro-Diels-Alder reaction. Further 

improvement of the deprotection reaction found the best solvent to be a 10:1 toluene-

acetonitrile mixture.58 Different attempts have been made using different mixtures of 

organic solvents (e.g., CH3CN, acetone, CH2Cl2 and water), and all of them resulted in a 
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poor retro-Diels-Alder reaction yield or in AuNPs aggregation. The use of water as the 

solvent for the deprotection resulted in the most interesting outcome. After the 

deprotection reaction in water the 1H NMR of the resulting AuNPs resulted to be very 

similar to that of the Maleimide-AuNPs (see Figure 1.5). A more careful analysis, 

however, showed that the alkene peak fell at 6.23 ppm (instead of 6.86 ppm), upfield 

with respect to the peak at 6.60 ppm related to the alkene protons of the furan-protected 

maleimide. Further investigations demonstrated that heating the furan-protected or 

deprotected Maleimide-AuNPs in water at 100 ºC causes a double hydrolysis of the 

maleimide moieties, leading to maleic acid (responsible for the peak at 6.23 ppm) and 

interfacial primary amines (see Figure 1.5).40 This result would explain the lack of 

reactivity towards the Michael-type addition reaction of Maleimide-AuNPs prepared 

through a protocol that involves a prolonged heating in water.59  It also showed that the 

retro-Diels-Alder reaction to deprotect the maleimide from the furan can only be 

successful if the (FP)Maleimide-AuNP retain their solubility in organic solvent, 

highlighting the importance of the methyl-terminated thiolated ligands that compose our 

TEG-AuNP staring material. 

One of the greatest advantages of these water-soluble Maleimide-AuNP is that they are 

based on short tri- and tetraethylene glycol ligands. These small ligands, with a well-

defined molecular structure ensure precise characterization of the AuNP allowing us to 

determine with good precision the average number of ligands and more importantly the 

average number of maleimide functionalities present at the AuNP’s interface. This is very 

important, especially in anticipation of their potential use as drug carriers or labeling 

agents, where the number of interfacial drugs or biomolecules represents valuable 

information for therapeutic and quantitative purposes. Through the combination of TEM 

images, TGA data, and 1H NMR spectra of the Maleimide-AuNP and assuming that the 

AuNP are spherical and perfectly monodispersed in size, it is possible to calculate a 

AuNP raw formula of Au500 (MeO-EG3-S)200 (Maleimide-EG4-S)80.58 
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1.5 Reactivity of the Water-Soluble Maleimide-AuNP 
Template 

The water-soluble Maleimide-AuNPs have been tested towards the Michael-type 

addition, the 1,3-dipolar cycloaddition and the Diels-Alder cycloaddition reaction. As 

expected, the reaction times for the 1,3-dipolar cycloaddition and Diels-Alder 

cycloaddition performed in polar protic or aprotic organic solvent were found to be 

substantially shorter than in CH2Cl2 or CHCl3. However, nitrones or dienes with bulky 

substituents were still found to react on the time scale of days, suggesting that for these 

two types of reactions steric restrictions represent the main rate-limiting factor.60 

The major improvement was observed for the Michael-type addition reaction, whose 

reaction time in protic solvents decreased from days to minutes/hours. This opened a 

plethora of new possibilities and applications for the Maleimide-AuNP template. We 

showcased this by employing them for bioconjugation, drug delivery, medical imaging 

and the synthesis of nanomaterial hybrids. 

In our first work we were able to conjugate cysteine on onto the AuNP through a 

Michael-type addition reaction that occurred in minutes in water media, and could be 

monitored through 1H NMR spectroscopy by the disappearance of the maleimide peak at 

6.89 ppm and the appearance of the thioether product peaks at 3.25 and 3.17 ppm.40 

In a subsequent work we successfully employed the Michael-type addition reaction to 

conjugate a gadolinium-based contrast agent (DO3A-amine) onto the Maleimide-AuNPs. 

Because we can follow the AuNP’s interfacial reactivity and fully characterize the 

resulting conjugate, we were able to determine the amount of contrast agents per particle 

with good precision. In particular, inductively coupled plasma-optical emission 

spectrometry (ICP-OES) showed that on average we had 56 gadolinium contrast agents 

per particle. This information was employed to perform in vivo MRI experiments, which 

showed good contrast on the kidneys (see Figure 1.6) and a prolonged circulation time 

for the contrast agent-nanocarrier system compared to the contrast agent alone.58 
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Figure 1.6: Top: MRI images showing the kidneys of a mouse. Bottom: schematic 

representation of the Maleimide-AuNP functionalized with the DO3A gadolinium-

based contrast agent. 

Recently, we investigated the occurrence of the glutathione-mediated retro Michael-type 

addition at the Maleimide-AuNP’s interface. We demonstrated that if the Michael donor 

employed for conjugation has a low pKa (e.g., benzenethiol), then under physiological 

conditions (37 ºC, pH 7.4, 10-18 mM glutathione) an interfacial retro Michael-type 

addition readily occurs, causing the release of the thiol with low pKa and the formation of 

the more thermodynamically stable glutathione-maleimide thioether adduct (see to Figure 

1.7). This type of reactivity represents a threat for applications that require the molecular 

cargo to be permanently bound to the nanocarrier (e.g., medical imaging, 

bioconjugation), because it would cause a gradual undesired release of the payload. 

We also demonstrated that in the eventuality where it is not possible to select a thiol with 

high pKa for the conjugation step, then the retro reaction can be blocked by hydrolyzing 

(or “locking”) the interfacial maleimide-thioether adduct under reaction conditions where 

the AuNPs are stable. This methodology was shown to be very efficient in hindering the 

retro Michael-type addition reaction and lock the thioether adduct at the AuNP’s 

interface. 



www.manaraa.com

22 

 

 

Figure 1.7: Cartoon representing the concept of “locked” or “unlocked” adduct on 

the fluorogenic AuNPs. When the fluorogenic AuNP are hydrolyzed and the 

rhodamine-maleimide adduct is “locked” (left path) there is no retro Michael-type 

addition reaction with glutathione (GS) and there is no turn-on of fluorescence. On 

the other hand, if the fluorogenic AuNP remains “unlocked” (right path), the retro 

Michael-type addition occurs and there is turn-on of fluorescence. Fluorescence 

data recorded over time in 0.2 M PBS pH 7.4,  λexc = 556.6 nm, λem = 591.5 nm. The 

insets in the fluorescence data plots show pictures of the hydrolyzed fluorogenic 

AuNP (left) and fluorogenic AuNP contained in an eppendorf tube and exposed to a 

long wave lamp. Figure reproduced from reference 61 with permission of the 

American Chemical Society. 

In this same work we also showed that the retro Michael-type addition reaction expands 

the scope of the Maleimide-AuNP template, and allows its use for delivering a molecular 

payload. We showcased this by synthesizing a benzenethiol-functionalized rhodamine B 

fluorescent molecule that was conjugated onto the Maleimide-AuNP template through a 

rapid Michael addition reaction. 
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In this nanosystem, the fluorescence of rhodamine B was quenched by the gold core 

through a FRET mechanism, but upon exposure to biological concentrations of 

glutathione, rhodamine B was released in solution through the retro Michael-type 

addition reaction where its fluorescence was not quenched (see Figure 1.7).61 This 

fluorogenic AuNP demonstrated that the retro Michael-type addition reaction can find 

potential use for the selective intracellular delivery of molecules of interest from a AuNP 

carrier by exploiting the biological distribution of glutathione. However, further 

fundamental investigations on the retro Michael-type addition reaction are still required 

in order to improve its yield and kinetics, and to make it an efficient tool for drug 

delivery. 

Finally, we demonstrated how the Maleimide-AuNP template can create new 

opportunities in materials chemistry by synthesizing a AuNP-decorated carbon nanotube 

(CNT), a desirable hybrid material that can find diverse applications in catalysis, sensing 

and energy storage. 62 The synthesis of a AuNP-CNT hybrid material can be challenging 

because of the lack of synthetic techniques that allow a robust coating of the CNT’s walls 

with AuNP. By employing an interfacial Michael-type addition reaction we were able to 

covalently bind our Maleimide-AuNPs onto thiol modified single-walled CNTs 

(SWCNT) through a simple “pour and mix” type of chemistry.  

 

Figure 1.8: TEM image of SWCNT decorated with 3 nm Maleimide-AuNP through 

an interfacial Michael-type addition reaction. 
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Direct mixing of Maleimide-AuNPs with thiol modified SWCNTs in water media for 60 

minutes lead to SWCNTs covered with ~3 nm AuNP as shown by TEM images (see 

Figure 1.8). Proof of successful interfacial Michael-type addition reaction was also 

confirmed by X-ray photoelectron spectroscopy, which showed the appearance of the 

components for newly formed C-S-C bonds in the S 2p core line. 

This work demonstrated that interfacial click chemistry gives excellent opportunities in 

materials chemistry, allowing the synthesis of hybrid nanomaterials, in a facile, reliable, 

and robust way. 

1.6 Concluding remarks 
Both organic solvent-soluble and water-soluble small Maleimide-AuNP have been 

successfully synthesized through a retro-Diels-Alder strategy that preserves the integrity 

of the maleimide functionality at the AuNPs interface. Because of the small size of the 

gold core and thiol ligands, it was possible to fully characterize these nanoparticles and 

determine the amount of functionalities that were introduced onto the AuNP’s organic 

corona. This information is of great utility for applications of the Maleimide-AuNP 

template in chemical biology and nanomedicine.  

The reactivity of the organic solvent-soluble Maleimide-AuNPs has been thoroughly 

investigated towards the Michael-type addition reaction, the 1,3-dipolar cycloaddition, 

and the Diels-Alder cycloaddition reactions. These reactions at the AuNP’s interface 

were found to be effective, but with a sluggish rate and dominated by steric effects. These 

issues could be solved with the use of very high pressure, by taking advantage of the 

negative activation volumes of the three different reactions. Results were excellent: 

besides notably decreasing the reaction times from days or weeks to minutes, Maleimide-

AuNPs were found to be perfectly stable after the high-pressure treatment with no 

changes observed on the size and shape of the gold core. 

 A water-soluble version of these AuNPs was subsequently created, with the goal of 

expanding the applications of the Maleimide-AuNP template to the water media, and 

enhancing the reactivity of the three types of interfacial reactions through the use of 
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protic solvents. The reactivity of the Maleimide-AuNPs showed to be very efficient 

towards all three types of reaction, occurring at room temperature or under physiological 

conditions, and on a useful time scale. Furthermore, we were able to expand the scope of 

the Maleimide-AuNP template’s chemistry and showcase its potential in bioconjugation, 

nanomedicine, and drug delivery. 

The Maleimide-AuNPs find their role as a versatile template for applications in many 

fields of science. Their potential is highlighted by the possibility of making them soluble 

in any kind of solvent by switching from the C12-AuNP to the MeO-EG3-AuNP substrate, 

and by their ability to quickly undergo three different click reactions with different 

functional groups (i.e., nucleophiles, azide, nitrones and dienes), while preserving their 

size-dependent properties. This ensures an effective, efficient, and safe way to create new 

hybrid nanomaterials and AuNP-bioconjugates, with a consequent great future impact in 

materials chemistry, chemical biology and nanomedicine. 
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Chapter 2  

2 Improved Methodology for the Preparation of  
Water-Soluble Maleimide-Functionalized Small Gold 
Nanoparticles 

Chapter 2 has been published as a full paper, and it is reprinted (adapted) with permission 

from P. Gobbo, M. S. Workentin*, Langmuir, 2012, 28, 12357−12363. Copyright 2012 

American Chemical Society. 

I performed all the experimental work and I wrote the drafts of the manuscript, with input 

and final edit by my supervisor, Prof. M. S. Workentin. 

The supporting information file referenced in the text can be downloaded from the web 

site of the publisher. 

ABSTRACT: Improved methodology to prepare maleimide-functionalized, water-

soluble, small (<3 nm) gold nanoparticles using a retro-  Diels−Alder strategy that we 

developed for similar organic-soluble AuNP's  is described. Importantly, our results 

suggest that a recent paper by Zhu, Waengler, Lennox, and Schirrmacher describing a 

similar strategy gave  results inconsistent with the formation of the titled maleimide-

modified  AuNP (Zhu, J.; Waengler, C.; Lennox, R. B.; Schirrmacher, R. 

Langmuir  2012, 28, 5508) as the major product, but consistent with the major  product 

being an adduct derived from the hydrolysis of maleimide formed  under the conditions 

used for the required deprotection of the maleimide. Our methodology provides an 

efficient and accessible route to pure  maleimide-modified small AuNP's that 

circumvents the formation of the  hydrolysis product. The maleimide-modified small 

AuNP's are versatile  because they are soluble in water and in a wide range of organic 

solvents and their reactivity can now be properly exploited as a reactive moiety in 

Michael addition for bioconjugation studies in aqueous solution.  
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2.1 Introduction 
Maleimide functionalities at the interface of small hydrosoluble nanoparticles are of 

interest in biological applications because of the ability of the maleimide moiety to react 

through Michael addition with nucleophiles, especially amine and thiols. This general 

methodology is extensively exploited to label peptides, proteins, DNA strands, and 

cells.1,2 Thus, having a maleimide group at the interface of a AuNP would allow for the 

exploitation of this type of reactivity in the use of the nanoparticle in applications such as 

drug or substrate delivery or as an optical marker for diagnostics in biological systems.3,4 

Such water-soluble AuNP's are a desirable platform because of their chemical stability, 

the biocompatibility of the gold core, and the ability to tune the functionality at the 

interface through the reactivity of the maleimide. Indeed, interfacial maleimide can react 

with amine or thiol functionalities present on liposomes or cell membranes, allowing the 

nanoparticle to be immobilized on the biosystem while preserving all of the optothermal 

properties of the original nanoparticle.5 Despite the numerous potential biological 

applications that these water-soluble maleimide AuNPs can have, until recently the only 

hydrosoluble maleimide-functionalized nanoparticles synthesized were larger than 15 nm 

and their synthesis involved a difficult place-exchange reaction from citrate-protected or 

from CTAB-protected (cetyltrimethyl ammonium bromine) gold nanoparticles with very 

bulky and complex polyethylene glycol- based ligands.5,6 Mono-maleimide-

functionalized gold nanoparticles derived from phosphine-protected gold cores have been 

reported but are not very stable and thus are of limited utility.7 

Recently, Zhu, Waengler, Lennox, and Schirrmacher described an approach to preparing 

stable water-soluble maleimide-tethered gold nanoparticles with an average core size of 

ca. 3 nm.8 The goal was to synthesize small, stable maleimide water-soluble AuNPs 

through a route involving less-elaborate ligands that are easier and faster to synthesize 

and are based on tri- or tetra-ethylene glycol. Because of the smaller size of the Au core 

and the simplicity of the ligands, these nanoparticles were expected to be easier to make 

and characterize, allowing the effective number of functionalities present at the 

nanoparticle interface to be calculated to provide the ability for more careful control of 

the number of potential bioconjugation sites.  
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Scheme 2.1: Synthesis of Maleimide-Functionalized Gold Nanoparticles. 

Their approach utilized a strategy that our group developed for the preparation of small 

organic-soluble maleimide AuNPs in the same size regime,9 which itself was based on 

approaches used to install maleimide on other types of materials.10−12 In fact, the strategy 

has long been used as a click-type reaction in macromolecular synthesis.13 The strategy 

involves incorporating the maleimide moiety onto a AuNP as its furan Diels−Alder 

adduct and then liberating the free maleimide when desired by taking advantage of the 

propensity of this adduct to undergo an efficient retro-Diels-Alder reaction with the loss 

of furan at elevated temperatures (Scheme 2.1). This strategy must be employed because 

AuNPs of these types and sizes are prepared either by direct synthesis or by a place-

exchange reaction that requires the thiol derivative of the functionality that you wish to 

install on the AuNP. In either method, a maleimide-functionalized thiol cannot be used 

directly because of its (desired) susceptibility to Michael additions and also because the 

ligand would simply react with itself. To avoid this and other complications, in our 

original report we prepared the dodecanethiol-derivatized maleimide-furan Diels-Alder 

adduct and introduced this ligand by a place exchange onto dodecane thiol-protected 

AuNPs ca. 2.2 nm in size. When desired, the free maleimide-AuNPs could be liberated 

by heating to 100 °C in toluene, which resulted in the loss of the furan that could then be 

removed to yield organic-soluble maleimide-modified AuNPs with only a small increase 

in the core size.9 We subsequently utilized maleimide-AuNPs to prepare AuNP networks 

through a Diels-Alder strategy9 and use it as a reaction template to prepare a wide variety 

or by a place-exchange reaction that requires the thiol derivative
of the functionality that you wish to install on the AuNP. In
either method, a maleimide-functionalized thiol cannot be used
directly because of its (desired) susceptibility to Michael
additions and also because the ligand would simply react with
itself. To avoid this and other complications, in our original
report we prepared the dodecanethiol-derivatized maleimide-
furan Diels−Alder adduct and introduced this ligand by a place
exchange onto dodecane thiol-protected AuNP's ca. 2.2 nm in
size. When desired, the free maleimide-AuNP's could be
liberated by heating to 100 °C in toluene, which resulted in the
loss of the furan that could then be removed to yield organic-
soluble maleimide-modified AuNP's with only a small increase
in the core size.9 We subsequently utilized maleimide-AuNP's
to prepare AuNP networks through a Diels−Alder strategy9

and use it as a reaction template to prepare a wide variety of
organic-soluble AuNP's using Diels−Alder and 1,3-dipolar
cycloaddition reactions and Michael additions.14−16

This strategy was utilized by Lennox and Schirrmacher to
prepare water-soluble maleimide-AuNP's with the difference
being that both the ligand in the starting (base) AuNP and the
tether used for the furan-protected maleimide−thiol used in the
place exchange were based on PEG ligands to make them
water-soluble. This represents an important breakthrough
because many applications using AuNP, especially those for
biological systems, require water solubility and the ones we
originally prepared were of limited utility because they were
soluble only in organic solvents. Having a water-soluble
maleimide-modified AuNP is especially relevant because of
the wide use of Michael addition reactions of maleimide in
bioconjugation-type studies. In this regard, the contribution of
Lennox, Schirrmacher, and co-workers was important. How-
ever, because of our experience in this area, when their work
appeared we were perplexed by aspects of the characterization
of the maleimide-AuNP that differed from that previously
published for the organic-soluble version and other derivatives.
In particular, the maleimide-AuNP (after the removal of furan)
was reported to have its olefinic protons 0.5 ppm upfield from
the olefinic protons in the furan-maleimide adduct, whereas in
all other studies and indeed for model maleimide compounds
these protons are downfield from the olefinic protons of the
furan-maleimide adduct. This is a dramatic solvent effect and
perhaps suggests that what they prepared was not the
maleimide-AuNP. We were surprised by the apparent low
reactivity towards Michael addition given the high apparent
loading of maleimide at the interface because unlike the

Michael addition reactions we reported for maleimide-AuNP in
organic solvents that require high pressure to proceed
efficiently, this type of reaction should be rapid and efficient
in aqueous and protic solvents.
Herein, we report an efficient method for preparing small,

2.5-nm-core-size water-soluble maleimide-AuNP using a differ-
ent synthesis approach but still utilizing the furan-maleimide
adduct to prepare the AuNP's and liberating the maleimide-
AuNP through the retro-Diels−Alder reaction. Characterization
confirms the formation of the target maleimide-AuNP,
particularly the 1H NMR spectroscopy that verifies the olefinic
protons in the expected chemical shift region. Furthermore, we
show that when the deprotection of the furan-maleimide AuNP
adduct is carried out in the presence of water the initially
formed interfacial maleimide moieties are hydrolyzed at these
temperatures to yield an interfacial polyammonium/maleic acid
salt adduct. The method we describe outlines how to prepare
small (<3 nm) maleimide-AuNP's that are soluble in both water
and a host of other organic solvents. The latter allows for their
preparation under conditions that avoid water and the resulting
secondary hydrolysis reaction of the maleimide moiety. The
versatile maleimide-AuNP's we describe are easy to prepare and
suitable for bioconjugation studies.

■ RESULTS AND DISCUSSION
Our approach to preparing maleimide-AuNP's is shown in
Scheme 1 and follows the strategy that we reported for organic-
soluble maleimide-AuNP's of the same size, with the difference
being that the thiolate ligands are PEGylated. This approach
first involved the synthesis of methyl-terminated triethylene
glycol thiol (Me-EG3-SH) monolayer-protected AuNP's (Me-
EG3-AuNP's). The methyl-terminated EG3 ligands were
selected as the base ligand for the nanoparticles because unlike
hydroxyl-terminated (HO-EG3-AuNP) species they are soluble
in both water and a wider selection of organic solvents, making
the resulting maleimide gold nanoparticles more versatile. Me-
EG3-AuNP was then subjected to place-exchange reaction
conditions in the presence of the Diels−Alder furan-protected
maleimide tetraethylene glycol thiol (Pt-maleimide-EG4-SH).
This reaction was carried out in a mixture of dry methanol and
acetone as the solvent. It is important to note that during this
step the maleimide must be protected; otherwise, it will
undergo a Michael addition with the thiols present in solution.
The final step in the preparation of the desired maleimide-
AuNP was the deprotection of the maleimide at the AuNP

Scheme 1. Synthesis of Maleimide-Functionalized Gold Nanoparticles

Langmuir Article

dx.doi.org/10.1021/la302168g | Langmuir 2012, 28, 12357−1236312358
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of organic-soluble AuNPs using Diels-Alder and 1,3-dipolar cycloaddition reactions and 

Michael additions.14−16 

This strategy was utilized by Lennox and Schirrmacher to prepare water-soluble 

maleimide-AuNPs with the difference being that both the ligand in the starting (base) 

AuNP and the tether used for the furan-protected maleimide-thiol used in the place 

exchange were based on PEG ligands to make them water-soluble. This represents an 

important breakthrough because many applications using AuNP, especially those for 

biological systems, require water solubility and the ones we originally prepared were of 

limited utility because they were soluble only in organic solvents. Having a water-soluble 

maleimide-modified AuNP is especially relevant because of the wide use of Michael 

addition reactions of maleimide in bioconjugation-type studies. In this regard, the 

contribution of Lennox, Schirrmacher, and co-workers was important. However, because 

of our experience in this area, when their work appeared we were perplexed by aspects of 

the characterization of the maleimide-AuNP that differed from that previously published 

for the organic-soluble version and other derivatives. In particular, the maleimide-AuNP 

(after the removal of furan) was reported to have its olefinic protons 0.5 ppm upfield 

from the olefinic protons in the furan-maleimide adduct, whereas in all other studies and 

indeed for model maleimide compounds these protons are downfield from the olefinic 

protons of the furan-maleimide adduct. This is a dramatic solvent effect and perhaps 

suggests that what they prepared was not the maleimide-AuNP. We were surprised by the 

apparent low reactivity towards Michael addition given the high apparent loading of 

maleimide at the interface because unlike the Michael addition reactions we reported for 

maleimide-AuNP in organic solvents that require high pressure to proceed efficiently, 

this type of reaction should be rapid and efficient in aqueous and protic solvents. 

Herein, we report an efficient method for preparing small, 2.5 nm core size water-soluble 

maleimide-AuNP using a different synthesis approach but still utilizing the furan-

maleimide adduct to prepare the AuNPs and liberating the maleimide-AuNP through the 

retro-Diels-Alder reaction. Characterization confirms the formation of the target 

maleimide-AuNP, particularly the 1H NMR spectroscopy that verifies the olefinic protons 

in the expected chemical shift region. Furthermore, we show that when the deprotection 
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of the furan-maleimide AuNP adduct is carried out in the presence of water the initially 

formed interfacial maleimide moieties are hydrolyzed at these temperatures to yield an 

interfacial polyammonium/maleic acid salt adduct. The method we describe outlines how 

to prepare small (<3 nm) maleimide-AuNPs that are soluble in both water and a host of 

other organic solvents. The latter allows for their preparation under conditions that avoid 

water and the resulting secondary hydrolysis reaction of the maleimide moiety. The 

versatile maleimide-AuNPs we describe are easy to prepare and suitable for 

bioconjugation studies. 

2.2 Result and discussion 
Our approach to preparing maleimide-AuNPs is shown in Scheme 2.1 and follows the 

strategy that we reported for organic-soluble maleimide-AuNPs of the same size, with the 

difference being that the thiolate ligands are PEGylated. This approach first involved the 

synthesis of methyl-terminated triethylene glycol thiol (Me-EG3-SH) monolayer-

protected AuNPs (Me- EG3-AuNPs). The methyl-terminated EG3 ligands were selected 

as the base ligand for the nanoparticles because unlike hydroxyl-terminated (HO-EG3-

AuNP) species they are soluble in both water and a wider selection of organic solvents, 

making the resulting maleimide gold nanoparticles more versatile. Me- EG3-AuNP was 

then subjected to place-exchange reaction conditions in the presence of the Diels-Alder 

furan-protected maleimide tetraethylene glycol thiol (Pt-maleimide-EG4-SH). This 

reaction was carried out in a mixture of dry methanol and acetone as the solvent. It is 

important to note that during this step the maleimide must be protected; otherwise, it will 

undergo a Michael addition with the thiols present in solution. The final step in the 

preparation of the desired maleimide-AuNP was the deprotection of the maleimide at the 

AuNP interface through the retro-Diels-Alder reaction at 100 °C in toluene (Scheme 2.1). 

The required Me-EG3-SH and Pt-maleimide-EG4-SH ligands were synthesized starting 

from readily available triethylene glycol monomethyl ether (Me-EG3-OH) and 

tetraethylene glycol (HO-EG4-OH), respectively (Scheme 2.2). The maleimide ligand 

was synthesized with one more ethylene glycol unit than in the base ligand to lower the 

steric hindrance on the maleimide functionality and make it easier to react through 

Michael addition or other cycloaddition reactions.14−16 
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Scheme 2.2: Synthesis Paths for the Preparation of Me-EG3- SH (Left) and Pt-

maleimide-EG4-SH (Right). 

To synthesize Me-EG3-SH, Me-EG3-OH was tosylated to transform the hydroxyl group 

into a good leaving group. The tosylated Me-EG3-OH was then converted to its 

corresponding thioacetate via an SN2 reaction. The thiol was obtained through basic 

hydrolysis of the thioacetate functionality (Scheme 2.2). The same strategy was 

employed to synthesize Pt-maleimide-EG4-SH. In this case, both hydroxyl groups of HO-

EG4-OH were tosylated, then one of the tosylated extremities of the molecule was reacted 

with furan-protected maleimide (3,6-endoxo-Δ4-tetrahydrophthalimide), and then the 

other tosylated extremity was converted to the thioacetate and subsequently hydrolyzed 

under basic conditions to generate the desired thiol, Pt-maleimide-EG4-SH. A detailed 

synthesis procedure and a characterization of the ligands are reported in the Supporting 

Information. Me-EG3-AuNP was synthesized using a modified one-phase synthesis 

method.17 Briefly, the gold salt, HAuCl4·3H2O, was dissolved in a mixture of methanol 

and glacial acetic acid. Me- EG3-SH was dissolved in this solution, and finally a fresh 

solution of NaBH4 was slowly added. 

interface through the retro-Diels−Alder reaction at 100 °C in
toluene (Scheme 1).
The required Me-EG3-SH and Pt-maleimide-EG4-SH ligands

were synthesized starting from readily available triethylene
glycol monomethyl ether (Me-EG3-OH) and tetraethylene
glycol (HO-EG4-OH), respectively (Scheme 2). The maleimide

ligand was synthesized with one more ethylene glycol unit than
in the base ligand to lower the steric hindrance on the
maleimide functionality and make it easier to react through
Michael addition or other cycloaddition reactions.14−16 To
synthesize Me-EG3-SH, Me-EG3-OH was tosylated to trans-
form the hydroxyl group into a good leaving group. The
tosylated Me-EG3-OH was then converted to its corresponding
thioacetate via an SN2 reaction. The thiol was obtained through
basic hydrolysis of the thioacetate functionality (Scheme 2).
The same strategy was employed to synthesize Pt-maleimide-
EG4-SH. In this case, both hydroxyl groups of HO-EG4-OH
were tosylated, then one of the tosylated extremities of the
molecule was reacted with furan-protected maleimide (3,6-
endoxo-Δ4-tetrahydrophthalimide), and then the other tosy-
lated extremity was converted to the thioacetate and
subsequently hydrolyzed under basic conditions to generate
the desired thiol, Pt-maleimide-EG4-SH. A detailed synthesis
procedure and a characterization of the ligands are reported in
the Supporting Information.
Me-EG3-AuNP was synthesized using a modified one-phase

synthesis method.17 Briefly, the gold salt, HAuCl4·3H2O, was
dissolved in a mixture of methanol and glacial acetic acid. Me-
EG3-SH was dissolved in this solution, and finally a fresh
solution of NaBH4 was slowly added. The mixture was stirred
overnight at room temperature. Purification of the resulting
nanoparticles involved extracting them from the aqueous phase
using toluene. Successively, unreacted Me-EG3-SH was washed
away from a film of nanoparticles inside a round-bottomed flask
using cyclohexane, in which the AuNP's are not soluble.
Subsequently, the AuNP's were purified by dialysis. Through
control of the gold−thiol ratio, it is possible to control the size
of Me-EG3-AuNP. In this work, a ratio of 1:3 gold/thiol was
employed to yield 2.0 ± 0.3 nm Me-EG3-AuNP's. These
AuNP's were characterized by UV−vis spectroscopy and

transmission electron microscopy (TEM) images (Supporting
Information). 1H NMR spectroscopy showed the expected
broadened peaks at 3.34, 3.58, and 3.66 ppm, corresponding to
the Me-EG3-SH ligands (Figure 1, spectrum i). Thermogravi-

metric analysis (TGA) revealed that 38.3% of the AuNP's are
composed of the PEGylated ligands, corresponding to 2.13
μmol of Me-EG3-SH per milligram of AuNP (Figure 2).
These nanoparticles, having PEG ligands with terminal

methylether units at the solution interface, have the greater
advantage of being soluble in both organic and water solutions.
In particular, these Me-EG3-AuNP's are soluble in water,

Scheme 2. Synthesis Paths for the Preparation of Me-EG3-
SH (Left) and Pt-maleimide-EG4-SH (Right)

Figure 1. 1H NMR spectra (recorded in D2O) of (i) Me-EG3-AuNP,
(ii) Pt-maleimide-EG4-AuNP, (iii) maleimide-EG4-AuNP, and (iv) the
hydrolysis product of maleimide-EG4-AuNP. * indicates residual H2O.

Figure 2. TGA of Me-EG3-AuNP (−), Pt-maleimide-EG4-AuNP (---),
and maleimide-EG4-AuNP (···).
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Figure 2.1: 1H NMR spectra (recorded in D2O) of (i) Me-EG3-AuNP, (ii) Pt-

maleimide-EG4-AuNP, (iii) maleimide-EG4-AuNP, and (iv) the hydrolysis product of 

maleimide-EG4-AuNP. * indicates residual H2O. 

The mixture was stirred overnight at room temperature. Purification of the resulting 

nanoparticles involved extracting them from the aqueous phase using toluene. 

Successively, unreacted Me-EG3-SH was washed away from a film of nanoparticles 

inside a round-bottomed flask using cyclohexane, in which the AuNPs are not soluble. 

Subsequently, the AuNPs were purified by dialysis. Through control of the gold-thiol 

ratio, it is possible to control the size of Me-EG3-AuNP.  

interface through the retro-Diels−Alder reaction at 100 °C in
toluene (Scheme 1).
The required Me-EG3-SH and Pt-maleimide-EG4-SH ligands

were synthesized starting from readily available triethylene
glycol monomethyl ether (Me-EG3-OH) and tetraethylene
glycol (HO-EG4-OH), respectively (Scheme 2). The maleimide

ligand was synthesized with one more ethylene glycol unit than
in the base ligand to lower the steric hindrance on the
maleimide functionality and make it easier to react through
Michael addition or other cycloaddition reactions.14−16 To
synthesize Me-EG3-SH, Me-EG3-OH was tosylated to trans-
form the hydroxyl group into a good leaving group. The
tosylated Me-EG3-OH was then converted to its corresponding
thioacetate via an SN2 reaction. The thiol was obtained through
basic hydrolysis of the thioacetate functionality (Scheme 2).
The same strategy was employed to synthesize Pt-maleimide-
EG4-SH. In this case, both hydroxyl groups of HO-EG4-OH
were tosylated, then one of the tosylated extremities of the
molecule was reacted with furan-protected maleimide (3,6-
endoxo-Δ4-tetrahydrophthalimide), and then the other tosy-
lated extremity was converted to the thioacetate and
subsequently hydrolyzed under basic conditions to generate
the desired thiol, Pt-maleimide-EG4-SH. A detailed synthesis
procedure and a characterization of the ligands are reported in
the Supporting Information.
Me-EG3-AuNP was synthesized using a modified one-phase

synthesis method.17 Briefly, the gold salt, HAuCl4·3H2O, was
dissolved in a mixture of methanol and glacial acetic acid. Me-
EG3-SH was dissolved in this solution, and finally a fresh
solution of NaBH4 was slowly added. The mixture was stirred
overnight at room temperature. Purification of the resulting
nanoparticles involved extracting them from the aqueous phase
using toluene. Successively, unreacted Me-EG3-SH was washed
away from a film of nanoparticles inside a round-bottomed flask
using cyclohexane, in which the AuNP's are not soluble.
Subsequently, the AuNP's were purified by dialysis. Through
control of the gold−thiol ratio, it is possible to control the size
of Me-EG3-AuNP. In this work, a ratio of 1:3 gold/thiol was
employed to yield 2.0 ± 0.3 nm Me-EG3-AuNP's. These
AuNP's were characterized by UV−vis spectroscopy and

transmission electron microscopy (TEM) images (Supporting
Information). 1H NMR spectroscopy showed the expected
broadened peaks at 3.34, 3.58, and 3.66 ppm, corresponding to
the Me-EG3-SH ligands (Figure 1, spectrum i). Thermogravi-

metric analysis (TGA) revealed that 38.3% of the AuNP's are
composed of the PEGylated ligands, corresponding to 2.13
μmol of Me-EG3-SH per milligram of AuNP (Figure 2).
These nanoparticles, having PEG ligands with terminal

methylether units at the solution interface, have the greater
advantage of being soluble in both organic and water solutions.
In particular, these Me-EG3-AuNP's are soluble in water,

Scheme 2. Synthesis Paths for the Preparation of Me-EG3-
SH (Left) and Pt-maleimide-EG4-SH (Right)

Figure 1. 1H NMR spectra (recorded in D2O) of (i) Me-EG3-AuNP,
(ii) Pt-maleimide-EG4-AuNP, (iii) maleimide-EG4-AuNP, and (iv) the
hydrolysis product of maleimide-EG4-AuNP. * indicates residual H2O.

Figure 2. TGA of Me-EG3-AuNP (−), Pt-maleimide-EG4-AuNP (---),
and maleimide-EG4-AuNP (···).
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Figure 2.2: TGA of Me-EG3-AuNP (−), Pt-maleimide-EG4-AuNP (---), and 

maleimide-EG4-AuNP (···). 

In this work, a ratio of 1:3 gold/thiol was employed to yield 2.0 ± 0.3 nm Me-EG3-

AuNPs. These AuNPs were characterized by UV-vis spectroscopy and transmission 

electron microscopy (TEM) images (Supporting Information). 1H NMR spectroscopy 

showed the expected broadened peaks at 3.34, 3.58, and 3.66 ppm, corresponding to the 

Me-EG3-SH ligands (Figure 2.1, spectrum i). Thermogravimetric analysis (TGA) 

revealed that 38.3% of the AuNPs are composed of the PEGylated ligands, corresponding 

to 2.13 µmol of Me-EG3-SH per milligram of AuNP (Figure 2.2). These nanoparticles, 

having PEG ligands with terminal methylether units at the solution interface, have the 

greater advantage of being soluble in both organic and water solutions. In particular, 

these Me-EG3-AuNP's are soluble in water, methanol, ethanol, tetrahydrofuran, 

dichloromethane, chloroform, toluene, ethyl acetate, acetone, dimethylformamide, and 

acetonitrile. They can be repeatedly dried and redissolved in these solvents with little to 

no degradation or aggregation (none was apparent). 

Pt-maleimide-EG4-AuNP was synthesized using a place-exchange reaction. In a typical 

synthesis, 100 mg of Me-EG3-AuNP is mixed with 37.1 mg of Pt-maleimide-EG4-SH for 

15 min in 20 mL of dry methanol and 2.5 mL of acetone. The solvent was then 

evaporated under vacuum, and the resulting film was washed with cyclohexane (in which 

it is not soluble) to get rid of excess Pt-maleimide-EG4-SH and exchanged Me-EG3-SH. 

interface through the retro-Diels−Alder reaction at 100 °C in
toluene (Scheme 1).
The required Me-EG3-SH and Pt-maleimide-EG4-SH ligands

were synthesized starting from readily available triethylene
glycol monomethyl ether (Me-EG3-OH) and tetraethylene
glycol (HO-EG4-OH), respectively (Scheme 2). The maleimide

ligand was synthesized with one more ethylene glycol unit than
in the base ligand to lower the steric hindrance on the
maleimide functionality and make it easier to react through
Michael addition or other cycloaddition reactions.14−16 To
synthesize Me-EG3-SH, Me-EG3-OH was tosylated to trans-
form the hydroxyl group into a good leaving group. The
tosylated Me-EG3-OH was then converted to its corresponding
thioacetate via an SN2 reaction. The thiol was obtained through
basic hydrolysis of the thioacetate functionality (Scheme 2).
The same strategy was employed to synthesize Pt-maleimide-
EG4-SH. In this case, both hydroxyl groups of HO-EG4-OH
were tosylated, then one of the tosylated extremities of the
molecule was reacted with furan-protected maleimide (3,6-
endoxo-Δ4-tetrahydrophthalimide), and then the other tosy-
lated extremity was converted to the thioacetate and
subsequently hydrolyzed under basic conditions to generate
the desired thiol, Pt-maleimide-EG4-SH. A detailed synthesis
procedure and a characterization of the ligands are reported in
the Supporting Information.
Me-EG3-AuNP was synthesized using a modified one-phase

synthesis method.17 Briefly, the gold salt, HAuCl4·3H2O, was
dissolved in a mixture of methanol and glacial acetic acid. Me-
EG3-SH was dissolved in this solution, and finally a fresh
solution of NaBH4 was slowly added. The mixture was stirred
overnight at room temperature. Purification of the resulting
nanoparticles involved extracting them from the aqueous phase
using toluene. Successively, unreacted Me-EG3-SH was washed
away from a film of nanoparticles inside a round-bottomed flask
using cyclohexane, in which the AuNP's are not soluble.
Subsequently, the AuNP's were purified by dialysis. Through
control of the gold−thiol ratio, it is possible to control the size
of Me-EG3-AuNP. In this work, a ratio of 1:3 gold/thiol was
employed to yield 2.0 ± 0.3 nm Me-EG3-AuNP's. These
AuNP's were characterized by UV−vis spectroscopy and

transmission electron microscopy (TEM) images (Supporting
Information). 1H NMR spectroscopy showed the expected
broadened peaks at 3.34, 3.58, and 3.66 ppm, corresponding to
the Me-EG3-SH ligands (Figure 1, spectrum i). Thermogravi-

metric analysis (TGA) revealed that 38.3% of the AuNP's are
composed of the PEGylated ligands, corresponding to 2.13
μmol of Me-EG3-SH per milligram of AuNP (Figure 2).
These nanoparticles, having PEG ligands with terminal

methylether units at the solution interface, have the greater
advantage of being soluble in both organic and water solutions.
In particular, these Me-EG3-AuNP's are soluble in water,

Scheme 2. Synthesis Paths for the Preparation of Me-EG3-
SH (Left) and Pt-maleimide-EG4-SH (Right)

Figure 1. 1H NMR spectra (recorded in D2O) of (i) Me-EG3-AuNP,
(ii) Pt-maleimide-EG4-AuNP, (iii) maleimide-EG4-AuNP, and (iv) the
hydrolysis product of maleimide-EG4-AuNP. * indicates residual H2O.

Figure 2. TGA of Me-EG3-AuNP (−), Pt-maleimide-EG4-AuNP (---),
and maleimide-EG4-AuNP (···).
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Pt-maleimide-EG4-AuNPs were then purified further by dialysis to remove any unbound 

ligands. The furan-protected nanoparticles, Pt-maleimide-EG4-AuNP's, were 

characterized by 1H NMR and UV−vis spectroscopy, TGA, and TEM. The nanoparticles 

synthesized under these conditions are found to maintain their size of 2.0 ± 0.3 nm 

according to TEM images (Supporting Information). TGA confirmed the presence of the 

protected maleimide ligand (Figure 2.2). The first weight loss accounting for 3.9% takes 

place between 100 and 170 °C and is related to the loss of furan. This feature in the TGA 

is diagnostic of the incorporation of the protected maleimide, confirms the reversibility of 

the Diels-Alder reaction at around 100 °C, and can be used to determine the amount of 

maleimide ligand incorporated onto the AuNP's. Using the percentage mass loss of furan 

(3.9%) as an indication of the amount of furan-protected maleimide incorporated onto the 

AuNP's allows us to estimate that 30% of ligands on the Pt-maleimide-EG4-AuNPs were 

the required furan-protected maleimide ligands. This loss of furan is then followed by the 

loss of triethylene glycol monomethyl ether ligands and the deprotected maleimide 

ligand. These data can be compared with previous work carried out in our laboratories on 

small maleimide organic-soluble nanoparticles.9 

1H NMR spectroscopy of the Pt-maleimide-EG4-AuNPs (recorded in D2O as the solvent, 

with the residual H2O signal used as a reference) shows the appearance of the three 

broadened peaks related to the furan-protected maleimide functional group (Figure 2.1, 

spectrum ii). The peak at 6.60 ppm is related to the two alkene protons, the peak at 5.25 

ppm is related to the protons adjacent to the bridging oxygen of the Diels-Alder adduct, 

and the peak at 3.07 ppm is related to the two protons closer to the carbonyl groups.9 The 

relative integration of the −CH3 peak due to the Me-EG3S ligands with those of furan-

protected maleimide confirms the 30% incorporation of the desired ligand onto the 

particle. Furthermore, the solubility of these nanoparticles is unchanged with respect to 

that of the Me-EG3-AuNPs. 

The choice of the solvent for the place-exchange reaction was found to be of crucial 

importance to the final synthesis of maleimide-AuNPs. Because the place-exchange 

reaction takes place on the time scale of minutes, a solvent with a low vapour pressure is 

required for the reaction. The use of the methanol-acetone mixture as the solvent for the 
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place-exchange reaction guarantees better control over the reaction time because it can be 

removed faster than water. Better control over the reaction time allows better control of 

the number of protected maleimide ligands that are introduced onto AuNPs. The quantity 

of the furan-protected maleimide ligand strongly influences the nanoparticle solubility. 

For example, when the percentage of furan-protected maleimide-thiol was over 40%, the 

resulting AuNPs were no longer soluble in toluene even though they are still readily 

redissolvable in water. The solubility in toluene is of crucial importance because toluene 

is a solvent suitable for the deprotection of maleimide without interference from 

competing reactions of maleimide (vide infra). 

To carry out the retro-Diels-Alder reaction to liberate the desired maleimide moiety at the 

interface, Pt-maleimide-EG4-AuNPs were dissolved in toluene and the solution was 

stirred overnight at 100 °C. The solvent was then evaporated under vacuum, and the 

AuNP film was washed with cyclohexane as described previously. Maleimide-EG4-

AuNP was characterized by 1H NMR and UV-vis spectroscopy, TGA, and TEM. TEM 

images and UV-vis spectroscopy revealed a slight increase in the nanoparticle size to 2.5 

± 0.3 nm, similar to what we observed during the preparation of our original organic-

soluble maleimide-AuNPs.9 TGA (Figure 2.2) of the resulting maleimide-EG4-AuNPs 

did not show the first weight loss between 100 and 170 °C present in the Pt-maleimide-

EG4-AuNPs, confirming that this was most likely due to the loss of furan in the latter. 

According to the mass loss measured, on 1 mg of maleimide-EG4-AuNPs there are 1.30 

µmol of Me-EG3-SH and 0.50 µmol of Pt-maleimide-EG4-SH, corresponding to a 28% 

maleimide ligand. TGA showed the presence of two ligands in essentially the same ratio 

as was obtained with the Pt-maleimide-EG4-AuNPs. 

1H NMR spectroscopy of the product (Figure 2.1, spectrum iii) showed the disappearance 

(absence) of the peaks related to the furan Diels-Alder adduct (6.60, 5.25, and 3.07 ppm) 

and a new signal downfield at 6.86 ppm, as expected for olefin peaks of the maleimide 

moiety. This result completely agrees with our previous characterization of maleimide 

organic-soluble nanoparticles.9 The simplified formula for the maleimide-EG4-AuNPs 

can be calculated from the TGA and TEM measurements, assuming a spherical shape of 
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the gold core.8 Maleimide-EG4-AuNPs were found to have the simplified formula 

Au483(Me-EG3-S)198(maleimide-EG4-S)77. 

As stated above, the solubility of the Pt-maleimide-EG4-AuNPs in toluene is a key 

component in the synthesis of maleimide-EG4-AuNPs. Some attempts to deprotect the Pt- 

maleimide-EG4-AuNPs were carried out by employing acetonitrile, acetone, and water as 

reaction solvents, and all of them resulted in a nanoparticle size growth characterized by 

a change in the solution color from dark brown (typical of a nanoparticle size between 2 

and 3 nm) to ruby (typical of nanoparticles with diameter of between 4 and 5 nm). 

Performing the retro-Diels-Alder deprotection in water gave very different results. After 

the reaction of Pt-maleimide-EG4-AuNP in H2O at 100 °C overnight, there was no peak 

due to the expected maleimide olefin protons at 6.86 ppm but a signal appeared at 6.23 

ppm, upfield with respect to the peak at 6.60 ppm of the alkene protons of the protected 

maleimide ligand. The appearance of this upfield signal is also accompanied by 

significant changes in the region between 3 and 4 ppm. The peak at 3.07 ppm disappears, 

and three broad peaks (one at 3.15 ppm, one at 2.89 ppm, and one at 3.77 ppm) appear. 

This is also consistent with observation of Lennox and Schirrmacher.8 Because the peak 

they assigned to maleimide was significantly upfield from where it was expected, we 

suspected that it was due to a reaction of the liberated maleimide with H2O under the 

same reaction conditions. 

To explore this possibility, we performed a number of control reactions. First, we took 

our fully characterized maleimide-EG4-AuNP, prepared by deprotection in toluene, and 

heated this sample in water to 100 °C (similar to the deprotection conditions employed by 

Lennox, Schirrmacher, and co-workers). 1H NMR spectroscopy shows the loss of the 

signal of the olefinic protons in maleimide from 6.86 ppm, a new peak growing in at 6.23 

ppm, and the appearance of the same peaks in the region between 3 and 4 ppm as 

observed after the direct deprotection of Pt-maleimide-EG4-AuNPs in water. The 

spectrum is shown in Figure 2.1(iv). This latter spectrum suggests that this product arises 

from the hydrolysis of maleimide by water under these conditions. But what could be the 

hydrolysis product that would give rise to such a simple singlet in the 1H NMR spectrum 
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at ca. 6.2 ppm and still be associated with the AuNP? To address this issue, we carried 

out a number of model reactions. For simplicity, N-methylmaleimide was chosen as the 

first model compound. Its 1H NMR spectrum was recorded in D2O, and it revealed the 

expected signals at 2.94 ppm (CH3−N) and 6.80 ppm (olefinic protons of the maleimide). 

This sample was then heated in nanopure water at 100 °C in a round-bottomed flask for 

48 h. After reaction, the pH of the solution had changed from neutral to acidic. The 

solvent was then evaporated, and the reaction product was characterized by 1H and 13C 

NMR spectroscopy and mass spectrometry. As shown in Figure 2.3, 1H NMR 

spectroscopy reveals the disappearance of the peaks of N-methylmaleimide at 2.94 and 

6.80 ppm, related respectively to the methyl protons and to the olefinic protons. The main 

products of the reaction are represented by the peaks at 2.55 and 6.30 ppm, which are the 

same as those observed after heating the maleimide-EG4-AuNPs in water. On the basis of 

the reactants (N-methylmaleimide and water) and the resulting 1H NMR analysis, we 

suspected that the N-methylmaleimide was hydrolyzed to methylamine (as methylammo- 

nium, CH3NH3
+) and maleic acid (as hydrogen maleate, HOC(O)=C(O)O−) under these 

conditions. Indeed, the large amount of water (the solvent) and the high temperature 

favor the hydrolysis of N-methylmaleimide. To validate the hypothesis of forming 

methylamine and maleic acid, small amounts of authentic N-methylamine and 

subsequently authentic maleic acid were added to the NMR tube containing the products 

of hydrolysis of the model compound. 1H and 13C NMR spectra recorded after every 

addition show an increase in the corresponding peak intensities upon addition of the pure 

reagent and, importantly, no new signals were recorded (Figures SI 12 and SI 13). Note 

that because of the pH change after the addition of excess base and then excess acid, the 

peaks, especially those corresponding to the maleic acid, shift slightly depending on the 

extent of salt formation but remain in the 6.2−6.35 ppm range. Mass spectrometry also 

revealed the presence of the molecular peaks of methylamine and maleic acid. Finally, 

the Kaiser test for the detection of primary amine was conducted for the reaction mixture 

and for a control solution of N-methylmaleimide in water.18 The reaction mixture 

becomes dark blue (positive test), indicating the presence of a primary amine, and the N-

methyl maleimide control solution becomes yellow (negative test) (Figure SI 11). 



www.manaraa.com

45 

 

 

Figure 2.3: 1H NMR spectrum recorded in D2O showing the kinetics of hydrolysis of 

N-methylmaleimide. Peaks A and B are relative to the reactant, and peaks C and D 

are relative to the main products. * is the H2O signal. 

To understand better the process that leads to the hydrolysis reaction on the AuNPs and 

to explain what might have occurred in the earlier study, the protected maleimide 

tetraethylene glycol thioacetate (Pt-maleimide-EG4-SAc) was employed as a second 

model compound. A few milligrams of Pt-maleimide-EG4-SAc were inserted into a J. 

Young NMR tube and dissolved in D2O, and the temperature was increased to 100 °C. 1H 

NMR spectra were recorded after various time intervals (Figure SI 14 in the Supporting 

and heated this sample in water to 100 °C (similar to the
deprotection conditions employed by Lennox, Schirrmacher,
and co-workers). 1H NMR spectroscopy shows the loss of the
signal of the olefinic protons in maleimide from 6.86 ppm, a
new peak growing in at 6.23 ppm, and the appearance of the
same peaks in the region between 3 and 4 ppm as observed
after the direct deprotection of Pt-maleimide-EG4-AuNP's in
water. The spectrum is shown in Figure 1(iv). This latter
spectrum suggests that this product arises from the hydrolysis
of maleimide by water under these conditions. But what could
be the hydrolysis product that would give rise to such a simple
singlet in the 1H NMR spectrum at ca. 6.2 ppm and still be
associated with the AuNP? To address this issue, we carried out
a number of model reactions.
For simplicity, N-methylmaleimide was chosen as the first

model compound. Its 1H NMR spectrum was recorded in D2O,
and it revealed the expected signals at 2.94 ppm (CH3−N) and
6.80 ppm (olefinic protons of the maleimide). This sample was
then heated in nanopure water at 100 °C in a round-bottomed
flask for 48 h. After reaction, the pH of the solution had
changed from neutral to acidic. The solvent was then
evaporated, and the reaction product was characterized by 1H
and 13C NMR spectroscopy and mass spectrometry. As shown
in Figure 3, 1H NMR spectroscopy reveals the disappearance of

the peaks of N-methylmaleimide at 2.94 and 6.80 ppm, related
respectively to the methyl protons and to the olefinic protons.
The main products of the reaction are represented by the peaks
at 2.55 and 6.30 ppm, which are the same as those observed
after heating the maleimide-EG4-AuNP's in water. On the basis
of the reactants (N-methylmaleimide and water) and the
resulting 1H NMR analysis, we suspected that the N-methyl
maleimide was hydrolyzed to methylamine (as methylammo-
nium, CH3NH3

+) and maleic acid (as hydrogen maleate,
HOC(O)C(O)O−) under these conditions. Indeed, the
large amount of water (the solvent) and the high temperature
favor the hydrolysis of N-methylmaleimide. To validate the
hypothesis of forming methylamine and maleic acid, small
amounts of authentic N-methylamine and subsequently
authentic maleic acid were added to the NMR tube containing
the products of hydrolysis of the model compound. 1H and 13C
NMR spectra recorded after every addition show an increase in
the corresponding peak intensities upon addition of the pure
reagent and, importantly, no new signals were recorded
(Figures SI 12 and SI 13). Note that because of the pH
change after the addition of excess base and then excess acid,
the peaks, especially those corresponding to the maleic acid,
shift slightly depending on the extent of salt formation but
remain in the 6.2−6.35 ppm range. Mass spectrometry also
revealed the presence of the molecular peaks of methylamine
and maleic acid. Finally, the Kaiser test for the detection of
primary amine was conducted for the reaction mixture and for a
control solution of N-methylmaleimide in water.18 The reaction
mixture becomes dark blue (positive test), indicating the
presence of a primary amine, and the N-methyl maleimide
control solution becomes yellow (negative test) (Figure SI 11).
To understand better the process that leads to the hydrolysis

reaction on the AuNP's and to explain what might have
occurred in the earlier study, the protected maleimide
tetraethylene glycol thioacetate (Pt-maleimide-EG4-SAc) was
employed as a second model compound. A few milligrams of
Pt-maleimide-EG4-SAc were inserted into a J. Young NMR
tube and dissolved in D2O, and the temperature was increased
to 100 °C. 1H NMR spectra were recorded after various time
intervals (Figure SI 14 in the Supporting Information). In
addition to the expected hydrolysis of the thioacetate moiety
(indicated by the signal due to acetic acid at 2.06 ppm), the
signals due to the protected maleimide were also monitored as
a function of time during heating in D2O. This study shows the
progressive deprotection of the maleimide functionality,
indicated by the appearance of a signal at 6.85 ppm that is
due to maleimide and then its progressive hydrolysis. After 8 h,
the intensity of the peaks of protected maleimide (3.11, 5.29,
and 6.60 ppm) markedly decreases, and this decrease is
accompanied by the appearance of the furan peaks (6.47 ppm
and 7.53 ppm), the peak related to the alkene protons of
maleimide (6.85 ppm), the supposed maleic acid/maleate peak
(6.31 ppm), and the peak of the protons alpha to the amine of
the resulting amine(ammonium) tetraethylene glycol (+H3N-
EG4-S-D) (3.2 ppm). After 24 h, the amount of starting
material is further decreased but the product of the hydrolysis
of maleimide (indicated by the peak at 6.31 ppm) becomes the
major product. After 48 h, the amounts of protected and
deprotected maleimide are negligible and the major product is
represented by maleic acid/maleate and +H3N-EG4-SD.
The same experiment was performed using our maleimide-

EG4-AuNP, and it showed the same changes as described for
model ligand Pt-maleimide-EG4-SAc (Figure SI 15) with the

Figure 3. 1H NMR spectrum recorded in D2O showing the kinetics of
hydrolysis of N-methylmaleimide. Peaks A and B are relative to the
reactant, and peaks C and D are relative to the main products. * is the
H2O signal.
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Information). In addition to the expected hydrolysis of the thioacetate moiety (indicated 

by the signal due to acetic acid at 2.06 ppm), the signals due to the protected maleimide 

were also monitored as a function of time during heating in D2O. This study shows the 

progressive deprotection of the maleimide functionality, indicated by the appearance of a 

signal at 6.85 ppm that is due to maleimide and then its progressive hydrolysis. After 8 h, 

the intensity of the peaks of protected maleimide (3.11, 5.29, and 6.60 ppm) markedly 

decreases, and this decrease is accompanied by the appearance of the furan peaks (6.47 

ppm and 7.53 ppm), the peak related to the alkene protons of maleimide (6.85 ppm), the 

supposed maleic acid/maleate peak (6.31 ppm), and the peak of the protons alpha to the 

amine of the resulting amine(ammonium) tetraethylene glycol (+H3N-EG4-S-D) (3.2 

ppm). After 24 h, the amount of starting material is further decreased but the product of 

the hydrolysis of maleimide (indicated by the peak at 6.31 ppm) becomes the major 

product. After 48 h, the amounts of protected and deprotected maleimide are negligible 

and the major product is represented by maleic acid/maleate and +H3N-EG4-SD. 

The same experiment was performed using our maleimide-EG4-AuNP, and it showed the 

same changes as described for model ligand Pt-maleimide-EG4-SAc (Figure SI 15) with 

the loss of the maleimide signals at 6.86 ppm and the appearance of the signal at 6.23 

ppm. At the end of this experiment and to confirm that the signal at 6.23 ppm was due to 

the maleic acid product from the hydrolysis of maleimide, a small amount of authentic 

maleic acid was added to the fully hydrolyzed AuNPs and an increase in the peak at 6.23 

ppm was recorded (Figure SI 16). The addition of authentic N-methylmaleimide shows 

the expected olefinic signal at 6.86 ppm. In total, these experiments demonstrate that on 

heating in water to 100 °C the protected maleimide undergoes the expected retro-Diels-

Alder reaction to form the desired maleimide, but this reacts under conditions that yield 

the corresponding R-NH3
+ and maleate by the hydrolysis of maleimide. 

These results highlight the importance of the choice of solvent for the maleimide 

deprotection reaction. Water, even though it is a green solvent and has a high boiling 

point, was found to react irreversibly at high temperatures with the maleimide 

functionalities present at the nanoparticle interface. Hydrolysis causes the release of 

maleic acid and the formation of amine functionalities at AuNPs, which can couple as 
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their salt. Our approach allows for the deprotection to be carried out in toluene, 

circumventing the hydrolysis of the desired maleimide functionality at the interface. 

To demonstrate that maleimide-EG4-AuNPs react via the Michael addition reaction for 

the possible application as a bioconjugation template, the maleimide-EG4-AuNPs were 

functionalized with cysteine. In this experiment, 50 mg of maleimide-EG4-AuNPs was 

mixed with 0.8 mg of L-cysteine for 1 h in nanopure water. The sample was then purified 

by dialysis to remove any unreacted nucleophile and to leave only the cysteine-

functionalized AuNPs. The 1H NMR spectrum showed the complete disappearance of the 

peak at 6.86 ppm due to maleimide and the appearance of broadened peaks at 3.17 and 

3.25 ppm, expected for the Michael addition product, which partially overlapped with the 

peak at 3.32 (Figure SI 17). 

2.3 Conclusions 
In this article, we described the first synthesis method leading to stable maleimide, water-

soluble, small (<3 nm) gold nanoparticles through a retro Diels-Alder strategy. The 

amount of protected maleimide ligand at the interface accounted for 30% of the total 

ligands. Attempts to incorporate more led to solubility issues, with the ligand becoming 

insoluble in toluene, and thus the maleimide deprotection reaction could not be carried 

out. Indeed, toluene was found to be the solvent suitable for conducting the retro-Diels-

Alder reaction to lead to the desired water-soluble maleimide-AuNPs. The use of water in 

the deprotection reaction cannot lead to pure maleimide-functionalized AuNPs because 

under the conditions needed for deprotection the hydrolysis of maleimide occurs 

efficiently, giving a polyammonium-functionalized AuNP associated with the maleate 

anion. Maleimide-AuNPs derived from the improved method presented here are stable, 

soluble in aqueous solution as well as a selection of organic solvents, and reactive toward 

Michael addition, thus broadening the application and versatility of their use in 

biochemistry and biology. We are currently utilizing the water-soluble maleimide-EG4-

AuNPs prepared using our strategy for bioconjugation studies. 
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Chapter 3  

3 Water-soluble gold nanoparticles (AuNP) functionalized 
with a gadolinium(III) chelate via Michael addition for 
use as a MRI contrast agent 

Chapter 3 has been published as a full paper, and it is reproduced with permission from 

the Royal Society of Chemistry. The corresponding reference is:  

M. Milne†, P. Gobbo†, N. McVicar, R. Bartha, M. S. Workentin*, R. H. E. Hudson*, J. 

Meter. Chem. B, 2013, 1, 5628-5635. 

Milne, supervised by Prof. Hudson, and I contributed equally to the work. Milne 

synthesized and characterized the DO3A contrast agent. McVicar, supervised by Prof. 

Bartha, performed the MRI experiments. I synthesized and characterized the Maleimide-

AuNP and the Gd-AuNP. Milne and I wrote the draft of the manuscript with input and 

minor edits from the other co-authors and final edit by Prof. Hudson and Prof. M.S. 

Workentin. 

The supporting information file referenced in the text can be downloaded from the web 

site of the publisher. 

ABSTRACT: A contrast agent suitable for magnetic resonance imaging based on small, 

water soluble gold nanoparticles (AuNP) conjugated to over 50 Gd3+ chelators has been 

prepared by using an interfacial Michael addition in aqueous media. The resultant 

chelator-AuNP conjugates have been successfully characterized by 1H NMR 

spectroscopy, IR spectroscopy, ICP-OES, ζ-potential analysis, TEM and MRI. T1- 

weighted in vivo images of mouse kidney were obtained using the agent at 9.4 T. A 

preliminary in vivo experiment produced no ill effects and the clearance profile of the 

agent suggests it is suitable for animal testing at clinically relevant concentrations. 
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3.1 Introduction 
Gadolinium (Gd3+) based contrast agents (CA) for use in magnetic resonance imaging 

(MRI) have been employed because of their ability to enhance the T1 relaxation of agent 

bound water protons in vivo.1–7 This enhancement may highlight tissue involved in 

pathological processes following leakage of the agent from the vasculature into the tissue. 

The enhancement gained by Gd3+ based CAs is concentration dependent, such that a 

hyperintense region is observed as local CA concentrations increase. Ultimately, 

increased tissue contrast therefore depends on the bio-distribution of an agent, as a set 

molar amount is delivered per patient to limit the possible side effects associated with 

lanthanide-based CAs. To ensure that a site specific, effective concentration is achieved, 

there have been efforts to develop nano-sized carriers to aid in the delivery of clinically 

approved small molecule-based CAs. Covalent linkage of a small Gd3+ CA to a nano- 

carrier may increase its local concentration, potentially decreasing the concentration of 

nanoparticle needed to provide sufficient signal enhancement for MRI detection. 

Strategies in this field include the development of dendrimers,8–12 liposomes,3,13–15 

micelles,16–18 polymers19–21 as well as silicon and gold-based nanoparticles.22–27 Typically 

gadolinium labeled gold nanoparticles are synthesized through conventional one-pot 

synthesis where gold is reduced using sodium borohydrate in the presence of a thiol 

terminated organic ligand. This has yielded Gd3+-AuNPs with a range of sizes 2.4 nm,22 

12 nm,23 14 nm,24 13 nm25 and relaxivities 4.1 mM-1 s-1 at 7T.22 12 mM-1 s-1 at 1T,23 18 

mM-1 s-1 at 1.5T,24 5.1 mM-1 s-1 at 14.1 T.25 While each of these systems have their 

benefits and drawbacks it is their size and the loading potential of gadolinium that will 

have the greatest impact on the MRI signal compared to a single Gd3+ CA. The size of the 

nano carrier is the limiting factor for a number of parameters, such as loading of the 

chelator, in vivo distribution, as well as the enhancement of relaxation gained by slower 

tumbling molecules.2,28 The rotational benefit has the potential to increase the relaxivity 

of a given agent immensely; however, it is typically observed at lower magnetic field 

strengths (20–40 MHz) where the rotational frequency is closer to the larmor frequency 

of the 1H, and is less pronounced at high fields (300–400 MHz). While loading of these 

nano carriers with 1000's of chelators generates agents with excellent sensitivity their 

synthesis still relies on the conventional one-pot synthesis method.24 The drawback of the 
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one-pot nanoparticle synthesis is the difficulty in obtaining a reproducible AuNP size, 

lack of stability of the CA on the nanoparticle and the need to control a large number of 

reaction conditions. A change in one of these conditions, may result in an undesired 

product that would not be suitable for the development of clinically acceptable CAs 

where the control and characterization of the structure is strict. A better approach is to 

utilize a previously prepared water-soluble monolayer protected AuNP, where the size 

and solubility can be more carefully controlled and that contains a reactive functionality 

capable of undergoing a specific interfacial reaction to introduce the CA covalently onto 

the nanoparticle. To efficiently attach the Gd3+ chelator and enhance the prospect for in 

vivo studies, we utilize a small water-soluble gold nanoparticle with a core size of 3 nm ± 

1 nm that is functionalized with approximately 80 maleimide moieties at the interface. 

Maleimide-modified AuNPs were chosen as they undergo efficient interfacial Michael 

addition when mixed with an appropriate nucleophile;29,30 in the present case we utilize a 

Gd3+ CA, Gd3+DO3A-amine chelator (Scheme 3.1).20,31 

 

Scheme 3.1: Illustration of the synthetic strategy: the interfacial Michael addition 

between Gd3+-DO3A-amine and maleimide-AuNP. 

small water-soluble gold nanoparticle with a core size of 3 nm! 1
nm that is functionalized with approximately 80 maleimide
moieties at the interface. Maleimide-modied AuNPs were
chosen as they undergo efficient interfacial Michael addition
when mixed with an appropriate nucleophile;29,30 in the present
case we utilize a Gd3+ CA, Gd3+DO3A–amine chelator
(Scheme 1).20,31

The benet of using a post synthetic modication of the
nano core is the possibility to fully characterise both molecular
systems: the pre-derivatized gold core and the nal product
aer modication of the corona. The interfacial Michael addi-
tion reaction is favoured over other synthetic methods as it has
been shown to be quick, reliable and reproducible. To this end
we describe the synthesis of Gd3+ modied water-soluble gold
nanoparticles that have a reproducible and measurable number
of chelators (Scheme 1). This innovative Gd-based contrast
agent was characterized though 1H NMR spectroscopy, IR
spectroscopy, ICP-OES, z-potential measurements, TEM, and in
vitro and in vivo MRI. The results show that ca. 70% of the 80
interfacial maleimide moieties were successfully functionalized
with the gadolinum complex. For the rst time it was possible to
quantify the efficiency of the interfacial Michael addition reac-
tion and this information is of important relevance for
designing in vivo agents.

Material and methods
General materials and methods

All chemicals and solvents were used as received unless speci-
ed. All solvents were HPLC grade, except water (18.2 MU cm).
Organic extracts were dried with Na2SO4, and solvents were
removed under reduced pressure by rotary evaporation. Flash
column chromatography (FCC) was carried out using silica gel,
mesh size 230–400 Å. Cellulose ester dialysis membranes with
MWCO of 6–8 kDa were used. In vivo contrast-enhanced T1-
weighted MR images were acquired using a 400 MHz horizontal
bore small animal MRI scanner equipped with a 30 mm milli-
pede radio frequency coil (Agilent, Palo Alto, CA). Images were

acquired before and immediately following intravenous (IV)
injection in the tail vein. NMR measurements were made on an
Agilent 400 MHz spectrometer. Relaxation measurements were
made for 4 different concentrations of CA using an inversion
recovery pulse sequence with 16 inversion times with a 2 second
delay to ensure full relaxation.

Preparation of maleimide AuNP

Maleimide–AuNP was synthesized accordingly to our recently
established procedure.29–31 Briey, triethylene glycol mono-
methyl ether AuNP (Me–EG3–AuNP) was synthesized mixing 3
equivalents of triethylene glycol monomethyl ether thiol with 1
equivalent of HAuCl4$3H2O in a dry methanol–acetic acid
solution (10 : 1), followed by slow addition of 10 equivalents of
NaBH4 in water. The puried Me–EG3–AuNP underwent a place-
exchange reaction with furan-protected-maleimide tetra-
ethylene glycol–thiols ligands (FP(maleimide)-EG4–SH). The
resulting FP(maleimide)–AuNPs were deprotected by dissolving
them in a toluene–acetonitrile (10 : 1) mixture and heating the
system at 110 "C overnight under vigorous stirring. This method
leads to small water-soluble maleimide–AuNP with a gold core
diameter of 3 ! 1 nm, as shown by the TEM images reported in
the ESI (Fig. S10†). The maleimide–AuNP contains ca. 0.50
mmol mg#1 of maleimide moieties as determined by thermog-
ravimetric analysis and 1H NMR spectroscopy. These AuNP
were dissolved in acetonitrile to obtain a concentration of 10
mg ml#1 and stored at #20 "C. Maleimide–AuNPs stored in this
way were found to be stable for months.

Synthesis of DO3A–amine

DO3A–amine was synthesized as previously reported.32 In short,
cyclen was alkylated with 3 eq. of ethyl bromoacetate in aceto-
nitrile with potassium carbonate. Aer purication, the fourth
alkylation was done with the previously reported boc-protected
amino ethyl chloroacetamide. Complete deprotection was done
with standard deprotection conditions. TFA/DCM 1 : 1 for 30
min to remove the boc group, followed by drying and hydrolysis
under basic conditions using 3.3 eq. of NaOH at 60 "C
overnight.

Synthesis of Gd–DO3A–amine

The agent was prepared using to previously reported condi-
tions.20,33 Aer deprotection DO3A–amine was metallated with 1
eq. of GdCl3 at pH 6. This reaction was monitored by ESI-MS
until metallation was complete. Finally, the complex was dia-
lyzed at a 500 Dalton cutoff to remove free Gd3+.

Conjugation of CA onto maleimide AuNP via interfacial
Michael addition reaction

The nucleophile (Gd–DO3A–amine or DO3A–amine, 6 eq.) was
stirred overnight with AuNP–maleimide in a phosphate buffer
at pH 7.5. The following day the pH of the solution was lowered
to 3–4 and the reaction mixture was dialyzed at a cutoff of 6–8
kDa against water. The solution was then reduced in volume
to achieve a concentration of 10 mM for in vivo testing.

Scheme 1 Illustration of the synthetic strategy: the interfacial Michael addition
between Gd3+–DO3A–amine and maleimide AuNP.

This journal is ª The Royal Society of Chemistry 2013 J. Mater. Chem. B, 2013, 1, 5628–5635 | 5629
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The benefit of using a post synthetic modification of the nano core is the possibility to 

fully characterize both molecular systems: the pre-derivatized gold core and the final 

product after modification of the corona. The interfacial Michael addition reaction is 

favoured over other synthetic methods as it has been shown to be quick, reliable and 

reproducible. To this end we describe the synthesis of Gd3+ modified water-soluble gold 

nanoparticles that have a reproducible and measurable number of chelators (Scheme 3.1). 

This innovative Gd-based contrast agent was characterized though 1H NMR 

spectroscopy, IR spectroscopy, ICP-OES, ζ-potential measurements, TEM, and in vitro 

and in vivo MRI. The results show that ca. 70% of the 80 interfacial maleimide moieties 

were successfully functionalized with the gadolinium complex. For the first time it was 

possible to quantify the efficiency of the interfacial Michael addition reaction and this 

information is of important relevance for designing in vivo agents. 

3.2 Material and Methods 
General materials and methods 

All chemicals and solvents were used as received unless specified. All solvents were 

HPLC grade, except water (18.2 MΩ cm). Organic extracts were dried with Na2SO4, and 

solvents were removed under reduced pressure by rotary evaporation. Flash column 

chromatography (FCC) was carried out using silica gel, mesh size 230–400 Å. Cellulose 

ester dialysis membranes with MWCO of 6–8 kDa were used. In vivo contrast-enhanced 

T1-weighted MR images were acquired using a 400 MHz horizontal bore small animal 

MRI scanner equipped with a 30 mm millipede radio frequency coil (Agilent, Palo Alto, 

CA). Images were acquired before and immediately following intravenous (IV) injection 

in the tail vein. NMR measurements were made on an Agilent 400 MHz spectrometer. 

Relaxation measurements were made for 4 different concentrations of CA using an 

inversion recovery pulse sequence with 16 inversion times with a 2 second delay to 

ensure full relaxation. 
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Preparation of maleimide AuNP 

Maleimide-AuNP was synthesized accordingly to our recently established procedure.29–31 

Briefly, triethylene glycol monomethyl ether AuNP (Me–EG3–AuNP) was synthesized 

mixing 3 equivalents of triethylene glycol monomethyl ether thiol with 1 equivalent of 

HAuCl4·3H2O in a dry methanol-acetic acid solution (10 : 1), followed by slow addition 

of 10 equivalents of NaBH4 in water. The purified Me-EG3-AuNP underwent a place- 

exchange reaction with furan-protected-maleimide tetra-ethylene glycol–thiols ligands 

(FP(maleimide)-EG4-SH). The resulting FP(maleimide)-AuNPs were deprotected by 

dissolving them in a toluene–acetonitrile (10 : 1) mixture and heating the system at 110 

ºC overnight under vigorous stirring. This method leads to small water-soluble 

maleimide-AuNP with a gold core diameter of 3 ± 1 nm, as shown by the TEM images 

reported in the ESI (Figure S10). The maleimide-AuNP contains ca. 0.50 mmol mg-1 of 

maleimide moieties as determined by thermogravimetric analysis and 1H NMR 

spectroscopy. These AuNP were dissolved in acetonitrile to obtain a concentration of 10 

mg ml-1 and stored at -20 ºC. Maleimide-AuNPs stored in this way were found to be 

stable for months. 

Synthesis of DO3A–amine 

DO3A-amine was synthesized as previously reported.32 In short, cyclen was alkylated 

with 3 eq. of ethyl bromoacetate in acetonitrile with potassium carbonate. After 

purification, the fourth alkylation was done with the previously reported boc-protected 

amino ethyl chloroacetamide. Complete deprotection was done with standard 

deprotection conditions. TFA/DCM 1 : 1 for 30 min to remove the boc group, followed 

by drying and hydrolysis under basic conditions using 3.3 eq. of NaOH at 60 ºC 

overnight. 

Synthesis of Gd–DO3A–amine 

The agent was prepared using to previously reported conditions.20,33 After deprotection 

DO3A–amine was metallated with 1 eq. of GdCl3 at pH 6. This reaction was monitored 

by ESI-MS until metallation was complete. Finally, the complex was dialyzed at a 500 

Dalton cut-off to remove free Gd3+. 
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Conjugation of CA onto maleimide AuNP via interfacial Michael addition reaction 

The nucleophile (Gd–DO3A–amine or DO3A–amine, 6 eq.) was stirred overnight with 

AuNP–maleimide in a phosphate buffer at pH 7.5. The following day the pH of the 

solution was lowered to 3-4 and the reaction mixture was dialyzed at a cut-off of 6–8 kDa 

against water. The solution was then reduced in volume to achieve a concentration of 10 

mM for in vivo testing. Gd3+-DO3A-amine-AuNPs were stored at -20 ºC and were found 

to be stable for weeks. If stored in solution and at room temperature aggregation occurs 

after a week. 

FT-IR measurements 

Infrared spectra were collected using a Bruker Vector33 spectrometer. The blanks were 

collected first by purging the instrument with nitrogen gas for 5 minutes and averaging 

128 scans from 600 cm-1 to 4000 cm-1. Subsequently, the sample (~0.5 mg of AuNP) was 

dispersed in dry KBr and packed into a pellet using a press. The AuNP spectra were 

recorded in the same conditions of the blank, which was automatically subtracted. 

Zeta potential measurements of DO3A-AuNP and Gd-AuNP 

Zeta potential measurements were performed using a Zetasizer Nano-ZS (Malvern 

Instrument). A solution of AuNP in PBS pH 7.5 was prepared with a concentration of 0.5 

mg ml-1. A 1 ml solution was inserted in a latex folded capillary cell equipped with 

electrodes and the zeta potential was calculated by employing the Huckel approximation. 

Relaxation measurements 

The longitudinal relaxivity (r1) for both the Gd3+-DO3A-amine and the Gd3+-AuNP were 

obtained by measuring the longitudinal relaxation rate (R1 = 1/T1) at 4 concentrations 

(Gd3+-DO3A-amine = 1 mM, 2 mM, 4 mM, 8 mM and Gd3+-AuNP = 1 mM, 2 mM, 4 

mM, 8.26 mM [Gd3+]). Measurements were performed at pH 6.8, 37 ºC, using an 

inversion recovery sequence with a 2 second delay to ensure full T1 relaxation between 

measurements. The slope of the plotted R1 = 1/T1 vs concentration was measured and 
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reported as the relaxivity (r1). The relaxivity was 2.3 mM-1 s-1 for Gd3+-DO3A-amine 

and 2.2 mM-1 s-1 for Gd3+-AuNP. All measurements were made at 9.4 T. 

Gold and gadolinium concentration determination by ICP- OES 

ICP-OES measurements were made on a series of concentrations to allow for an accurate 

measurement of both the concentration as well as the ratio of Au to Gd using 4 wave- 

lengths for each element. It was found that the ratio of Au to Gd was 14 : 1. Using the 

value of Au to maleimides calculated it is shown that 70% of the maleimides reacted with 

the Gd-DO3A-amine to afford ca. 56 Gd3+ chelators present per NP. 

MRI studies on animals 

To demonstrate MRI T1 contrast in vivo, a C57BL/6 mouse (8 months of age, weighing 

~20 g) was anaesthetized (induced using 4% isoflurane in oxygen and maintained using 

1.5–2.5% isoflurane in oxygen). To reduce motion, the abdomen of the mouse was lightly 

taped to a MRI-compatible stage. The mouse was placed in a 30 mm Agilent millipede 

coil. Temperature was monitored with a rectal temperature probe, and respiration was 

monitored with a respiratory sensor pad that was connected to a pressure transducer 

placed over the thoracic/abdominal region (SA Instruments Inc., Stony Brook, NY). 

Body temperature was maintained at 37 ºC using a warm-air feedback system. A catheter 

was placed in the tail vein using a 27-guage needle. Three pre-injection T1-weighted MR 

images were acquired. Then 200 mL of 10 mM Gd3+-AuNP dissolved in water was 

injected directly into the tail vein at a constant rate of 40 mL min-1, with the mouse 

secured to the MRI compatible stage. Post-injection MR image acquisition began within 

2 min of injection. The animal procedure was performed according to a protocol 

approved by the Western University Animal Use Subcommittee. Same-slice pre- and 

post-injection images were continuously acquired for ~90 min through both kidneys 

using a T1-weighted fast spin echo (FSE) pulse sequence (TR/echo time = 500/10 ms, 

echo-train length = 4, 128 x 128 linear readout, 30.0 mm2 field of view, 5 slices, 2 mm 

slice thickness, 2 pre-scans, 4 averages). All images were acquired at 9.4 T. 
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3.3 Results and Discussion 
Synthesis and characterization of maleimide-AuNP 

Our synthetic approach for preparing small water-soluble maleimide–AuNP is 

summarized in Scheme 3.1. This approach is based on a retro-Diels–Alder strategy where 

the maleimide is first protected, followed by its deprotection only once the ligand is 

attached to the gold core. The need for this protection is due the reactivity that thiols have 

for Michael addition onto unprotected maleimides. The AuNP template (Me–EG3–AuNP) 

that is employed as starting material is based on using the ω-mercapto triethylene glycol 

monomethyl ether as the base ligand.29 This ligand confers both water-solubility and 

organic solvent-solubility to the nanoparticle. This amphiphilic property permits the use 

of reactions in organic solvents, which is important in this case for the deprotection, yet 

confers water-solubility to the final maleimide-AuNP. The latter is the target because it 

can undergo the interfacial Michael addition reaction with the CA. In addition, the 

ethylene glycol based ligands are expected to hinder protein adsorption in vivo which 

should ensure prolongation of the AuNP circulation half-life and reduction of its 

immunogenicity.34,35 The triethylene glycol monomethyl ether gold nanoparticle (Me-

EG3-AuNP) was then subjected to a place-exchange reaction in presence of the furan- 

protected maleimide-tetraethylene glycol-thiol (FP(maleimide)-EG4-SH). This reaction 

was carried out by mixing 100 mg of Me-EG3-AuNP with 37.1 mg of FP(maleimide)-

EG4-SH for 15 minutes in a 10 : 1 mixture of methanol and acetone. The 

(FP(maleimide))-EG4-AuNP was then purified by repeatedly washing a film of the 

nanoparticles with hexanes, which removes the soluble, free thiols and leaves behind the 

insoluble AuNP. The AuNP were then further purified by dialysis to completely remove 

any trace of free thiol before the deprotection of the maleimide. The deprotection of the 

maleimide was accomplished using the retro-Diels-Alder reaction; this involved 

dissolving the particles in a mixture toluene-acetonitrile (10 : 1) and heating at 110 ºC 

overnight. Once the reaction was completed the solvent and liberated furan were removed 

under vacuum and the film of maleimide-AuNP was repeatedly washed with hexanes. 
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Characterization of the functionalized AuNPs was then performed by 1H NMR 

spectroscopy in D2O.29 In particular, the appearance of the following signals after the 

place-exchange reaction were diagnostic: 6.60 ppm (alkene protons of the furan moiety), 

5.25 ppm (protons adjacent to the bridged oxygen), and at 3.07 ppm (protons adjacent to 

maleimide carbonyl). After the retro-Diels-Alder reaction the olefinic signals at 6.60 and 

5.25 ppm and the protons adjacent to maleimide carbonyl at 3.07 in the FP(maleimide)-

EG4-AuNP disappear concomitant with the appearance of the expected maleimide 

olefinic protons at 6.86 ppm. The 1H NMR spectrum showed no indication of the double 

hydrolysis products that would have appeared as a signal at 6.23 ppm,29 or the mono 

hydrolysis product that would have shown two broad doublets at 6.24 and 5.84 ppm. The 

target maleimide-AuNP was also characterized by thermogravimetric analysis (TGA) and 

transmission electron microscopy (TEM). TEM showed a gold core size of 3 ± 1 nm (see 

ESI Figure S10), while TGA showed the presence of 0.5 mmol of maleimide ligands per 

milligram of AuNP. 

From the combination of the 1H NMR, TGA and TEM data, and assuming that the AuNP 

are spherical and that their size is monodisperse (3 nm) it is possible to calculate an 

approximate molecular formula for the maleimide–AuNP. The number of gold atoms (N) 

can be calculated using the following formula: 

𝑁 =
𝜋	𝜌	𝑑:	𝑁-
6	𝑀-=

 

where ρ is the density of the face centered cubic (fcc) gold lattice (19.3 g cm-3), d is the 

average diameter of the nanoparticles in centimeters found from the TEM images, MAu is 

the mole atomic weight of gold (196.9665 g mol-1), and NA is Avogadro constant. 

The number of thiol ligands surrounding the gold core (NL) can be calculated using the 

following formula: 

𝑁> =
𝑁	 ∙ 	𝑀-=	 ∙ 	𝑊%

1 −𝑊% 	 ∙ 	 {𝑀𝑊DEFGHDHIGJK 	 ∙ 	𝑀% 	+ [𝑀𝑊MGJNO:JK 1 − 𝑀% ]}
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where W% is the percentage of mass loss due to the organic ligands found through TGA 

measurements, MWMe–EG3–S is the molecular weight of the base thiolate ligand, 

MWMaleimide–S is the molecular weight of the maleimide thiolates ligand, and M% is the 

mole percentage of maleimide ligand. 

Using these equations and determining the molar percentage of ligands from the 1H NMR 

spectrum, we can calculate an approximate nanoparticle formula of Au800(Me– EG3–

S)370(Maleimide–EG4–S)80. 

Interfacial Michael addition onto maleimide–AuNP 

To optimize the synthetic conditions for preparing the Gd3+-AuNP, a model reaction was 

performed using the un-metalated DO3A-amine to avoid NMR line broadening caused by 

Gd3+, which would hinder characterization. Using the un-metalated DO3A-amine we 

could easily follow the course of the reaction using 1H NMR spectroscopy observing the 

disappearance of the maleimide olefin protons signal at 6.86 ppm. The interfacial 

Michael addition reaction was performed by mixing DO3A-amine (181 mg) with 

maleimide-AuNP (60 mg) in a buffered solution at pH 7.5. This mixture was left 

overnight at room temperature. The amounts utilized correspond to ca. 6 equivalents of 

DO3A-amine to every one maleimide; the total number of maleimide moieties 

(80/AuNP) was estimated as outlined above. Although an alkaline pH is required to avoid 

protonation of the amine nucleophile, it cannot be higher than 7.5 due to the propensity of 

the maleimide to hydrolyze in water (time scale of hours).29 Additionally, the solubility 

of Gd3+-DO3A-amine decreases at basic pHs. The model reaction was monitored by 1H 

NMR spectroscopy following the disappearance of the alkene protons signal at 6.86 ppm 

(see ESI). Once it was evident that the maleimide had reacted, the pH of the solution was 

lowered to 3-4 to re-dissolve the functionalized AuNP and the unreacted nucleophile. 

This acidic solution was then dialyzed against water using a membrane with a MWCO of 

6–8 kDa to remove the excess nucleophile. The same reaction conditions and purification 

method were then employed to synthesize Gd3+-AuNP. Importantly, the final Gd3+-AuNP 

was found to be well soluble in water up to pH 7.4, while the Gd3+-DO3A-amine was 

found to have a limited solubility at this pH. 
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Figure 3.1: IR spectra of (a) Gd3+-AuNP (b) DO3A-AuNP (c) maleimide–AuNP. 

The success of the interfacial Michael addition reaction was shown by 1H NMR 

spectroscopy, FT-IR spectroscopy and Zeta potential measurements. The 1H NMR 

spectrum of the purified Gd3+-AuNP showed the typical line broadening due to the 

presence of Gd3+. Figure 3.1 shows the FT-IR spectra of maleimide-AuNP, DO3A-

amine-AuNP and Gd3+-AuNP, and confirms the success of our synthetic approach. The 

maleimide-AuNP spectrum (Figure 3.1a) shows the typical band at 2869 cm-1 due to the 

C–H stretching mode mainly due to the ethylene glycol units of the ligands, and 

maleimide's C=O stretching band at 1735 cm-1 (asymmetric) and at 1704 cm-1 

(symmetric). The presence of the DO3A chelator is supported by the appearance of a 

broad band at 3600–3000 cm-1 that is due to the N–H stretching. In addition the increase 

in the intensity ratio of the C=O stretches (I1704/I1735) indicates presence of amide bonds 

on the Gd-modified nanoparticles that strengthen the maleimide signal at 1704 cm-1. This 

along with the appearance of the stretch at 1612 cm-1 due to the amide II band of the 

DO3A-amine (especially visible for the Gd3+-AuNP, Figure 3.1a) further supports the 

formation of Gd3+-AuNP. 

Zeta potential measurements were carried out at pH 7.5 on the maleimide–AuNP, on 

DO3A-amine–AuNP and on Gd3+-AuNP, and were used to investigate the stability of the 

nanoparticle in aqueous solution and to measure the change in the surface charge after 

each interfacial reaction outlined in Scheme 3.1. The Zeta potential was found to shift 

from -36 ± 3 mV to -53 ± 3 mV from the maleimide-AuNP to the DO3A-amine-AuNP 

because of the presence of three deprotonated carboxylic groups per every interfacial 

Michael addition adduct. The presence of the cationic metal centre in Gd3+-AuNP causes 

then the zeta potential to shift back to -30 ± 3 mV because Gd3+ compensates the negative 

Finally, the metal composition (Au and Gd) of the nano-
particle was investigated by ICP-OES. From these results, we
determined the ratio of Au : Gd and this was used to calculate
the number of Gd chelators that had successfully reacted with
maleimide moieties. ICP analysis showed that a ratio of 14 : 1
Au : Gd atoms was present aer the interfacial Michael addition
which indicated that 56 of the possible 80 maleimide sites
underwent Michael addition (70% yield of the interfacial reac-
tion). The remaining 30% of the maleimides likely underwent
the mono-hydrolysis prior to reaction as observed through 1H
NMR spectroscopy for the model reaction using DO3A–amine
(ESI Fig. S4†). The incomplete reaction may also be related to
the large size of the chelator compared and possible charge
repulsion between the chelators limiting a higher loading. It
should be noted that when an excessively large number of
chelators are present there is the possibility that the exchange of
bound water will not be efficient, resulting in a detrimental
effects on the relaxation and performance as a CA.

Relaxation measurements

Relaxation measurements were made on the individual Gd3+

chelator as well as the Gd3+AuNP at four concentrations
(Gd3+DO3A–amine ¼ 1 mM, 2 mM, 4 mM, 8 mM; Gd3+AuNP ¼ 1
mM, 2 mM, 4 mM, 8.26 mM Gd3+) at pH 6.8 at 37 "C. The
relaxation of Gd3+–DO3A–amine as well as Gd3+ within the AuNP
was the same within error. (r1 Gd3+–DO3A–amine ¼ 2.3 mM#1

s#1, r1 Gd3+ within the AuNP ¼ 2.2 mM#1 s#1) (Fig. 2).
These values are comparable to other small molecule CAs at

9.4 T.36 While it has been shown that a large, slowly tumbling CA
will have a more efficient relaxation compared to small fast
tumbling molecules at lower eld strengths (20–40 mHz),2 that
was not observed with these Gd3+–AuNP at a eld strength of
9.4 T. We did not evaluate our agent at lower eld strengths as
we did not acquire images at low eld strengths. A second
reason for not realizing a rotational enhancement is the free
rotation of the chelator with respect to the AuNP which has been
described previously.5,28,37 While these results indicate that
there is no enhancement to the single Gd3+ chelator at high eld
strengths (9.4 T) it is equally important to note that there is no
decrease in relaxivity per chelator. This observation is impor-
tant because scaffolding Gd3+ chelators in close proximity to
each other on the surface of AuNPs has the potential to limit the

access to the exchangeable proton source of the free water pool
resulting in a decrease in the efficiency of relaxation. Since there
was no decrease in the relaxivity per Gd3+ the overall r1 of a
single Gd3+–AuNP is 56 times the r1 of a single Gd3+ CA and is
therefore expected to be 123 mM#1 s#1.

In vivo evaluation

With the Gd3+–AuNP in hand, we chose to investigate its ability
to act as an in vivo contrast agent. Fig. 3 shows in vivo MR
images of the mouse kidneys pre injection (a), 5 min post
injection of a 0.1 mmol kg#1 [Gd] dose (1.8 mmol kg#1 [NP]) (b)
and the difference image (c). All in vivo images are from iden-
tical oblique slices and both kidneys are observed within the
slice. Regions of interest containing the renal vasculature (solid
line) and the medulla/cortex (dashed line) were identied using
the 5 min post injection MR image as shown in Fig. 3. Signal
intensities collected from the regions of interest throughout the
entire experiment are provided in Fig. 4.

An increase in signal intensity of roughly 150–200% was
observed in the vascular region of both kidneys along with an
enhancement of 20–30% in the medulla/cortex of each kidney.
The signal enhancement was observed throughout the entire
monitoring period of 90 min as shown in the wash in and out
proles, Fig. 4. This elongated period of ltration is signicant
as it indicates that the agent is circulating in the blood for an
extended period of time, which in turn should allow a
generous period for imaging. This value also compares
favourably to Gd–DTPA which has a reported excretion half life

Fig. 1 IR spectra of (a) Gd3+–AuNP (b) DO3A–AuNP (c) maleimide–AuNP.

Fig. 2 (a) Images of phantoms of Gd–AuNP at concentrations 1 mM, 2 mM, 4
mM and 8.26 mM at pH 6.8 and 37 "C. (b) Calibration curve of (a). The slope of the
graph is the r1 GdAuNP ¼ 2.2 mM#1 s#1.

5632 | J. Mater. Chem. B, 2013, 1, 5628–5635 This journal is ª The Royal Society of Chemistry 2013

Journal of Materials Chemistry B Paper



www.manaraa.com

62 

 

charges carried by the carboxylates. A potential of -30 ± 3 mV for the final product 

confirms the visual observation that the Gd3+-AuNP form a stable solution even at a 

slightly basic pH. 

Finally, the metal composition (Au and Gd) of the nanoparticle was investigated by ICP-

OES. From these results, we determined the ratio of Au : Gd and this was used to 

calculate the number of Gd chelators that had successfully reacted with maleimide 

moieties. ICP analysis showed that a ratio of 14 : 1 Au : Gd atoms was present after the 

interfacial Michael addition which indicated that 56 of the possible 80 maleimide sites 

underwent Michael addition (70% yield of the interfacial reaction). The remaining 30% 

of the maleimides likely underwent the mono-hydrolysis prior to reaction as observed 

through 1H NMR spectroscopy for the model reaction using DO3A-amine (ESI Figure 

S4). The incomplete reaction may also be related to the large size of the chelator 

compared and possible charge repulsion between the chelators limiting a higher loading. 

It should be noted that when an excessively large number of chelators are present there is 

the possibility that the exchange of bound water will not be efficient, resulting in a 

detrimental effects on the relaxation and performance as a CA. 

Relaxation measurements 

 
Figure 3.2: a) Images of phantoms of Gd–AuNP at concentrations 1 mM, 2 mM, 4 

mM and 8.26 mM at pH 6.8 and 37 ºC. b) Calibration curve of a). The slope of the 

graph is the r1 GdAuNP = 2.2 mM-1 s-1. 

Finally, the metal composition (Au and Gd) of the nano-
particle was investigated by ICP-OES. From these results, we
determined the ratio of Au : Gd and this was used to calculate
the number of Gd chelators that had successfully reacted with
maleimide moieties. ICP analysis showed that a ratio of 14 : 1
Au : Gd atoms was present aer the interfacial Michael addition
which indicated that 56 of the possible 80 maleimide sites
underwent Michael addition (70% yield of the interfacial reac-
tion). The remaining 30% of the maleimides likely underwent
the mono-hydrolysis prior to reaction as observed through 1H
NMR spectroscopy for the model reaction using DO3A–amine
(ESI Fig. S4†). The incomplete reaction may also be related to
the large size of the chelator compared and possible charge
repulsion between the chelators limiting a higher loading. It
should be noted that when an excessively large number of
chelators are present there is the possibility that the exchange of
bound water will not be efficient, resulting in a detrimental
effects on the relaxation and performance as a CA.

Relaxation measurements

Relaxation measurements were made on the individual Gd3+

chelator as well as the Gd3+AuNP at four concentrations
(Gd3+DO3A–amine ¼ 1 mM, 2 mM, 4 mM, 8 mM; Gd3+AuNP ¼ 1
mM, 2 mM, 4 mM, 8.26 mM Gd3+) at pH 6.8 at 37 "C. The
relaxation of Gd3+–DO3A–amine as well as Gd3+ within the AuNP
was the same within error. (r1 Gd3+–DO3A–amine ¼ 2.3 mM#1

s#1, r1 Gd3+ within the AuNP ¼ 2.2 mM#1 s#1) (Fig. 2).
These values are comparable to other small molecule CAs at

9.4 T.36 While it has been shown that a large, slowly tumbling CA
will have a more efficient relaxation compared to small fast
tumbling molecules at lower eld strengths (20–40 mHz),2 that
was not observed with these Gd3+–AuNP at a eld strength of
9.4 T. We did not evaluate our agent at lower eld strengths as
we did not acquire images at low eld strengths. A second
reason for not realizing a rotational enhancement is the free
rotation of the chelator with respect to the AuNP which has been
described previously.5,28,37 While these results indicate that
there is no enhancement to the single Gd3+ chelator at high eld
strengths (9.4 T) it is equally important to note that there is no
decrease in relaxivity per chelator. This observation is impor-
tant because scaffolding Gd3+ chelators in close proximity to
each other on the surface of AuNPs has the potential to limit the

access to the exchangeable proton source of the free water pool
resulting in a decrease in the efficiency of relaxation. Since there
was no decrease in the relaxivity per Gd3+ the overall r1 of a
single Gd3+–AuNP is 56 times the r1 of a single Gd3+ CA and is
therefore expected to be 123 mM#1 s#1.

In vivo evaluation

With the Gd3+–AuNP in hand, we chose to investigate its ability
to act as an in vivo contrast agent. Fig. 3 shows in vivo MR
images of the mouse kidneys pre injection (a), 5 min post
injection of a 0.1 mmol kg#1 [Gd] dose (1.8 mmol kg#1 [NP]) (b)
and the difference image (c). All in vivo images are from iden-
tical oblique slices and both kidneys are observed within the
slice. Regions of interest containing the renal vasculature (solid
line) and the medulla/cortex (dashed line) were identied using
the 5 min post injection MR image as shown in Fig. 3. Signal
intensities collected from the regions of interest throughout the
entire experiment are provided in Fig. 4.

An increase in signal intensity of roughly 150–200% was
observed in the vascular region of both kidneys along with an
enhancement of 20–30% in the medulla/cortex of each kidney.
The signal enhancement was observed throughout the entire
monitoring period of 90 min as shown in the wash in and out
proles, Fig. 4. This elongated period of ltration is signicant
as it indicates that the agent is circulating in the blood for an
extended period of time, which in turn should allow a
generous period for imaging. This value also compares
favourably to Gd–DTPA which has a reported excretion half life

Fig. 1 IR spectra of (a) Gd3+–AuNP (b) DO3A–AuNP (c) maleimide–AuNP.

Fig. 2 (a) Images of phantoms of Gd–AuNP at concentrations 1 mM, 2 mM, 4
mM and 8.26 mM at pH 6.8 and 37 "C. (b) Calibration curve of (a). The slope of the
graph is the r1 GdAuNP ¼ 2.2 mM#1 s#1.
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Relaxation measurements were made on the individual Gd3+ chelator as well as the Gd3+-

AuNP at four concentrations (Gd3+DO3A-amine = 1 mM, 2 mM, 4 mM, 8 mM; Gd3+-

AuNP = 1 mM, 2mM, 4mM, 8.26mM [Gd3+]) at pH 6.8 at 37 ºC. The relaxation of Gd3+-

DO3A-amine as well as Gd3+ within the AuNP was the same within error. (r1 Gd3+-

DO3A-amine = 2.3 mM-1 s-1, r1 Gd3+ within the AuNP = 2.2 mM-1 s-1) (Figure 3.2). 

These values are comparable to other small molecule CAs at 9.4 T.36 While it has been 

shown that a large, slowly tumbling CA will have a more efficient relaxation compared to 

small fast tumbling molecules at lower field strengths (20–40 mHz),2 that was not 

observed with these Gd3+-AuNP at a field strength of 9.4 T. We did not evaluate our 

agent at lower field strengths as we did not acquire images at low field strengths. A 

second reason for not realizing a rotational enhancement is the free rotation of the 

chelator with respect to the AuNP which has been described previously.5,28,37 While these 

results indicate that there is no enhancement to the single Gd3+ chelator at high field 

strengths (9.4 T) it is equally important to note that there is no decrease in relaxivity per 

chelator. This observation is important because scaffolding Gd3+ chelators in close 

proximity to each other on the surface of AuNPs has the potential to limit the access to 

the exchangeable proton source of the free water pool resulting in a decrease in the 

efficiency of relaxation. Since there was no decrease in the relaxivity per Gd3+ the overall 

r1 of a single Gd3+-AuNP is 56 times the r1 of a single Gd3+ CA and is therefore expected 

to be 123 mM-1 s-1. 

In vivo evaluation 

With the Gd3+-AuNP in hand, we chose to investigate its ability to act as an in vivo 

contrast agent. Figure 3.3 shows in vivo MR images of the mouse kidneys pre injection 

(a), 5 min post injection of a 0.1 mmol kg-1 [Gd] dose (1.8 mmol kg-1 [NP]) (b) and the 

difference image (c). All in vivo images are from identical oblique slices and both 

kidneys are observed within the slice. Regions of interest containing the renal vasculature 

(solid line) and the medulla/cortex (dashed line) were identified using the 5 min post 

injection MR image as shown in Figure 3.3. Signal intensities collected from the regions 

of interest throughout the entire experiment are provided in Figure 3.4.  
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Figure 3.3: T1 weighted images of kidneys 1 and 2. a) Pre-injection b) 5 min post 

injection of 0.1 mmol kg-1 of Gd3+AuNP [Gd3+] via tail injection. c) Subtracted image 

of a) and b). 

 

Figure 3.4: Signal enhancement of the vascular region of kidney 1 a) and kidney 2 b) 

showing a ~150–200% signal enhancement relative to baseline immediately after 

injection falling to ~40–60% enhancement by 60–90 minutes post injection. Signal 

enhancement of the medulla/cortex region of kidney 1 c) and kidney 2 d) showing an 

enhancement of ~20–30% consistently throughout the 90 min of imaging. 

of 20 min.38 The small size and prolonged circulation of Gd3+–
AuNP contrast agent may allow for sufficient agent accumula-
tion in tumors where the vasculature is permeable to circu-
lating agents.38 It should be noted that because of the small
size of these nanoparticles, ltration would be primarily
through renal excretion and as such is consistent with the
observed enhancement in the kidneys. This is in contrast
to larger nanoparticles which have been shown to be

cleared through either liver or spleen.39,40 The benets of
clearance of nanoparticles through the renal system allows
for quick excretion post imaging as well as it indicates little to
no degradation of the nanoparticles.39,40 Although the
contrast enhancement is an important property, equally so is
the toxicity of the agent. In these preliminary studies, the
Gd3+–AuNP contrast agent produced no ill effects 24 h post
scan.

Fig. 3 T1 weighted images of kidneys 1 and 2. (a) Pre-injection (b) 5 min post injection of 0.1 mmol kg!1 of Gd3+AuNP [Gd3+] via tail injection. (c) Subtracted image of
(a) and (b).

Fig. 4 Signal enhancement of the vascular region of kidney 1 (a) and kidney 2 (b) showing a "150–200% signal enhancement relative to baseline immediately after
injection falling to"40–60% enhancement by 60–90 minutes post injection. Signal enhancement of the medulla/cortex region of kidney 1 (c) and kidney 2 (d) showing
an enhancement of "20–30% consistently throughout the 90 min of imaging.
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through renal excretion and as such is consistent with the
observed enhancement in the kidneys. This is in contrast
to larger nanoparticles which have been shown to be

cleared through either liver or spleen.39,40 The benets of
clearance of nanoparticles through the renal system allows
for quick excretion post imaging as well as it indicates little to
no degradation of the nanoparticles.39,40 Although the
contrast enhancement is an important property, equally so is
the toxicity of the agent. In these preliminary studies, the
Gd3+–AuNP contrast agent produced no ill effects 24 h post
scan.
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An increase in signal intensity of roughly 150–200% was observed in the vascular region 

of both kidneys along with an enhancement of 20–30% in the medulla/cortex of each 

kidney. The signal enhancement was observed throughout the entire monitoring period of 

90 min as shown in the wash in and out profiles, Figure 3.4. This elongated period of 

filtration is significant as it indicates that the agent is circulating in the blood for an 

extended period of time, which in turn should allow a generous period for imaging. This 

value also compares favourably to Gd-DTPA which has a reported excretion half life of 

20 min.38 The small size and prolonged circulation of Gd3+-AuNP contrast agent may 

allow for sufficient agent accumulation in tumours where the vasculature is permeable to 

circulating agents.38 It should be noted that because of the small size of these 

nanoparticles, filtration would be primarily through renal excretion and as such is 

consistent with the observed enhancement in the kidneys. This is in contrast to larger 

nanoparticles which have been shown to be cleared through either liver or spleen.39,40 The 

benefits of clearance of nanoparticles through the renal system allows for quick excretion 

post imaging as well as it indicates little to no degradation of the nanoparticles.39,40 

Although the contrast enhancement is an important property, equally so is the toxicity of 

the agent. In these preliminary studies, the Gd3+-AuNP contrast agent produced no ill 

effects 24 h post scan. 

3.4 Conclusion 
We have demonstrated the ability to functionalize Au nanoparticles to nearly 70% under 

aqueous conditions to afford  contrast agents that are suitable for MRI with over 50 

Gd3+  chelators per AuNP. The Gd-AuNP are soluble at physiological pH and permit a 

higher concentration of CA to be delivered compared to the unbound CA that has a 

limited solubility at the same pH. We have developed a method to produce AuNPs of 

discrete size that maintain the relaxivity of the approved CA and produce no ill effects 

within 24 h. Moving forward we are expanding applications to other imaging modalities 

such as CT, which can take advantage of both Au and Gd to generate contrast.22–25 
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Chapter 4  

4 Insights on the Application of the Retro Michael-Type 
Addition on Maleimide-Functionalized Gold 
Nanoparticles in Biology and Nanomedicine 

Chapter 4 has been published as a full paper, and it is reprinted (adapted) with permission 

from M. R. Weissman, K. T. Winger, S. Ghiassian, P. Gobbo*, M. S. Workentin*, 

Bioconjugate Chem. DOI: 10.1021/acs.bioconjchem.5b00600. Copyright 2016 American 

Chemical Society. 

Weissman and Winger were two undergraduate students under my direct co-supervision, 

along with my supervisor, Prof. M. S. Workentin. I mentored Weissman during the 

synthesis and characterization of the rhodamine B-MPA fluorophore and the performance 

and analysis of the fluorescence experiments. I mentored Winger during the performance 

and analysis of the 1H NMR kinetic experiments. Ghiassian synthesized some 

Maleimide-AuNP starting material. I wrote the draft of the manuscript with final edit by 

my supervisor, Prof. M. S. Workentin. 

The supporting information file referenced in the text can be downloaded from the web 

site of the publisher. 

ABSTRACT: The glutathione-mediated retro Michael-type  addition reaction is 

demonstrated to take place at the interface  of small water-soluble maleimide-

functionalized gold nanoparticles (Maleimide-AuNP). The retro Michael-type 

addition  reaction can be blocked by hydrolyzing the Michael addition  thioether adduct 

at the nanoparticle’s interface under reaction  conditions that do not cause AuNP 

decomposition. This  procedure “locks” the molecule of interest onto the Maleimide-

  AuNP template for potential uses in medical imaging and  bioconjugation, ensuring no 

loss of the molecular cargo from  the nanocarrier. On the other hand, the glutathione-

mediated  retro Michael-type addition reaction can be exploited for  delivering a 

molecular payload. As a proof of concept, a  fluorogenic molecular cargo was 
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incorporated onto a Maleimide-AuNP and delivered via the glutathione-mediated retro 

Michael-type addition reaction. 

4.1 Introduction 
The maleimide moiety is an extremely versatile functional group that can undergo three 

click reactions with three different functionalities: Diels-Alder cycloaddition reactions 

with dienes,(1, 2) dipolar cycloaddition reactions with dipolar molecules(3, 4) and Michael 

addition reactions with appropriate nucleophiles.(5) Therefore interest in maleimide 

moieties attached to the interface of materials has grown as a result of their potential use 

for nanomedicine, biolabeling, and sensing. The Michael addition is probably the most 

employed of the three types of click reactions because of the large amount of potentially 

reactive thiols and amines in biological systems, the fast reaction kinetics, the mild 

reaction conditions required, the absence of byproducts, and the stability of the resulting 

thioether product.(6) All of these benefits have allowed the Michael addition reaction to 

find a variety of applications in the (bio)materials chemistry domain. For example, it has 

been used for the synthesis of polymers,(5, 7, 8) hydrogels,(9-11) fluorescent labels,(12, 13) 

regenerative biomaterials,(14) the functionalization of self-assembled monolayers,(15-17) 

and nanomaterial hybrids.(18) 

 

Scheme 4.1: Scheme representing the mechanism for the glutathione (GS)-mediated 

retro Michael-type addition reaction for a general MPA-N-substituted maleimide 

thioether adduct. 



www.manaraa.com

72 

 

While the stability of the thioether adduct product of the Michael addition reaction 

between maleimide and thiols is always highlighted as a strength of this reaction, cases 

have been reported demonstrating that under certain conditions the Michael addition 

reaction is reversible.(19-21) K. L. Kiick and co-workers reported that the N-

ethylmaleimide-thiol adduct can undergo retro Michael-type addition reaction in presence 

of biological amounts of glutathione (GS) at physiological pH and temperature.(22) The 

extent of the retro Michael-type addition reaction can be controlled by increasing or 

decreasing the nucleophilicity of the Michael donor. While aliphatic thiols have been 

found to yield completely stable thioether products, thiols with lower pKa (such as 4-

mercaptophenylacetic acid - MPA) can undergo a retro Michael-type addition reaction 

that regenerates the maleimide, which subsequently undergoes a Michael-type addition 

reaction with GS to yield a more stable thioether product (see Scheme 4.1). The 

conversion of the MPA adduct to the GS adduct reaches 90% in a few hours. They also 

reported that the retro Michael-type addition reaction was not triggered by other 

nucleophiles like amines (used in place of GS), and did not proceed with weaker Michael 

acceptors like acrylates. Most importantly, they showed that the retro reaction can be 

avoided by hydrolyzing the maleimide and “locking” the thioether adduct. The studies of 

Kiick and co-workers expanded the scope of maleimide chemistry and provided 

invaluable information on side reactions that can happen to a maleimide-thiol Michael 

adduct when exposed to biological environments for in vivo studies. There has been an 

increasing interest in the application of gold nanoparticles (AuNPs) for bioconjugation 

and in vitro and in vivo diagnosis and targeted therapy in recent years. This is due to the 

AuNPs’ very low toxicity, their high stability, their availability in different sizes and 

shapes, and the relative ease of modifying their physical-chemical properties via surface 

modification. Our research group has been working on designing and synthesizing a 

toolbox of clickable and bioorthogonal AuNPs templates. These AuNPs are specifically 

designed to display interfacial clickable and bioorthogonal functional groups for the 

facile attachment of any molecular systems of interest, ranging from biomolecules and 

contrast agents to other nanomaterials. Recently, we reported a methodology for the 

synthesis of small ( φ < 3 nm) and water-soluble AuNPs displaying interfacial maleimide 

functionalities.(23) These Maleimide-AuNPs were shown to react through the Michael 
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addition reaction with thiols and amines, through the Diels-Alder reaction with dienes, 

and through the 1,3-dipolar cycloaddition with nitrones.(24) We showcased a number of 

potential applications for this clickable nanomaterial template. More specifically, we 

were able to click them onto single-walled carbon nanotubes that were modified with 

thiol functionalities,(18) and we were able to functionalize them with a Gd3+-DO3A 

contrasting agent displaying a dangling primary amine. The resulting Gd-functionalized 

AuNPs were successfully employed for in vivo imaging.(25) Recently, J. Zhu and co-

workers used the Maleimide-AuNP template to introduce, thanks to the Michael 

addition’s fast reaction kinetics, a 4-(di-tert-butylfluorosilyl)benzenethiol group (where 

the fluorine is a 18F) for positron emission tomography (PET) measurements in vivo.(26) 

Considering the evident utility and versatility of the Maleimide-AuNP, it is of paramount 

importance that the occurrence of the retro Michael-type addition reaction at the interface 

of the Maleimide-AuNPs is understood in detail, especially in cases where the payload 

introduced onto the Maleimide-AuNP has a lower pKa, like benzenethiols derivatives. It 

is also equally important to find a reaction condition that allows for the “locking” of the 

thioether adduct at the AuNP’s interface in order to block the retro Michael-type addition 

reaction. This will ensure the efficiency of the nanotemplate as a drug and contrasting 

agent carrier, and as a bioconjugation platform. In this paper we show that the retro 

Michael-type addition reaction occurs at the interface of the Maleimide-AuNP under 

physiological conditions, and that the retro reaction can be blocked (or locked) by 

hydrolyzing the interfacial maleimide-thiol adducts under mild reaction conditions that 

do not cause AuNP decomposition. On the other hand, the retro Michael-type addition 

represents an attractive reaction for drug delivery and sensing that can be coupled to the 

high loading capacity of the Maleimide-AuNP template and its physical chemical 

properties. Herein, we also explore this possibility and show how the retro Michael-type 

addition can be exploited to deliver the maleimide’s payload by taking advantage of the 

“unlocked” thioether adduct. We demonstrated this by preparing of a fluorogenic AuNP 

by exploiting the quenching property of the nanoparticle’s gold core. The approach 

described in this work ensures a molecular-level control over the loading and release of a 

payload from a nanoparticle and represents an important advancement with respect to 

other “shotgun”-type methodologies for conjugation that rely on thiolated molecules and 
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uncontrolled ligand exchange reactions for the release of the payload.(27-32) In addition, 

through the controlled hydrolysis of the maleimide moieties we have the means to block 

the release of the cargo also in those media that are reach in thiolated molecules such as 

biological environments. This ensures the efficiency of our reactive nanomaterial 

template also for those applications that require the cargo to be irreversibly bound to the 

nanocarrier (i.e., medical imaging). 

4.2 Results and discussion 
Synthesis of Maleimide-AuNPs: 

Small and water-soluble Maleimide-AuNP were synthesized according to our previously 

established synthetic strategy.(23, 25) This procedure takes into account the high reactivity 

of the maleimide towards thiols, a functional group that is required for binding the 

maleimide ligand to the nanoparticle’s gold surface. The maleimide must therefore be 

protected with furan through a Diels-Alder cycloaddition reaction. A furan-protected 

maleimide thiolated ligand is therefore a stable molecule and can be introduced onto the 

AuNP corona through a ligand exchange reaction, yielding furan-protected Maleimide-

AuNPs. The maleimide is subsequently deprotected through an interfacial retro-Diels-

Alder reaction carried out by dissolving the furan-protected Maleimide-AuNPs in dry 

toluene/10% acetonitrile and heating the solution at 110 ºC overnight. These reaction 

conditions ensure quantitative deprotection of the interfacial maleimides and no 

hydrolysis byproducts, as demonstrated in our seminal work.(23) This procedure yields 

Maleimide-AuNPs with a gold core size of 3 ± 1 nm. According to TGA (see Figure SI2) 

and TEM data (see Figure SI7), this nanoparticle template carries 0.5 µmol of maleimide 

per milligram of AuNPs and their simplified formula, assuming a spherical shape of the 

gold core and a monodispersed AuNP’s size, is Au500(Me-EG3-S)200(Maleimide-EG4-

S)80. 

Retro Michael-type addition investigation: 

In order to investigate the retro Michael-type addition reaction at the interface of our 

nanomaterial, we clicked MPA onto the Maleimide-AuNP template (Scheme 4.2). 
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Scheme 4.2: Michael addition reaction between Maleimide-AuNP and MPA. 

The reaction was performed by mixing 83.3 µL of a 72 mM solution of MPA in 0.2 M 

phosphate-buffer solution (PBS) (10% D2O, pH 7.4) with a solution of 20 mg of 

Maleimide-AuNP in 444.7 µL of 0.2 M PBS (10% D2O, pH 7.4). The reaction mixture 

was allowed to react for 5 minutes while being mixed using sonication. Thanks to our 

ability to quantitate the amount of interfacial maleimide moieties on our nanomaterial, we 

could perform this reaction using 1:1 equivalents of MPA to maleimide. If a large excess 

of MPA is used, this leads to undesired ligand exchange reaction, which eventually leads 

to nanoparticles aggregation. Nevertheless, it is noteworthy that MPA-Maleimide-AuNPs 

or fluorogenic Maleimide-AuNPs (vide infra) are remarkably stable in presence of the 

amount of GS employed for triggering the retro reaction, and little to no aggregation was 

observed during the time window of our experiments (5 or 7 days). The Michael addition 

adduct at the AuNP’s interface was characterized by 1H NMR spectroscopy. Figure 4.1A 

shows the 1H NMR spectrum of the MPA-Maleimide-AuNPs dissolved in 0.2 M PBS 

solution (10% D2O, pH 7.4) and referenced against CH2Cl2 as the internal standard (5.31 

ppm). The broad signals centered at 7.31 ppm and 7.13 ppm belong to the aromatic 

protons of the MPA-maleimide adduct. The presence of the peak downfield at 7.42 ppm 

belongs to a small amount of MPA-MPA disulfide. Simultaneously, we sought to 

synthesize the MPA-NMM (N-methylmaleimide) adduct to be used for model 

experiments and for facilitating the characterization of the GS-mediated retro Michael-

type addition at the AuNP’s interface. 
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Figure 4.1: Typical retro Michael-type addition kinetic study on MPA-Maleimide-

AuNPs. The 1H NMR spectra highlight the changes over time of the aromatic region 

of (A) MPA-Maleimide-AuNPs, (B) after 4 hours, (C) 47 hours, and (D) 100 hours 

from the addition of glutathione (GS). Kinetic performed at 37 ºC. Spectra recorded 

with W5 water suppression in 0.2 M PBS (pH 7.4, 10% D2O) and referenced against 

CH2Cl2 (5.31 ppm). 

The detailed synthesis and characterization of the MPA-NMM adduct is reported in the 

supplementary information. Figure 4.2B shows the 1H NMR of the MPA-NMM adduct 

dissolved in 0.2 M PBS (10% D2O, pH 7.4) and referenced against CH2Cl2 as the internal 

standard (5.31 ppm). The spectrum shows perfect correspondence of the chemical shift of 

the aromatic peaks with those of the AuNP (Figure 4.1, spectrum A), validating that we 

had successfully clicked MPA onto the Maleimide-AuNP via the Michael addition 

reaction. 
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Figure 4.2: Typical retro Michael-type addition kinetic study on MPA-N-

methylmaleimide adduct (model reaction). The 1H NMR spectra highlight the 

changes over time of the aromatic region of (A) MPA starting material, (B) MPA-N-

methylmaleimide adduct, (C) after 4 hours, and (D) 100 hours from the addition of 

glutathione (GS). Kinetic performed at 37 ºC. Spectra recorded with W5 water 

suppression in 0.2 M PBS (pH 7.4, 10% D2O) and referenced against CH2Cl2 (5.31 

ppm). 

Next we tested both adducts (MPA-Maleimide-AuNP - interfacial reaction - and MPA-

NMM - model reaction) towards the GS-mediated retro Michael-type addition reaction. 

Kinetic experiments were performed in an NMR tube by monitoring the aromatic region 

through 1H NMR spectroscopy. A one molar equivalent of GS was introduced to both 

solutions of MPA-Maleimide-AuNPs adduct and MPA-NMM adduct in 0.2 M PBS (10% 

D2O, pH 7.4). Upon addition of GS, in both model and AuNPs experiments, GS caused 

the immediate reduction of the MPA-MPA disulfides as can be seen by the disappearance 
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of the small downfield doublets in Figure 4.1A and Figure 4.2B. However, there was a 

striking difference between the two initial spectra right after the addition of GS (t = 0). 

Upon addition of GS to the MPA-Maleimide-AuNPs adduct, an immediate release of 

MPA was observed as a peak at 6.89 ppm appeared. This peak did not appear in the 

model reaction using the MPA-NMM adduct. We believe that this immediate release of 

MPA was not due to the retro Michael-type addition occurring, but it was caused by the 

release of a small amount of MPA that did not undergo the Michael addition reaction but 

instead attached to the gold core through a competing minor ligand exchange reaction. 

This amount of MPA was found to remain constant throughout the kinetic experiments 

when the same study was carried out on the hydrolyzed Michael addition adduct 

(“locked” adduct) that cannot undergo the GS-mediated retro Michael-type addition 

reaction (vide infra). Over a seven-day period, the reaction mixtures (interfacial and 

model) were incubated at 37 oC and periodically monitored by 1H NMR spectroscopy. As 

time progressed, in both model reaction and Maleimide-AuNPs experiment the liberation 

of MPA was observed, as indicated by the increase in the intensity of the MPA aromatic 

protons at 6.89 ppm (Figure 4.1C and Figure 4.2D). 

 

Figure 4.3: Variation over time of the relative concentrations of the different MPA 

species reported in Figure 4.1 and Figure 4.2, and monitored through 1H NMR 

spectroscopy. Left: reaction at the AuNPs interface. Right: model reaction using N-

methylmaleimide. The data report the average of measurements replicated in 

triplicate. 
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This showed that the retro Michael-type addition reaction can occur at the AuNP’s 

surface and that, as expected, the MPA-Maleimide-AuNP adduct is “unlocked”. During 

the seven-day period other side reactions could be observed to occur in parallel to the 

retro Michael-type addition. These are the formation of the disulfides (MPA-MPA and 

MPA-GS upon progressive release of MPA) and the slow ring opening (hydrolysis) of 

the MPA-maleimide adduct. These other products could be determined by comparison 

with the study of K. L. Kiick and co-workers.(22) The relative concentrations of all these 

species could be followed through the integration of the corresponding aromatic peaks of 

the MPA’s aryl ring, and could be plotted versus time (refer to Figure 4.3). The resulting 

graphs show how during the first 8 hours the retro Michael-type addition is predominant 

with a fast release of MPA that reaches more than 20% for both model and AuNP 

experiments. After 24 hours at 37 ºC, hydrolyzed MPA-maleimides adducts start to be 

detected (doublets at 7.10 and 7.28 ppm), while after 30 hours MPA-MPA (7.13 and 7.42 

ppm) and GS-MPA (7.12 and 7.40 ppm) disulfides start to form. The comparison 

between model reaction and interfacial reaction shows that the reaction kinetics are very 

similar, with a conversion of MPA that at the end of the monitoring period reaches a 

plateau at ~80%. These results are comparable to the kinetic studies performed by 

Baldwin and co-workers.(11) Of this 80%, 40% is MPA that has been released through the 

retro Michael-type addition reaction and 40% is hydrolyzed MPA-maleimide (locked) 

adduct. Minor differences can be noticed in the chemical shifts between the control and 

the experiment on the AuNPs. These are most likely due to the fact the AuNPs solution is 

nearly saturated. The concentration of the two solutions is identical but has been 

calculated in moles of maleimide, neglecting the molecular mass of the overall 

Maleimide-AuNP. 2D NMR spectroscopy was employed to correlate the doublets of the 

MPA aromatic protons for the different MPA species and ensure their proper integration 

(see Figure SI8-9). 

These data demonstrate that the retro Michael-type addition occurs at the Maleimide-

AuNP’s interface. This is an important finding as it allows for the Maleimide-AuNPs to 

be potentially applied in biological applications such as drug release or biomolecule 

tagging, where the reversible linkage of the thiol to the maleimide is required. It also 

confirms that for those applications where the Michael adduct is required to remained 
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locked onto the nanomaterial surface, precautions (i.e., hydrolysis of the adduct or 

selection of a thiol with a high pKa) need to be taken (vide infra). 

Locking the Michael addition thioether adducts at the nanomaterial’s interface: 

 

Scheme 4.3: Hydrolysis of the MPA-Maleimide-AuNP Michael addition adduct. The 

hydrolysis reaction yields two isomers in 1:4 ratio as determined from 1H NMR 

spectroscopy. 

With the confirmation that the retro Michael-type addition occurs at the Maleimide-

AuNPs interface in the same extent as the model molecule NMM, we next sought to 

devise a procedure for locking the Michael addition adduct by the controlled hydrolysis 

of the maleimide moieties under reaction conditions compatible with the stability of the 

AuNPs. The locking of the thioether would allow the Maleimide-AuNPs to be used for 

applications that require the molecule of interest to be permanently attached to the 

nanocarrier (e.g., as drug or contrast agent carrier). The locking of the MPA-maleimide 

adduct was performed by dissolving 20 mg of MPA-maleimide-AuNPs in a 0.5 M 

NaOH(aq) solution and allowing them to react for 1 hour (see Scheme 4.3). The “locked” 

MPA-Maleimide-AuNP were finally purified by dialysis. The AuNPs appeared to be 

stable to the strongly basic conditions, as their gold core diameter did not appear to 

change as verified by TEM analysis (see figure SI7). The hydrolyzed MPA-maleimide-

AuNPs adduct was then characterized by 1H NMR spectroscopy. Figure SI4 shows the 1H 

NMR spectrum of the hydrolyzed MPA-Maleimide-AuNPs in 0.2 M PBS (10% D2O, pH 
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7.4). The spectrum is referenced to CH2Cl2 as internal standard (5.31 ppm). The broad 

peaks centered at 7.29 ppm and 7.11 ppm belonged to the aromatic protons of the 

hydrolyzed MPA-maleimide adduct attached to the gold nanoparticles. This was 

confirmed by comparison with the 1H NMR spectrum of the specifically hydrolyzed 

MPA-NMM model molecule recorded under the same conditions. The detailed synthesis 

and characterization of the hydrolyzed MPA-NMM adduct is reported in the supporting 

information. It is noteworthy that the hydrolyzed MPA-maleimide-AuNPs are not soluble 

in organic solvents, whereas the “unlocked” MPA-maleimide AuNPs adduct is. The 

absence of organic solvent solubility is a result of the ring-opened maleimide forming an 

extra interfacial carboxylate group, which creates a negatively charged capping ligand 

that only allow for the dissolution of these nanoparticles in water. This change in 

solubility also confirms that we successfully synthesized the hydrolyzed MPA-

maleimide-AuNPs adduct. 

Once both the hydrolyzed MPA-maleimide-AuNPs adduct and the hydrolyzed MPA-

NMM adduct were synthesized, we proceeded to test if the retro Michael-type addition 

would occur upon exposure to GS. 1H NMR spectroscopy was used to monitor the 

aromatic region, which would indicate, based on changes in the peaks’ chemical shifts, 

whether or not the retro Michael-type addition occurred. For these experiments, in 

separate NMR tubes were introduced a solution of 20 mg of “locked” MPA-maleimide-

AuNPs in 527 µL of 0.2 M PBS 10% D2O, pH 7.4) and 500 µL of a solution 36.0 mM of 

hydrolyzed MPA-NMM model molecule in 0.2 M PBS (10% D2O, pH 7.4). To these 

solutions, 1 equivalent of GS was then introduced and the interfacial and model reaction 

were monitored by 1H NMR spectroscopy.  Upon addition of GS, there was an immediate 

difference in the t = 0 spectra in both the control and the AuNPs experiment. When GS 

was added to the hydrolyzed MPA-maleimide-AuNPs adduct, an immediate release of 

MPA was observed as the peak at 6.89 ppm belonging to MPA’s aromatic protons 

appeared. As previously explained, we believe that this immediate release of MPA is not 

due to the retro Michael-type addition occurring, but is most likely caused by the release 

of a small amount of MPA that attached directly to the gold core through a minor ligand 

exchange reaction. As the incubation at 37 oC progressed, this amount of MPA was found 

to be constant and no other peaks appeared indicating that the retro Michael-type addition 
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had not occurred. This confirms that the free MPA was the result of a ligand exchange 

reaction. In contrast, upon addition of GS to the hydrolyzed MPA-NMM adduct, no 

immediate release of MPA and no GS-mediated retro Michael-type addition reaction 

were observed. 

This data proved that we had developed a method to hydrolyze the MPA-Maleimide-

AuNPs adduct using reaction conditions where the AuNPs are stable. These findings 

provide a methodology to “lock” the thioether adduct and increase the efficiency of the 

Maleimide-AuNP template in bioconjugation and imaging. 

Exploiting the retro Michael-type addition reaction: a fluorogenic AuNP sensor for GS 

Finally, we wanted to demonstrate a potential application for the retro Michael-type 

addition reaction at the Maleimide-AuNP interface. AuNPs are well known to quench the 

fluorescence of a fluorophore that is in close proximity of their surface.(33) The general 

concept for this sensor is centered on the design and synthesis of a specific thiol- 

functionalized fluorophore characterized by a low thiol pKa that will be conjugated 

through the Michael addition reaction to the Maleimide-AuNPs. Because the fluorophore 

is covalently bound to the AuNP corona and in close proximity to the gold core, its 

fluorescence will be quenched. However, when this fluorophore-Maleimide-AuNP 

conjugate is exposed to GS, this will trigger the retro Michael-type addition, and the 

thiolated fluorophore will be released with a consequent turn-on of its fluorescence, see 

Figure 4.4. The thiolated fluorophore that we synthesized is based on rhodamine B. This 

was selected because rhodamine B absorbs and emits at a wavelength where our small 

AuNP are not absorbing light, it has good photostability, and it is soluble in both organic 

solvents and water. The thiol functionality was introduced by coupling MPA to a 

rhodamine B-piperazine intermediate. This synthetic strategy has been recently reported 

by our research group and revealed to be very efficient, leading to high quantities of 

product with high purity.(34) The detailed synthesis and characterization of Rhodamine B-

MPA is reported in the supporting information. To create the fluorogenic AuNP, 

Maleimide-AuNPs were mixed with a 50/50 solution of rhodamine B-MPA and pure 

MPA. 
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Figure 4.4: Cartoon representing the concept of “locked” or “unlocked” adduct on 

the fluorogenic AuNPs. When the fluorogenic AuNP are hydrolyzed and the 

rhodamine-maleimide adduct is “locked” (left path) there is no retro Michael-type 

addition reaction with glutathione (GS) and there is no turn-on of fluorescence. On 

the other hand, if the fluorogenic AuNP remains “unlocked” (right path), the retro 

Michael-type addition occurs and there is turn-on of fluorescence. Fluorescence 

data recorded over time in 0.2 M PBS pH 7.4,  λexc = 556.6 nm, λem = 591.5 nm. The 

insets in the fluorescence data plots show pictures of the hydrolyzed fluorogenic 

AuNP (left) and fluorogenic AuNP (right) contained in an eppendorf tube and 

exposed to a long wave lamp. 

The reaction was monitored through 1H NMR spectroscopy by following the 

disappearance of the maleimide peak at 6.85 ppm (spectrum referenced versus residual 

methanol). When the reaction was completed, the fluorogenic particles were purified by 

dialysis. Details of the synthetic procedure for the fluorogenic AuNP are reported in the 

supporting information. A 50/50 mixture of rhodamine B-MPA and pure MPA was 

necessary because if only rhodamine B-MPA was used the final fluorogenic AuNP has 
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low solubility in water. The fluorogenic AuNP batch was then split in two fractions. One 

of the fractions was hydrolyzed under the same reaction conditions reported earlier for 

“locking” the Michael addition adduct. Upon hydrolysis reaction the AuNP sample was 

purified again by dialysis. This sample was employed as a control. In two separate and 

simultaneous experiments, the fluorogenic AuNP and the hydrolyzed fluorogenic AuNP 

were dissolved in 0.2 M PBS pH 7.4. To the two solutions 1 eq. of GS with respect to the 

maleimide was added, and the fluorescence of samples was monitored over 5 days. 

Figure 4.4 reports the excitation and emission spectra recorded over time for two samples 

and shows that while for the hydrolyzed fluorogenic AuNP sample there is not much 

variance in the fluorescence intensity, the fluorogenic AuNP sample display a clear turn-

on of fluorescence signal that by the end of the experiment reaches more than 3 times its 

initial intensity. This is due to the GS-mediated retro Michael-type addition reaction that 

causes the release of rhodamine B-MPA from the AuNP’s corona, which enters the bulk 

solution where its fluorescence is not quenched. 

These experiments confirm our hypothesis that the GS-mediated retro Michael-type 

addition reaction with GS can occur at the Maleimide-AuNP interface if thiols with low 

pKa are employed for conjugation. They also confirm the efficiency of our synthetic 

procedure for “locking” the Michael addition thioether product onto the nanomaterial’s 

surface. Finally, they show how the retro Michael-type addition expands the scope of the 

Maleimide-AuNP template, which now can be used to deliver a molecular cargo. For this 

proof of concept fluorogenic nanomaterial the delivery of the payload takes place in the 

timescale of days. However, we anticipate that by modifying the electronic properties of 

the Michael acceptor and Michael donor it will be possible to tune the reaction kinetics in 

order to meet the requirements of any specific application. 

4.3 Conclusion 
In conclusion, we have shown that the GS-mediated retro Michael-type addition reaction 

has the potential to expand the versatility of the Maleimide-AuNPs in biological 

applications. We have confirmed that “unlocked” maleimide-MPA adducts at the 

interface of AuNPs undergo the retro Michael-type addition in solutions containing the 

biologically prevalent thiol GS. As demonstrated by Kiick and co-workers, by modifying 
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the pKa of the Michael donor, the rate at which the retro Michael-type addition occurs can 

be tuned.(22) The higher the pKa, the lower the extent of the retro Michael-type addition. 

In the light of these findings, it is evident that for those in vivo studies where the payload 

is required to be permanently attached to the nanocarrier, the selection of the right 

thiolated prosthetic group is of paramount importance. If a thiol with a low pKa 

(structurally similar to MPA) is selected, then the probability that it undergoes the GS-

mediated retro Michael-type addition in vivo is very high. 

We were also able to develop a procedure for hydrolyzing the maleimide-MPA adducts at 

the AuNP’s interface using reaction conditions that preserve the AuNPs’ physical-

chemical properties and do not cause aggregation. The resulting “locked” adduct prevents 

the retro Michael-type addition reaction and its consequent loss of nanoparticle’s cargo 

into the surrounding environment. This “locking” protocol is useful for applications 

where the permanent linkage of the thiolated molecule to the AuNP is a requirement for 

the nanomaterial to be useful. Examples, as previously discussed, involve diagnostic 

imaging, where a contrast agent is linked to the gold core, or biolabeling. 
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Chapter 5  

5 Facile synthesis of gold nanoparticle (AuNP)–carbon 
nanotube (CNT) hybrids through an interfacial Michael 
addition reaction 

Chapter 5 has been published as a communication, and it is reproduced with permission 

from the Royal Society of Chemistry. The corresponding reference is:  

P. Gobbo, M. C. Biesinger, M. S. Workentin*, Chem. Commun., 2013, 49, 2831-2833. 

Biesinger performed the XPS measurements and assisted in the discussion of the results. I 

performed the synthesis and characterization of the nanomaterial hybrid. I wrote the 

drafts of the manuscript, with input and minor edits from the other co-author and final 

edit by my supervisor, Prof. M. S. Workentin. 

The supporting information file referenced in the text can be downloaded from the web 

site of the publisher. 

ABSTRACT: A CNT–AuNP hybrid has been synthesized through the Michael addition 

reaction between thiol-functionalized single-wall CNT and small water-soluble 

Maleimide–AuNP. The resilience and stability of this hybrid nanosystem is ensured by a 

covalent bond linking the nanoparticle to the CNT and by the fact that the 

functionalization reaction involves the organic shell of the AuNP and not its metallic 

core. 
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5.1 Introduction, Results and Discussion 
Since their discovery in 1991 carbon nanotubes (CNT) have been extensively studied for 

uses in emitting devices, energy storage, sensor field, and for biological and biomedical 

applications.1–5 CNT combined with gold nanoparticles (AuNP) resulting in AuNP–CNT 

hybrid materials bring together the high conductivity of the CNT and combine it with the 

size-dependent optothermal properties of the AuNP with potential direct application as 

gas sensors, catalysts, and especially as structural components of electrochemical 

sensors.6–11 

Different synthetic strategies have been explored to decorate CNT with AuNP. Generally 

all of these require the introduction of functionalities onto the CNT sidewalls that enable 

them to bind the nanoparticles. For this purpose electrostatic12,13 or hydrophobic14,15 

interactions between the functionalized CNT and the AuNP, or the affinity of amines and 

thiols for gold6,16–18 have been exploited. However, these methodologies generally lead to 

a non-robust nanohybrid material where the AuNP can be easily detached because of the 

lack of a covalent bond that links them to the CNT, or can rapidly coalesce, especially 

when solvent is removed, thereby destroying their size dependent properties.14 Because 

of the high cost of these nanomaterials, it is desirable that the final product has a long life 

and is stable, and that the functionalization reaction works quickly and efficiently. To 

address these requirements we developed photochemical routes towards the synthesis of 

covalent AuNP– CNT hybrids exploiting interfacial carbene and nitrene reactions that 

involve the organic shell of the AuNP and not its gold core.19,20 However, these systems 

utilize organic soluble AuNP and because CNT generally form stable dispersions in water 

and very polar organic solvents,21,22 it is desirable that in these media the partner 

nanoparticles are soluble and stable, and that the functionalization reaction works 

efficiently. We synthesized small Maleimide–AuNP that addresses these two 

requirements. These AuNP can undergo a Michael addition reaction with thiols and 

amines, thanks to Maleimide functionalities present at their interface.23 The Michael 

addition is one of the most used reactions for creating AuNP-bioconjugates and, as such, 

it is meant to be very fast and efficient, and to take place in water and at room 

temperature.24,25  
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Scheme 5.1: Synthetic approach to the preparation of SWCNT–AuNP through 

Michael addition reaction at the Maleimide–AuNP interface. 

Here we show for the first time the use of an interfacial Michael addition reaction 

towards a facile, convenient and efficient way for creating AuNP–CNT hybrids. These 

small water-soluble Maleimide–AuNP react readily with thiol-modified single-wall CNT 

(SWCNT–SH) under very mild conditions, leading to a robust AuNP-decorated SWCNT 

(SWCNT–AuNP). 

Scheme 5.1 shows the synthetic strategy leading to the formation of gold nanoparticles-

decorated single-wall carbon nanotubes (SWCNT–AuNP). The first step involves the 

introduction of thiol functionalities onto the CNT sidewalls through a coupling reaction 

between cysteamine and the carboxylic groups already present on the native SWCNT 

(see Scheme 5.1). This procedure is similar to the one reported by Z. Liu et al.21 

However, it is noteworthy that it is not necessary to chemically oxidize the CNT before 

the coupling reaction. The protocol is simple. Briefly, 10 mg of SWCNT were dispersed 

in 5 ml of dry MeOH in a round bottom flask. The system was cooled down to 0 ºC, and 

2832 Chem. Commun., 2013, 49, 2831--2833 This journal is c The Royal Society of Chemistry 2013

In a clean round bottom flask a solution of cysteamine (8.2 mg,
106 mmol) in 2 ml of dry methanol was purged with argon. After
15 minutes the solution of cysteamine was injected into the ice-
cold solution of CNT, HBTU and DIPEA, the ice-bath was removed
and the reaction mixture was left overnight under vigorous
stirring. The solution was then centrifuged (10 min, 6000 rpm)
and the supernatant removed. The resulting thiol functionalized
CNT (SWCNT-SH) were re-dispersed in acetonitrile, sonicated for
10 min, centrifuged again, and the solvent was decanted. This
washing procedure was repeated once more, then acetonitrile
was substituted with water and SWCNT-SH were washed and
centrifuged twice. Finally, the solvent was evaporated and the
SWCNT-SH was dispersed in a phosphate buffer solution (PBS)
pH 6.6 to obtain a concentration of 2 mg ml!1. This mother
solution was stored in the freezer.

SWCNT-SH was characterized by X-ray photoelectron
spectroscopy (XPS) and infrared (IR) spectroscopy. The XPS
survey of SWCNT-SH (Fig. 1b) compared to that one of the
starting material (Fig. 1a) clearly shows the appearance of the
peaks related to the sulphur at 160 eV (2p) and at 228 eV (2s)
and to the nitrogen at 396 eV (1s). High-resolution scans of
these regions indicate a successful coupling reaction. The N 1s
core line (Fig. S2, ESI†) shows a single peak at 399.78 eV related
to the amide nitrogens, while the S 2p core line clearly shows
that the majority of the sulphur is present as thiol (S 2p3/2 at
163.65 eV, S 2p1/2 at 164.83 eV) (Fig. 1d). It is noteworthy that
XPS measurements carried out on samples two months old
(Fig. 1d) show that SWCNT-SH have a good stability to oxida-
tion with only B15% of the sulphur oxidized. The IR spectrum
of SWCNT-SH also confirms this result showing the peaks
related to the C–H stretching of the cysteamine at 2949, 2919,
and 2848 cm!1, and a band at 1580 cm!1 related to the
stretching mode of the amide CQO (Fig. S1, ESI†).

In order to obtain the AuNP-decorated CNT, SWCNT-SH
were reacted with the water-soluble Maleimide–AuNP through
the Michael addition reaction in PBS pH 6.6. Maleimide–AuNP was
synthesized accordingly to our previously established procedure.23

Briefly, Maleimide–AuNP was obtained through a retro Diels–Alder
strategy because of the (desired) reactivity of the Maleimide
functionality towards nucleophiles. The basic triethylene glycol
monomethyl ether AuNP (Me-EG3-AuNP) underwent a place

exchange reaction with furan-protected-Maleimide tetraethylene
glycol–thiols ligands (PtMaleimide-EG4-SH). The resulting
PtMaleimide–AuNP was deprotected from the furan using an
improved methodology: the PtMaleimide–AuNP were dissolved
in a toluene–acetonitrile (10 : 1) mixture and heated at 110 1C
overnight under vigorous stirring. The new mixture of solvents
was found to readily redissolve all the PtMaleimide–AuNP (while
before just the toluene-soluble fraction of PtMaleimide–AuNP
could be deprotected) and still being suitable for the retro Diels–
Alder reaction without forming any hydrolysis by-product23 and
leads to small water-soluble Maleimide–AuNP with a gold core
diameter ranging from 2 to 4 nm.

The Michael addition reaction was carried out adding 4 mg
of Maleimide–AuNP dissolved in 1 ml of PBS pH 6.6 to a 1 ml of
SWCNT-SH mother solution (see Scheme 1). The reaction was
stirred for 1 hour at room temperature, and then the SWCNT–
AuNP was centrifuged in a Pyrex centrifuge test tube. The super-
natant was removed, and the decorated CNT bundles were
dispersed in acetone, sonicated for 10 minutes and centrifuged.
Subsequently, acetone was substituted with dichloromethane
(DCM) and the washing procedure (sonication in DCM and
centrifugation) was repeated twice more. The success of the
interfacial Michael addition reaction between SWCNT-SH and
Maleimide–AuNP was confirmed by XPS, IR spectroscopy, and
by transmission electron microscopy (TEM) images. The XPS
survey of SWCNT–AuNP (Fig. 1c) clearly shows the appearance
of the peaks related to gold at 83 eV (4f), 334–353 eV (4d),
547–643 eV (4p), and 762 eV (4s). The Au 4f7/2 core line is at 84.19 eV
(Fig. S3, ESI†) and results shifted upwards from that of bulk
gold (83.95 eV) due to the nanoparticle size effect.26,27 The high
resolution C 1s spectrum (Fig. S3, ESI†) shows a new compo-
nent at 285.30 eV related to the C–O–C of the AuNP glycol units.
Most notably, the S 2p core line now shows the appearance of a
new doublet related to the Au–S bonds with binding energies of
162.64 eV (S 2p3/2) and 163.82 eV (S 2p1/2), and the components
related to the C–S–C bond (S 2p3/2 at 163.58 eV and S 2p1/2 at

Scheme 1 Synthetic approach to the preparation of SWCNT–AuNP through
Michael addition reaction at the Maleimide–AuNP interface.

Fig. 1 On the left XPS survey of (a) SWCNT starting material; (b) SWCNT-SH;
(c) SWCNT–MaleimideAuNP. On the right high resolution S 2p spectra of
(d) SWCNT-SH; (e) SWCNT–MaleimideAuNP.
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the solution was purged with argon for 10 minutes. 20 mg of HBTU (53 mmol) and 19 ml 

of DIPEA (106 mmol) were dissolved in a separate round bottom flask with 5 ml of a 

MeOH–Acetonitrile (2:1) mixture and they were purged with argon for 10 min. Once the 

two solutions were purged, HBTU and DIPEA were transferred using a glass syringe into 

the ice-cold solution of CNT. The reaction was left for 15 min at 0 ºC. In a clean round 

bottom flask a solution of cysteamine (8.2 mg, 106 mmol) in 2 ml of dry methanol was 

purged with argon. After 15 minutes the solution of cysteamine was injected into the ice- 

cold solution of CNT, HBTU and DIPEA, the ice-bath was removed and the reaction 

mixture was left overnight under vigorous stirring. The solution was then centrifuged (10 

min, 6000 rpm) and the supernatant removed. The resulting thiol functionalized CNT 

(SWCNT–SH) were re-dispersed in acetonitrile, sonicated for 10 min, centrifuged again, 

and the solvent was decanted. This washing procedure was repeated once more, then 

acetonitrile was substituted with water and SWCNT–SH were washed and centrifuged 

twice. Finally, the solvent was evaporated and the SWCNT–SH was dispersed in a 

phosphate buffer solution (PBS) pH 6.6 to obtain a concentration of 2 mg ml-1. This 

mother solution was stored in the freezer. SWCNT–SH was characterized by X-ray 

photoelectron spectroscopy (XPS) and infrared (IR) spectroscopy. The XPS survey of 

SWCNT–SH (Figure 5.1b) compared to that one of the starting material (Figure 5.1a) 

clearly shows the appearance of the peaks related to the sulphur at 160 eV (2p) and at 228 

eV (2s) and to the nitrogen at 396 eV (1s). High-resolution scans of these regions indicate 

a successful coupling reaction. The N 1s core line (Figure S2, ESI) shows a single peak at 

399.78 eV related to the amide nitrogens, while the S 2p core line clearly shows that the 

majority of the sulphur is present as thiol (S 2p3/2 at 163.65 eV, S 2p1/2 at 164.83 eV) 

(Figure 5.1d). It is noteworthy that XPS measurements carried out on samples two 

months old (Figure 5.1d) show that SWCNT–SH have a good stability to oxidation with 

only ~15% of the sulphur oxidized. The IR spectrum of SWCNT–SH also confirms this 

result showing the peaks related to the C–H stretching of the cysteamine at 2949, 2919, 

and 2848 cm-1, and a band at 1580 cm-1 related to the stretching mode of the amide C=O 

(Figure S1, ESI). 

In order to obtain the AuNP-decorated CNT, SWCNT–SH were reacted with the water-

soluble Maleimide–AuNP through the Michael addition reaction in PBS pH 6.6.  
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Figure 5.1: On the left XPS survey of a) SWCNT starting material; b) SWCNT-SH; 

c) SWCNT–MaleimideAuNP. On the right high-resolution S 2p spectra of d) 

SWCNT–SH; e) SWCNT–MaleimideAuNP. 

Maleimide–AuNP was synthesized accordingly to our previously established procedure.23 

Briefly, Maleimide–AuNP was obtained through a retro Diels–Alder strategy because of 

the (desired) reactivity of the Maleimide functionality towards nucleophiles. The basic 

triethylene glycol monomethyl ether AuNP (Me-EG3-AuNP) underwent a place exchange 

reaction with furan-protected-Maleimide tetraethylene glycol–thiols ligands 

(PtMaleimide-EG4-SH). The resulting PtMaleimide–AuNP was deprotected from the 

furan using an improved methodology: the PtMaleimide–AuNP were dissolved in a 

toluene–acetonitrile (10 : 1) mixture and heated at 110 ºC overnight under vigorous 

stirring. The new mixture of solvents was found to readily redissolve all the 

PtMaleimide–AuNP (while before just the toluene-soluble fraction of PtMaleimide–

AuNP could be deprotected) and still being suitable for the retro-Diels-Alder reaction  

2832 Chem. Commun., 2013, 49, 2831--2833 This journal is c The Royal Society of Chemistry 2013

In a clean round bottom flask a solution of cysteamine (8.2 mg,
106 mmol) in 2 ml of dry methanol was purged with argon. After
15 minutes the solution of cysteamine was injected into the ice-
cold solution of CNT, HBTU and DIPEA, the ice-bath was removed
and the reaction mixture was left overnight under vigorous
stirring. The solution was then centrifuged (10 min, 6000 rpm)
and the supernatant removed. The resulting thiol functionalized
CNT (SWCNT-SH) were re-dispersed in acetonitrile, sonicated for
10 min, centrifuged again, and the solvent was decanted. This
washing procedure was repeated once more, then acetonitrile
was substituted with water and SWCNT-SH were washed and
centrifuged twice. Finally, the solvent was evaporated and the
SWCNT-SH was dispersed in a phosphate buffer solution (PBS)
pH 6.6 to obtain a concentration of 2 mg ml!1. This mother
solution was stored in the freezer.

SWCNT-SH was characterized by X-ray photoelectron
spectroscopy (XPS) and infrared (IR) spectroscopy. The XPS
survey of SWCNT-SH (Fig. 1b) compared to that one of the
starting material (Fig. 1a) clearly shows the appearance of the
peaks related to the sulphur at 160 eV (2p) and at 228 eV (2s)
and to the nitrogen at 396 eV (1s). High-resolution scans of
these regions indicate a successful coupling reaction. The N 1s
core line (Fig. S2, ESI†) shows a single peak at 399.78 eV related
to the amide nitrogens, while the S 2p core line clearly shows
that the majority of the sulphur is present as thiol (S 2p3/2 at
163.65 eV, S 2p1/2 at 164.83 eV) (Fig. 1d). It is noteworthy that
XPS measurements carried out on samples two months old
(Fig. 1d) show that SWCNT-SH have a good stability to oxida-
tion with only B15% of the sulphur oxidized. The IR spectrum
of SWCNT-SH also confirms this result showing the peaks
related to the C–H stretching of the cysteamine at 2949, 2919,
and 2848 cm!1, and a band at 1580 cm!1 related to the
stretching mode of the amide CQO (Fig. S1, ESI†).

In order to obtain the AuNP-decorated CNT, SWCNT-SH
were reacted with the water-soluble Maleimide–AuNP through
the Michael addition reaction in PBS pH 6.6. Maleimide–AuNP was
synthesized accordingly to our previously established procedure.23

Briefly, Maleimide–AuNP was obtained through a retro Diels–Alder
strategy because of the (desired) reactivity of the Maleimide
functionality towards nucleophiles. The basic triethylene glycol
monomethyl ether AuNP (Me-EG3-AuNP) underwent a place

exchange reaction with furan-protected-Maleimide tetraethylene
glycol–thiols ligands (PtMaleimide-EG4-SH). The resulting
PtMaleimide–AuNP was deprotected from the furan using an
improved methodology: the PtMaleimide–AuNP were dissolved
in a toluene–acetonitrile (10 : 1) mixture and heated at 110 1C
overnight under vigorous stirring. The new mixture of solvents
was found to readily redissolve all the PtMaleimide–AuNP (while
before just the toluene-soluble fraction of PtMaleimide–AuNP
could be deprotected) and still being suitable for the retro Diels–
Alder reaction without forming any hydrolysis by-product23 and
leads to small water-soluble Maleimide–AuNP with a gold core
diameter ranging from 2 to 4 nm.

The Michael addition reaction was carried out adding 4 mg
of Maleimide–AuNP dissolved in 1 ml of PBS pH 6.6 to a 1 ml of
SWCNT-SH mother solution (see Scheme 1). The reaction was
stirred for 1 hour at room temperature, and then the SWCNT–
AuNP was centrifuged in a Pyrex centrifuge test tube. The super-
natant was removed, and the decorated CNT bundles were
dispersed in acetone, sonicated for 10 minutes and centrifuged.
Subsequently, acetone was substituted with dichloromethane
(DCM) and the washing procedure (sonication in DCM and
centrifugation) was repeated twice more. The success of the
interfacial Michael addition reaction between SWCNT-SH and
Maleimide–AuNP was confirmed by XPS, IR spectroscopy, and
by transmission electron microscopy (TEM) images. The XPS
survey of SWCNT–AuNP (Fig. 1c) clearly shows the appearance
of the peaks related to gold at 83 eV (4f), 334–353 eV (4d),
547–643 eV (4p), and 762 eV (4s). The Au 4f7/2 core line is at 84.19 eV
(Fig. S3, ESI†) and results shifted upwards from that of bulk
gold (83.95 eV) due to the nanoparticle size effect.26,27 The high
resolution C 1s spectrum (Fig. S3, ESI†) shows a new compo-
nent at 285.30 eV related to the C–O–C of the AuNP glycol units.
Most notably, the S 2p core line now shows the appearance of a
new doublet related to the Au–S bonds with binding energies of
162.64 eV (S 2p3/2) and 163.82 eV (S 2p1/2), and the components
related to the C–S–C bond (S 2p3/2 at 163.58 eV and S 2p1/2 at

Scheme 1 Synthetic approach to the preparation of SWCNT–AuNP through
Michael addition reaction at the Maleimide–AuNP interface.

Fig. 1 On the left XPS survey of (a) SWCNT starting material; (b) SWCNT-SH;
(c) SWCNT–MaleimideAuNP. On the right high resolution S 2p spectra of
(d) SWCNT-SH; (e) SWCNT–MaleimideAuNP.
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Figure 5.2: TEM images of a) SWCNT–AuNP; b) control experiment (SWCNT–SH 

+ Me-EG3-AuNP). 

without forming any hydrolysis by-product23 and leads to small water-soluble 

Maleimide–AuNP with a gold core diameter ranging from 2 to 4 nm. The Michael 

addition reaction was carried out adding 4 mg of Maleimide–AuNP dissolved in 1 ml of 

PBS pH 6.6 to a 1 ml of SWCNT–SH mother solution (see Scheme 5.1). The reaction 

was stirred for 1 hour at room temperature, and then the SWCNT– AuNP was centrifuged 

in a Pyrex centrifuge test tube. The supernatant was removed, and the decorated CNT 

bundles were dispersed in acetone, sonicated for 10 minutes and centrifuged. 

Subsequently, acetone was substituted with dichloromethane (DCM) and the washing 

procedure (sonication in DCM and centrifugation) was repeated twice more. The success 

of the interfacial Michael addition reaction between SWCNT–SH and Maleimide–AuNP 

was confirmed by XPS, IR spectroscopy, and by transmission electron microscopy 

(TEM) images. The XPS survey of SWCNT–AuNP (Figure 5.1c) clearly shows the 

appearance of the peaks related to gold at 83 eV (4f), 334–353 eV (4d), 547–643 eV (4p), 

and 762 eV (4s). The Au 4f7/2 core line is at 84.19 eV (Figure S3, ESI) and results shifted 

upwards from that of bulk gold (83.95 eV) due to the nanoparticle size effect.26,27 The 

high resolution C 1s spectrum (Figure S3, ESI) shows a new component at 285.30 eV 

related to the C–O–C of the AuNP glycol units. Most notably, the S 2p core line now 
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164.76 eV) formed through the expected interfacial Michael
addition reaction (Fig. 1e). The IR spectrum of the hybrid
nanomaterial (Fig. S1, ESI†) shows the appearance of the
carbonyl stretching at 1704 cm!1 due to the presence of the
AuNP’s Maleimides. Transmission electron microscopy (TEM)
images of the hybrid nanomaterial (Fig. 2a) confirm that AuNP
are linked to the surface of CNT bundles, that they kept their
original size distribution, and that there are no unbounded
particles present, confirming the efficiency of our washing
procedure. Indeed, the use of sonication favours the detach-
ment of those AuNP that are physisorbed on the CNT leaving
just those that are covalently bonded.8

To exclude the possibility of unspecific bonding of the AuNP
to the SWCNT-SH, a control experiment was carried out under
identical conditions and following the same experimental
procedure but using the model Me-EG3-AuNP. The Me-EG3-
AuNP, because of the absence of the Maleimide functionality,
are not expected to react with the thiol-modified CNT because
they cannot undergo the Michael addition reaction. Fig. 2b is
related to this control experiment and shows, as expected,
completely clean CNT, confirming the successful synthesis of
AuNP-decorated SWCNT through the Michael addition reaction
between SWCNT-SH and Maleimide–AuNP.

Sonication was employed to test the stability and resilience
of the final hybrid material. A fraction of SWCNT–AuNP was
dispersed in water and sonicated for one hour. Its TEM images
were then compared with those of the freshly prepared SWCNT–
AuNP and they did not show any appreciable difference either in
the density of chemisorbed AuNP or in the AuNP size distribu-
tion. This supports the efficiency of our synthetic approach and
the resilience of the resulting AuNP–CNT hybrid.

In summary we have shown for the first time that water-
soluble Maleimide–AuNP can be efficiently attached to thiol-
modified CNT through a versatile interfacial Michael addition
reaction. Because of the ability to run the chemistry in water,
due to the solubility of the Maleimide–AuNP, the rate of the
Michael addition is fast and results in a hybrid material that is
densely covered with AuNP. The robustness of this AuNP–CNT
hybrid is due to the covalent bond linking the nanoparticle to
the CNT and because the functionalization reaction involves
the ligand of the organic shell of the nanoparticle and not due to

its gold core. Our methodology presented here can be exploited
to functionalize any carbonaceous material (i.e. graphene, nano-
diamonds, glassy carbon) with AuNP or any other functional
molecular material as long as the appropriate PEG–Maleimide
can be prepared. It is possible to take advantage of the intrinsic
presence of carboxylic group on the surfaces of these materials to
introduce thiol functionalities through the coupling reaction
described here. These thiol-modified materials would then be
able to bind Maleimide functionalities through the Michael
addition reaction as shown in this work.

This work is supported by NSERC Canada and The Univer-
sity of Western Ontario.
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shows the appearance of a new doublet related to the Au–S bonds with binding energies 

of 162.64 eV (S 2p3/2) and 163.82 eV (S 2p1/2), and the components related to the C–S–C 

bond (S 2p3/2 at 163.58 eV and S 2p1/2 at 164.76 eV) formed through the expected 

interfacial Michael addition reaction (Figure 5.1e). The IR spectrum of the hybrid 

nanomaterial (Figure S1, ESI) shows the appearance of the carbonyl stretching at 1704 

cm-1 due to the presence of the AuNP’s Maleimides. Transmission electron microscopy 

(TEM) images of the hybrid nanomaterial (Figure 5.2a) confirm that AuNP are linked to 

the surface of CNT bundles, that they kept their original size distribution, and that there 

are no unbound particles present, confirming the efficiency of our washing procedure. 

Indeed, the use of sonication favours the detachment of those AuNP that are physisorbed 

on the CNT leaving just those that are covalently bonded.8 

To exclude the possibility of unspecific bonding of the AuNP to the SWCNT–SH, a 

control experiment was carried out under identical conditions and following the same 

experimental procedure but using the model Me-EG3-AuNP. The Me-EG3-AuNP, 

because of the absence of the Maleimide functionality, are not expected to react with the 

thiol-modified CNT because they cannot undergo the Michael addition reaction. Figure 

5.2b is related to this control experiment and shows, as expected, completely clean CNT, 

confirming the successful synthesis of AuNP-decorated SWCNT through the Michael 

addition reaction between SWCNT–SH and Maleimide–AuNP. 

Sonication was employed to test the stability and resilience of the final hybrid material. A 

fraction of SWCNT–AuNP was dispersed in water and sonicated for one hour. Its TEM 

images were then compared with those of the freshly prepared SWCNT–AuNP and they 

did not show any appreciable difference either in the density of chemisorbed AuNP or in 

the AuNP size distribution. This supports the efficiency of our synthetic approach and the 

resilience of the resulting AuNP–CNT hybrid. 

In summary we have shown for the first time that water-soluble Maleimide–AuNP can be 

efficiently attached to thiol-modified CNT through a versatile interfacial Michael 

addition reaction. Because of the ability to run the chemistry in water, due to the 

solubility of the Maleimide–AuNP, the rate of the Michael addition is fast and results in a 
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hybrid material that is densely covered with AuNP. The robustness of this AuNP–CNT 

hybrid is due to the covalent bond linking the nanoparticle to the CNT and because the 

functionalization reaction involves the ligand of the organic shell of the nanoparticle and 

not due to s gold core. Our methodology presented here can be exploited to functionalize 

any carbonaceous material (i.e., graphene, nano- diamonds, glassy carbon) with AuNP or 

any other functional molecular material as long as the appropriate PEG–Maleimide can 

be prepared. It is possible to take advantage of the intrinsic presence of carboxylic group 

on the surfaces of these materials to introduce thiol functionalities through the coupling 

reaction described here. These thiol-modified materials would then be able to bind 

Maleimide functionalities through the Michael addition reaction as shown in this work. 
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Chapter 6  

6 Bioorthogonal Chemistry: Development of an Effective 
Tool for the Functionalization of Gold Nanoparticles and 
Their Surfaces  

Chapter 6 will be published as an account paper. 

I wrote the drafts of the manuscript, with input and final edit by my supervisor, Prof. M. 

S. Workentin. 

ABSTRACT: In recent years bioorthogonal chemistry has emerged as a tool for the 

investigation of biomolecular systems in vivo that are impossible to study using 

traditional methodologies.  The great characteristics of these reactions and the continued 

expansion of the bioorthogonal toolkit furnishes invaluable opportunities not only in 

chemical biology, but also for the synthesis of functional nanomaterials. This account 

will cover our methodologies to 1) introduce bioorthogonally reactive functionalities onto 

the surface of AuNP and CNT substrates; 2) characterize the final reactive nanomaterial 

template and determine the number of bioorthogonal functionalities that have been 

introduced; 3) follow their interfacial reactivity and obtain proof of successful interfacial 

bioorthogonal chemistry. Within each of these sections there were challenges that had to 

be overcome, and we will describe the evolution and adaptation of our methods to the 

different bioorthogonal groups and nanomaterial substrates. 
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6.1 Introduction 
In the past twenty years, materials chemistry research has started what can be called the 

nanomaterials revolution. The impact of nanomaterials extends from medicine, biology, 

and engineering, to social science and philosophy. Nanoscience, nanotechnology, 

nanoparticles, and nanotubes are words that have now become commonly used in our 

everyday life, and nanomaterial-based products are now commercially available and are 

changing our way of living. For example, silver nanoparticles are now applied to wall 

paint, floor coatings and clothes; titanium dioxide nanoparticles are used in toothpaste, 

chewing gum, sunscreen, and solar cells; carbon nanotubes (CNTs) are making sport 

equipment more elastic and resilient; gold nanoparticles (AuNPs) are commonly 

employed as transduction elements in pregnancy tests and to make conductive inks. All 

these applications are possible because of the intrinsic physical-chemical properties of 

nanomaterials. Silver nanoparticles have very high antibacterial properties and size and 

shape dependent optical properties.1,2 Titanium oxide (TiO2) nanoparticles have a high 

diffraction index, strong light scattering and incident-light reflection capability, and 

excellent photo-catalytical properties.3,4 CNTs have very high strength, stiffness and 

tenacity, and excellent thermal and conductivity properties.5-7 AuNPs are biocompatible, 

and have size and shape dependent optical properties due to surface plasmon resonance 

phenomena.8-10 

In addition to the peculiar intrinsic physical-chemical properties of nanomaterials, the 

explosion of their applications has evolved due to development of techniques for their 

surface functionalization or their attachment to a substrate. To name a few examples, 

biomolecules (e.g., enzymes, antibodies, DNA strands) need to be conjugated onto a 

nanomaterial’s surface for the construction of biosensors;8,11-13 contrast agents or drugs 

need to be bound to a nanocarrier in order to exploit its high surface to volume ratio and 

use it for drug delivery or biomedical imaging;14-18 dye-sensitized solar cells can be more 

efficient if nanomaterial sensitizers are organized into a monolayer on a TiO2 surface.19 

Because of these reasons, in the past decade different interfacial chemistries have been 

developed and tailored to each kind of nanomaterial. 
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Figure 6.1: Cartoon representing the three strategies commonly employed for 

conjugation onto material surfaces. The cloud represents any molecular system or 

material of interest. 

In general, there are three main strategies for the attachment of a molecular system of 

interest onto the nanomaterial’s surface, or for the attachment of the nanomaterial to a 

substrate (see Figure 6.1). The first relies on weak interactions. For example, 

biomolecules can be electrostatically adsorbed onto a nanomaterial by exploiting the 

nanomaterial’s surface charge;20,21 hydrophobic molecular probes can be immobilized 

into a nanoparticle’s organic corona by exploiting hydrophobic-hydrophilic types of 

interactions.22-24 The second strategy exploits functional groups that are characteristic of 

the nanomaterial and are present on its surface. For example, biomolecules can be 

covalently bound to the CNT’s surface exploiting carboxylic groups present on its defects 

sites.25,26 The surface density of carboxylic groups can be also increased through 

preliminary chemical treatment of the nanomaterial, although this pre-treatment can lead 

to a modification of the CNT’s physical-chemical properties.27 The third method involves 

the introduction of exogenous reactive functional groups onto the nanomaterial surface. 

For example, biotin can be introduced onto AuNPs in order to impart on them the ability 
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to bind streptavidin-modified materials;28 maleimide groups (a functional group able to 

undergo fast Michael addition-type of reactions and cycloaddition reactions with dienes 

and dipolar molecules) can be introduced onto nanotubes or nanoparticles for the facile 

conjugation of biomolecules onto the nanomaterial;29-31 azides can be introduced onto 

quantum dots allowing them to react in vivo through a copper-catalyzed [3+2] Huisgen 

cycloaddition reaction.32 This third strategy that relies on the creation of a reactive 

nanomaterial template allows for further expansion of the nanomaterial’s application and 

utility beyond the nanomaterial’s intrinsic physical-chemical properties. More 

specifically, it allows for 1) the formation of a resilient functionalization of the 

nanomaterial due to a covalent bond that forms between the nanomaterial and molecular 

system or substrate; 2) the expansion of the chemistry of the nanomaterial by making it 

reactive to diverse functional groups that would otherwise be inert towards the original 

nanomaterial, and 3) the exploitation of the virtually limitless potential of organic 

chemistry for the creation of nanomaterials that can perform specific functions. 

While this third methodology is becoming more and more popular because of the reasons 

just explained, in order to further enhance the impact and utility of nanomaterials in 

science and technology, the reactive nanomaterial template must be selected so that 

ideally its interfacial reactivity: 

1) Is easy to perform: that is, it does not require specific equipment and technical 

expertise (e.g., the reaction must not be performed under inert atmosphere and must 

avoid the use of toxic and dangerous reagents). 

2) Has simple reaction conditions: the reaction should go to completion at normal 

temperature and pressure and avoid the use of catalysts or reaction initiators. 

3) Is chemoselective: that is, it can be performed in vivo and allow for the control over 

the orientation of the molecular system onto the nanomaterial. 

4) Has fast reaction kinetics: so that side reactivity is minimized. 
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5) Is high yielding: that is, it leads to no byproducts or byproducts that are easy to 

remove, so that it makes it easy to characterize the final nanomaterial conjugate and 

determine the amount of introduced molecular system. 

6) Is biocompatible: that is, it is based on reagents that are atoxic and not recognized 

by the metabolism of the organism under study. 

The type of chemistry that best addresses all of these characteristics is bioorthogonal 

chemistry. Bioorthogonal chemistry is a subclass of the “click” class of reactions, and is 

mostly used in the field of chemical biology. In fact, bioorthogonal chemistry has been 

specifically designed to take place with high chemoselectivity in living organisms 

without interfering with the organism’s biochemical processes. A bioorthogonal reaction 

relies on two exogenous functional groups, a bioorthogonal functional group and a 

chemical reporter,33 that are not recognized by the metabolism of the organism under 

study. The chemical reporter is a small functional group (e.g., azide, nitrones, ketones, 

aldehyde, terminal alkynes)34 that is easy to introduce in vivo through metabolic or 

protein engineering, and is not reactive towards endogenous biological functionalities.35  

The bioorthogonal functional group is instead more challenging to synthesize and too 

reactive to be introduced in vivo. It reacts with the chemical reporter quickly (rate 

constant 0.001 < k M-1 s-1 < 2.8·106), chemoselectively and at normal temperature and 

pressure. Examples of bioorthogonal functional groups include strained alkynes, methyl-

2-(diphenylphosphino)benzoate groups, tetrazines, hydrazides, aminooxy groups, 

norbornenes, trans cyclooctenes, etc.35 It is evident that bioorthogonal reactions give 

invaluable opportunities in engineering new nanomaterial templates and have the 

potential to amplify the impact of nanomaterials in our everyday life.  

The goal of this review is to highlight the synthetic strategies and challenges behind the 

incorporation of bioorthogonal functional groups and chemical reporters onto 

nanomaterial surfaces. The synthetic strategy for the safe introduction of the desired 

bioorthogonal functional group onto the nanomaterial surface needs to exploit the 

nanomaterial’s intrinsic surface chemistry and take into consideration the high reactivity 

of the bioorthogonal functional group.  
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Figure 6.2: Toolbox of bioorthogonal nanomaterials successfully synthesized and 

that will be discussed in this account. The toolbox includes gold nanoparticles 

functionalized with an azide for both I-SPAAC and I-SBL reactions, a DBCO for I-

SPAAC reactions, a photo-DIBO for the shine n’ click I-SPAAC reaction (vide 

infra), and methyl-2-(diphenylphosphino)benzoate groups for I-SBL. 

 

Scheme 6.1: Scheme representing the interfacial strain-promoted alkyne-azide 

cycloaddition (I-SPAAC) reaction. The red shape represents a general surface, 

which can be 1D (e.g., CNT, nanowires etc.), 2D (e.g., metal surface, graphene etc.), 

and 3D (e.g., AuNP, quantum dots etc.); the blue cloud represent a general 

molecular system (or material) of interest that carries the azide chemical reporter. 
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Scheme 6.2: Mechanism for the interfacial Staudinger-Bertozzi ligation (I-SBL). In 

the first reaction step triphenylphosphine (1) reacts with benzyl azide (2) to form the 

phosphazide complex (3). Phosphazide complex (3) undergoes unimolecular 

decomposition with loss of nitrogen gas to yield the aza-ylide complex (4). 

Subsequently, there is a cyclization step that yields complex (5) with loss of 

methoxide anion. The final step involves the hydrolysis of (5) by water and 

formation of complex (6) and methanol. The red shape represents a general surface, 

which can be 1D (e.g., CNT, nanowires etc.), 2D (e.g., metal surface, graphene etc.), 

and 3D (e.g., AuNP, quantum dots etc.); the blue cloud represent a general 

molecular system (or material) of interest that carries the azide chemical reporter. 

Another challenge relies on the creation of methodologies that allow for the precise 

quantification of the amount of introduced bioorthogonal functional groups and for the 

investigation of their proper interfacial reactivity. This review will discuss these 

challenges, bringing examples from the most recent research carried out in our research 

group. More specifically, we will discuss methodologies for the incorporation of 

bioorthogonal groups and chemical reporters onto a small water-soluble AuNP substrate 

for the preparation of a toolbox of bioorthogonally reactive AuNP templates (see Figure 

6.2).  

The first bioorthogonal groups that we successfully introduced onto the AuNP’s organic 

corona were strained alkynes for interfacial strain-promoted alkyne-azide cycloaddition 

(I-SPAAC) reaction (see Scheme 6.1). This reaction is a version of the [3+2] Huisgen 

cycloaddition that takes place at room temperature without need of a copper catalyst 

(copper-free). Its driving force relies on a strained C-C triple bond that is embedded into 

an 8-member ring. We showcased the utility of the I-SPAAC for the synthesis of hybrid 

(bio)materials and photoreactive bioorthogonal nanomaterials. 
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We will also discuss strategies for the introduction of methyl-2-

(diphenylphosphino)benzoate groups for interfacial Staudinger-Bertozzi ligation (I-SBL). 

The SBL is one of the first bioorthogonal reactions to be created, is historically the first 

to use an azide as the chemical reporter, and is the most chemoselective of the 

bioorthogonal family.36 Originally, the Staudinger-Bertozzi ligation involved the reaction 

between a methyl-2-(diphenylphosphino)benzoate functional group with an azide to yield 

a stable amide bond (refer to Scheme 6.2). The reaction mechanism, fully investigated by 

F. L. Lin and coworkers in 2005,37 involves methanol (from the methyl-ester trapping 

group) as a leaving group (see Scheme 6.2). This characteristic of the reaction 

mechanism allows for the exploitation of the I-SBL for drug delivery and makes it of 

extreme interest for the synthesis of functional nanomaterials. Finally, we were able to 

incorporate an azide onto the AuNP substrate. We used this azide-modified AuNP 

template in combination with its complementary bioorthogonal materials for the synthesis 

of nanomaterial hybrids. 

Within each of these functional nanomaterial syntheses there were problems and issues 

that had to be overcome, and we will describe the evolution of the ideas so that readers 

can get a glimpse of our thinking and problem solving as we proceeded. 

6.2 Small AuNP as a model substrate 
In order to begin the development of bioorthogonal nanomaterial templates and 

methodologies for their detailed characterization, we had to select a nanomaterial 

substrate that would allow for easy characterization and investigation of its interfacial 

bioorthogonal chemistry. The choice fell on small (φ = 3 nm) gold nanoparticles (AuNPs) 

because of their approachable synthesis, the ability to synthesize them in gram scale, and 

the possibility of using spectroscopic techniques (e.g., multinuclear magnetic resonance 

spectroscopy, UV-vis spectroscopy, FT-IR spectroscopy) for characterizing them and 

following their interfacial reactivity. The gold core of these small AuNPs is stabilized by 

a monolayer of triethylene glycol (TEG) mono-methyl ether thiolated ligands that makes 

them amphiphilic and extremely resilient.  
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Figure 6.3: Synthesis and characterization data of TEG-AuNP substrate. Left: 

Synthetic approach for the synthesis of CH3O-EG3-SH ligands and TEG-AuNPs. 

The purification of the TEG-AuNP involves extraction of the AuNPs into toluene, 

followed by trituration using hexanes to remove excess thiols, dialysis against water, 

and finally centrifugation to remove residual precipitate. Right: Typical TEM, 

thermogravigram recorded under inert atmosphere, and 1H NMR spectrum of 

TEG-AuNP (recorded in D2O, * denotes residual solvent). 

In fact, these TEG-AuNPs can be repeatedly dried and redissolved in water and different 

polar organic solvents, dissolved in strongly acidic38 or basic solution39, and heated at 

more than 100 ºC for prolonged periods31 with little to no aggregation. The TEG-AuNPs 

were synthesized according to the procedure reported in Figure 6.3 and characterized by 
1H NMR spectroscopy, thermogravimetric analysis (TGA), and transmission electron 

microscopy (TEM).31 1H NMR spectroscopy gives specific information on the 

nanoparticle’s corona. A typical 1H NMR spectrum of the TEG-AuNPs is reported in 

Figure 6.3 and shows typical broad peaks40 that correspond to the protons of the ethylene 

glycol units and to the terminal methyl group (3.34 ppm in D2O). The broadness of the 
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NMR spectrum peaks is also a good indication of the sample’s purity: if sharp peaks are 

observed, then residual free thiolated molecules are most likely present and more care 

needs to be taken in performing the cleaning procedure especially before introducing 

electrophilic functional groups (vide infra). 

TGA gives information on the nanoparticle’s composition. A typical TGA plot is 

reported in Figure 6.3 and shows weight loss at ~260 ºC due to pyrolysis of the organic 

corona. From this data we can understand that ~62% of the weight of this size of TEG-

AuNP is due to its gold core and ~38% of its weight is due to the methoxy-terminated 

thiolated ligands. TEM instead furnishes information specifically on the gold core shape 

and size distribution. 

 From the combination of the information obtained from these three analytical methods, 

and assuming that the AuNP are spherically shaped and monodispersed in size, a gold 

nanoparticle raw formula can be calculated using the following equations: 

𝑁 = R	S	IT	UV
W	MVX

  (1) 

Where N is the number of gold atoms composing the gold core, r is the density of the 

face centered cubic (fcc) gold lattice (19.3 g cm-3), d is the average diameter of the 

nanoparticles in centimeters (3·10-7 cm) obtained from TEM images, MAu is the mole 

atomic weight of gold (196.9665 g mol-1), and NA is the Avogadro constant. The number 

of thiol ligands that compose the gold core (NL) is calculated form the following 

equation: 

𝑁> =
U	∙	MVX	∙	Y%

ZJY% 	∙	MY[\]
  (2) 

Where W% is the percentage of mass loss due to the organic ligands found from the TGA 

measurements, and MWMeO is the molecular weight of the methoxy-terminated thiolated 

ligand (179.3 g mol-1). From these equations the calculated TEG-AuNPs raw formula is: 

Au500(MeO–EG3–S)340. 
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These AuNPs represent an ideal substrate for developing bioorthogonal nanomaterial 

templates where NMR spectroscopy, TGA, and TEM allow for the determination of the 

amount of interfacial bioorthogonal functional groups with good precision and the 

monitoring of their interfacial reactivity. 

6.3 Synthetic strategies 
The incorporation of bioorthogonally reactive functionalities at the AuNP’s interface 

requires the synthesis of the proper thiolated ligands carrying the desired bioorthogonal 

functional group. The reactive ligands that we use are based on a tetraethylene glycol 

spacer between the thiol head and the bioorthogonal group. This spacer preserves the 

AuNP amphiphilicity, ensures good packing of the monolayer around the gold core, and, 

because of the extra ethylene glycol unit, it allows the bioorthogonal group to extend out 

of the corona and be more prone to react, being less sterically hindered. There are three 

main synthetic strategies that we adopt for the introduction of a bioorthogonal functional 

group at the TEG-AuNP’s interface (see Scheme 6.3). The first (and most simple) 

involves the use of a direct ligand exchange reaction. This reaction requires the mixing of 

an ethylene glycol-based thiolated ligand carrying the reactive functionality with the 

TEG-AuNPs in solution. The thiol head of the new ligand penetrates the monolayer that 

protects the gold core, attaches to the gold surface, and releases one of the triethylene 

glycol mono-methyl ether thiolated ligands of the TEG-AuNP starting material. The 

amount of bioorthogonal group to be introduced can be tuned to some extent by 

controlling the ratio between gold nanoparticle starting material and new thiolated ligand, 

and the time given for the ligand exchange reaction to occur. After ligand exchange, the 

nanoparticles are thoroughly washed to remove any unbound thiol. Despite its great 

simplicity and efficacy, this strategy can only work if the bioorthogonal group is stable in 

presence of thiols, which are strong nucleophiles. 

To overcome this problem, the second strategy that we commonly employ relies on an 

interfacial coupling reaction. This method relies on the synthesis of carboxy- (or amine-) 

terminated thiolated ligands, which are remarkably stable, and can be introduced onto the 

AuNP’s corona through a direct ligand exchange reaction.  
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Scheme 6.3: Schematic representation of the three different methodologies that can 

be employed for the introduction of a bioorthogonal group onto the AuNP’s corona. 

The red shape represents a general bioorthogonal group. 

Once introduced onto the AuNPs, the carboxylic (or amine) groups can then react 

through a coupling reaction facilitated by a coupling agent (e.g., HBTU, EDC, DCC, etc.) 

with the bioorthogonal moiety that carries an amine (or carboxylic) group. A similar 

approach based on an interfacial coupling reaction can be also employed for the 

introduction of reactive functional groups onto carbonaceous materials (e.g., carbon 

nanotubes, graphene, glassy carbon, nanodiamonds), because they usually contain native 

carboxylic groups in their defect sites. While this second strategy is probably the most 

commonly used, it still relies on a highly trained user, whose skills have a high impact on 

the interfacial coupling yield. This method also leads to the formation of different 

byproducts that can get irreversibly (electrostatically or covalently) bound to the 

nanomaterial’s surface, which, as a result, makes the determination of the amount of 

introduced bioorthogonal functionalities difficult or even impossible. 
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Finally, the third method relies on a protection-deprotection strategy (refer to Scheme 

6.3). First, the bioorthogonal functionality is protected and synthetically incorporated to 

an ethylene glycol-based ligand containing a thiol precursor. Subsequently, the thiol is 

synthesized and the resulting thiolated ligand is introduced onto the AuNP’s corona. The 

AuNPs are then thoroughly cleaned to remove any unbound thiol, and only then the 

protecting group is removed to regenerate the interfacial bioorthogonal functional group. 

This deprotection reaction must take place under conditions where the nanoparticle is 

stable, lead to quantitative removal of the protecting group, and to the formation of 

byproducts that are easy to remove. If these requirements are met, then the bioorthogonal 

AuNP template can be easily characterized and the amount of interfacial functionality can 

be determined with good precision. 

The use of these strategies allowed us to introduce both bioorthogonal groups and 

chemical reporters onto the TEG-AuNP. In the next sections, we will discuss in detail 

bioorthogonal nanomaterial templates that carry strained alkynes for I-SPAAC reactions 

and substituted 2-(diphenylphosphino)benzoate groups for the I-SBL. 

6.4 Interfacial Strain-Promoted Alkyne-Azide Cycloaddition 
(I-SPAAC) 

The SPAAC reaction is the bioorthogonal reaction that achieved the most resounding 

success because of its applications for in vivo imaging and tracking of biomolecules. This 

is due to its fast reaction kinetics, clean reactivity, and good stability of the bioorthogonal 

group and chemical reporter. Because of these reasons the SPAAC reaction presents 

invaluable opportunities also for the preparation of functional nanomaterials. 

The introduction of the azide chemical reporter onto the surface of AuNPs is fairly 

straightforward because of the great stability of this group. This allowed for the direct 

synthesis of the azide-terminated thiolated ligand that could be directly introduced onto 

the AuNP’s corona through a direct ligand exchange reaction. The resulting Azide-

AuNPs were characterized by 1H NMR spectroscopy, FT-IR spectroscopy, TGA and 

TEM. The 1H NMR spectrum recorded in CD3CN showed the appearance of a new peak 

at 3.39 ppm related to the –CH2– alpha to the azide group. The FT-IR spectrum showed 
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the appearance of the asymmetrical stretching of the –N3 at 2110 cm-1. TGA data 

indicated that 35% of the organic corona is composed by the azide-terminated ligands. 

From the combination of the 1H NMR, TGA and TEM data it was possible to calculate a 

AuNP raw formula, using a similar methodology to that used for the TEG-AuNPs. It is 

worth noting that for a mixed monolayer of two different thiolates ligands equation (2) 

becomes: 

𝑁> =
U	∙	MVX	∙	Y%

ZJY% 	∙	{MY[\]	∙	M%	^[MY_T ZJM% ]}
  (3) 

where W% is the percentage of mass loss due to the organic ligands found from the TGA 

measurements, M% is the molar percentage of azide-terminated ligand obtained from the 
1H NMR spectrum, MWMeO is the molecular weight of the methoxy-terminated thiolated 

ligand (179.3 g mol-1), and MWN3 is the molecular weight of the azide-terminated 

thiolated ligand (234.3 g mol-1). Under the assumptions earlier described, the average 

AuNP raw formula was calculated to be: Au1000(MeO–EG3–S)455(N3–EG4–S)245.38,41 

The Azide-AuNPs were successfully employed for bioconjugation with strained alkyne-

functionalized peptides through the I-SPAAC reaction. However, the conjugation of a 

strained alkyne, a dibenzocyclooctyne (DBCO), onto an RGD and a CRGDK peptide 

resulted to be challenging because the high reactivity of the strained C–C triple bond 

towards nucleophiles and the sensitivity of the DBCO to the acidic conditions required to 

cleave the peptide from the resin. To overcome these problems, a bioorthogonal 

cycloaddition/post-assembly deprotection (SPAAC-PAD) strategy was specifically 

designed (see Scheme 6.4). First, the desired DBCO-functionalized peptide having all the 

side chains protected is synthesized and conjugated onto the Azide-AuNPs through the I-

SPAAC reaction, which occurs rapidly and efficiently. Finally, the peptide’s side chains 

are deprotected by dissolving the AuNP bioconjugate in 90% TFA in CH2Cl2 where the 

AuNPs are stable.38 If on one hand the SPAAC-PAD strategy was reliable and general, 

allowing the conjugation of peptides containing strongly nucleophilic residues onto 

AuNPs through the I-SPAAC, on the other hand the difficulty of conjugating a strained 

alkyne onto a biomolecule represents a drawback that needs to be overcome. 
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Scheme 6.4: Illustration of the I-SPAAC-PAD synthetic strategy, and structure of 

the peptides employed. “(PG)” stands for protecting group. 

The most logical solution would be to reverse the system, that is to functionalize the 

biomolecule with an azide while having the strained alkyne on the AuNP. However, the 

synthesis and precise characterization of a strained alkyne-functionalized AuNP is just as 

challenging because of the impossibility of synthesizing the corresponding strained 

alkyne-thiol ligand. Nevertheless, we took on this challenge inspired by the idea of 

developing a desirable functional nanomaterial template that would be able to react with 

its chemical reporter through the I-SPAAC reaction even in vivo. 

In our first work towards the synthesis of a strained alkyne-functionalized nanomaterial 

template, we employed the interfacial coupling approach and coupled carboxy-terminated 

gold nanoparticles with dibenzocyclooctyne-amine (DBCO-amine).42 As mentioned 

earlier the carboxy-terminated ethylene glycol thiolated ligands are remarkably stable and 

could be easily introduced onto the nanoparticle’s corona through a direct ligand 

exchange reaction. 
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Figure 6.4: Scheme reporting the synthesis of DBCO-functionalized gold 

nanoparticles. The main characterization data of the carboxy-terminated AuNP and 

the DBCO-AuNP are also reported. 

The carboxy-functionalized AuNP could be completely characterized using 1H NMR 

spectroscopy, TGA, TEM and X-ray photoelectron spectroscopy (XPS) using a similar 

approach employed for the TEG-AuNP substrate. 1H NMR of the carboxy-terminated 

AuNPs showed the appearance of a broad signal at 4.11 ppm in D2O that is due to the 

CH2 alpha to the carboxylic group (by comparison with the 1H NMR of the carboxy-

terminated thiolated ligand recorded in D2O). TGA shows the decomposition of two 

distinct ligands: the methoxy-terminated ligand at ~260 ºC and the carboxy-terminated 

ligand that decomposes at ~320 ºC (compare TGA of TEG-AuNP starting material in 

Figure 6.3 and carboxy-terminated AuNPs in Figure 6.4). Deconvolution of the TGA 

derivative allows for quantification of the composition of the nanoparticles corona and a 

AuNP raw formula could be calculated using the same method employed for the Azide-

AuNPs. Under the assumptions earlier described, the average AuNP raw formula was 

calculated to be: Au500(MeO–EG3–S)280(HOOC–EG4–S)100. XPS allowed an independent 
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confirmation of the average amount of carboxylic groups per nanoparticles. The high-

resolution spectrum of the C 1s core line clearly shows a component at 289.3 eV (see 

Figure 6.4) typical of carboxylic carbons that can be integrated for quantification. 

Next we performed the interfacial coupling reaction for the introduction of DBCO-amine 

as the bioorthogonal functional group. Because DBCO-amine is exclusively organic 

solvent-soluble, extra care needs to be put into synthesizing carboxy-terminated AuNPs 

that retain amphiphilic solubility so that the interfacial coupling can be performed in 

polar organic solvent and be more efficient. The final strained alkyne-functionalized 

AuNP was fully characterized as well by employing the same set of characterization 

techniques, and the interfacial coupling reaction was found to have a 80% yield, as 

independently confirmed by 1H NMR spectroscopy (by the integration of the DBCO’s 

aromatic protons vs the peak at 3.32 ppm of the terminal methyl groups of the methoxy-

terminated thiolated ligands) and XPS (by the integration of the N 1s peak, disappearance 

of the carboxylic component in the C 1s peak at 289.3 eV and appearance of a component 

related to the newly formed amide bond at 288.3 eV). This synthetic strategy led to the 

first example of a strained alkyne-modified AuNP template. 

Finally, we showed their utility for the synthesis of a biohybrid material by making them 

react with azide-functionalized polymersomes (see Figure 6.5). This represented the first 

step towards the synthesis of multifunctional vesicles that can find potential use in a wide 

range of biomedical applications ranging from drug delivery and biomedical imaging. 

Most importantly, we showed that this bioorthogonal nanoparticle template represents an 

important technological advancement because it allows a nanomaterial to react through a 

[3+2] Huisgen cycloaddition in very high yield, through a simple pour and mix type of 

chemistry, and without the need of heat, copper catalysts or reducing agents, which can 

cause severe nanoparticles aggregation when used in combination with a colloidal gold 

solution.43 

We were also successful in showing the generality of our synthetic approaches for the 

synthesis of bioorthogonal nanomaterials templates by synthesizing an alkyne-

functionalized single-walled CNT (SWCNT) template.41  
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Figure 6.5: TEM image of the polymersome-AuNP biohybrid material synthesized 

through an I-SPAAC reaction. The DIBO-AuNPs were found to join together two 

different polymersomes. 

 

Figure 6.6: TEM image of the SWCNT-AuNP hybrid material synthesized through 

an I-SPAAC reaction. 

For this particular synthesis we took advantage of the carboxylic functionalities present 

on the defects of SWCNT and performed a coupling reaction to covalently bind DBCO-

amine onto the SWCNT’s walls. Similarly to the DBCO-AuNPs, the bioorthogonal 
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SWCNT template was characterized by XPS and made to react with azide-functionalized 

AuNPs to showcase proof of its interfacial reactivity. The resulting AuNPs-decorated 

SWCNT was characterized by TEM and XPS. The recorded TEM images showed 

SWCNT fully and homogeneously covered by 3 nm AuNPs (see Figure 6.6). The 

AuNPs-SWCNT hybrid could be easily synthesized simply by mixing together the two 

bioorthogonal nanomaterial partners in phosphate buffer solution (pH 7), thus 

highlighting the ease of using the DBCO-functionalized SWCNT template for the 

creation nanostructured materials that can find applications as varied as catalysts, gas 

sensors, bioconjugation, transistors, and electrochemical sensors. 

While on one side the interfacial coupling strategy for the introduction of strained 

alkynes on nanomaterials revealed to be very effective, its drawback lies in the formation 

of byproducts, which can irreversibly bind to the nanomaterial’s surface, making its 

precise characterization difficult. This issue pushed us to explore other synthetic 

pathways, and in particular to design protection-deprotection strategies for strained C-C 

triple bonds. In the past year we were able to design two different strategies. The first 

relies on the reversible complexation of the C-C triple bond with dicobalt-octacarbonyl.44 

This method is commonly used in organic synthesis for the protection of linear alkynes, 

and the dicobalt protecting group can be removed by employing oxidizing or reducing 

agents. This method is generally less effective when applied to cyclic alkynes, leading to 

cycloalkenes, anhydrides, diiodocycloalkenes, cycloalkanones, etc.45 However, we were 

successful in finding reaction conditions for the regeneration of the C–C triple bond in 

good yield by exposing the complex to triethylamine-N-oxide in dichloromethane. We 

then showcased the utility of this approach for the safe chemical modification of strained 

alkyne molecules. Unfortunately, this technology cannot be employed for the synthesis of 

strained alkyne AuNPs because the dicobalt-hexacarbonyl complex is unstable in the 

presence of thiols. However, we are currently developing uses of this strategy for the 

synthesis of other material templates with the goal of further expanding the scope of 

bioorthogonal chemistry in the materials chemistry domain. 

The second protection-deprotection strategy instead relies on the use of a cyclopropenone 

as a precursor for a strained alkyne. 
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Figure 6.7: Scheme reporting the synthesis of DIBO-functionalized gold 

nanoparticles. The main characterization data of the photoDIBO-terminated AuNP 

and the DIBO-AuNP are also reported. 

Prof. V. Popik and coworkers showed how a cyclopropenone-masked 

dibenzocyclooctyne (photo-DIBO) can undergo photo-decarbonylation under UV light to 

yield the parent strained alkyne in quantitative yield.46 The characteristics of this reaction 

make it of extreme interest for the synthesis of a photo-switchable strained alkyne AuNP 

template. In collaboration with the Popik group we were recently successful in 

synthesizing a photo-DIBO-terminated thiolated ligand that is remarkably stable, and 

could be introduced onto the TEG-AuNP’s corona through a direct ligand exchange 

reaction. The resulting photo-DIBO AuNPs were fully characterized using UV-Vis, IR, 

and 1H NMR spectroscopy, TGA, and TEM, and the photo-DIBO AuNP raw formula, 

calculated using the methodology previously discussed, was Au800(MeO–EG3–

S)270(photoDIBO–EG4–S)30. The final DIBO-AuNP could be generated in quantitative 

yield (as confirmed by 1H NMR and IR spectroscopy) through a photo-decarbonylation 

reaction by irradiating the photo-DIBO AuNPs at 350 nm in methanol or water. 
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This strategy revealed to be extremely reliable and has the potential to lead to the creation 

of a new class of materials that can react through a shine and click type of chemistry. We 

are currently exploring the possibility of synthesizing a family of photo-strained alkynes 

that can be photo-deprotected at different wavelengths for different applications. 

6.5 Interfacial Staudinger-Bertozzi ligation (I-SBL) 
As previously discussed, the SBL is a reaction that presents invaluable opportunities for 

the synthesis of functional nanomaterials. This is due to its high chemoselectivity and to 

the leaving group that is involved in its reaction mechanism. 

The first step towards the synthesis of the Staudinger-AuNPs was always the synthesis of 

a thiolated ligand carrying the methyl-2-(diphenylphosphino)benzoate group. Our 

research group was able to synthesize a stable triphenylphosphine-terminated thiolated 

ligand, which revealed to be remarkably stable to both oxidation of the phosphorous 

center and of the thiol head, and could be introduced onto the TEG-AuNP’s corona 

through a direct ligand exchange reaction (see Figure 6.5).47 The resulting Staudinger-

AuNPs were fully characterized using the same methodology employed for the other 

bioorthogonal AuNPs templates and their raw formula was calculated to be Au1500(MeO–

EG3–S)500(Ph3P–EG4–S)200(Ph3P=O–EG4–S)20. 

Their interfacial reactivity was then investigated using benzyl azide as model azide 

partner molecule and the interfacial Staudinger-Bertozzi ligation was found to occur at 

the AuNPs interface with no changes in its mechanism. The only drawback of this 

reaction lies in its slow kinetics. The reaction proceeds in four days by using a 1:1 

equivalents of triphenylphosphine and azide, while, by using a large excess of azide, the 

reaction goes to completion in 18 hours. It is noteworthy that the reactivity of the 

“Staudinger-AuNPs” could be monitored through 31P NMR spectroscopy by the 

disappearance of the peak at 40.3 ppm (in CDCl3) corresponding to the 

triphenylphosphine starting material and the appearance of the triphenylphosphine oxide 

product peak at 31.3 ppm (see Figure 6.8).  
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Figure 6.8: Scheme reporting the synthesis and reactivity of Staudinger-AuNPs. The 

main characterization data of the Staudinger-AuNPs and the Staudinger-AuNPs 

reacted with benzyl azide (model reaction) are also reported. 

By using XPS and from the high-resolution scan of the P 2p coreline, it was also possible 

to obtain proof of interfacial reactivity and independently confirm the yield for the 

interfacial reaction (see Figure 6.8). 

These two independent analytical methods showed to be very reliable for following the 

interfacial Staudinger-Bertozzi ligation and this represents another great advantage that 

derives from the use of this reaction for the preparation of functional nanomaterials. In 

particular, the use of XPS allows this type of reaction to be followed on solid 

macroscopic surfaces or if the chemical reporter is conjugated to a paramagnetic 

molecular systems. We showcased this by reacting the Staudinger-AuNP with an azide-

functionalized nitronyl-nitroxide radical (see Scheme 6.5) and the interfacial reaction 

yield could be calculated by XPS from the amount of phosphine-oxide detected through  
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Scheme 6.5: Scheme representing the reaction of the Staudinger-AuNP with the 

azide-functionalized CRGDK peptide and nitronyl-nitroxide radical. 

the high-resolution scans of the P 2p coreline. The data was then independently 

confirmed by quantitative EPR spectroscopy measurements.48  

Because of the high chemoselectivity of the interfacial reaction, we decided to showcase 

its utility for bioconjugation. For this purpose, we employed an azide-functionalized 

CRGDK peptide containing a nucleophilic cysteine, lysine and arginine, which would 

have competed in the bioconjugation reaction if a strained alkyne-modified nanomaterial 

template was employed instead (see Scheme 6.5). Also in this case the yield for the I-

SBL reaction could be easily calculated by 31P NMR spectroscopy and it was 

independently confirmed by the analysis of the P 2p XPS peak. It is remarkable that even 

with such complicated molecular systems (i.e., paramagnetic molecules and peptides), the 

extent of the I-SBL can be easily determined by using analytical techniques typical of 

organic chemistry and surface science. 

As mentioned earlier, another advantage of the Staudinger-Bertozzi ligation relies on an 

alcohol leaving group (from the methyl-ester trapping group) that gets released upon 

chemoselective ligation.  
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Figure 6.9: Scheme representing the fluorescence turn-on upon I-SBL reaction with 

benzyl azide. The star shape represents the rhodamine B fluorophore, whose 

fluorescence is quenched (black) when it is covalently bound to the AuNP, but it 

turns on (orange) upon it release into the bulk solution. 

In order to exploit this characteristic of the reaction mechanism for the synthesis of a 

functional nanomaterial, we designed a new ligand that includes a fluorophore (a 

rhodamine B derivative) in place of a methyl group in the ester functionality (see Figure 

6.9). This fluorescent and stable thiolated ligand was successfully introduced onto the 

AuNP’s corona and the resulting functionalized nanoparticle was fully characterized. The 

fluorophore’s fluorescence emission was quenched by the AuNP’s core through a FRET 

type of mechanism,49-51 but upon reaction of the modified triphenylphosphine with the 

azide partner, the fluorophore was released into the bulk solution where its fluorescence 

was not quenched (see Figure 6.9). This represented the first example of a nanomaterial 

sensor that is based on the SBL and the first step towards the creation of new 
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nanotechnology that can find application in drug delivery, biosensing, and biomedical 

imaging. 

6.6 Conclusion and outlook 
The continuous emergence of new nanomaterials and techniques for carefully controlling 

their size, shape and physical-chemical properties seems to represent a limitless source of 

new opportunities in science and technology. The creation of synthetic strategies for the 

modification of nanomaterial surfaces by the introduction of (bio)orthogonal moieties 

that allow the nanomaterial to react reliably, efficiently, and chemoselectively and 

perform specific functions has the potential to further enhance the impact of 

nanomaterials and lead to unprecedented directions in the field. Furthermore, the ease 

with which these bioorthogonal nanomaterial templates can be reacted with their 

chemical reporter allows them to be employed by users with very basic chemistry skills. 

This makes it possible to quickly develop new uses for them in the most diverse 

disciplines of science and technology. 

However, the main challenge behind the realization of a toolbox of bioorthogonally 

reactive nanomaterial templates lies in the design of synthetic strategies that are tailored 

to each (bio)orthogonal group and nanomaterial. Furthermore, there is the need to 

develop methodologies for the characterization of the final template and to furnish proof 

of its proper interfacial reactivity, which must be tailored to each employed nanomaterial 

substrate as well. Our research group just started the first steps towards these long-term 

goals by developing synthetic strategies for the introduction of strained alkynes and 

substituted 2-(diphenylphosphino)benzoate functional groups onto AuNPs and CNTs as 

the nanomaterial substrates, and by developing the use of multinuclear magnetic 

resonance spectroscopy and XPS for characterizing their interfacial reactivity.  

Finally, by merging nanomaterials chemistry and interfacial (bio)orthogonal chemistry, it 

is possible to pave the way towards the development of a new generation of 

nanomaterials able to simultaneously perform different functions. These multitasking 

nanodevices, or nanobots (as Asier Unciti-Broceta named them)52 will lead to a new 
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phase of the nanomaterial revolution and will have a much deeper impact on our 

everyday life. 
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Chapter 7  

7 Peptide-decorated gold nanoparticles via strain- 
promoted azide–alkyne cycloaddition and post 
assembly deprotection 

Chapter 7 has been published as a communication, and it is reproduced with permission 

from the Royal Society of Chemistry. The corresponding reference is:  

X. Wang†, P. Gobbo†, M. Suchy, M. S. Workentin*, R. H. E. Hudson*, RSC Advances, 

2014, 4, 43087-43091. 

Wang, supervised by Prof. Hudson, and I contributed equally to the work. Wang 

synthesized and characterized the peptides employed in this work. Suchy synthesized the 

DBCO linker. I synthesized and characterized the azide-AuNP and the peptide-AuNP. 

Wang and I wrote the drafts of the manuscript, with input and minor edits from the other 

co-author and final edit by Prof. R. H. E. Hudson and Prof. M. S. Workentin. 

The supporting information file referenced in the text can be downloaded from the web 

site of the publisher. 

ABSTRACT: A new method combining an interfacial strain-promoted azide–alkyne 

cycloaddition and post assembly deprotection (SPAAC-PAD) has been developed for the 

well-defined functionalization of small, water-soluble gold nanoparticles with 

oligopeptides. 
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7.1 Introduction, Results and Discussion 
Due to their excellent biocompatibility, physical properties, and easily modified surfaces, 

gold nanoparticles (AuNPs) are being investigated for their use in medical applications 

such as imaging, clinical diagnosis and drug delivery systems.1–3 The progress of AuNPs 

in these fields has led to the Food and Drug Administration (FDA) approval for AuNP-

based in vitro diagnostic systems in clinical trials for cancer treatments.4 To develop 

effective systems for targeted cancer diagnosis and therapies, it is necessary to 

functionalize AuNPs with biomolecules such as DNA, proteins and peptides. Peptide–

AuNP conjugates have been exploited recently as contrast agents and nanocarriers in 

targeted imaging for early stage cancer diagnosis and in the pharmaceutical field for 

targeted intracellular drug/gene delivery, respectively.2,5 

The main challenge of conjugation of peptides to AuNPs lies in understanding and 

controlling the interfacial chemistry between the peptide and the nanomaterial surface on 

the molecular scale. The reported strategies for bioconjugation of AuNPs with peptides 

include sulfur–gold bond formation by the direct reaction of cysteine-terminated peptides 

with the gold surface and electrostatic interactions between a particle and peptides that 

have been coupled to bovine serum albumin (BSA).6 Although the first method is 

operationally easy to perform, it is difficult to achieve a high degree of substitution. 

AuNP bioconjugation via electrostatic interactions has good stability in aqueous solution, 

but the layer-by-layer assembly results in large hydrodynamic radii of nanoparticles, 

which limits their application under certain conditions, and offers poor control over the 

degree of functionalization. Alternatively, a strategy via amide bonds formation involving 

a water-soluble carbodiimide, N-(3-dimethylaminopropyl)-N-ethylcarbodiimide 

hydrochloride (EDC), was developed for bioconjugation of AuNPs. Carboxylic groups 

can be activated by EDC and reacted with primary amines through a condensation 

reaction to yield amide bonds. Moreover, sulfo-NHS (N-hydroxy sulfosuccinimide) is 

used to increase the stability of active intermediates in coupling reactions via the 

formation of active ester functional groups with carboxylates. EDC/NHS coupling has 

been widely used in preparation of AuNP–peptide conjugates.7 However, this method is 

still a challenge as quite often, the peptides do not couple efficiently to AuNPs.8,9 
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Additionally, EDC/NHS coupling method is not very selective as it involves the reaction 

between an amine and carboxylic acid groups, which widely exist in peptides.10 

In order to overcome the aforementioned difficulties, recent effort has focused on the use 

of “click chemistry” for conjugation of AuNPs with biomolecules.8 For example, the 

copper-catalyzed azide–alkyne cycloaddition has been utilized to conjugate large azido-

containing AuNPs with alkyne functionalized horseradish peroxidase (HRP).9 However, 

the requirement of using copper ion as catalyst complicates the reaction and could 

increase in vivo biological toxicity. The strain-promoted azide–alkyne cycloaddition 

(SPAAC), also known as Cu-free alkyne–azide cycloaddition, can be used to overcome 

these problems. The SPAAC reaction has been developed as a powerful bio-conjugation 

tool that displays outstanding chemoselectivity, excellent biocompatibility and takes 

place under very mild reaction conditions. Since its first development,11 much effort has 

been directed toward the synthesis of cycloalkynes with increased ring strain (to 

accelerate the reaction) and higher hydrophilic character (for in vivo applications). The 

challenge behind the syntheses of these interesting molecules relies on finding the right 

balance between reactivity and chemoselectivity. Indeed, the greater the ring strain, the 

more susceptible the triple bond is to nucleophilic attack (i.e., addition reactions or 

rearrangement of cyclooctynes) thus lowering the chemoselectivity towards the 

cycloaddition with an azide. For example, it has been reported that highly strained 

biarylazacyclooctynone and analogous bioconjugation reagents undergo rearrangement 

and addition reactions leading to tetracyclic products.12 The rate of rearrangement was 

found to be accelerated as the concentration of acid increased. This is problematic 

because concentrated TFA, such as 95% TFA with scavengers, is the typical reagent for 

cleavage of peptides from solid supports like Wang resin, Rink Amide resin, etc. together 

with the removal of the side chain protecting groups. This limits the applications of 

strained alkynes for preparation of clickable peptides. Additionally, strained alkynes have 

been shown to undergo side reactions with cellular cysteines and other nucleophilic 

residues.13,14 However, nucleophilic side chain functionalities, such as hydroxyl (Tyr, 

Ser, Thr), amino (Lys), guanidine (Arg) or sulfhydryl (Cys), widely exist in bioactive 

peptides and may react with highly reactive cyclooctynes through a nucleophilic attack.15 
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This also limits the application of SPAAC. Interestingly, the application of interfacial 

SPAAC for bioconjugation of AuNPs with peptides has not yet been disclosed. 

Herein, we report a novel general method for the synthesis of AuNP-bioconjugates that 

takes into account the side reactivity of the strained alkynes and therefore combines an 

interfacial SPAAC with a post assembly deprotection (PAD) for the conjugation of 

dibenzocyclooctyne (DBCO)-oligopeptides to small, water-soluble azide–AuNPs. We 

show how this general approach overcomes the aforementioned drawbacks and extends 

the application of SPAAC to the bioconjugation of metallic nanoparticles in a quick, 

reliable and facile way. Importantly, we show that the undesired side reactions of the 

strained alkyne in the presence of concentrated TFA and with nucleophilic sites on 

peptides are avoided through mild cleavage condition and retention of side-chain 

protecting groups on the peptides during the SPAAC reaction. The protecting groups can 

then be easily removed, i.e. post assembly deprotection or PAD, under reaction 

conditions that preserve the integrity of the gold core, and the AuNP bioconjugate can be 

easily purified by dialysis. Finally, the amount of conjugated peptide can be easily 

calculated. 

To showcase this SPAAC-PAD strategy we employed azide–AuNPs based on tri- and 

tetra-ethylene glycol ligands that impart both water- and organic solvent-solubility to 

final AuNPs. The amphiphilicity is useful for manipulating the AuNP in organic solvents 

to facilitate both the SPAAC reaction and the deprotection reaction, as well as 

maintaining solubility in water for further in vivo applications. 

The azide–AuNPs were prepared and characterized following our previously reported 

procedure.16 Briefly, triethylene glycol-monomethyl ether AuNP (Me-EG3-AuNP) with a 

gold core diameter of 3 ± 0.5 nm were synthesized via a modified Brust-Schiffrin 

method. The azide ligand N3-EG4-SH was synthesized and introduced onto the surface of 

Me-EG3-AuNP using a place-exchange reaction. In a typical synthesis 42.5 mmol of N3-

EG4-SH were stirred for 20 min in acetone and in presence of 50 mg of Me-EG3-AuNP. 

The free thiols were subsequently removed by trituration of the dried AuNP film first 

with hexanes and followed by isopropanol. Azide–AuNPs were characterized by 
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thermogravimetric analysis (TGA), transmission electron microscopy (TEM) and FT-IR 

spectroscopy. The IR spectrum of resulting AuNPs showed the appearance of 

asymmetrical stretching of the azide group at 2110 cm-1 (Figure S3a, ESI). TGA data 

indicated that the corona of the AuNP is composed of 35% of azide ligands (Figure S5, 

ESI) and thus these nanoparticles contain azide functionalities at a concentration of 0.745 

mmol mg-1. Based on 1H NMR spectrum and TGA data, and assuming that the 

nanoparticles have a spherical shape and that their size is monodispersed, we can estimate 

a nanoparticle formula of Au1000(Me-EG3-S)455(N3-EG4-S)245 (calculation reported in 

ESI). 

 

Scheme 7.1: Illustration of the attempted routes for the bioconjugation of azide–

AuNPs with RGD peptide via SPAAC-PAD. a) Use of an unprotected peptide 

(Route 1) or use of a protected peptide (Route 2), b) and c) molecular structures of 

“DBCO”-RGD and DBCO-(PG)RGD. Protecting groups (PG) are Pbf and tBu. 

nding the right balance between reactivity and chemo-
selectivity. Indeed, the greater the ring strain, the more
susceptible the triple bond is to nucleophilic attack (i.e., addi-
tion reactions or rearrangement of cyclooctynes) thus lowering
the chemoselectivity towards the cycloaddition with an azide.
For example, it has been reported that highly strained biar-
ylazacyclooctynone and analogous bioconjugation reagents
undergo rearrangement and addition reactions leading to tet-
racyclic products.12 The rate of rearrangement was found to be
accelerated as the concentration of acid increased. This is
problematic because concentrated TFA, such as 95% TFA with
scavengers, is the typical reagent for cleavage of peptides from
solid supports like Wang resin, Rink Amide resin, etc. together
with the removal of the side chain protecting groups. This limits
the applications of strained alkynes for preparation of clickable
peptides. Additionally, strained alkynes have been shown to
undergo side reactions with cellular cysteines and other
nucleophilic residues.13,14 However, nucleophilic side chain
functionalities, such as hydroxyl (Tyr, Ser, Thr), amino (Lys),
guanidine (Arg) or sulydryl (Cys), widely exist in bioactive
peptides and may react with highly reactive cyclooctynes
through a nucleophilic attack.15 This also limits the application
of SPAAC. Interestingly, the application of interfacial SPAAC for
bioconjugation of AuNPs with peptides has not yet been
disclosed.

Herein, we report a novel general method for the synthesis of
AuNP-bioconjugates that takes into account the side reactivity
of the strained alkynes and therefore combines an interfacial
SPAAC with a post assembly deprotection (PAD) for the conju-
gation of dibenzocyclooctyne (DBCO)-oligopeptides to small,
water-soluble azide–AuNPs. We show how this general
approach overcomes the aforementioned drawbacks and
extends the application of SPAAC to the bioconjugation of
metallic nanoparticles in a quick, reliable and facile way.
Importantly, we show that the undesired side reactions of the
strained alkyne in the presence of concentrated TFA and with
nucleophilic sites on peptides are avoided through mild
cleavage condition and retention of side-chain protecting
groups on the peptides during the SPAAC reaction. The pro-
tecting groups can then be easily removed, i.e. post assembly
deprotection or PAD, under reaction conditions that preserve
the integrity of the gold core, and the AuNP bioconjugate can be
easily puried by dialysis. Finally, the amount of conjugated
peptide can be easily calculated.

To showcase this SPAAC-PAD strategy we employed azide–
AuNPs based on tri- and tetra-ethylene glycol ligands that
impart both water- and organic solvent-solubility to nal
AuNPs. The amphilicity is useful for manipulating the AuNP in
organic solvents to facilitate both the SPAAC reaction and the
deprotection reaction, as well as maintaining solubility in water
for further in vivo applications.

The azide–AuNPs were prepared and characterized following
our previously reported procedure.16 Briey, triethylene glycol–
monomethyl ether AuNP (Me-EG3-AuNP) with a gold core
diameter of 3 ! 0.5 nm were synthesized via a modied Brust–
Schiffrin method. The azide ligand N3-EG4-SH was synthesized
and introduced onto the surface of Me-EG3-AuNP using a place-

exchange reaction. In a typical synthesis 42.5 mmol of N3-EG4-
SH were stirred for 20 min in acetone and in presence of 50 mg
of Me-EG3-AuNP. The free thiols were subsequently removed by
trituration of the dried AuNP lm rst with hexanes and fol-
lowed by isopropanol. Azide–AuNPs were characterized by
thermogravimetric analysis (TGA), transmission electron
microscopy (TEM) and FT-IR spectroscopy. The IR spectrum of
resulting AuNPs showed the appearance of asymmetrical
stretching of the azide group at 2110 cm"1 (Fig. S3a, ESI†). TGA
data indicated that the corona of the AuNP is composed of 35%
of azide ligands (Fig. S5, ESI†) and thus these nanoparticles
contain azide functionalities at a concentration of 0.745 mmol
mg"1. Based on 1H NMR spectrum and TGA data, and assuming
that the nanoparticles have a spherical shape and that their size
is monodispersed, we can estimate a nanoparticle formula of
Au1000(Me-EG3-S)455(N3-EG4-S)245 (calculation reported in ESI†).

The effectiveness of our SPAAC-PAD approach is shown
through the example of bioconjugation of the arginylglycylas-
partic acid (RGD) peptide. This peptide was chosen because it
has targeting relevance- it is well-known to be specically
recognized by the integrin avb3 receptor and can act as tumour
and angiogenesis marker.17,18 In Scheme 1 two potential routes
are illustrated for bioconjugation of the azide–AuNP with the
RGD peptide. The rst approach (Route 1, Scheme 1), involves
preparing a “naked” peptide consisting of a dibenzocyclooctyl
(DBCO) moiety connected via a polyethylglycol (PEG) linker to

Scheme 1 Illustration of the attempted routes for the bioconjugation
of azide–AuNPs with RGD peptide via SPAAC-PAD. (a) Use of an
unprotected peptide (Route 1) or use of a protected peptide (Route 2),
(b) and (c) molecular structures of “DBCO”-RGD and DBCO-(PG)RGD.
Protecting groups (PG) are Pbf and tBu.

43088 | RSC Adv., 2014, 4, 43087–43091 This journal is © The Royal Society of Chemistry 2014

RSC Advances Communication



www.manaraa.com

135 

 

The effectiveness of our SPAAC-PAD approach is shown through the example of 

bioconjugation of the arginylglycylaspartic acid (RGD) peptide. This peptide was chosen 

because it has targeting relevance- it is well-known to be specifically recognized by the 

integrin αvβ3 receptor and can act as tumour and angiogenesis marker.17,18 In Scheme 7.1 

two potential routes are illustrated for bioconjugation of the azide–AuNP with the RGD 

peptide. The first approach (Route 1, Scheme 7.1), involves preparing a “naked” peptide 

consisting of a dibenzocyclooctyl (DBCO) moiety connected via a polyethylglycol (PEG) 

linker to the RGD tripeptide (hereafter named “DBCO”-RGD). After preparation PEG-

containing RGD, DBCO was constructed to the peptide via standard peptide coupling 

reaction. The resulting peptide, “DBCO”-RGD, was cleaved from the resin and 

deprotected by using 95/5 TFA/TES. After purification, it was then directly reacted with 

the azide–AuNP. The second approach (Route 2, Scheme 7.1) applies a construct 

possessing a side-chain protected peptide fragment (DBCO-(PG)RGD). It is noteworthy 

that dilute TFA (5/5/90 TFA/TES/DCM) was used as the reagent for cleavage of the 

peptide from the resin and for retention of protecting groups on peptide side chains. The 

peptide reacted with the azide–AuNPs via an I-SPAAC and all protecting groups were 

removed in a post-assembly deprotection step. 

To undertake the approach described by Route 1, RGD peptide was synthesized via 

standard Fmoc solid-phase peptide synthesis (SPPS) procedure using rink amide resin as 

the solid support (Scheme S1, ESI) and DBCO acid was coupled to N- terminus of the 

peptide. Cleavage from the resin and protecting group removal was done in one step by 

treatment with 95/5 TFA/TES. The resulting native peptide was purified by HPLC and 

characterized by ESI-MS (Figure S1a and S2a, ESI). The observed molecular mass of 

849.3472 was in agreement with the calculated mass (849.3657). In spite of this, close 

examination of the UV-spectrum of the peptide (Figure S2a, ESI) indicated that the 

chromophore was changed from DBCO (Figure S2d, ESI), thus implying decomposition 

of DBCO had occurred. 

A control experiment was carried out to determine if the standard Fmoc-based 

oligomerization chemistry cleavage condition of concentrated TFA induced 

decomposition of DBCO. Starting with DBCO amine, we measured its purity by HPLC 
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before and after treatment with 95% TFA/DCM (rt, 1 h). HPLC analysis of the reaction 

mixture, along with subsequent 1H NMR and high resolution mass spectral analysis, 

clearly showed the complete consumption of starting material and the production of 

several products (Figure S2d and e, ESI). The two major components of the mixture, i.e. 

the peaks with retention time of 20–20.5 min and of 26–26.5 min (Figure S2e) do not 

correspond to DBCO. On-line monitoring showed significant changes the UV spectrum 

indicating structural changes in the chromophore. The 1H NMR spectra of the two 

isolated compounds (Figure S7b and c, ESI) confirmed neither was DBCO (Figure S7a, 

ESI). Mass spectral analysis showed that the earlier eluting peak retained the same mass 

as DBCO implying a molecular rearrangement had occurred,12 while the later eluting 

peak possessed a greater mass. It is also noteworthy that the UV spectrum of the first 

peak in Figure S2e showed strong absorbance at 344 nm, which has also been detected in 

UV spectrum of “DBCO”-RGD (Figure S2a, ESI), indicating that DBCO on peptide 

RGD had decomposed under the standard cleavage condition of 95% TFA. To study the 

stability of the DBCO moiety toward TFA, DBCO was exposed to a series of solutions of 

0–50% TFA/DCM for 1 h at room temperature. Under these conditions, DBCO was 

found to be stable when the TFA concentration was less than 30%. 

Another control experiment was performed to model the interfacial SPAAC reaction by 

using “DBCO”-RGD peptide with an azide, namely ω-azido-triethylene glycol-

monomethyl ether (Me-EG3-N3) as the reactive partner. The reactions were carried out in 

either water or acetonitrile solutions and the course of the reaction was monitored by 

UPLC/ESI-MS. Only the two starting materials were detected over 4 hours, indicating 

that the “DBCO”-RGD peptide and Me-EG3-N3 were not undergoing the SPAAC. 

Independently we determined that the Me-EG3-N3 was capable of participating in 

SPAAC with DBCO. Therefore, “DBCO”-RGD lost the ability of click and cannot be 

used as clickable peptide for bioconjugation of AuNPs. As a control for further study, the 

peptide “DBCO”-RGD was still added into azide–AuNPs (azide group : peptide, 1 : 1.2 

ratio). The mixture was stirred in water at room temperature for 1 h. After removal of 

solvent, AuNPs were purified by centrifugal filtration (Millipore centrifugal filter units 

MWCO 10 kDa). As expected, characterization of these AuNPs by IR spectroscopy  
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Figure 7.1: Bioconjugation of AuNPs with RGD peptide via SPAAC-PAD, 1) 

acetonitrile, room temperature, 1 h; 2) 90% TFA/DCM, room temperature, 

overnight; and AuNP size distributions obtained from the corresponding TEM 

image of RGD-functionalized AuNPs via SPAAC- PAD. 

 

Figure 7.2: Re-oxidation of RGD–AuNPs by iodine. Disulfide 1 was characterized by 

ESI-MS. Calculated 1364.5992 and found 1365.6084 [1+] m/z. 

To remove the protecting groups of the peptide, the AuNPs
were then treated with 90% TFA/DCM at room temperature
overnight to ensure complete deprotection. It is important to
note that these small oligo-ethylene glycol-based AuNP are
perfectly stable under these acidic conditions. TEM images
recorded before and aer this acidic treatment conrmed that
the relatively harsh condition for PAD did not adversely affect
the AuNP size distribution (Fig. 1). The obtained RGD–AuNPs
were then puried by dialysis using cellulose ester dialysis
membranes (6–8 KDa MWCO).

To further conrm that the interfacial SPAAC reaction had
proceeded, the deprotected RGD–AuNPs were reacted with
molecular iodine. Oxidation of AuNPs with iodine dissolved the
gold into a mixture of Au(I) and Au(III) complexes and released
the corona ligands as disulphides.19 The structure of the most
possible disulphide molecule produced by this reaction is
shown in Fig. 2. The mixture of disulphides was characterized
by ESI-MS and the mass 1365.6084 [M + H]+ m/z agrees well with
the calculated mass of 1364.5992 for the proposed disulphide 1.
Importantly the mass for the corresponding disulphide with the
protected peptide was not observed, indicating that the
complete deprotection was achieved. This conrms the
successful bioconjugation of AuNPs with a short oligopeptide
via SPAAC-PAD without interference with side chains of the
peptide. Moreover, efficient substitution was achieved on the
surface of small size AuNPs with 31% of the azide groups
reacting with the RGD peptide. This result is comparable with
the reported conjugation of AuNPs with peptides via covalent
bonding,20 with the difference that this AuNP-bioconjugate was
obtained through a simple and rapid pour-and-mix chemistry
under ambient temperature and atmosphere while the puri-
cation only involved centrifugation and dialysis. The nal
calculated molecular raw formula of this AuNP is Au1000(RGD-
linker-S)75(N3-EG4-S)170(MeEG3S)450.

To test the versatility of this method we employed a peptide
with different nucleophilic residues. In particular because it has

been reported that in presence of reduced peptidylcysteine
residues, strained cyclooctynes mainly react via thiol–yne
addition instead of SPAAC reaction,15 we decided to synthesize a
CRGDK peptide and conjugate it to the azide–AuNPs via our
SPAAC-PAD strategy. This peptide has an additional interest
because it is a neuropilin-1 (Nrp-1) receptor-targeted peptide for
cancer treatment.7,21,22

For these experiments, we followed the same procedure as
previously discussed with the noted exception. The CRGDK
peptide was synthesized via standard Fmoc SPPS method and
DBCO acid was coupled to the N-terminus. A change in the acid
strength for resin cleavage (0.5% TFA/DCM) was made to
preserve the trityl thioether protecting group of cysteine. Aer
SPAAC-PAD, the CRGDK-functionalized AuNPs were character-
ized by IR (Fig. S3e, ESI†). The azide stretch in the IR spectrum
became weaker compared to the azide–AuNPs before conjuga-
tion and the stretching at 1685 cm!1 corresponded to the
functional groups of peptide bond appeared, suggesting
successful conjugation through the I-SPAAC-PAD. Also, a new
absorbance at 2692 cm!1 indicated the existence of the thiol
group of cysteine and shows that the side chain of cysteine that
would otherwise react with cyclootyne via thiol–yne addition did
not interfere with the I-SPAAC reaction with the aid of PAD.
Decomposition of the AuNPs by treatment with excess I2 fol-
lowed by ESI-MS analysis showed the two most possible disul-
de molecules expected aer a successful I-SPAAC-PAD
(Fig. S1e, ESI†), and no trace of protected peptide was found.
Therefore, our strategy showed to be also effective in creating
small AuNP–oligopeptide bioconjugates in presence of nucleo-
philic residues that could otherwise attack the strained alkyne
bond.

In summary, we have created a new, efficient, easy method to
implement general approach to the synthesis of AuNP–peptide
bioconjugates that combines the I-SPAAC reaction with post
assembly deprotection. Using this strategy, peptides with pro-
tected side chains can be conjugated onto gold nanoparticles
via I-SPAAC and all protecting groups can then be easily

Fig. 1 Bioconjugation of AuNPs with RGD peptide via SPAAC-PAD, (1)
acetonitrile, room temperature, 1 h; (2) 90% TFA/DCM, room
temperature, overnight; and AuNP size distributions obtained from the
corresponding TEM image of RGD-functionalized AuNPs via SPAAC-
PAD.

Fig. 2 Re-oxidation of RGD–AuNPs by iodine. Disulfide 1 was char-
acterized by ESI-MS. Calculated 1364.5992 and found 1365.6084 [1+]
m/z.
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To remove the protecting groups of the peptide, the AuNPs
were then treated with 90% TFA/DCM at room temperature
overnight to ensure complete deprotection. It is important to
note that these small oligo-ethylene glycol-based AuNP are
perfectly stable under these acidic conditions. TEM images
recorded before and aer this acidic treatment conrmed that
the relatively harsh condition for PAD did not adversely affect
the AuNP size distribution (Fig. 1). The obtained RGD–AuNPs
were then puried by dialysis using cellulose ester dialysis
membranes (6–8 KDa MWCO).

To further conrm that the interfacial SPAAC reaction had
proceeded, the deprotected RGD–AuNPs were reacted with
molecular iodine. Oxidation of AuNPs with iodine dissolved the
gold into a mixture of Au(I) and Au(III) complexes and released
the corona ligands as disulphides.19 The structure of the most
possible disulphide molecule produced by this reaction is
shown in Fig. 2. The mixture of disulphides was characterized
by ESI-MS and the mass 1365.6084 [M + H]+ m/z agrees well with
the calculated mass of 1364.5992 for the proposed disulphide 1.
Importantly the mass for the corresponding disulphide with the
protected peptide was not observed, indicating that the
complete deprotection was achieved. This conrms the
successful bioconjugation of AuNPs with a short oligopeptide
via SPAAC-PAD without interference with side chains of the
peptide. Moreover, efficient substitution was achieved on the
surface of small size AuNPs with 31% of the azide groups
reacting with the RGD peptide. This result is comparable with
the reported conjugation of AuNPs with peptides via covalent
bonding,20 with the difference that this AuNP-bioconjugate was
obtained through a simple and rapid pour-and-mix chemistry
under ambient temperature and atmosphere while the puri-
cation only involved centrifugation and dialysis. The nal
calculated molecular raw formula of this AuNP is Au1000(RGD-
linker-S)75(N3-EG4-S)170(MeEG3S)450.

To test the versatility of this method we employed a peptide
with different nucleophilic residues. In particular because it has

been reported that in presence of reduced peptidylcysteine
residues, strained cyclooctynes mainly react via thiol–yne
addition instead of SPAAC reaction,15 we decided to synthesize a
CRGDK peptide and conjugate it to the azide–AuNPs via our
SPAAC-PAD strategy. This peptide has an additional interest
because it is a neuropilin-1 (Nrp-1) receptor-targeted peptide for
cancer treatment.7,21,22

For these experiments, we followed the same procedure as
previously discussed with the noted exception. The CRGDK
peptide was synthesized via standard Fmoc SPPS method and
DBCO acid was coupled to the N-terminus. A change in the acid
strength for resin cleavage (0.5% TFA/DCM) was made to
preserve the trityl thioether protecting group of cysteine. Aer
SPAAC-PAD, the CRGDK-functionalized AuNPs were character-
ized by IR (Fig. S3e, ESI†). The azide stretch in the IR spectrum
became weaker compared to the azide–AuNPs before conjuga-
tion and the stretching at 1685 cm!1 corresponded to the
functional groups of peptide bond appeared, suggesting
successful conjugation through the I-SPAAC-PAD. Also, a new
absorbance at 2692 cm!1 indicated the existence of the thiol
group of cysteine and shows that the side chain of cysteine that
would otherwise react with cyclootyne via thiol–yne addition did
not interfere with the I-SPAAC reaction with the aid of PAD.
Decomposition of the AuNPs by treatment with excess I2 fol-
lowed by ESI-MS analysis showed the two most possible disul-
de molecules expected aer a successful I-SPAAC-PAD
(Fig. S1e, ESI†), and no trace of protected peptide was found.
Therefore, our strategy showed to be also effective in creating
small AuNP–oligopeptide bioconjugates in presence of nucleo-
philic residues that could otherwise attack the strained alkyne
bond.

In summary, we have created a new, efficient, easy method to
implement general approach to the synthesis of AuNP–peptide
bioconjugates that combines the I-SPAAC reaction with post
assembly deprotection. Using this strategy, peptides with pro-
tected side chains can be conjugated onto gold nanoparticles
via I-SPAAC and all protecting groups can then be easily

Fig. 1 Bioconjugation of AuNPs with RGD peptide via SPAAC-PAD, (1)
acetonitrile, room temperature, 1 h; (2) 90% TFA/DCM, room
temperature, overnight; and AuNP size distributions obtained from the
corresponding TEM image of RGD-functionalized AuNPs via SPAAC-
PAD.

Fig. 2 Re-oxidation of RGD–AuNPs by iodine. Disulfide 1 was char-
acterized by ESI-MS. Calculated 1364.5992 and found 1365.6084 [1+]
m/z.
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showed the absorption of the azide group at 2110 cm-1 was still present with similar 

intensity to the starting material, which indicated lack of SPAAC reactivity, and showed 

no stretching at 1685 cm-1 corresponding to the amide functional groups. To circumvent 

the problem of decomposition of DBCO, Route 2 was devised. First we prepared DBCO-

(PG)RGD by using a mild cleavage condition, it was then clicked to the azide–AuNP and 

subsequently the peptide was deprotected (Scheme 7.1). To synthesize the DBCO-

(PG)RGD, the acid sensitive 2-chlorotritylchloride resin was used as solid support. The 

synthesis of DBCO-containing peptide followed the above procedure, except that the 

cleavage was performed with TFA/TES/DCM (5/5/90). This treatment effected the 

cleavage of the peptide from the resin but left the protecting groups intact and did not 

destroy DBCO (Scheme S2, ESI). The resulting protected peptide was purified by HPLC 

and characterized by ESI-MS (Figure S1b and S2b, ESI). The UV spectrum of DBCO-

(PG)RGD showed the agreement with DBCO with absorbance at 290 nm and 308 nm. A 

model click was carried out with DBCO-(PG)RGD and Me-EG3-N3 in acetonitrile. 

Characterization of the reaction by UPLC/ESI-MS showed successful click, indicating 

that DBCO was not destroyed in the cleavage step. Then SPAAC between azide–AuNPs 

and DBCO-(PG)RGD was simply performed by adding them (azide : peptide, 1 : 1.2) in 

acetonitrile and stirring the resultant mixture at room temperature for 1 h (Figure 7.1). 

After reaction, the AuNPs were purified by using centrifugal filtration (Millipore 

centrifugal filter units MWCO 10 kDa) and washed with 60% MeOH/H2O until no 

unreacted peptide was observed in the UPLC/ESI-MS analysis of the filtrate. The 

unreacted peptide was recovered from the filtrate and washings and the amount indicates 

that approximately 31% of the azide groups on AuNPs had reacted. Therefore, the 

approximate nanoparticle formula can be calculated as Au1000((PG)RGD-linker-S)75(N3-

EG4-S)170(MeEG3S)450. The IR spectrum of the purified (PG) RGD–AuNPs showed that 

the azide stretching mode at 2110 cm-1 had markedly decreased while it had not changed 

in Route 1 (Figure S3c, ESI). Additionally, concomitant with the azide disappearance the 

appearance of stretching at 1685 cm-1 corresponding to the amide functional groups was 

observed, indicating that the protected peptide was covalently bonded to the AuNP via 

the Cu-free cycloaddition. To remove the protecting groups of the peptide, the AuNPs 

were then treated with 90% TFA/DCM at room temperature overnight to ensure complete 
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deprotection. It is important to note that these small oligo-ethylene glycol-based AuNP 

are perfectly stable under these acidic conditions. TEM images recorded before and after 

this acidic treatment confirmed that the relatively harsh condition for PAD did not 

adversely affect the AuNP size distribution (Figure 7.1). The obtained RGD–AuNPs were 

then purified by dialysis using cellulose ester dialysis membranes (6–8 KDa MWCO). 

To further confirm that the interfacial SPAAC reaction had proceeded, the deprotected 

RGD–AuNPs were reacted with molecular iodine. Oxidation of AuNPs with iodine 

dissolved the gold into a mixture of Au(I) and Au(III) complexes and released the corona 

ligands as disulphides.19 The structure of the most possible disulphide molecule produced 

by this reaction is shown in Figure 7.2. The mixture of disulphides was characterized by 

ESI-MS and the mass 1365.6084 [M + H]+ m/z agrees well with the calculated mass of 

1364.5992 for the proposed disulphide 1. Importantly the mass for the corresponding 

disulphide with the protected peptide was not observed, indicating that the complete 

deprotection was achieved. This confirms the successful bioconjugation of AuNPs with a 

short oligopeptide via SPAAC-PAD without interference with side chains of the peptide. 

Moreover, efficient substitution was achieved on the surface of small size AuNPs with 

31% of the azide groups reacting with the RGD peptide. This result is comparable with 

the reported conjugation of AuNPs with peptides via covalent bonding,20 with the 

difference that this AuNP-bioconjugate was obtained through a simple and rapid pour-

and-mix chemistry under ambient temperature and atmosphere while the purification only 

involved centrifugation and dialysis. The final calculated molecular raw formula of this 

AuNP is Au1000(RGD- linker-S)75(N3-EG4-S)170(MeEG3S)450. 

To test the versatility of this method we employed a peptide with different nucleophilic 

residues. In particular because it has been reported that in presence of reduced 

peptidylcysteine residues, strained cyclooctynes mainly react via thiol-yne addition 

instead of SPAAC reaction,15 we decided to synthesize a CRGDK peptide and conjugate 

it to the azide–AuNPs via our SPAAC-PAD strategy. This peptide has an additional 

interest because it is a neuropilin-1 (Nrp-1) receptor-targeted peptide for cancer 

treatment.7,21,22 
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For these experiments, we followed the same procedure as previously discussed with the 

noted exception. The CRGDK peptide was synthesized via standard Fmoc SPPS method 

and DBCO acid was coupled to the N-terminus. A change in the acid strength for resin 

cleavage (0.5% TFA/DCM) was made to preserve the trityl thioether protecting group of 

cysteine. After SPAAC-PAD, the CRGDK-functionalized AuNPs were characterized by 

IR (Figure S3e, ESI). The azide stretch in the IR spectrum became weaker compared to 

the azide–AuNPs before conjugation and the stretching at 1685 cm-1 corresponded to the 

functional groups of peptide bond appeared, suggesting successful conjugation through 

the I-SPAAC-PAD. Also, a new absorbance at 2692 cm-1 indicated the existence of the 

thiol group of cysteine and shows that the side chain of cysteine that would otherwise 

react with cyclootyne via thiol-yne addition did not interfere with the I-SPAAC reaction 

with the aid of PAD. Decomposition of the AuNPs by treatment with excess I2 followed 

by ESI-MS analysis showed the two most possible disulfide molecules expected after a 

successful I-SPAAC-PAD (Figure S1e, ESI), and no trace of protected peptide was 

found. Therefore, our strategy showed to be also effective in creating small AuNP–

oligopeptide bioconjugates in presence of nucleophilic residues that could otherwise 

attack the strained alkyne bond. 

In summary, we have created a new, efficient, easy method to implement general 

approach to the synthesis of AuNP–peptide bioconjugates that combines the I-SPAAC 

reaction with post assembly deprotection. Using this strategy, peptides with protected 

side chains can be conjugated onto gold nanoparticles via I-SPAAC and all protecting 

groups can then be easily removed by PAD. The mild reaction conditions preserve the 

integrity of the alkyne so that it may perform the SPAAC reaction and the conjugated 

AuNPs are sufficiently robust to undergo peptide deprotection without deleterious 

effects. The approach presented herein usefully expands the repertoire of existing 

methods and presents an easy, reliable and quick way to functionalize AuNPs with short 

oligopeptides where the extent of incorporation of the interfacial biomolecule can be 

easily quantified. We anticipate that the demonstrated methodology for peptide–AuNP 

bioconjugation via the SPAAC-PAD will enable the fabrication of gold nanoparticles 

with a high degree of complexity with biomolecules for a variety of applications in 
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targeted cancer diagnosis and therapies. Targeted CT imaging studies of the 

functionalized AuNPs is currently underway. 
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Chapter 8  

8 Versatile strained alkyne modified water-soluble AuNPs 
for interfacial strain promoted azide–alkyne 
cycloaddition (I-SPAAC) 

Chapter 8 has been published as a communication, and it is reproduced with permission 

from the Royal Society of Chemistry. The corresponding reference is:  

P. Gobbo, Z. Mossman, A. Nazemi, A. Niaux, M. C. Biesinger, E. R. Gillies, M. S. 

Workentin*, J. Mater. Chem. B, 2014, 2, 1764-1769. 

Mossman and Niaux were two undergraduate students under my direct co-supervision, 

along with my supervisor, Prof. M. S. Workentin. Mossman and Niaux helped with the 

synthesis and characterization of the compounds reported in this work. Nazemi, under the 

supervision of Prof. Gillies, prepared the azide-functionalized vesicles. I wrote the draft 

of the manuscript, with input and minor edits from the other co-authors and final edit by 

my supervisor, Prof. M. S. Workentin. 

The supporting information file referenced in the text can be downloaded from the web 

site of the publisher. 

ABSTRACT: Versatile water- and organic solvent-soluble AuNPs that incorporate an 

interfacial strained alkyne capable of efficient pour and mix strain promoted interfacial 

cycloadditions with azide partners have been synthesized and carefully characterized for 

the first time. The use of XPS to quantitate the loading of the strained alkyne on the 

AuNPs is noteworthy. The reactivity towards the interfacial strain promoted azide–alkyne 

cycloaddition reaction was demonstrated by using azide-decorated polymersomes as 

bioorthogonal reaction partners. 
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8.1 Introduction, Results and Discussion 
The strain promoted alkyne–azide cycloaddition (SPAAC) is a bioorthogonal reaction 

designed as a tool for in vivo imaging and tracking of biomolecules. The power of this 

reaction relies on its rapid kinetics, chemoselectivity and biocompatibility. Therefore, it 

represents an important technological step that not only allows the spatial resolution of 

living organisms, but also furnishes unique temporal aspects of bioprocesses that happen 

in vivo.1–8 Recent success in the application of the SPAAC reaction has been shown by 

C. R. Bertozzi and co-workers to follow in vivo the glycan evolution during the zebrafish 

development.9,10 These characteristics not only make this reaction highly useful in 

biochemistry, but also provide invaluable opportunities in designing new materials. 

Surprisingly, given its broad application in biological applications, the use of the SPAAC 

reaction has been limited in the latter context so far. The SPAAC reaction has been used 

for the synthesis of dendrons and dendrimers.11–13 Johnson and co-workers used the 

reaction to synthesize photodegradable star polymers.14 Popik and co-workers prepared 

dibenzocyclooctyne (DBCO)-modified glass, silicon and quartz surfaces and showed 

their potential applications as platforms for the generation of multicomponent 

surfaces.15,16 Bernardin and co-workers synthesized monosaccharide-functionalized 

quantum dots for in vivo metabolic imaging through the reaction between cyclooctyne- 

modified quantum dots and azide modified monosaccharides.17 Recently we employed 

the SPAAC to create a carbon nanotube (CNT)–AuNP hybrid material by the interfacial 

reaction between a DBCO-modified CNT and an azide-modified AuNP.18 

For the first time, we describe here a method for the synthesis of AuNPs that incorporate 

an interfacial strained alkyne moiety that can be used as a reactive template and undergo 

an interfacial SPAAC reaction (I-SPAAC) with azide modified reagents. A particular 

strength of this method is that it allows for a careful quantification of the amount of 

interfacial strained alkynes. This information is of particular relevance for potential 

application of these AuNPs in drug delivery and bioconjugation. The amount of 

interfacial strained alkynes was estimated through two independent methods: a 

combination of TGA and 1H NMR data,19 and through high-resolution XPS analysis. This 

novel bioorthogonal nanomaterial represents a desirable template for diverse applications 
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thanks to its biocompatibility (unlike quantum dots) and the size dependent properties of 

AuNPs combined with the reactivity properties of the SPAAC. In particular the rapid 

chemoselective reaction of these DBCO–nanoparticles is the main factor that 

distinguishes this novel nanomaterial from other clickable nanoparticles (i.e., maleimide-

functionalized nanoparticles) commonly used for bioconjugation and drug delivery.20–23 

Another important characteristic is that it displays both organic solvent solubility and 

water-solubility, despite the strong organic character of the interfacial DBCO moieties. 

The water-soluble AuNP based on tri- and tetra-ethylene glycol ligands that are used as 

the scaffold for our synthesis serves as a phase-transfer agent for overcoming one of the 

major drawbacks of the SPAAC reaction, which is the poor solubility of strained alkynes 

in water media.1,24 For these reasons the DBCO–AuNPs represent an extremely versatile 

framework that can be functionalized with potentially any azide modified molecular 

systems in an easy and straightforward way. Herein, as proof of concept, we used azide-

functionalized polymersomes as their reacting partners to show the potential of the 

DBCO–AuNPs in constructing covalent biohybrid materials, and furnishing the first 

example of an I-SPAAC reaction on the new strained alkyne-functionalized AuNPs. The 

resulting hybrid materials were prepared simply through a pour and mix chemistry in 

aqueous media, and the resulting vesicles were found to be functionalized with ~3 nm 

AuNPs. 

 

Scheme 8.1: Outline of the synthesis strategy employed to synthesize the DBCO–

AuNP. 
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Figure 8.1: 1H NMR spectra of the AuNPs after each synthesis step recorded in D2O. 

Spectra calibrated against residual H2O. 

Scheme 8.1 shows our approach to the synthesis of DBCO–AuNPs. This approach must 

take into account the reactivity of the strained alkynes towards nucleophiles.6,25–27 In fact, 

a thiol-functionalized strained alkyne ligand for rapid incorporation into the AuNPs via 

place-exchange reaction is unsuitable because it would rapidly self-react. For this reason 

we exploited an interfacial amide coupling reaction between a carboxy-terminated AuNP 
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ligand and a DBCO-amine, which could be run in organic solvents thanks to the 

amphiphilic properties of the prepared HOOC–AuNPs given by the ethylene glycol-based 

ligands. This reaction was selected because of its high yield, the product is resistant to 

hydrolysis allowing for applications in water media, and the formation of the new 

interfacial amide bond can be easily followed by IR spectroscopy and XPS, furnishing 

important quantitative data (vide infra). The first synthesis step was therefore the 

synthesis of methyl-terminated triethylene glycol monolayer-protected AuNPs (Me–EG3–

AuNPs) following our previously established procedure.28 Briefly, HAuCl4·3H2O was 

mixed for 1 hour with 3 molar equivalents of Me–EG3–SH using a methanol–acetic acid 

mixture as the solvent. To the resulting bright yellow solution a water solution of NaBH4 

was added resulting in a dark brown solution typical of the formation of 2.8 ± 0.6 nm 

AuNPs, as determined from TEM images. For further details refer to the ESI. 

Subsequently, the Me–EG3–AuNP underwent the place-exchange reaction to introduce 

ω-carboxy tetra-ethylene glycol thiols (HOOC–EG4–SH). The place-exchange reaction 

was carried out in CH2Cl2 for 30 min at room temperature. The free thiols (Me–EG3–SH 

and HOOC–EG4–SH) were removed by washing the nanoparticle film formed inside the 

reaction vessel after removing CH2Cl2, with hexanes and isopropanol, in which the 

carboxy-functionalized AuNPs (HOOC–EG4–AuNPs) are not soluble. These carboxy- 

terminated AuNPs were found to be water-soluble and soluble in DMF and DMSO. 

HOOC–EG4–AuNPs were characterized by 1H NMR and IR spectroscopy, TEM, TGA 

and XPS. The 1H NMR spectrum recorded in D2O (Figure 8.1) shows the typical broad 

peaks of a AuNP sample, confirming the success of our washing procedure. The success 

of the place-exchange reaction was then confirmed by the appearance of a peak at 4.11 

ppm corresponding to the two protons belonging to the carbon alpha of the carboxylic 

acid group in the carboxy-terminated ligands. Through the integration of the peak at 4.11 

ppm and the integration of the peak at 3.32 ppm, which belongs to the three protons of 

the methyl group of the Me–EG3–S– ligands, it was possible to determine that 26 ± 5% of 

the ligands composing the monolayer that protects the gold core was composed of 

HOOC–EG4–S–, while 74 ± 5% was composed of Me–EG3–S–. This composition allows 

the amphiphilic property of the AuNPs to be maintained and therefore permits the 

subsequent coupling reaction in the organic solvent where it is more efficient. A higher 
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content of the HOOC–EG4–S– ligand would result in AuNPs that are exclusively water-

soluble. The IR spectrum of the purified HOOC–EG4–AuNP shows the appearance of the 

carbonyl stretching signal at 1740 cm-1, confirming the presence of carboxylic moieties 

on the AuNP (see Figure S9). TEM images show that HOOC–EG4–AuNPs maintain the 

same gold core diameter of 2.8 ± 0.6 nm of the starting material Me–EG3–AuNPs (Figure 

S4). The derivative of the TGA curve (Figure S5) shows that the two ligands decompose 

at two different temperatures. The Me–EG3–S– decomposes at 265 ºC, while the HOOC–

EG4–S– decomposes at 315 ºC. The assignment of the two peaks to the corresponding 

ligands was carried out by analyzing three different HOOC–EG4–AuNP samples 

containing an increasing amount of carboxy-functionalized ligands, and comparing their 

TGA results with the corresponding 1H NMR spectra. It was then possible to calculate 

that the HOOC–EG4–AuNPs contain the carboxylic group in a concentration of 0.46 

mmol mg-1. From the combination of the 1H NMR, TGA and TEM data, and assuming 

that the AuNPs are spherical and that their size is monodispersed (2.8 nm), it was 

possible to calculate an approximate molecular formula for the HOOC–AuNPs of 

Au500(Me–EG3–S)280(HOOC–EG4–S)100.19 

XPS analysis further confirmed the successful synthesis of HOOC–EG4–AuNPs and the 

ratio between the two different ligands that surround the gold core. The Au 4f7/2 core line 

appears at 84.3 eV, which is shifted to a binding energy higher than that of the bulk gold 

(83.95 eV) due to particle size effects.29 The S 2p core line shows the presence of two 

major components, S 2p3/2 at 162.8 eV and S 2p1/2 at 164.0 eV, in a 2:1 spin-orbit 

splitting ratio for the Au–S bonds, and just 11% of unbound thiol characterized by two 

components in a 2 : 1 ratio at 163.8 eV (2p3/2) and 165.0 eV (2p1/2), respectively.30 

Finally, the high-resolution scan of the C 1s peak and the O 1s peak (see Figure 8.2) 

confirmed the presence of carboxylic functionalities on the gold cores. The O 1s core line 

shows the appearance of a shoulder at 533.7 eV that corresponds to –(C=O)–OH, while 

the C 1s core line shows the appearance of an isolated component at 289.3 eV typical of 

the carboxylic functional group. From the molecular structure of the two ligands that 

surround the gold core and from the relative percentages of the C 1s component at 289.3 

eV and that at 286.3 eV related to C–O of the ethylene glycol units of both the ligands, it  
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Figure 8.2: High-resolution C 1s and O 1s XPS spectra for HOOC–EG4–AuNPs and 

DBCO–AuNPs. 

was possible to estimate the composition of the organic layer protecting the gold core 

with good precision. Through this independent method we could confirm that 26 ± 2% of 

the ligands were HOOC–EG4–S–. Details of the calculation are reported in the ESI. 

The DBCO-amine was then reacted with the HOOC–AuNPs using HBTU as a coupling 

agent. In a typical synthesis, HOOC–AuNPs (65 mg, 30 mmol of –COOH) and N,N-

diisopropylethyl-amine (16 ml, 90 mmol) were dissolved in 10 ml of dry DMF in a round 

bottom flask. The solution was then cooled down to 0 ºC and purged with argon gas. To 

this solution was added HBTU (23 mg, 60 mmol) dissolved in 5 ml of dry DMF. The 

reaction mixture was stirred at 0 ºC for 15 min and then a solution of DBCO-amine (17 

mg, 60 mmol) in 3 ml of dry DMF was added. The reaction was allowed to progress 

overnight in an inert atmosphere. The DBCO–AuNP was purified through dialysis using 

a 6–8 kDa MWCO membrane against DMF in order to remove the organic byproducts, 

0.46 mmol mg!1. From the combination of the 1H NMR, TGA
and TEM data, and assuming that the AuNPs are spherical and
that their size is monodispersed (2.8 nm), it was possible to
calculate an approximate molecular formula for the HOOC–
AuNPs of Au500(Me–EG3–S)280(HOOC–EG4–S)100.19

XPS analysis further conrmed the successful synthesis of
HOOC–EG4–AuNPs and the ratio between the two different
ligands that surround the gold core. The Au 4f7/2 core line
appears at 84.3 eV, which is shied to a binding energy higher
than that of the bulk gold (83.95 eV) due to particle size effects.29

The S 2p core line shows the presence of two major compo-
nents, S 2p3/2 at 162.8 eV and S 2p1/2 at 164.0 eV, in a 2 : 1 spin–
orbit splitting ratio for the Au–S bonds, and just 11% of
unbound thiol characterized by two components in a 2 : 1 ratio
at 163.8 eV (2p3/2) and 165.0 eV (2p1/2), respectively.30 Finally, the
high-resolution scan of the C 1s peak and the O 1s peak (see
Fig. 2) conrmed the presence of carboxylic functionalities on
the gold cores. The O 1s core line shows the appearance of a
shoulder at 533.7 eV that corresponds to –(C]O)–OH, while the
C 1s core line shows the appearance of an isolated component
at 289.3 eV typical of the carboxylic functional group. From the
molecular structure of the two ligands that surround the gold
core and from the relative percentages of the C 1s component at
289.3 eV and that at 286.3 eV related to C–O of the ethylene
glycol units of both the ligands, it was possible to estimate the
composition of the organic layer protecting the gold core with
good precision. Through this independent method we could
conrm that 26 " 2% of the ligands were HOOC–EG4–S!.
Details of the calculation are reported in the ESI.†

The DBCO-amine was then reacted with the HOOC–AuNPs
using HBTU as a coupling agent. In a typical synthesis, HOOC–
AuNPs (65 mg, 30 mmol of –COOH) and N,N-diisopropylethyl-
amine (16 ml, 90 mmol) were dissolved in 10 ml of dry DMF in a
round bottom ask. The solution was then cooled down to 0 #C
and purged with argon gas. To this solution was added HBTU
(23 mg, 60 mmol) dissolved in 5 ml of dry DMF. The reaction

mixture was stirred at 0 #C for 15 min and then a solution of
DBCO-amine (17 mg, 60 mmol) in 3 ml of dry DMF was added.
The reaction was allowed to progress overnight in an inert
atmosphere. The DBCO–AuNP was puried through dialysis
using a 6–8 kDa MWCO membrane against DMF in order to
remove the organic byproducts, followed by dialysis against
water in order to remove DMF. The DBCO–AuNP was charac-
terized by 1H NMR and IR spectroscopy, TEM and XPS. 1H NMR
spectroscopy recorded in D2O (see Fig. 1) showed the disap-
pearance of the peak at 4.11 ppm, the concomitant appearance
of aromatic protons between 7 and 8 ppm related to the aryl
rings of DBCO and new peaks between 1 and 3 ppm. Through
the integration of the aromatic protons and that of the reference
peak at 3.32 ppm, corresponding to the Me–EG3–S! ligands, it
was possible to determine that 21 " 5% of the ligands (0.10
mmol per mg of DBCO) were successfully modied with DBCO.
XPS conrmed this result and furnished proof of interfacial
reactivity, showing the appearance of the peak related to the
amide nitrogens introduced with the DBCO-amine at 400.3 eV, a
marked decrease of the carboxylic group components (O 1s at
533.7 eV and C 1s at 289.3 eV), and the concomitant appearance
of the components of –(C]O)–NH– at 531.7 eV and that of –(C]
O)–NH– at 288.3 eV (see Fig. 2 and S8†). Through the abundance
of the nitrogen peak with respect to the initial abundance of
–(C]O)–OH it was possible to calculate an 80% yield for the
interfacial coupling reaction. This extent of interfacial reaction
was conrmed by using the ratio between the percentage of the
C 1s peaks from the residual carboxylic acid carbonyl carbon
and that of the amide C]O at 288.3 eV and 289.3 eV, respec-
tively. IR spectroscopy (see Fig. S9†) further conrmed the
success of the interfacial coupling reaction showing the
appearance of the typical amide stretching signal at 1658 cm!1

and the N–H stretching signal at 3420 cm!1, and a marked
decrease of the carbonyl signal at 1730 cm!1. As expected, TEM
images did not show any signicant change in the size distri-
bution of the nanoparticles aer the interfacial coupling reac-
tion because of the mild reaction conditions. Finally, the z-
potential of the DBCO–AuNP in PBS of pH 7.0 was found to be
!36.4 mV indicating good stability of the nanoparticles in
water solution.

As a proof of concept and to highlight the reactivity of DBCO–
AuNPs towards the I-SPAAC reaction, the nanoparticles were
reacted with azide-decorated polymersomes.31 These polymer-
somes were prepared from a PBD–PEO–N3 block copolymer (see
Fig. 3) (for synthesis details please refer to the ESI†) and were
extruded 2 times through 1000 nm, 400 nm, 200 nm and 100 nm
polycarbonate membranes (see ESI†). In a typical reaction
0.05 mg of DBCO–AuNPs were mixed with 0.5 mg of azide-
decorated polymersomes in 1 ml of distilled water for 1 hour. A
molar excess of 10 : 1 of azide with respect to the DBCO func-
tional group was employed to ensure complete reactivity of the
AuNPs with the polymeric vesicles. The success of the interfacial
reaction was then veried through TEM. Fig. 3 and S10† clearly
show that the polymersome surfaces have been successfully
functionalized with $3 nm AuNPs, displaying well-dened and
easy to image vesicles, thanks to the contrast given by the
metallic nanoparticles. A control experiment was then carried

Fig. 2 High-resolution C 1s and O 1s XPS spectra for HOOC–EG4–
AuNPs and DBCO–AuNPs.
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followed by dialysis against water in order to remove DMF. The DBCO–AuNP was 

characterized by 1H NMR and IR spectroscopy, TEM and XPS. 1H NMR spectroscopy 

recorded in D2O (see Figure 8.1) showed the disappearance of the peak at 4.11 ppm, the 

concomitant appearance of aromatic protons between 7 and 8 ppm related to the aryl 

rings of DBCO and new peaks between 1 and 3 ppm. Through the integration of the 

aromatic protons and that of the reference peak at 3.32 ppm, corresponding to the Me–

EG3–S– ligands, it was possible to determine that 21 ± 5% of the ligands (0.10 mmol per 

mg of DBCO) were successfully modified with DBCO. XPS confirmed this result and 

furnished proof of interfacial reactivity, showing the appearance of the peak related to the 

amide nitrogens introduced with the DBCO-amine at 400.3 eV, a marked decrease of the 

carboxylic group components (O 1s at 533.7 eV and C 1s at 289.3 eV), and the 

concomitant appearance of the components of –(C=O)–NH– at 531.7 eV and that of –(C= 

O)–NH– at 288.3 eV (see Figure 8.2 and S8). Through the abundance of the nitrogen 

peak with respect to the initial abundance of –(C=O)–OH it was possible to calculate an 

80% yield for the interfacial coupling reaction. This extent of interfacial reaction was 

confirmed by using the ratio between the percentage of the C 1s peaks from the residual 

carboxylic acid carbonyl carbon and that of the amide C=O at 288.3 eV and 289.3 eV, 

respectively. IR spectroscopy (see Figure S9) further confirmed the success of the 

interfacial coupling reaction showing the appearance of the typical amide stretching 

signal at 1658 cm-1 and the N–H stretching signal at 3420 cm-1, and a marked decrease of 

the carbonyl signal at 1730 cm-1. As expected, TEM images did not show any significant 

change in the size distribution of the nanoparticles after the interfacial coupling reaction 

because of the mild reaction conditions. Finally, the ζ-potential of the DBCO–AuNP in 

PBS of pH 7.0 was found to be -36.4 mV indicating good stability of the nanoparticles in 

water solution. 

As a proof of concept and to highlight the reactivity of DBCO–AuNPs towards the I-

SPAAC reaction, the nanoparticles were reacted with azide-decorated polymersomes.31 

These polymersomes were prepared from a PBD–PEO–N3 block copolymer (see Figure 

8.3) (for synthesis details please refer to the ESI) and were extruded 2 times through 1000 

nm, 400 nm, 200 nm and 100 nm polycarbonate membranes (see ESI).  
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Figure 8.3: Top: a cartoon representing the I-SPAAC reaction between DBCO–

AuNPs and azide-functionalized polymersomes. (A) TEM mage of the control 

experiment Me–EG3–AuNP + azide-functionalized polymersomes. (B) TEM image 

of vesicles covered with AuNPs through the I-SPAAC reaction. 

In a typical reaction 0.05 mg of DBCO–AuNPs were mixed with 0.5 mg of azide-

decorated polymersomes in 1 ml of distilled water for 1 hour. A molar excess of 10 : 1 of 

azide with respect to the DBCO functional group was employed to ensure complete 

reactivity of the AuNPs with the polymeric vesicles. The success of the interfacial 

reaction was then verified through TEM. Figure 8.3 and S10 clearly show that the 

polymersome surfaces have been successfully functionalized with ~3 nm AuNPs, 

displaying well-defined and easy to image vesicles, thanks to the contrast given by the 

metallic nanoparticles. A control experiment was then carried out to verify that the 

presence of the nanoparticles was not due to unspecific interactions. This experiment was 

carried out under the same conditions as before but instead of using the DBCO–AuNPs, 
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Me–EG3–AuNPs were employed. The TEM images of the control experiment (Figure 

8.3a and S11) only show a limited number of AuNPs randomly scattered on the TEM 

grid and vesicles that are faint and difficult to distinguish because of the lack of specific 

interactions. The comparison between Figure 8.3A and B clearly shows that the AuNP-

decorated vesicles can be obtained through the I-SPAAC reaction using the DBCO–

AuNPs. The great impact of the DBCO–AuNPs relies on their ease of reaction with 

azide-functionalized molecular systems through a straightforward pour and mix 

chemistry under mild reaction conditions. This approach represents an important break- 

through in the AuNP interfacial click-chemistry because of the numerous problems 

related to the more well known copper catalyzed version of the azide–alkyne 

cycloaddition (also know as copper catalyzed [3 + 2] Huisgen cycloaddition), normally 

employed to create bioconjugates and other hybrid materials. In fact, the Cu-catalyzed 

azide–alkyne cycloaddition at the AuNP interface is known to give very low 

cycloaddition yields and cause severe AuNP aggregation/decomposition due to the 

reaction of Cu(I) salt with the gold surface and to the presence of reducing agents 

commonly employed to reduce in situ CuSO4.32 Different attempts have been reported in 

the literature to try improve the reaction efficiency at the AuNP interface, but they 

involve very harsh reaction conditions (e.g., very long reaction times33,34 or massive 

excess of reagents34,35) or the use of particular instrumentation (e.g., microwave36 or very 

high pressure32) that strongly limits its versatility. To show the improvement that our 

copper-free approach brings to this scenario, we compared the two different reactions 

(Cu-free vs. Cu-catalyzed) using small water-soluble azide modified AuNPs (azide-

AuNPs). The azide-AuNPs were synthesized following our previously established 

procedure (see ESI) and were reacted with two different alkynes (2-propyn-1-amine 

hydrochloride and 1-ethynylpyrene) using standard procedures reported in the literature.36 

We made different attempts to carry out the copper catalyzed [3 + 2] Huisgen 

cycloaddition but all the experiments resulted in TEG– AuNP aggregation or, using lower 

reaction times, in negligible reactivity (see ESI). When instead the azide–AuNPs were 

exposed to DBCO-amine, the cycloaddition product was detected by 1H NMR 

spectroscopy with only 1 hour of reaction time (see ESI) and with a 60% cycloaddition 

yield. The use of the I-SPAAC reaction in place of the copper catalyzed [3 + 2] Huisgen 
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cycloaddition not only allows preservation of the stability of the colloidal solution and 

makes the cycloaddition more efficient, but also allows the reaction to occur under 

physiological conditions, avoiding the use of the toxic copper catalyst. 

For the first time we describe a simple synthesis and characterization of water-soluble 

AuNPs that incorporate an interfacial strained alkyne functionality, DBCO, able to 

efficiently undergo an I-SPAAC reaction in aqueous media with nanomaterials despite 

the exclusively organic solvent solubility of the DBCO moieties. The synthesis method 

presented takes into account the reactivity of the strained alkyne towards nucleophiles 

and involves an interfacial amide coupling reaction between carboxy-terminated AuNPs 

and a DBCO-amine. The same approach can also be used for coupling diverse amine- 

functionalized strained alkynes with different reaction kinetics toward the dipolar 

cycloaddition,1 allowing the synthesis of strained-alkyne-functionalized AuNPs with 

tuneable reactivity towards the I-SPAAC reaction. The DBCO–AuNPs were 

characterized through 1H NMR spectroscopy, IR spectroscopy, TGA, TEM, and XPS and 

the amount of DBCO on the corona was estimated with good precision through two 

independent methods. In particular we demonstrated that XPS is a powerful tool not only 

for qualitatively monitoring the interfacial reactivity, but also for quantifying with higher 

precision the newly introduced interfacial moieties. This quantification methodology can 

be transferrable also to larger particles. The precise quantification of the interfacial 

strained alkyne moieties is of great importance for the application of these nanoparticles 

in bioconjugation and drug delivery. To showcase the power of the interfacial reactivity 

of the DBCO–AuNPs, the nanoparticles were used to react with azide-decorated 

polymersomes. Polymersomes were selected because a visual proof of the I-SPAAC 

reaction can be easily obtained through electron microscopy, because they mimic the 

structures of cell membranes, and are emerging as highly promising, potentially 

multifunctional vehicles that have been used in a wide range of biomedical applications 

such as drug delivery and imaging.37–40 The covalent attachment of inorganic 

nanoparticles into these structures is of significant interest in order to tune the chemical 

and physical properties of the materials and to obtain new properties that result from the 

synergistic combination of the organic and inorganic components.41–43 Finally, by 

comparing the I-SPAAC reaction with its Cu-catalyzed version, we showed that our 
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strategy leads to a high yield for the interfacial reaction and preserves the stability of the 

AuNP. In addition it provides a copper-free environment necessary for potential 

applications of these DBCO–AuNPs in vivo. 

Thanks to the intrinsic biocompatibility of these new AuNPs coupled with the 

chemoselectivity and the fast reaction kinetics towards the azide group conferred by the 

interfacial strained alkyne, the DBCO–AuNPs represent not only promising versatile 

scaffolds for the facile and efficient modification of material interfaces, but also represent 

a powerful tool exploitable in biochemistry, biology and nanomedicine. Indeed the in 

vivo labeling of azide modified biomolecules and tissues can be easily achieved through 

the methodology herein described, seeing the relative ease of introduction of azide 

functionalities in the biosystems compared to the introduction of strained alkynes. These 

possibilities are currently being explored. 
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Chapter 9  

9 Small gold nanoparticles for interfacial Staudinger–
Bertozzi ligation 

Chapter 9 has been published as a full paper, and it is reproduced with permission from 

the Royal Society of Chemistry. The corresponding reference is:  

P. Gobbo*, W. Luo, S. J. Cho, X. Wang, M. C. Biesinger, R. H. E. Hudson, M. S. 

Workentin*, Org. Biomol. Chem., 2015, 13, 4605 - 4612. 

Luo and Cho helped with the synthesis and characterization of the thiolated ligand. Wang 

synthesized and characterized the peptide. Biesinger performed the XPS experiments and 

assisted in the discussion of the XPS results. I synthesized and characterized the 

Staudinger-AuNP and investigated their interfacial reactivity. I wrote the drafts of the 

manuscript, with input and minor edits from the other co-authors and final edit by my 

supervisor, Prof. M. S. Workentin. The supporting information file referenced in the text 

can be downloaded from the web site of the publisher. 

ABSTRACT: Small gold nanoparticles (AuNPs) that possess interfacial methyl-2-

(diphenylphosphino)benzoate moieties have been successfully synthesized (Staudinger-

AuNPs) and characterized by multi-nuclear MR spectroscopy, transmission electron 

microscopy (TEM), UV-vis spectroscopy, thermogravimetric analysis, and X-ray 

photoelectron spectroscopy (XPS). In particular, XPS was remarkably sensitive for 

characterization of the novel nanomaterial, and in furnishing proof of its interfacial 

reactivity. These Staudinger-AuNPs were found to be stable to the oxidation of the 

phosphine center. The reaction with benzyl azide in a Staudinger–Bertozzi ligation, as a 

model system, was investigated using 31P NMR spectroscopy. This demonstrated that the 

interfacial reaction was clean and quantitative. To showcase the potential utility of these 

Staudinger-AuNPs in bioorganic chemistry, a AuNP bioconjugate was prepared by 

reacting the Staudinger-AuNPs with a novel azide-labeled CRGDK peptide. The 

CRGDK peptide could be covalently attached to the AuNP efficiently, chemoselectively, 

and with a high loading. 
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9.1 Introduction 
The conjugation of biomolecules to nanomaterials is of high interest because of the 

potential applications of the resulting bioconjugate in biological and medical diagnostics, 

therapeutics and drug vectors.1–5 Among all nanomaterials, gold nanoparticles are often 

regarded as the most promising template because of their low toxicity and chemical 

stability. In addition, their optical properties can be easily tuned by varying the gold core 

diameter6 and the chemical properties can be tuned by changing the ligand corona.7 In the 

past decade, many different approaches have been developed to synthesize AuNP 

bioconjugates for different purposes. Generally these strategies rely on electrostatic 

interactions between the gold surface and the side chains of the biomolecule’s residues, 

on hydrophobic–hydrophilic type of interactions, on direct place exchange exploiting the 

affinity of cysteine for gold, or on interfacial reactions (e.g., interfacial EDC coupling, 

imine formation etc.).8 These methods generally result in an uncontrolled “shotgun” type 

bioconjugation,9 whereas for many applications it is desirable to have more precise 

control over the amount of biomolecule that is introduced. This can be achieved by 

designing a single stable AuNP that exhibits a chemoselective reactive moiety at its 

interface that serves as an anchoring group to incorporate a discrete number of bio- 

molecules. This could result in the precise tuning of the final biophysical properties of the 

AuNP-bioconjugate. It is also desirable that the interfacial reactive group on the 

nanoparticle leads to a robust conjugate that relies on a strong bond between nanoparticle 

and biomolecule. In order for the interfacial reaction to be chemoselective, this 

nanoparticle template must undergo a reaction with a functional group that is not present 

in nature, atoxic, and small so that it does not affect the activity of the conjugated 

biomolecule. The functionality that addresses all these requirements is the azide group. 

The azide can undergo four different reactions. The [3 + 2] Huisgen cycloaddition and 

the copper catalyzed [3 + 2] Huisgen cycloaddition with dipolarophiles, the strained-

promoted alkyne–azide cycloaddition (SPAAC) with strained alkynes and the 

Staudinger–Bertozzi ligation.10,11 While the [3 + 2] Huisgen cycloaddition and its 

catalyzed version are not completely compatible with AuNPs chemistry because the high 

temperature or the Cu(I) required to push the reaction to completion cause severe 

nanoparticle aggregation,12 the SPAAC reaction presents limited chemoselectivity due to 
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the possibility of nucleophilic attacks (especially from thiols and amines largely present 

in biomolecules) to the highly reactive strained triple bond.13–15 A recent work of ours 

highlighted this issue showing how post assembly deprotection of peptides once 

“clicked” on the AuNP surface was necessary to efficiently synthesize a nanoparticle 

bioconjugate through the SPAAC reaction.16 The Staudinger–Bertozzi ligation is a 

reaction that was specifically developed for investigating the metabolic engineering of 

cell surfaces17 and takes place between the azide and a substituted triphenylphosphine. 

Whereas the cycloaddition reactions lead to a triazole ring, the Staudinger–Bertozzi 

ligation forms a stable amide bond. From its very first development the Staudinger–

Bertozzi ligation has been successfully employed in biochemistry to immobilize peptides 

and proteins onto different materials,18–22 for in vivo and in vitro imaging, and for protein 

detection.23–25 

This reaction seems to be an ideal candidate for designing a new AuNP template that can 

react in a highly chemoselective and efficient way with any azide-modified 

(bio)molecule. For these reasons we report the synthesis of a thiol ligand that contains a 

methyl-2-(diphenylphosphino)benzoate moiety designed to undergo a Staudinger–

Bertozzi ligation with azide functionalities. This ligand was introduced onto the surface 

of small water-soluble AuNPs through a place-exchange reaction and the reactivity of the 

resulting nanomaterial was investigated using benzyl azide as model clickable partner. 

Finally, to showcase the high chemoselectivity of these novel reactive AuNPs for 

bioconjugation, we react them with an azide-modified CRGDK peptide. CRGDK 

peptides are promising targeting biomolecules for diverse cancer cells lines and therefore 

the resulting AuNP-CRGDK bioconjugate would be a potential broad-spectrum targeting 

agent.1 In addition, the presence of the cysteine in the CRGDK peptide represents a 

challenge for the chemoselective conjugation on nanoparticles. Herein, we present a 

facile, versatile, and straightforward protocol for the conjugation of biomolecules onto 

the AuNP surface through the Staudinger–Bertozzi ligation. Importantly, the study 

showcases the use of XPS as a method to easily characterize the interfacial reactivity of 

this new nanomaterial, and to quantify the amount of conjugated biomaterial, information 

that is very important for practical applications in biochemistry, medical diagnosis, 

therapies and drug delivery. 
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9.2 Results and discussion 

 

Scheme 9.1: Synthetic strategy for the synthesis of the Staudinger-AuNP. 

The approach used to introduce the reactive triphenylphosphine moiety for the 

Staudinger–Bertozzi ligation onto the water-soluble AuNPs required the synthesis of the 

appropriate thiol containing ligand for a place-exchange reaction; see Scheme 9.1. The 

first step involved coupling 3-(diphenylphosphino)-4-(methoxycarbonyl )benzoic acid (1) 

to an amino-tetra- ethylene glycol-trityl-protected thiol (2). The deprotection of the thiol 

functionality in 5% trifluoroacetic acid/dichloromethane led to the desired phosphine-

thiol ligand (4). Details of the ligand synthesis can be found in the ESI. Compound (4) 

was found to be remarkably stable to the oxidation of both phosphine and thiol ends. 

Attempts to oxidize the phosphine and the thiol by dissolving the molecule in wet 

solvents and by air bubbling failed. However, small amounts of phosphine oxide can 

form during the different stages of the ligand synthesis. It was possible to reduce the 

phosphine oxide back to the active phosphine using the synthetic procedure reported by 
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H.-C. Wu et al.26 Before deprotecting the thiol end, the mixture of phosphine oxide and 

phosphine can be dissolved in a solution of triphenylphosphine and HSiCl3 in dry 

toluene. Heating of this reaction mixture to 100 °C leads to the quantitative reduction of 

the phosphine oxide. It is noteworthy that this reaction fails in presence of free thiols and, 

if the phosphine-oxide reduction is carried out at the nanoparticles interface, HSiCl3 

causes a fast and total decomposition of the AuNP. 

The Staudinger-AuNPs have been synthesized through a place-exchange reaction using 

triethylene glycol monomethyl ether AuNP (MeO-EG3-AuNP) as the starting material, 

Scheme 9.1. Details of their synthesis of the latter can be found in the ESI. These 

nanoparticles have a gold core diameter of 3 ± 1 nm and are soluble in water and polar 

organic solvents.27 MeO-EG3-AuNPs represent a very resilient substrate for further 

modification and interfacial organic chemistry because they are resistant to acidic16 and 

basic conditions,12 they can be heated to over 100 °C,27 and they can be repeatedly dried 

and re-dissolved in a solvent with little to no aggregation. The place-exchange reaction to 

introduce the phosphine-thiol (4) onto the nanoparticle’s corona was carried out by 

dissolving 200 mg of MeO-EG3-AuNP and 100 mg of phosphine-thiol (4) in dry and 

argon purged dichloromethane. The reaction was carried out for 15 minutes at room 

temperature, under inert atmosphere (to minimize potential oxidation of the reactive 

phosphine) and under vigorous stirring. The particles were then cleaned from the excess 

thiol by re-dissolving them in 6 ml of dichloromethane and by precipitating them by 

adding 33 ml of hexanes in which the nanoparticles are not soluble. This washing 

operation was repeated five times overall. The Staudinger-AuNPs were characterized by 
1H and 31P NMR spectroscopy, transmission electron microscopy (TEM), UV-vis 

spectroscopy, thermogravimetric analysis, and X-ray photo- electron spectroscopy (XPS). 

The 1H and 31P NMR spectra showed presence of broad peaks typical of a AuNP sample 

indicating that the washing procedure was efficient and that the most of the free thiol 

ligands were successfully removed. Curiously the spectra did not show a perfect 

correspondence of the peaks with the free ligand (4). Usually the successful in- 

corporation of a second thiol ligand through the place-exchange reaction is easily 

determined by comparing the 1H NMR spectra of the free ligand with that of the place-

exchanged AuNPs sample. 
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Figure 9.1: 1H (left) and 31P (right) NMR spectra of phosphine-thiol (4) (top) versus 

Staudinger-AuNP (bottom). *Denotes residual solvent peaks. Spectra calibrated 

against residual chloroform and H3PO4. 

The chemical shifts typically match even though the peaks on the AuNPs spectrum are 

broader.28,29 In this case 1H NMR spectrum shows a substantial difference in the aromatic 

region as highlighted in Figure 9.1. An even more drastic difference is observed in the 31P 

NMR spectrum of the Staudinger-AuNPs with respect to that of compound (4). The 31P 

NMR spectrum of the Staudinger-AuNPs did not show a peak for the phosphine at −3.8 

ppm, but two signals one broad and intense at 40.3 ppm and one at 31.3 ppm. By 

comparison with the data of the phosphine oxide formation gathered during the synthesis 

of compound (4), the signal at 31.3 ppm can be attributed to the oxidized methyl-2-

(diphenylphosphino)benzoate. Integration of the 31P NMR peaks shows that the AuNP 

sample has 9% of oxidized phosphine that is most likely generated during the washing 

procedure where it is exposed to air. The shift of the phosphine peak in the 31P NMR and 

the difference in the aromatic region shown in the 1H NMR seem to suggest that there is 
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an interaction at the phosphorous center that changes the electronic properties of the 

phosphine. 

Transmission electron microscopy provided relevant insights on this issue. The TEM 

images reported in Figure 9.3A clearly show that 3.63 ± 1.4 nm Staudinger-AuNPs are 

interacting with each other forming AuNPs self-assemblies with an inter-particle distance 

of ∼1 nm.30,31 TEM images of similar ethylene glycol small AuNPs usually show well 

isolated and evenly distributed dark spots on the TEM grid, like after the interfacial 

Staudinger–Bertozzi ligation, see Figure 9.3B. This AuNPs self-assembly was also 

confirmed by UV-vis spectroscopy. Typically AuNPs of such a small size do not show 

any plasmon resonance band in the UV-vis spectrum. However, the UV-vis derivative 

reported in Figure 9.3C highlights the appearance of a weak plasmon band in the region 

525–650 nm for the Staudinger-AuNP sample compared to the MeO-EG3-AuNP starting 

material due to the very short distance between the gold cores involved in the AuNPs 

self-assemblies. The reason for this collective behaviour of the Staudinger-AuNPs is 

probably due to hydrophobic–hydrophilic-type of interactions between the hydrophilic 

ethylene glycol linker and the strongly hydrophobic character of the triphenylphosphine. 

As reported by K. J. M. Bishop and co-workers, ligands with different solubility 

properties introduced through a place-exchange reactions do not distribute homogenously 

on the particle’s corona but rather tend to form patches or groups. These patches are 

responsible for the formation of inter-nanoparticles hydro- phobic “bonds” resulting in 

the self-assembly of nanoparticle islands (like in the present work) or chain-like 

structures.31 

High-resolution XPS analysis, see Figure SI3, further confirms the presence of inter-

nanoparticle interactions showing a peak for the Au 4f core line that displays two 

different components: a small component at 84.62 eV typical of isolated AuNPs and a 

larger component at 83.75 eV that is characteristic of bulk gold and is most likely related 

to the AuNP networks shown in the TEM images.32 XPS analysis also shows a peak for 

the amide nitrogen at 399.75 eV. The high resolution scans of the P 2p peak, see Figure 

9.4, shows a major component at 131.52 eV (P 2p3/2) related to the triphenylphosphine 

and a minor component (13%) at 132.60 eV (P 2p3/2) related to triphenylphosphine oxide,  
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Figure 9.2: 1H (left) and 31P (right) NMR spectra of phosphine-thiol (4) after 

reaction with benzyl azide (top) versus Staudinger-AuNP after reaction with benzyl 

azide (bottom). * Denotes residual solvent peaks. Spectra calibrated against residual 

chloroform and H3PO4. 

confirming independently and with higher precision the result obtained through 31P NMR 

spectroscopy. The high resolution scans of the C 1s, see Figure 9.4, shows a distinct 

component at 289.08 eV that is related to the carbonyl of the ester functional group, a 

component at 288.00 eV that is related to the amide’s carbonyl, and the typical 

components for the ethylene glycol ligands at 286.36 eV and 285.00 eV. Finally, the 

high-resolution scan of the S 2p peak, see Figure SI3, shows the typical components of 

the sulphur-gold bond and presence of a negligible amount of free thiol and sulfates.33 

The presence of free thiols and sulfates (generated by the slow oxidation of thiols over 

time) is due to the fact that they have been trapped in between the AuNPs self-assemblies 

and are difficult to wash away. Despite the peculiar behaviour of these AuNPs, exposure 

to benzyl azide provided clear evidence of the Staudinger–Bertozzi product. In fact the 
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peaks of the 1H and 31P NMR spectra returned to match those of the model Staudinger– 

Bertozzi product obtained using the phosphine-thiol (4) with benzyl-azide (vide infra). 

Thermogravimetric analysis of the Staudinger-AuNP showed that the 43% of the total 

weight is due to the organic corona (see Figure SI5), of this the 60% is constituted by 

ligand (4), while the 40% is constituted by MeO-EG3-S−. Finally, from the deconvolution 

of the TGA curve, the 31P NMR spectrum and the gold core diameter obtained from TEM 

images it was possible to calculate a raw formula for the Staudinger-AuNP: Au1500 

(MeO-EG3-S)500 (Ph3P-EG4-S)200 (Ph3P=O-EG4-S)20. More specifically these Staudinger-

AuNPs contain methyl-2-(diphenylphosphino)benzoate in concentration 0.432 µmol mg-

1. Details of these calculations are reported in the ESI. 

Table 9.1: Second order rate constants of the Staudinger–Bertozzi ligation with 

benzyl azide obtained at 25 °C under different experimental conditions. 

 [Phosphine] 
(M) 

[Benzyl 
azide] 
(M) 

[H2O] 
(M) Solvent 

Second Order Rate 
Constant 

(10-3 M-1 s-1) 
Staudinger-AuNP 0.026 0.518 5.56 CDCl3 0.027 ± 0.002 

Ligand (4) 0.026 0.518 5.56 CDCl3 1.6 ± 0.1 
Ligand (4) 0.026 0.518 5.56 DMSO-d6 3.5 ± 0.1 
Ligand (4) 0.044 0.830 5.56 DMSO-d6 4.7 ± 0.1 

The reactivity of the Staudinger-AuNP through the Staudinger–Bertozzi ligation was then 

investigated using benzyl azide and the reactions were monitored through 31P NMR 

spectroscopy. In the 31P NMR spectrum it was possible to follow the disappearance of the 

broad peak at 40.3 ppm corresponding to the active phosphine and the appearance of the 

peak of the ligation product at 34.9 ppm, refer to Figure 9.1 and 9.2. Kinetic experiments 

were carried out under pseudo-first-order reaction conditions at 25 °C and the reaction 

kinetics at the AuNP interface was compared with that in solution using ligand (4) as a 

model compound. For this investigation Staudinger-AuNP (0.026 M in phosphine, 30.0 

mg of Staudinger AuNP) were reacted with benzyl azide (0.518 M) in wet CDCl3. 

Chloroform was chosen due to the high solubility of the nanoparticles in this solvent that 

permitted the high AuNPs concentration required for the experiments. A reaction using 

the same conditions was carried out between model compound (4) and benzyl azide.  



www.manaraa.com

169 

 

 

Figure 9.3: TEM images of (A) Staudinger-AuNP, and (B) Staudinger-AuNP after 

reaction with benzyl azide. (C) Derivative of UV-vis spectrum of MeO-EG3-AuNP 

(blue), Staudinger-AuNP (red), and Staudinger-AuNP after reaction with benzyl 

azide. The derivative highlights the presence of the plasmon resonance band for the 

Staudinger-AuNP sample due to the AuNPs self-assemblies. 

This same reaction was then carried out at higher concentration using CDCl3 and DMSO-

d6 as the solvents to compare the results with those previously reported in the literature.34 

Table 9.1 summarizes the results of these kinetic experiments. During the course of all 

these reactions no intermediates were observed through 31P NMR spectroscopy. This 

indicates that the reaction mechanism remains that proposed by F. L. Lin and co-workers 

with the rate-limiting step being the formation of the phosphazide.34 While this is not 

surprising for the model reactions with ligand (4), it is remarkable that the Staudinger–

Bertozzi ligation takes place at the AuNPs interface in a comparable manner despite the 

markedly different chemical environment represented by the nanoparticle structure and 

the networks that they form in solution. Our results show that the reaction of ligand (4) 

has second-order rate constants comparable to those reported by F. L. Lin and co-workers 

XPS proves to be a powerful technique to furnish proof of
interfacial reactivity. Fig. 4 shows that after the interfacial reac-
tion with the azide, the C 1s core line no longer shows the
component for the ester bond at 289.08 eV, and the com-

ponent at higher binding energy is now that related to the newly
formed amide at 288.00 eV. This is expected because of the
generation of methanol that occurs during the reaction mechan-
ism. In addition, the high-resolution scan of the P 2p core line
now appears narrower and shows only the component for the
triphenylphosphine-oxide. These results together confirm that
the interfacial reaction went to completion. The high-resolution
scan of the S 2p core line now shows the absence of free thiols
and disulfides as a result of efficient trituration once the nano-
particles self-assemblies has been abrogated.

In summary, despite the peculiar inter-Staudinger-AuNPs
interaction that leads to AuNPs self-assemblies and changes
the electronic properties of the phosphine, the Staudinger-
AuNP are still readily reactive towards the azide bioorthogonal
partner as highlighted by the kinetic study using 31P NMR
spectroscopy and by the XPS analysis of the interfacial ligation
product. More importantly, the reaction is quantitative as inde-
pendently confirmed by 31P NMR spectroscopy and XPS ana-
lysis, and the reacted Staudinger-AuNP could be recovered
easily and quantitatively.

To showcase the high chemoselectivity of these Staudinger-
AuNPs and their potential for bioconjugation, we reacted them
with an azide functionalized CRGDK peptide. The CRGDK
peptide was synthesized via standard Fmoc SPPS method and
the azide functionality was coupled to the N-terminus. The
AuNP bioconjugate was synthesized simply by mixing 20 mg of
Staudinger AuNP (8.64 µmol of phosphine) with 30 µmol of
azide-CRGDK in DMSO-d6 at 37 °C. The reaction was moni-
tored through 31P NMR spectroscopy following the progressive

Fig. 3 TEM images of (A) Staudinger-AuNP, and (B) Staudinger-AuNP
after reaction with benzyl azide. (C) Derivative of UV-Vis spectrum of
MeO-EG3-AuNP (blue), Staudinger-AuNP (red), and Staudinger-AuNP
after reaction with benzyl azide. The derivative highlights the presence
of the plasmon resonance band for the Staudinger-AuNP sample due to
the AuNPs self-assemblies.

Fig. 4 High-resolution XPS of C 1s and P 2p core lines of the Staudinger-AuNP (left) and Staudinger-AuNP after reaction with benzyl azide (middle)
and azide-CRGDK peptide (right).
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and that they increase with an increase in solvent dielectric constant. The reaction at the 

AuNP interface instead results to be a hundred times slower. This is probably due to 

additional reaction parameters introduced with an interfacial reaction and because of the 

inter-nanoparticle interactions observed that need to be overcome before the ligation 

occurs. However, the interfacial phosphines are still reactive towards the Staudinger–

Bertozzi ligation and the reaction yields the Staudinger–Bertozzi product quantitatively. 

The product of the interfacial Staudinger–Bertozzi ligation was then separated from the 

free benzyl azide by washing a film of nanoparticles made in a round-bottom flask and 

rinsing it with hexanes where the nanoparticles are insoluble. The purified sample was 

then characterized by 1H and 31P NMR spectroscopy, XPS, UV-vis spectroscopy and 

TEM. As anticipated, TEM images show the absence of AuNPs self-assemblies and only 

well isolated nanoparticles, see Figure 9.3B. The 1H NMR spectrum of the reacted 

Staudinger-AuNPs sample now shows perfect correspondence with the chemical shift of 

the model reaction with compound (4), see Figure 9.2. 

The UV-vis spectrum of the reacted nanoparticles sample now shows a spectrum similar 

to that of MeO-EG3-AuNP starting material, characterized by the absence of a plasmon 

resonance band in the region 525–650 nm (see Figure 9.3C). 

XPS proves to be a powerful technique to furnish proof of interfacial reactivity. Figure 

9.4 shows that after the interfacial reaction with the azide, the C 1s core line no longer 

shows the component for the ester bond at 289.08 eV, and the component at higher 

binding energy is now that related to the newly formed amide at 288.00 eV. This is 

expected because of the generation of methanol that occurs during the reaction 

mechanism. In addition, the high-resolution scan of the P 2p core line now appears 

narrower and shows only the component for the triphenylphosphine-oxide. 

These results together confirm that the interfacial reaction went to completion. The high-

resolution scan of the S 2p core line now shows the absence of free thiols and disulfides 

as a result of efficient trituration once the nanoparticles self-assemblies has been 

abrogated.  
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Figure 9.4: High-resolution XPS of C 1s and P 2p core lines of the Staudinger-AuNP 

(left) and Staudinger-AuNP after reaction with benzyl azide (middle) and azide-

CRGDK peptide (right). 

In summary, despite the peculiar inter-Staudinger-AuNPs interaction that leads to AuNPs 

self-assemblies and changes the electronic properties of the phosphine, the Staudinger- 

AuNP are still readily reactive towards the azide bioorthogonal partner as highlighted by 

the kinetic study using 31P NMR spectroscopy and by the XPS analysis of the interfacial 

ligation product. More importantly, the reaction is quantitative as independently 

confirmed by 31P NMR spectroscopy and XPS analysis, and the reacted Staudinger-AuNP 

could be recovered easily and quantitatively. 

To showcase the high chemoselectivity of these Staudinger-AuNPs and their potential for 

bioconjugation, we reacted them with an azide functionalized CRGDK peptide. The 

CRGDK peptide was synthesized via standard Fmoc SPPS method and the azide 

functionality was coupled to the N-terminus. The AuNP bioconjugate was synthesized 

simply by mixing 20 mg of Staudinger AuNP (8.64 μmol of phosphine) with 30 μmol of 

azide-CRGDK in DMSO-d6 at 37 °C. The reaction was monitored through 31P NMR 

spectroscopy following the progressive disappearance of the broad peak at 40.3 ppm and 

the appearance of the product peak at 33.2 ppm (see Figure SI11) indicating proper 

XPS proves to be a powerful technique to furnish proof of
interfacial reactivity. Fig. 4 shows that after the interfacial reac-
tion with the azide, the C 1s core line no longer shows the
component for the ester bond at 289.08 eV, and the com-

ponent at higher binding energy is now that related to the newly
formed amide at 288.00 eV. This is expected because of the
generation of methanol that occurs during the reaction mechan-
ism. In addition, the high-resolution scan of the P 2p core line
now appears narrower and shows only the component for the
triphenylphosphine-oxide. These results together confirm that
the interfacial reaction went to completion. The high-resolution
scan of the S 2p core line now shows the absence of free thiols
and disulfides as a result of efficient trituration once the nano-
particles self-assemblies has been abrogated.

In summary, despite the peculiar inter-Staudinger-AuNPs
interaction that leads to AuNPs self-assemblies and changes
the electronic properties of the phosphine, the Staudinger-
AuNP are still readily reactive towards the azide bioorthogonal
partner as highlighted by the kinetic study using 31P NMR
spectroscopy and by the XPS analysis of the interfacial ligation
product. More importantly, the reaction is quantitative as inde-
pendently confirmed by 31P NMR spectroscopy and XPS ana-
lysis, and the reacted Staudinger-AuNP could be recovered
easily and quantitatively.

To showcase the high chemoselectivity of these Staudinger-
AuNPs and their potential for bioconjugation, we reacted them
with an azide functionalized CRGDK peptide. The CRGDK
peptide was synthesized via standard Fmoc SPPS method and
the azide functionality was coupled to the N-terminus. The
AuNP bioconjugate was synthesized simply by mixing 20 mg of
Staudinger AuNP (8.64 µmol of phosphine) with 30 µmol of
azide-CRGDK in DMSO-d6 at 37 °C. The reaction was moni-
tored through 31P NMR spectroscopy following the progressive

Fig. 3 TEM images of (A) Staudinger-AuNP, and (B) Staudinger-AuNP
after reaction with benzyl azide. (C) Derivative of UV-Vis spectrum of
MeO-EG3-AuNP (blue), Staudinger-AuNP (red), and Staudinger-AuNP
after reaction with benzyl azide. The derivative highlights the presence
of the plasmon resonance band for the Staudinger-AuNP sample due to
the AuNPs self-assemblies.

Fig. 4 High-resolution XPS of C 1s and P 2p core lines of the Staudinger-AuNP (left) and Staudinger-AuNP after reaction with benzyl azide (middle)
and azide-CRGDK peptide (right).
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interfacial reactivity with formation of the Staudinger–Bertozzi product. During the 

course of the reactivity we did not observe displacement of any of the AuNP ligands due 

to a place-exchange reaction by the peptide’s cysteine. This would have resulted in the 

appearance of a peak at −3.80 ppm for the free phosphine ligand and easily identifiable 

disulphides peaks in the 1H NMR spectrum. When reaction was completed the excess 

peptide was washed away with nanopure water using centrifugal filtration (Millipore 

centrifugal filter units MWCO 10 kDa). Interestingly the reaction stopped at ∼30% 

(calculated from the 31P NMR spectra), indicating that most likely the AuNPs reached 

saturation due to the larger size of the peptide compared to the smaller model molecule 

benzyl azide. The AuNP-bioconjugate was characterized by TEM and XPS. TEM images 

(see Figure SI10) show again isolated AuNPs of ∼3 nm in diameter and no nanoparticles 

networks were observed. The high-resolution scans of the C 1s peak (see Figure 9.3) 

show still the presence of the ester component at 289.00 eV and a marked increase in the 

component related to amide’s carbonyl at 288 eV due to the presence of the numerous 

peptide bonds. The high-resolution scans of the S 2p peak (see Figure SI12) now show a 

marked increase of the S–H component at 163.21 eV (S 2p3/2) and of the disulfide 

component at 168.45 eV (S 2p3/2)33 due to the presence of the peptide’s cysteines that do 

not interfere with the interfacial reactivity thanks to the high chemoselectivity of the 

Staudinger–Bertozzi ligation. Finally, the high-resolution scans of the P 2p peak confirms 

that the 30% of the phosphine reacted with the peptide to form the triphenylphosphine-

oxide. Interestingly this 30% of interfacial reaction yield seems to be recurring when 

employing 3 nm AuNPs. The same result was indeed obtained when a DBCO-

functionalized protected-peptide was clicked onto azide-functionalized AuNPs of the 

same size using the SPAAC-PAD strategy.16 Because the smaller reactive partner (benzyl 

azide) reacted quantitatively, the lower extent of reaction with the peptide may simply be 

an issue of sterics with the peptide blocking additional reactive sites. These results 

together are consistent with successful conjugation of the peptide onto the Staudinger-

AuNPs and the efficiency of the rinsing/trituration. Finally, the nanoparticle bioconjugate 

was found to be soluble in water and in polar organic solvents and could be repeatedly 

dried and redissolved in solvent with little to no aggregation. 
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9.3 Conclusion 
In this paper we reported the first synthesis of small gold nanoparticles that present 

interfacial methyl-2-(diphenylphosphino)benzoate functionalities able to undergo 

Staudinger–Bertozzi ligation for the creation of nanoparticle bioconjugates. These small 

Staudinger-AuNPs were completely characterized and a nanoparticle raw formula could 

be estimated with good precision from the combination of the TGA data, NMR spectra 

and TEM images. This represents important information in the bioconjugation field 

because of the expense of both starting materials and consequent difficulty to work in 

excess of one or the other clickable partner. 

The reactivity of the Staudinger-AuNP was then investigated through 31P NMR 

spectroscopy using benzyl azide as the clickable partner. The possibility to easily monitor 

the reaction by 31P NMR spectroscopy by following the disappearance of the phosphine 

peak at 40.3 ppm and the appearance of the phosphine oxide peak of the product at 34.9 

ppm represents a great advantage of this novel nanomaterial, and makes their use easy 

and straightforward. The data obtained from the kinetic study showed that the reaction 

mechanism with which these AuNPs react appears to be identical to that of small methyl-

2-(diphenylphosphino)benzoate molecules in solution. The only difference appears to be 

in the kinetic constant that resulted to be a hundred times slower, due to the interfacial 

character of the reaction. More importantly, these studies showed quantitative reactivity 

of the triphenylphosphine moieties with the azide partner small molecule and the reacted 

Staudinger-AuNPs could be quantitatively recovered. 

XPS confirms to be a reliable and highly sensitive surface analysis technique for the 

study of interfacial organic chemistry. In fact, the Staudinger-AuNP and the successful 

formation of the interfacial ligation product could be effectively characterized through 

the high-resolution scans especially of the C 1s and the P 2p core lines. The former core 

line after the interfacial Staudinger–Bertozzi ligation clearly shows the disappearance of 

the component at 289.08 eV that corresponds to the methyl-ester functionality of the 

starting material; the latter distinctively show two components one for the 

triphenylphosphine at 131.52 eV and the other for the triphenylphosphine oxide at 132.43 
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eV, allowing for quantifying the amount of azide partner that has been clicked onto the 

nanoparticles. 

Another great advantage of our Staudinger-AuNPs is the insensitivity of the Staudinger–

Bertozzi ligation to nucleophiles such as thiols or amines that are largely present in bio- 

systems. The high chemoselectivity of the Staudinger-AuNPs makes them an attractive 

alternative to faster but less chemoselective bioconjugation techniques that for example 

involve the Michael addition to maleimide functionalities or the SPAAC reaction. In fact, 

the reactivity of the maleimide or the side-reactivity of cyclooctyne towards thiols and 

amines can lower the chemoselectivity of the corresponding nanomaterial representing a 

threat to the biomolecule’s conformation and biochemistry. In contrast our Staudinger-

AuNPs react exclusively with the azide, as highlighted by the successful conjugation of 

an azide-functionalized CRGDK peptide. This direct conjugation would have required 

additional precautions if the Michael addition or the strain-promoted cycloaddition 

techniques were employed. Instead, using the Staudinger–Bertozzi ligation the AuNP-

CRGDK bioconjugate could be synthesized efficiently and with a high loading onto the 

nanomaterial. 

Finally the Staudinger-AuNPs can be used also in material chemistry. Thanks to their 

clean way of reacting they can react easily with any azide modified surface or material 

for the creation of nanohybrid materials and sensors. We are currently exploring these 

possibilities. 
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Chapter 10  

10 Interfacial strain-promoted alkyne–azide cycloaddition 
(I-SPAAC) for the synthesis of nanomaterial hybrids 

Chapter 10 has been published as a communication, and it is reproduced with permission 

from the Royal Society of Chemistry. The corresponding reference is:  

P. Gobbo, S. Novoa, M. C. Biesinger, M. S. Workentin*, Chem. Commun., 2013, 49, 

3982-3984. 

Novoa was an undergraduate summer student under my direct co-supervision, along with 

my supervisor, Prof. M. S. Workentin. Novoa helped with the synthesis and 

characterization of the azide-terminated thiolated ligand. Biesinger performed the XPS 

experiments and assisted in the discussion of the XPS results. I wrote the drafts of the 

manuscript, with input and minor edits from the other co-authors and final edit by my 

supervisor, Prof. M. S. Workentin. 

The supporting information file referenced in the text can be downloaded from the web 

site of the publisher. 

ABSTRACT: An interfacial strain promoted azide–alkyne cycloaddition (I-SPACC) is 

introduced as a method to prepare robust nanomaterial hybrids. This is demonstrated with 

a reaction between a novel dibenzocyclooctyne-modified single walled carbon nanotubes 

(DBCO-SWCNT) and a versatile water-soluble azide modified gold nanoparticle (N3-

EG4-AuNP). 
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10.1 Introduction, Results and Discussion 
Bioorthogonal reactions are a subclass of click reactions that address the strict 

requirements of biocompatibility. They represent a powerful tool in chemical biology for 

in vivo imaging and tracking of biomolecules, providing unique insights into spatial and 

temporal aspects of biological processes that cannot otherwise be achieved through 

traditional biochemical methodologies.1–3 The most famous bioorthogonal reaction is the 

copper-free [3+2] Huisgen cycloaddition, also know as strain-promoted alkyne–azide 

cycloaddition (SPAAC), introduced by C. R. Bertozzi.4 This reaction was designed to 

take place rapidly and selectively inside biosystems, solving the problems related to the 

use of copper in the Cu-catalyzed version of this reaction.5–7 Thanks to the extremely fast 

kinetics, the high efficiency, and the biocompatibility coupled with the orthogonality 

conferred by the ring strain of the cyclooctyne moiety that is the centrepiece of this 

approach,8 the SPAAC reaction has been exploited to label in vivo azide-modified 

proteins directly expressed in the cell’s cytosol or metabolically functionalized on the 

cell’s membrane.9–13 The characteristics that make this bioorthogonal reaction desirable 

in the bioorganic chemistry field, are transferrable to materials chemistry. Indeed, such a 

fast, clean and orthogonal reaction has the potential to become an important tool for the 

synthesis of nanostructured systems that require expensive starting materials like 

nanoparticles and other nanomaterials to react efficiently together without the need for 

metal catalysts. Despite the great potential of this reaction in the material chemistry field, 

it has not been used interfacially to prepare hybrid nanomaterials. Indeed only a few 

applications in materials science have been described. Turro and co-workers used the 

SPAAC reaction to synthesize photodegradable star polymers,14 Bernardin et al. 

synthesized monosaccharide-functionalized quantum dots for in vivo metabolic imaging 

through the reaction between cyclooctyne-modified quantum dots and azide-modified 

monosaccarides,15 and Popik prepared dibenzocyclooctyne (DBCO)-modified glass, 

silicon and quartz surfaces, and showed their potential as platforms for the generation of 

multicomponent surfaces.7,16 

Here we introduce the concept of an interfacial strain-promoted alkyne–azide 

cycloaddition (I-SPAAC) reaction in carbon based material chemistry, showing for the 
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first time that it can successfully take place at the interface between different nano- 

materials. To show this innovative application of the SPAAC reaction, as a proof of 

concept we prepared a gold nanoparticle (AuNP)–carbon nanotube (CNT) hybrid, which 

represent a desirable nanomaterial that is gaining always more importance in material 

chemistry because of its numerous applications in catalysis, sensing and nanomedicine, 

and its preparation still represents a challenge for material chemists.17–20 In order to 

prepare the AuNP–CNT hybrid through the I-SPAAC reaction we synthesized two novel 

and versatile partner nanomaterials, namely a small (3 nm) water-soluble azide-modified 

AuNP (N3-EG4-AuNP) and a DBCO-modified single walled CNT (DBCO-SWCNT), that 

could give the final product by simply reacting at room temperature and in water media, 

where both form stable solutions. The final nanohybrid synthesized through the I-SPAAC 

reaction was easy to prepare, robust, and homogeneously covered with small AuNP as 

shown by transmission electron microscopy (TEM) and X-ray photoelectron 

spectroscopy (XPS). 

The preparation of N3-EG4-AuNP, required first preparing the starting water-soluble gold 

nanoparticles (Me-EG3-AuNP) using a modified Brust–Schiffrin method following the 

previously reported procedure.21 The azide ligands N3-EG4-SH, whose synthetic details 

are reported in the ESI, were introduced onto the Me-EG3-AuNP using a place-exchange 

reaction. In a typical synthesis 42.5 mmol of N3-EG4-SH were stirred for 20 min in 

acetone and in presence of the 50.0 mg of basic Me-EG3-AuNP. The free thiols were 

subsequently removed by repeatedly washing the dried AuNP film with hexanes and 

isopropanol. These novel N3-EG4-AuNP exhibited the solubility properties of the Me-

EG3-AuNP, forming stable solutions and being readily re-dissolvable in H2O, acetone, 

acetonitrile, methanol, ethanol, DMF, DMSO and DCM with no to little aggregation. The 

N3-EG4-AuNPs were characterized using 1H NMR and IR spectroscopy, TGA, and TEM. 

The 1H NMR spectrum recorded in D2O exhibited the broad peaks typical of organic 

modified AuNP, and after place-exchange reaction it showed the appearance of a new 

resonance at 3.45 ppm related to the methylene protons alpha to the incorporated azide 

(Figure S4, ESI). The 1H NMR spectrum was also recorded in d3-acetonitrile showing the 

same characteristics but having better resolved peaks (Figure S5, ESI). Through the 

integration of the peak related to the protons alpha to the azide (3.39 ppm in d3-
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acetonitrile) and that of the peak related to the methyl unit of Me-EG3-SH ligands (3.31 

ppm in d3-acetonitrile) it was possible to estimate the incorporation of 35% azide ligands 

on the AuNP surface. The IR spectrum of the purified N3-EG4-AuNP compared to that of 

the starting Me-EG3-AuNP (Figure S8, ESI), showed the appearance of the expected 

asymmetrical stretching of the azide group at 2101 cm-1, confirming the successful 

functionalization of the basic AuNP. From the analysis of the TGA data (Figure S9, ESI), 

and in particular from the increased percentage of the organic component related to the 

addition of [CHN3] units (corresponding to 55.03 g mol-1) through the place-exchange 

reaction, it was possible to calculate that the AuNP organic shell is composed of 65% of 

Me-EG3-S– ligands, and 35% of N3-EG4-S– ligands, supporting the analysis of the 1H 

NMR spectroscopy. From the TGA data and from the molecular weight of the two 

ligands, it was possible to calculate that per milligram of N3-EG4-AuNP there are 0.745 

mmol of azide ligands. TEM images (Figure S6, ESI) showed that the average diameter 

of the N3-EG4-AuNP was 3.22 ± 0.50 nm. From the combination of 1H NMR 

spectroscopy, TEM and the TGA data, and assuming that the nanoparticles have a 

spherical shape and that their size is mono-dispersed, it is possible to calculate a 

nanoparticle raw formula21 of Au1000 (Me-EG3-S)455 (N3-EG4-S)245. 

The novel SWCNT-DBCO were synthesized through a coupling reaction between the 

carboxylic groups already present on the nanotube’s sidewalls and the commercially 

available DBCO-amine (for details see ESI). It is noteworthy that it is not necessary to 

pre-treat or oxidize the CNT before the coupling reaction. The amount of carboxylic 

groups already present on the CNT sidewalls allows for an efficient functionalization of 

the carbonaceous material (vide infra). The DBCO-modified CNT was found to form 

stable dispersions in both water and polar organic solvents like DCM, ACN, acetone and 

ethanol. The SWCNT-DBCO was characterized by XPS and IR spectroscopy. The XPS 

spectrum of SWCNT-DBCO (Figure S10b, ESI) compared to that of the starting material 

(Figure S10a, ESI) clearly shows the appearance of the peak related to the amide nitrogen 

at 400.0 eV (1s). The high resolution scan of the carbon 1s (Figure 10.1a) and oxygen 1s 

peaks (Figure 10.1b) for the SWCNT-DBCO (centre) compared to that of the SWCNT 

starting material (left) confirms the successful synthesis of DBCO-modified CNT.  
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Figure 10.1: Top: schematic representation of the nanomaterials used/prepared; a) 

high-resolution C 1s XPS spectra, b) high resolution O 1s XPS spectra and c) TEM 

images (scale 20 nm) for SWCNT (left), SWCNT-DBCO (centre), SWCNT-AuNP 

hybrid (right), respectively. 

The high-resolution scan of the carbon peak shows the appearance of a shoulder at 

285.51 eV related to the sp3-hybridized carbons introduced with the coupling reaction. 

This is also confirmed by the appearance of a shoulder at 534.01 eV on the high 

resolution scan of the oxygen peak related to the –(C=O*)–NH–, and by a marked 

decrease of the –(C=O*)–OH peak (531.28 eV), with respect to the steady component at 

This journal is c The Royal Society of Chemistry 2013 Chem. Commun., 2013, 49, 3982--3984 3983

synthetic details are reported in the ESI,† were introduced onto
the Me-EG3-AuNP using a place-exchange reaction. In a typical
synthesis 42.5 mmol of N3-EG4-SH were stirred for 20 min in
acetone and in presence of the 50.0 mg of basic Me-EG3-AuNP.
The free thiols were subsequently removed by repeatedly wash-
ing the dried AuNP film with hexanes and isopropanol. These
novel N3-EG4-AuNP exhibited the solubility properties of the
Me-EG3-AuNP, forming stable solutions and being readily
re-dissolvable in H2O, acetone, acetonitrile, methanol, ethanol,
DMF, DMSO and DCM with no to little aggregation. The
N3-EG4-AuNPs were characterized using 1H NMR and IR
spectroscopy, TGA, and TEM. The 1H NMR spectrum recorded
in D2O exhibited the broad peaks typical of organic modified
AuNP, and after place-exchange reaction it showed the appear-
ance of a new resonance at 3.45 ppm related to the methylene
protons alpha to the incorporated azide (Fig. S4, ESI†). The
1H NMR spectrum was also recorded in d3-acetonitrile showing
the same characteristics but having better resolved peaks
(Fig. S5, ESI†). Through the integration of the peak related to
the protons alpha to the azide (3.39 ppm in d3-acetonitrile) and
that of the peak related to the methyl unit of Me-EG3-SH ligands
(3.31 ppm in d3-acetonitrile) it was possible to estimate the
incorporation of 35% azide ligands on the AuNP surface. The IR
spectrum of the purified N3-EG4-AuNP compared to that of the
starting Me-EG3-AuNP (Fig. S8, ESI†), showed the appearance
of the expected asymmetrical stretching of the azide group at
2101 cm!1, confirming the successful functionalization of the
basic AuNP. From the analysis of the TGA data (Fig. S9, ESI†),
and in particular from the increased percentage of the organic
component related to the addition of [CHN3] units (corre-
sponding to 55.03 g mol!1) through the place-exchange reac-
tion, it was possible to calculate that the AuNP organic shell is
composed of 65% of Me-EG3-S! ligands, and 35% of N3-EG4-S!

ligands, supporting the analysis of the 1H NMR spectroscopy.
From the TGA data and from the molecular weight of the two
ligands, it was possible to calculate that per milligram of
N3-EG4-AuNP there are 0.745 mmol of azide ligands. TEM
images (Fig. S6, ESI†) showed that the average diameter of
the N3-EG4-AuNP was 3.22 " 0.50 nm. From the combination of
1H NMR spectroscopy, TEM and the TGA data, and assuming
that the nanoparticles have a spherical shape and that their size
is mono-dispersed, it is possible to calculate a nanoparticle raw
formula21 of Au1000 (Me-EG3-S)455 (N3-EG4-S)245.

The novel SWCNT-DBCO were synthesized through a cou-
pling reaction between the carboxylic groups already present on
the nanotube’s sidewalls and the commercially available DBCO-
amine (for details see ESI†). It is noteworthy that it is not
necessary to pre-treat or oxidize the CNT before the coupling
reaction. The amount of carboxylic groups already present on
the CNT sidewalls allows for an efficient functionalization of
the carbonaceous material (vide infra). The DBCO-modified
CNT was found to form stable dispersions in both water and
polar organic solvents like DCM, ACN, acetone and ethanol.
The SWCNT-DBCO was characterized by XPS and IR spectro-
scopy. The XPS spectrum of SWCNT-DBCO (Fig. S10b, ESI†)
compared to that of the starting material (Fig. S10a, ESI†)
clearly shows the appearance of the peak related to the amide

nitrogen at 400.0 eV (1s). The high resolution scan of the carbon
1s (Fig. 1a) and oxygen 1s peaks (Fig. 1b) for the SWCNT-DBCO
(centre) compared to that of the SWCNT starting material (left)
confirms the successful synthesis of DBCO-modified CNT. The
high-resolution scan of the carbon peak shows the appearance of
a shoulder at 285.51 eV related to the sp3-hybridized carbons
introduced with the coupling reaction. This is also confirmed by
the appearance of a shoulder at 534.01 eV on the high resolution
scan of the oxygen peak related to the –(CQO*)–NH–, and by a
marked decrease of the –(CQO*)–OH peak (531.28 eV), with
respect to the steady component at 532.61 eV of the –C–OH. The
IR spectrum of the purified SWCNT-DBCO further confirms this
result showing the peaks related to the C–H stretching of the
sp3-hybridized carbons of the DBCO-amine at 2949, 2919, and
2848 cm!1, and a band at 1580 cm!1 related to the stretching
mode of the amide CQO.

The title SWCNT–AuNP hybrid nanomaterial was then easily
prepared through the bioorthogonal I-SPAAC reaction between
the two partners: SWCNT-DBCO and the N3-EG4-AuNP. The
interfacial cycloaddition reaction was carried out simply by
mixing the SWCNT-DBCO with the N3-EG4-AuNP in water
media. In a typical synthesis, to a 1 ml of the SWCNT-DBCO
mother solution was added 4 mg of N3-EG4-AuNP and the
reaction volume was diluted to 4 ml with PBS pH 7 buffer.
The system was stirred for 1 hour at room temperature and
then the SWCNT–AuNPs were centrifuged in a Pyrex centrifuge
test tube. The supernatant was removed, and the decorated
CNT were dispersed in water, sonicated for 10 minutes and
centrifuged. Subsequently, water was substituted first with
acetone, then with dichloromethane (DCM), and the washing
procedure (sonication in DCM and centrifugation) was repeated

Fig. 1 Top: schematic representation of the nanomaterials used/prepared; (a):
high resolution C 1s XPS spectra, (b) high resolution O 1s XPS spectra and (c) TEM
images (scale 20 nm) for SWCNT (left), SWCNT-DBCO (centre), SWCNT-AuNP
hybrid (right), respectively.
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532.61 eV of the –C–OH. The IR spectrum of the purified SWCNT-DBCO further 

confirms this result showing the peaks related to the C–H stretching of the sp3-hybridized 

carbons of the DBCO-amine at 2949, 2919, and 2848 cm-1, and a band at 1580 cm-1 

related to the stretching mode of the amide C=O. 

The title SWCNT–AuNP hybrid nanomaterial was then easily prepared through the 

bioorthogonal I-SPAAC reaction between the two partners: SWCNT-DBCO and the N3-

EG4-AuNP. The interfacial cycloaddition reaction was carried out simply by mixing the 

SWCNT-DBCO with the N3-EG4-AuNP in water media. In a typical synthesis, to a 1 ml 

of the SWCNT-DBCO mother solution was added 4 mg of N3-EG4-AuNP and the 

reaction volume was diluted to 4 ml with PBS pH 7 buffer. The system was stirred for 1 

hour at room temperature and then the SWCNT–AuNPs were centrifuged in a Pyrex 

centrifuge test tube. The supernatant was removed, and the decorated CNT were 

dispersed in water, sonicated for 10 minutes and centrifuged. Subsequently, water was 

substituted first with acetone, then with dichloromethane (DCM), and the washing 

procedure (sonication in DCM and centrifugation) was repeated four more times. This 

protocol was to ensure removal of any non-covalently bound AuNP. The successful 

synthesis and purification of the covalent SWCNT–AuNP hybrid was confirmed by XPS 

and TEM. The XPS spectrum of SWCNT–AuNP (Figure S10c, ESI) shows the 

appearance of the peaks from Au at 84 eV (4f), 334–353 eV (4d), 547–643 eV (4p), and 

762 eV (4s), and from S at 162.9 eV (2p) and 228 eV (2s). The high-resolution carbon 1s 

spectrum (Figure 10.1a, right) shows a marked increase of the component at 286.30 eV 

related to the C–O–C of the AuNP glycol units, while the high-resolution oxygen 1s 

spectrum (Figure 10.1b, right) shows an increase of the corresponding component at 

532.63 eV. The Au 4f7/2 core line of AuNP is at 84.5 eV, this binding energy is shifted 

upwards from that of bulk Au (83.95 eV) due to particle size effects (Figure S13, 

ESI).22,23 The N 1s core line after the interfacial I-SPAAC reaction shows a new 

component centered at 401.08 eV (Figure S13, ESI). While the major component at 

399.98 eV is due to the DBCO-CNT amide nitrogens and to the nitrogen of the triazole 

rings; this new component is most likely related to the formation of –NH3+ as a 

consequence of the photolysis of the unreacted –N3 by the high energy incident 

radiation.24 TEM images of the hybrid nanomaterial (Figure 10.1c, right) show that 
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AuNP are dispersed on the CNT surface, that they kept their original size and shape, and 

that there are no unbound particles present, confirming the efficiency of our purification 

procedure. Indeed, the use of sonication favours the detachment of the AuNP that are 

only physisorbed on the CNT leaving just those that are covalently bonded. 

To further exclude the possibility of unspecific physisorption or bonding of the AuNP to 

the SWCNT-DBCO, a control experiment was carried out under identical conditions and 

following the same experimental procedure but using the model Me-EG3-AuNP instead 

of the N3-EG4-AuNP. The Me-EG3-AuNP, with the absence of the azide functionalities, 

is not expected to react with the DBCO-modified CNT because they cannot undergo the 

I-SPAAC reaction. Figure S14c (ESI) is from this control experiment and shows, as 

expected, clean SWCNT-DBCO comparable to those of Figure S14a (ESI). This 

confirms the successful synthesis of AuNP-decorated SWCNT through the new I-SPAAC 

reaction between SWCNT-DBCO and N3-EG4-AuNP. 

Finally, sonication was employed to test the stability and resilience of the final hybrid 

material. A fraction of SWCNT–AuNP were dispersed in PBS pH 7.0 and ultra-sonicated 

for one hour. The TEM images obtained from these samples were compared with those of 

the freshly prepared SWCNT–AuNP and they did not show any appreciable difference 

either in the density of chemisorbed AuNP or in the AuNP size distribution. This 

supports the efficiency of our synthetic approach and the resilience of the resulting 

AuNP–CNT hybrid. The reaction of the N3-EG4-AuNP with DBCO as a model leads to 

efficient and total loading (complete reaction) on the AuNP. Because of this and the high 

effective concentration of the N3 moiety on each AuNP we believe that every accessible 

DBCO on the DBCO- SWCNT reacts with N3-EG4-AuNP. 

In summary, we introduce a simple and efficient copper-free interfacial strain-promoted 

alkyne–azide cycloaddition (I-SPAAC) reaction at the interface between different 

nanosystems: a new DBCO modified CNT and versatile water-soluble azide modified 

AuNP. This I-SPAAC reaction was fast and effective, leading to CNT homogeneously 

covered with small AuNP and to a robust and stable hybrid material thanks to the 

covalent bond that links the two nano-partners. Importantly, due to the nature of the 
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AuNP ligands these hybrid materials are easily dispersed in aqueous environment to aid 

in use for a variety of applications as varied as gas sensors, catalysts, and as structural 

components of electrochemical sensors. The coupling-based strategy introduced here can 

be exploited for exploring and creating a wide variety of bioorthogonal nanostructured 

materials for device applications. For example, it is possible to take advantage of the 

intrinsic presence of carboxylic acid groups on the surface of carbonaceous material (i.e., 

graphene, nanodiamonds, glassy carbon) to introduce strained alkynes through the 

coupling reaction here described. These bioorthogonal materials would then be able to 

bind the azide-functionalized AuNP or other azide modified biomolecules through the I-

SPAAC reaction. 
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Chapter 11  

11 Conclusion and Outlook 
In this thesis, the development of a new approach for the modification of materials based 

on what we define as click and bioorthogonal nanomaterial templates is reported. These 

are stable (i.e., can be stored for indefinitely long periods of time under appropriate 

conditions) and biocompatible nanomaterials that display interfacial click or 

bioorthogonal moieties that are ready to react with any molecular system of interest that 

carries the complementary functional group or chemical reporter. The click and 

bioorthogonal nanomaterial template allows for the facile modification of the 

nanomaterial’s surface with a reaction, which exhibit the following characteristics: 

1) Is easy to perform. 

2) Is chemoselective. 

3) Has fast reaction kinetics. 

4) Relies on biocompatible functional groups and does not generate toxic byproducts. 

5) Leads to a robust nanomaterial functionalization due to the formation of covalent 

bonds. 

6) Is orthogonal to native biological functionalities and processes in the bioorganism 

under study. 

7) Is orthogonal to the surface chemistry of the nanomaterial. 

This thesis describes the development of synthetic strategies for the safe introduction of 

click and bioorthogonal groups (namely azides, maleimides, strained alkynes, and 

methyl-2-(diphenylphosphino)benzoate functionalities) at the interface of small 

amphiphilic AuNPs. It also describes the development of methodologies for the detailed 

characterization of the resulting click or bioorthogonal AuNP templates and the 

determination of the number of reactive moieties that are present at their interface. This 

information is of paramount importance for potential applications of the click and 

bioorthogonal nanomaterial templates in drug delivery and bioconjugation. These 

methodologies involve the use of transmission electron microscopy, nuclear magnetic 
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resonance spectroscopy and thermogravimetric analysis to obtain an average AuNP raw 

formula. The calculation of the AuNP raw formula is performed under the assumption 

that the AuNPs are spherical and perfectly monodispersed in size. The same results were 

then independently confirmed by X-ray photoelectron spectroscopy.  

Another important achievement of this work was the development of protocols to 

demonstrate that the click and bioorthogonal nanomaterial templates reacted as desired 

with the corresponding reaction partner and for tracking the nanomaterial’s reactivity 

over time. These goals were achieved by using a number of techniques, but mostly NMR 

spectroscopy and X-ray photoelectron spectroscopy, which are techniques that can 

provide selective information on changes on the the AuNPs’ organic corona. Through the 

development of these methodologies, we were able to achieve molecular level control 

over the reactivity of the click and bioorthogonal nanomaterial templates. This represents 

a major step forward in the functional nanomaterial field where the functionalization of a 

nanomaterial’s surface was achieved so far only through “shotgun”-type approaches that 

have no control over the extent of incorporation of the desired molecular system or its 

quantification. 

The future direction of this work will require the transposition of these methodologies to 

other nanomaterials substrates in order to extend the concept of click and bioorthogonal 

nanomaterial templates. A first step towards the achievement of this goal has already 

been made: single-walled carbon nanotubes (SWCNT) displaying interfacial functional 

groups able to undergo Michael-type addition reactions (see Chapter 5) and interfacial 

strain-promoted reactions (see Chapter 10) were synthesized. The reactive moieties were 

introduced through an interfacial coupling strategy that took advantage of the carboxylic 

groups present on the defect sites of the SWCNT. From this example it is evident that the 

challenges behind the realization of other click and bioorthogonal nanomaterial templates 

will require tailoring of the synthetic and analytical methodologies described in this thesis 

to the surface chemistry of each individual nanomaterial substrate and their specific 

physical-chemical properties. 
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This work also set the basis for the preparation of click and bioorthogonal multifunctional 

nanomaterial templates. These are nanomaterials that simultaneously display different 

click or bioorthogonal groups at their interface, where each reactive moiety is mutually 

orthogonal and will be responsible for a specific function, and the multifunctional 

nanomaterial template will still be able to react through a chemistry that will be 

controlled at the molecular level. This type of technology could be already realized using 

the small AuNPs and the synthetic approaches described in this thesis. For example, it 

would be interesting to introduce a maleimide and a strained alkyne onto a AuNP’s 

corona. The maleimide could be used for conjugating a PET contrast agent for 

biomedical imaging onto the AuNPs through a fast and efficient Michael-type addition 

reaction, while the strained alkyne could be employed for targeting azide-functionalized 

antibodies in vivo. This would allow for the in vivo imaging of cancer cells or bacterial 

infections. While this represents a specific example, it is important to highlight that the 

scope of this multifunctional nanomaterial template would be much broader because it 

could be orthogonally modified with any molecular system of interest that displays 

azides, nitrones or nucleophiles. This high versatility would potentially further expand 

the number of potential applications for AuNPs in fields that would span from chemical 

biology, nanomedicine and sensing. 

The continuous emergence of new nanomaterials and techniques for carefully controlling 

their size, shape and physical-chemical properties represents a limitless source of new 

opportunities for the creation of click and bioorthogonal nanomaterial templates. The 

creation of synthetic strategies for the modification of nanomaterial surfaces by the 

introduction of click and bioorthogonal functional groups that allow the nanomaterial to 

react reliably, efficiently, and chemoselectively and perform specific functions has the 

potential to further enhance the impact of nanomaterials and lead to unprecedented 

directions in the field. Furthermore, the ease with which these nanomaterial templates can 

be reacted with a molecular system of interest carrying the complementary functionality 

allows them to be employed by users with basic chemistry skills. This makes it possible 

to quickly develop new uses for them in the most diverse disciplines of science and 

technology, leading to a new phase of the nanomaterial revolution that will have a much 

deeper impact on our everyday life. 
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