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OBJECTIVES AND OVERVIEW 

 

This thesis focuses on the use of hydrophilic polymers for bioanalytical applications, 

including several microanalytical techniques encompassing nanotechnology, 

microarray technology and DNA gel electrophoresis. 

The dissertation is divided in two parts, which share the employment of 

dimethylacrylamide-based copolymers, developed at the laboratory of Analytical 

Microsystems of the Institute of Chemistry for Molecular Recognition (National 

Research Council of Italy) where the thesis has been carried out.  

 

What follows is a brief overview of the dissertation with the main objectives of each 

part. 

PART A introduces a novel approach for surface modification of quantum dots and 

gold nanoparticles, based on physi-/chemisorption of two different functional 

dimethylacrylamide copolymers. The main goals of this part are the development of 

innovative strategies for the functionalization of these two kinds of nanoparticles 

and demonstrate their application in highly sensitive immunoassays based on 

microarray technology.   

 

Chapter 1 provides a general overview on the use of nanoparticles in 

nanotechnology and presents the methods of synthesis employed to tailor their 

characteristics. It also discusses how the behaviour of nanoparticles is determined 

by a number of properties, such as size, surface area and charge, fluorescence that 

require careful characterization.  

 

Chapter 2 provides an overview of the methods, most commonly used, to modify 

the surface of nanoparticles through polymeric coatings. It also introduces Click- 

chemistry reactions that have gained increasing interest in nanoparticles 

functionalization.  
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Chapter 3 discusses the pivotal role of nanoparticles to enhance detection 

sensitivity and selectivity in biosensing, specifically in microarray technology, one of 

the most important techniques to perform high-throughput, multiplexed 

biorecognition analysis. The principles of microarray technology are presented, and 

the importance of polymeric coatings for an efficient and homogeneous microarray 

support derivatization are discussed. Furthermore, Chapter 3 gives an overview of 

the different detection modalities used in microarray technology, and analyses pros 

and cons of label and label-free detection techniques.  

 

Chapter 4 presents an innovative, robust and user-friendly procedure to transfer 

QDs from organic solvents into an aqueous solution that employs the functional 

copolymer poly(DMA-NAS-MAPS). A one-pot process for phase transfer and 

functionalization of QDs with biomolecules is presented in this chapter. 

 

Chapter 5 illustrates the use of coated semiconductor nanocrystals (QDs) as protein 

mass labels and their use to enhance sensitivity in a novel interferometric detection 

platform, called Interferometric Reflectance Imaging Sensor (IRIS). Furthermore, we 

discuss the versatility of coated QDs in dual, fluorescent and mass, detection 

modality and demonstrate that they overcome the limitations of traditional 

fluorophores.   

 

Chapter 6 describes a simple and robust procedure to stabilize and functionalize 

Gold Nanoparticles through an efficient click chemistry approach that employs 

poly(DMA-PMA-MAPS), an evolution of the aforementioned polymer poly(DMA-

NAS-MAPS). The Chapter discusses the application of the functionalized gold 

nanoparticles as biomolecule tags in a novel sensing platform, called Single Particle 

Interferometric Reflectance Imaging System (SP-IRIS) that provides digital detection 

of single molecules, immunocaptured on the surface of a silicon/silicon oxide 

layered chip.  

 

PART B of the dissertation presents the results of an activity, conducted in 

collaboration with the company Agilent Technology (UK), aimed at improving the 
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performance provided by the commercial acrylamide-based gel matrices. The main 

goal is thus the development of an innovative gel sieving matrix for high 

performance DNA electrophoresis.  

We introduce in the following Chapters, 7 and 8, a new hydrogel obtained by cross-

linking an alkyne modified polymer with an azide one, exploiting a copper catalysed 

click chemistry reaction. The alkyne functionalized polymer is based on 

poly(dimethilacrylamide) and it was obtained by a post-polymerization modification 

approach from the parent copolymer poly(DMA-NAS-MAPS), extensively used in the 

first part of this dissertation. The azide polymer is a polyethylenglycol terminated 

with azide groups at both ends, and is commercially available. 

 

Chapter 7 introduces the principles of DNA electrophoresis and discusses the 

characteristics of the commonly used gel matrices. It also provides a comparison 

between standard slab gel electrophoresis and Capillary Electrophoresis and 

discusses the integration of microchip-electrophoresis in lab-on-a-chip applications. 

 

Chapter 8 describes the synthesis and characterization of the novel hydrogel and its 

application in DNA electrophoresis. The chapter illustrates how using click chemistry 

it is possible to form a hydrogel that does not require UV-initiated radical 

polymerization. It also discusses the numerous advantages of the new gelation 

procedure that allows to add fluorescent dyes in the gel before cross-linking. At the 

same time, it clarifies that the new gel does not involve the use of toxic and 

unstable monomers, such as acrylamide, that are replaced by nontoxic preformed 

polymers. Furthermore, the chapter shows comparison of the performance of the 

novel gel with standard commercial polyacrylamide gel and demonstrates 

remarkable improvements in the DNA separation performance in the new hydrogel. 

A considerable part of this Chapter is devoted to the optimization of the 

characteristics of the new hydrogel, in particular to the extension of its shelf-life, an 

important parameter in view of its industrial application. 
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Chapter 1 

INTRODUCTION TO NANOTECHNOLOGY AND 

NANOPARTICLES 

 

Nanotechnology is a field of science and engineering based on understanding and 

knowledge of the properties of materials, whose dimensions are in the order of 100 

nm or less1. The physicist Richard Feynman, Nobel Prize for Physics in 1965, was the 

first who forecasted the enormous potential of nanotechnology. Feynman, in a famous 

conference, said a phrase passed into history: "There is plenty of room at the bottom", 

i.e.: there is a lot of space down there. "Bottom" refers to the size of atoms and to the 

fact that the matter can be manipulated atom by atom, molecule by molecule, 

aggregate of molecules by aggregate of molecules. He realized that the key for future 

technology and advancement would have been scaling down to nanolevel and starting 

from the bottom2. Nowadays, some experts consider nanotechnology a proper 

revolution: “Every nation in the world is looking at nanotechnology as a future 

technology that will drive its competitive position in the world economy”3. In fact, in 

recent years, several industrial sectors like biotechnology4, electronics5, magnetic and 

optical systems6 as well as a set of scientific disciplines such as physics, chemistry, 

especially the chemistry of the materials and disciplines related to engineering such as 

robotics, chemical engineering, mechanical engineering, have embraced 

nanotechnology. This impact of nanotechnology in a number of human activities is due 

to the unique, size-dependent, properties of nanomaterials. In fact, at the nanometer 

scale, the behavior and characteristics of matter change dramatically, exhibiting 

different and extraordinary physical properties. Nanotechnology realizes objects with 

properties that matter "in bulk" does not possess. In particular, the size and the high 

surface-to-volume ratio are the properities that make the nanomaterials excellent 

candidates for many applications. As mentioned above, a vast field of interest 

concerns the application of nanotechnology in biology and medicine. Nanomaterials 

are promising in the field of: biosensing, study of molecular interactions (see Chapter 
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3), human diagnostics as well as in therapeutic applications, regenerative medicine and 

tissue engineering. 

1.1 WHAT IS A NANOPARTICLE? 

 

Nanoparticles (NPs), which range in size from 1-100 nm, are the most fundamental 

component in the fabrication of a nanostructure and, for this reason they have a 

central role for any significant advances in nanomaterial based applications. They are 

attractive multifunctional materials because they represent effectively a bridge 

between bulk materials and atomic or molecular structures. As a matter of fact, NPs 

employment has opened up the door to several original applications in many different 

fields including engineering, nanomedicine, biomedical sciences. In particular, within 

biomedical context, they have gained increasing interest because of their tremendous 

potential resulting from their easy synthesis, resistance to oxidation, interesting 

physical and optical properties and highly tolerance by human organs when 

functionalized with biomolecules, allowing the communication with cells surface. 

There are several approaches for the classification of nanoparticles. One of the most 

common is based on one, two and three dimensions7. Briefly, thin films or monolayer 

belong to one dimension class, whereas carbon nanotubes are defined as two 

dimensions NPs8. The class of three dimensions nanoparticles is extremely vast and it is 

the object of this PhD thesis. Some examples of three dimensions NPs are Fullerenes 

and Dendrimers. Fullerenes have a spherical structure containing from 28 to more than 

100 carbon atoms. Since they have electrical properties, they are generally used in 

electronics but, thanks to their empty structures, they can be filled with different 

substances and exploited in medical applications9. 

Dendrimers (1-100nm) are micelles formed by amphiphilic copolymers. In aqueous 

solutions these molecules self-assemble to hide the hydrophobic region while the 

hydrophilic portion interacts with the solvent. For this reason they can be used as drug 

delivery systems and in the field of imaging10. In addition, they are widely employed in 

pharmaceutical applications11. 

One of the most famous example of three dimensions NPs are Quantum Dots (QDs), 

which have been the focus of the first part of this work. They are colloidal particles 
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ranging in size from 2 to 10 nm, generally called colloidal semiconductor nanocrystals 

because they are synthesized from semiconductor materials, such as cadmium 

selenide (CdSe), indium arsenide (InAs), cadmium telluride (CdTe) and indium 

phosphide (InP). When semiconductors are made of extremely small particles, these 

have particular properties. A phenomenon called "quantum confinement"12 is 

responsible of many properties of these particles. In fact, semiconductor nanocrystals 

absorb and emit light whose colour varies essentially according to their size. 

Consequently, for a given semiconductor material, it is possible to set its colour by 

varying the size of the QD. Because of their unique photophysical properties including 

photostability, wide excitation bands, narrow emission peaks, tunable spectral range 

and brightness, QDs are promising candidates for biomedical application, such as in 

vivo multicolour imaging and tissue engineering13. As a matter of fact, the use of 

semiconductor nanocrystals as fluorescent labels has gained considerable interest and 

their use as fluorescent probes will be widely discussed in Chapter 4. 

 

Beside Quantum Dots, many kinds of nanoparticles have been developed from 

different materials, such as magnetic materials, metallic oxides and metals. Among 

different types of metal nanoparticles including magnetic nanoparticles (iron oxide), 

silver nanoparticles, copper nanoparticles, gold nanoparticles (AuNPs) have been used 

since ancient times to make stained glass for decorative purpose14. In 1857 Michael 

Faraday discovered that the color of a colloidal solution was due to the dimension of 

the gold particles while he was synthesizing the first sample of pure gold colloid. 

Depending on particle size, the colloidal gold solution can have an intense red color 

(for particles less than 100 nm ) or a purple/violet color (for particles larger than 100 

nm ), (Figure 1). The amazing optical properties of gold nanoparticles are related to 

their unique interaction with the light15. In particular, the gold free electrons undergo a 

resonant oscillation when the light is present and absorbed by AuNPs. This 

phenomenum is called Localized Surface Plasmon Resonance (LSPR)15. For instance, in 

aqueous solution, gold nanoparticles around 10 nm have an absorption peak around 

520 nm due to the LSPR phenomenum.  
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Figure 1. Color size-dependent of gold nanoparticles 

 

When molecules are immobilized on the surface of gold nanoparticles, a shift of the 

absorption peak is expected. This means that LSPR is useful to confirm the presence of 

molecules on the NPs surface and thus their derivatization16. Moreover, the shape of 

gold nanospheres influences the optical properties, because, for example, rod-shaped 

nanoparticles have two Plasmon oscillation Resonances: one along the short axis and 

the other along the long axis17. Thanks to their unique physicochemical properties gold 

nanoparticles are object of intense research and their application in several fields, 

including biosensing, material science, biomedical imaging and electronics, is widely 

reviewed 18. In particular, in Chapter 6, their key role in the development of a novel 

biosensing platform will be extensively discussed. 
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1.2 NANOPARTICLES PREPARATION 

 

Nowadays, many kinds of nanoparticles which differ in composition, size, shape and 

physical or chemical properties can be synthesized19. Colloidal nanoparticles can be 

dispersed either in acqueous solutions or in organic solvents for hydrophilic or 

hydrophobic particles respectively, while amphiphilic nanoparticles can be dispersed in 

both kinds of solvents. The synthesis of metal nanoparticles is extensively reviewed 

and depending on the required nanoparticle material, such as gold NPs 20, silver NPs 21, 

quantum dots or magnetic NPs 22,23, different preparation methods have been 

optimized. In particular, in this work, gold nanoparticles synthesized in acqueous 

solution are employed and the preparation method developed by our collaborators, 

the research group of Fondazione Don Gnocchi, will be illustrated in Chapter 624. 

 

One of the key points of the synthesis of nanoparticles is the stabilization against 

aggregation. In general, nanoparticle preparations require surfactant molecules bound 

to the surface to provide stabilization and prevent aggregation by repulsive forces. 

Moreover, surfactants control the growth of the nanospheres, defining their size and 

geometric shape. The solubility of a nanoparticles results from the interaction between 

the ligand molecule and the solvent. In particular, polar or charged surfactants confer 

solubility in polar or aqueous solvents, while apolar ligand molecules, like hydrocarbon 

chains, provide solubility in apolar organic solvents. Nanoparticles which have 

amphiphilic surfactants, e.g. poly(ethylene) glycol (PEG), possess amphiphilic 

properties and, therefore, are soluble in many solvents with intermediate polarity. 

Examples of hydrophobic ligands molecules that cover nanoparticles surface in organic 

solvents are trioctylphosphine oxide (TOPO), triphenylphosphine (TPP), dodecanethiol 

(DDT), tetraoctylammonium bromide (TOAB) and oleic acid (OA). The stabilizing 

surfactant plays a significant role because its desorption, caused by several reasons 25, 

may induce aggregation of the particles25. In fact, even though hydrophilic 

nanoparticles are stabilized by electrostatic repulsion, the presence of high salt 

concentrations can shield the electric field causing particles agglomeration. An 

effective strategy for the stabilization of the particles is based on the use of 
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polymers26,27,28
. In this thesis, the significant role of polymeric coatings in the context of 

nanoparticle stabilization will be extensively discussed in Chapter 2. 

 

 

1.3 NANOPARTICLES CHARACTERIZATION 

 

The characterization of nanoparticles is a fundamental step during their preparation7 

since NPs behaviour is strictly correlated to several nanoparticles properties, such as 

particle size, surface area, surface charge, spectrophotometric and fluorescent 

features. Therefore, the characterization is a pivotal point in order to predict the 

behaviour of NPs. 

In general, the characterization of NPs includes size, morphology and surface charge 

determinations. These properties influence NPs physical stability and their in vivo 

performance by affecting NPs toxicity. 

 

Particle size: 

The most important parameters of NPs are the size and morphology. These properties 

can dramatically influence many applications of nanoparticles, like drug release. Since 

small particles have a large surface area, the drug release is faster from these particles 

than from large particles. However small particles tend to aggregate more. This means 

that there is a compromise between the stability of NPs and their size29.  

 

Dynamic light scattering (DLS) is an optical spectroscopy technique, widely used to 

determine the size of NPs colloidal suspensions. A solution of particles in Brownian 

motion is shined by a light laser. When light hits particles, it scatters in all directions, 

changing the wavelength of the incoming light. This change is correlated to the 

hydrodynamic radius of the particles. Thus, DLS measurements allow to acquire 

information on particle motion, size and shape. The results are generally presented as 

a graph of intensity of the scattered light over the dimensions of the particles. This 

technique is very sensitive to the presence of large particles30. This can be an 
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advantage if the purpose is to detect small amounts of large particles, but it can be a 

major drawback for accurate size determination. 

 

Nanoparticle tracking analysis (NTA), is a method for visualizing and analyzing 

particles in liquids. It relates the rate of Brownian motion to particle size. Unlike in DLS 

technique, the presence of few large particles in a sample has a little impact on sizing 

accuracy. This technique gives a more precise size distribution than DLS; it enables the 

visualization and recording of nanoparticles in solution, and provides particles 

concentration values and size information. Moreover, when used in conjunction with 

fluorescenc, the technique provides differentiation of labeled or naturally fluorescent 

particles. 

 

Transmission electron microscopy (TEM) provides data related to the size of the core. 

The technique allows to estimate the molecular weight and to obtain information of 

the shape and of the size distribution interval of the nanoparticles. The sample 

preparation onto support grids or films for TEM is cumbersome and time consuming 

because the specimen must be ultra thin for the electron transmittance. Transmission 

Electronic Microscope uses an electron beam which interacts with the sample as it 

passes through31. This technique can be exploited for inorganic particles but it is less 

suitable for organic NPs, as they provide poor contrast in TEM analysis due to their 

small electron density.  

 

Surface Charge 

The colloidal stability of NPs is extremely influenced by the surface charge that 

determines their interaction with bioactive compounds and with the biological 

environment. So, it is very important to assess the nature and the intensity of the 

surface charge in order to predict the behaviour of NPs in vitro and in vivo.  

 

Zeta potential (ζ-potential): the surface charge is analyzed through measurements of 

the ζ-potential of nanoparticles. This parameter corresponds to the electric potential 

difference across the ionic layer around a charged colloid ion, which is the nanoparticle 

in this case. With this measurement it is possible to predict the storage stability of a 
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colloidal dispersion. High zeta potential values, either positive or negative, (i.e. <-30mV 

e >+30mV) avoid aggregation of the particles. Through this technique it is also possible 

to collect information about the nature of the material encapsulated in the 

nanopheres or coated onto the surface32. 

 

Gel Elecrophoresis: it is a powerful technique that provides interesting information 

about the surface of nanoparticle. Since the electrophoretic mobility of molecules in a 

gel matrix depends on the ratio between its charge and its size, it is possible to exploit 

this technique for analyzing the attachment of ligands onto NPs surface. In fact, in the 

presence of a polymeric coating and/or biomolecules, the mobility of NPs is altered. As 

a matter of fact, gel ectrophoresis is a high sensitive detection technique. An example 

of its high resolving power was demonstrated by Pellegrino et al, who were able to 

resolve with this technique even monoconjugate DNA-nanoparticle33. 

 

Raman Spectroscopy  

It is a non-destructive vibrational spectroscopy able to provide the chemical 

composition of the analyzed sample, collecting the light inelastically scattered by a 

sample after a laser excitation.  Raman spectroscopy is not affected by the presence of 

water and therefore biomolecules in acqueous solution can be analyzed without any 

problem. It is a label free technology, highly specific and it requires low amounts of 

sample and minimal sample preparation. Thanks to its high sensitivity and specificity it 

is possible to exploit it to reveal very little changes on nanoparticles surface.  

 

Fluorescence spectroscopy 

It is a type of electromagnetic spectroscopy that analyzes the fluorescence of a sample. 

It uses a light beam, usually unltraviolet light, that excites the electrons in molecules of 

certain compounds and causes them to emit light; typically, but not necessarily,visible 

light. A complementary technique is absorption spectroscopy. Fluorescence 

spectroscopy is extremely suitable for the characterization of fluorescent 

nanoparticles, Quantum Dots in particular, because it is possible to monitor their 

fluorescence properties in a very precise way thanks to their narrow emission spectra.  
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UV-Vis-NIR spectrometry 

It is one of the most useful methods for the characterization of metallic nanoparticles. 

The technique measures the light adsorbed by a sample at different wavelengths in the 

ultraviolet, visible and near infrared spectra. Upon irradiation of the sample with a 

light of known wavelength and intensity, the transmitted light is measured. In the case 

of metallic nanoparticles absorption peaks at the wavelengths corresponding to 

plasmon excitation are detected. In general, gold nanoparticles have an absorption 

peak in the 500-600 nm range, which can be shifted due to size variations. The 

technique can be used to evaluate the quality of a NPs preparation, because through 

the analysis of the UV spectrum it is possible to reveal the presence of agglomerates or 

aggregates. 
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Chapter 2 

NANOPARTICLES SURFACE MODIFICATION  

 

The key factor for every possible employment of nanoparticles is the proper surface 

modification, which determines their interaction with the environment. The 

characteristics of the surface influence their colloidal stability, water solubility, 

chemical reactivity and biocompatibility, all features that ultimately affect their 

application in biomedicine.  

Thanks to their advantageous properties, such as biodegradability, biocompatibility in 

physiological systems, NPs have been widely exploited in nanomedicine. A number of 

surface modification and functionalization strategies have been recently reviewed1. 

Surface coatings protect NPs against agglomeration and confer them compatibility in 

solvents different from those in which they were synthesised2. Furthermore, through 

modification of the surface, the physical, chemical and mechanical properties of NPs 

can be tailored3 so to improve delivery properties and pharmacokinetic profiles. For 

instance, NPs, properly modified, permeate deeper into tissues, through thin blood 

vessels, i.e. capillaries, allowing efficient delivery of therapeutic agents to target sites4. 

Thus, functionalized nanoparticles are promising devices for overcoming the limits of 

traditional therapeutics5. 
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2.1 PHASE TRANSFER AND FUNCTIONALIZATION WITH POLYMERS 

 

In general, several types of colloidal nanoparticles are synthesized in organic solvents. 

Therefore, in many cases, mostly for biomedical applications, a phase transfer of NPs 

to aqueous solutions is required in order to confer them the compatibility with 

biological systems. Within this context, the challenge is to develop strategies to 

manipulate their surface chemistry keeping their properties identical to those that 

they have in the organic solvents where they were synthesized.  

For instance, even though semiconductor nanocrystals can be synthesized either in 

aqueous solution starting from various materials such as Au6, CdTe ,CdSe and Fe3O4
7, 

synthetic approaches in organic solvents are preferable as, at high temperature, it is 

easier to control size and shape8 and to obtain highly crystalline and monodisperse 

nanocrystals. The surface of nanoparticles grown in an organic solvent must be coated 

with different hydrophobic surfactant molecules, such as trioctylphosphine oxide 

(TOPO) or hexadecylamine (HDA) that confer them hydrophobicity and prevent from 

further growth. 

Even particles that are synthesized in aqueous solution may require phase transfer, if 

they cannot be synthesized with the desired surfactant on the surface; many strategies 

already exist for phase transfer in both directions. Sperling et al1 discussed the three 

most common strategies to transfer nanoparticles from organic solvents into aqueous 

solutions: molecular exchange, use of amphiphilic molecules, and polymer coating9. 

 

1) MOLECULAR EXCHANGE. It is the simplest approach to transfer NPs in aqueous 

solution10 11. This method is based on the competition for binding sites onto the 

nanoparticle surface between the original surface ligand (e.g., TOPO or HDA) and 

another molecule (e.g. mercaptoacetic acid), which is added to a solution of 

nanoparticles in a specific solvent, such as chloroform. In this way the displacement of 

the surface ligand by the external molecule occurs and the surface chemistry and the 

polarity of the nanoparticles are changed, conferring them hydrophilicity. In addition, 

surface reactive groups (e.g.carboxylic acid groups), useful for conjugation, are 
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provided. However, this method has some drawbacks: nanoparticles aggregation can 

occur if the surface ligand desorbs from the surface, compromising the stability of the 

particles and, moreover, the choice of the ligand has to be done considering the core 

material. The complexity of this approach is reflected by the numerous protocols 

reported in the literature. 

 

2)  AMPHIPHILIC MOLECULES. An alternative approach employs, amphiphilic molecule 

(e.g., phospholipids). On one site, the hydrophobic portion interacts with the 

nanoparticle surface, on the other site the hydrophilic functionalities extend in 

solution 12 13. Coating NPs with this kind of molecules leads to the desired polarity and 

functionality 14 15, but the size of NPs could be increased. 

 

3) POLYMER COATING. The use of amphiphilic polymeric shell to coat hydrophobic 

nanoparticles is advantageous compared to the two strategies described above. In 

fact, since the nanoparticles are simply wrapped in a polymeric shell, this strategy can 

be used regardless of the type of inorganic core material and the type of surfactant. 

Thus, it is possible to apply this procedure to many different types of hydrophobic 

nanoparticles. Moreover, the phase transfer from organic solvents into an aqueous 

solution using polymeric coatings confers long-term colloidal stability to NPs. At the 

same time NPs retain most of their physical and optical properties (such as, the 

fluorescence of CdSe/ZnS QDs and the magnetic properties for Fe2O3 nanoparticles).  

Lastly, using amphiphilic polymers, many contact points between ligand molecules and 

polymer are present, which minimize the desorption of the polymer molecule from the 

particle. It is also possible to further improve the stability by cross-linking the polymer 

shell 16 12. Basically, this approach is mostly based on hydrophobic interactions and van 

der Waals forces between the alkyl chains of the surfactant molecule and the 

hydrophobic regions of the polymer. This sort of interdigitation of the polymer 

hydrophobic portions with the surfactants on the nanoparticle surface provides the 

solubility of the nanoparticle in acqueous solution thanks to the exposure of the polar 

polymer backbone to the environment . Pellegrino et al.12 described a general method 

that allows the phase transfer of hydrophobic nanocrystals from organic to aqueous 

solution by enclosing the particles in an amphipihilic polymer, poly(maleic anhydride 



 16 

alt-1-tetradecene). Figure 2 depicts the scheme of the coating procedure: in the first 

step the intercalation of the hydrophobic alkyl chains of the polymer with the 

surfactant molecule plays a significant role. In a second step, the amino group of the 

cross-linker, bis(6 aminohexyl)amine, reacts with the anhydride ring of the polymer 

cross-linking individual polymer chains. In this way, a negative charge is conferred to 

the surface of the nanopaticles that become stable in acqueous solution thanks to 

electrostatic repulsion.  

 

 

 

Figure 2. Scheme of the phase transfer with an amphiphilic polymer. 
Reproduced, with permission, from12 
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Through this simple and general protocol, different kind of nanopartilces, such as 

magnetic, semiconductor, and metallic nanoparticles have been phase transferred17 18.  

Block copolymers are another family of amphiphilic polymers currently used. They 

include polystyrene-b-poly(acrylic acid)19, poly(methyl methacrylate)–

poly(ethyleneoxide)20 and amphiphilic hyperbranched polyethylenimine21. As 

underlined in a number of publications, QDs coated with amphiphilic polymers possess 

high integrity and stability, maintain their optical properties, especially quantum yield 

and have reduced sensitivity to oxygen and light22. In fact it is fundamental that the 

manipulation of the surface chemistry of semiconductor nanocrystals preserves their 

optical properties in biological imaging applications.  

 

Amphiphilic NPs coatings, not only allow phase transfer of nanoparticles from organic 

solvents to aqueous solution, but also acts as a flexible platform for chemical 

modification and bioconjugation23. In fact, the chemical reactive groups, such as 

carboxylic acids and amines, included in the polymer, are used for the attachment of 

biomolecules, thus consenting to employ polymer-coated and biofunctionalized 

nanoparticles in a variety of biomedical applications.  

In most functionalization methods, a post-modification of the polymer coating in 

aqueous solution is needed in order to introduce functionalities on the particle 

surface1. For instance, the introduction of linkers, for example EDC (1-ethyl-3-(3-

dimethylamino propyl-carbodiimide), provides activated carboxylic groups that are 

unstable intermediates, that can undergo two different chemical reactions: hydrolysis 

or formation of a stable amide bond by reacting with a primary amino group. EDC 

activated acids can react with NHS (N-hydroxysuccinimide) or sulpho-NHS, which have 

a longer half-life and may react in a second stage with primary amines. Even though 

the functionalization via EDC/NHS is extensively exploited and quite efficient, as most 

post-modification approaches, this process can affect the stability of the surfactant 

layer. For this purpose, Lin et al.24 describe a strategy where functional groups such as 

poly-ethylen glycol (PEG), sugar, flurophore, biotin are directly embedded in the 

polymeric coating, avoiding any additional reagents for the post-bioconjugation 

chemistry. Basically, the coupling of the functional molecules to the polymer is done in 

organic solvent before coating the particles.  
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2.2 CLICK CHEMISTRY AND “CLICKED” NANOPARTICLES 

 

The click chemistry concept was introduced by Sharpless and co-workers in 200125 and 

it involves a large number of reactions for the universal linkage of molecules avoiding 

the use of highly reactive or cross-reactive intermediates. This class of chemical 

reactions are characterized by fast kinetics, (‘’Click’’), high yield, high selectivity and 

efficiency (often the reactions are quantitative), limited or zero residual by-products 

and biocompatibility, reactivity in mild conditions i.e. aqueous solvents, room 

temperature and near physiological pH. Furthermore, several ‘‘click’’ reactions are 

orthogonal to each other, meaning that they can happen in a one-pot approach or in a 

sequential manner. This property makes them an efficient toolbox to obtain the 

synthesis of bioconjugates in a selective way and a suitable approach to successfully 

modify numerous surfaces and interfaces26 27 . 

“Click reactions” involve the reaction of many different functional groups, for example   

thiols and maleimides (Figure 3a), azides and alkynes (Figure 3b) or Diels-Alder 

reactions (Figure 3c).  

In the panorama of clickable reactions, those that involves azide groups are 

summarized in Table 1. In particular, the copper-catalyzed 1,3-dipolar cycloaddition 

(CuAAC) between azide and alkyne (Table 1, Figure a) has gained remarkable attention 

thanks to the dramatic acceleration rate obtained with the catalyst (Copper, Cu) and 

the beneficial effects of water, used as solvent28. 

This reaction process does not require protecting the functionalities naturally present 

in biomolecules. The formation of 1,4- disubstituited-1,2,3-triazole, see Table 1 Figure 

a proceeds with complete conversion and selectivity with surprising insensitivity to 

solvent type and solution pH. 
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Figure 3. General scheme of click reactions 

 

Table 1. Click reactions which involve azide groups 

 

 

Huisgen29 was the first who developed a thermally initiated cycloaddition between an 

azide and a linear alkyne which led to the formation of the stable triazole mentioned  

above. Terminal alkynes are not very reactive towards azides, but the efficiency of this 

reaction is exponentially increased by the presence of the metal catalyst copper in its 

+1 oxidation state (Cu(I)) formed in situ by reduction of Cu(II) with ascorbic acid (AAC), 

the preferred reducing agent used in many applications to provide copper in the 

required oxidation state. However, the use of Cu(I) as catalyst has some drawbacks, 

including citotoxicity, denaturation of proteins 30 and, when used with quantum dots,  

reduction of their quantum yield31. Copper toxicity is related to its oxidation from Cu(I) 
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to Cu(II), which may damage some biomolecules. In fact, some examples of in vitro 

copper-induced degradation of viruses or oligonucleotide strands have been 

reported32 33. In order to overcome the problems related to the use of copper catalysis, 

a copper-free azide-alkyne cycloaddition (SPAAC) strategy was developed by Bertozzi 

and co-workers in 200734. It requires the use of strained cycloalkynes differently 

substituted, instead of linear alkynes (Table 1 Figure b). The cycloalkynes react 

towards azide moieties at room temperature with high yield; they do not require any 

catalysts. As a drawback, the high reactivity of these compounds reduces the 

chemoselectivity of the click reaction and the cycloaddition kinetics is slower if 

compared with copper-mediated click reaction (CuAAC). 

For these reasons, to maintain all the advantages related to copper-mediated 

cycloaddition but without damaging biological scaffolds, complexing agents such as 

tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine, (THPTA) and tris-[(1- benzil-1H-

triazol-4-il)metil]ammina (TBTA)(Figure 4), have been used to enhance the role of 

copper catalyzed reactions. The most efficient ligand, THPTA, has a dual important 

role: it increases the reaction kinetics and protects the Cu(I) from oxidation avoiding 

damages to biomolecules. 35 28. 

 

 

 

Figure 4. Structures of two ligands reported in literature for the acceleration of click-chemistry 

 

 

In the last few years, click-chemistry reactions have been used to modify the surface of 

nanoparticles, providing an efficient tool for their functionalization. In particular, 

nanoparticles derivatization through click chemistry was demonstrated either in 
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organic36 or in aqueous solution37 on polymer nanoparticles38 and carbon nanotubes39. 

Click chemistry is suitable for gold nanoparticles since they are usually stabilized with 

alkanethiol ligands to prevent aggregation. Thus, through a simple ligand exchange 

approach, such as the one described in Section 2.1, it is possible to replace alkanethiol 

molecules with the desired azide or alkyne functional ligand, providing the 

nanoparticle with the reactive moiety for CuAAC click reaction40. Moreover, AuNPs 

coated with water-soluble ligands, such as azido-PEG moieties, can be clicked in 

aqueous solvent. For instance, Gole and co-workers attached alkyne-functionalized 

Thermomyces Lanuginosus lipase to azide-functionalized water-soluble gold 

nanoparticles37. 

 

The application of ‘’clicked’’ NPs is widespread and, in particular, their potentiality in 

sensors and bioprobes is enormous. In fact, using the CuAAC reaction, many kinds of 

nanoscale probes such as gold NPs41, semiconductor quantum dots42, polymer 

conjugates, and magnetofluorescent NPs43 have been developed. Functional metal 

NPs, especially Au and Ag NPs, have been exploited as labels in colorimetric 

immunoassays without using sophisticated equipment, thanks to their high extinction 

coefficient and optical properties. 

Azide and alkyne-functionalized AuNPs were used for the detection of Cu2+ ions in 

aqueous solution41: the addition of CuS04 and sodium ascorbate to a colloidal solution 

of azide and alkyne-functionalized AuNPs induces the cross-linking of NPs: bleaching of 

the red solution confirms the aggregation. With this method it is possible to detect a 

concentration as low as 50 mM of Cu2+ ions just by naked eye-assay (Figure 5). 
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Figure 5. The detection of Cu
2+

 ions using CuAAC reaction for crosslinking 

 

Another example of colorimetric sensor, which exploits NPs triazole rings as binding 

sites for many metal cations, detects lead ions in drinking water, where in the 

presence of Pb2+ ions, AuNPs aggregation occurs44.  
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Chapter 3 

NANOPARTICLES IN BIOSENSING 

 

3.1 MICROARRAY TECHNOLOGY: OVERVIEW  

 

Beside being widely used in many fields of nanomedicine 1 2, nanoparticles find wide 

application in biosensing. In 1992 IUPAC defined  biosensors as “devices that use 

specific biochemical reactions mediated by isolated enzymes, immune systems, 

tissues, organelles or whole cells to detect chemical compounds usually by electrical, 

thermal or optical signals”3.  

Due to their unique physicochemical properties and high surface area, nanoparticles 

have a pivotal role in the construction and development of novel sensing devices 

thanks to their ability to enhance detection sensitivity and selectivity4. Their use as 

transducers in electrochemical and optical biosensensors, in diagnostic applications as 

nanoprobes for in vivo imaging/cell tracking in biomedical research, has been 

extensively reported5 6. Nanoparticles are used in biosensing for the immobilization of 

biomolecules, as catalysis of electrochemical reactions or to enhance electron transfer 

and labelling of biomolecules, such as antigens, antibodies and DNA. Their role as 

transducers of the interaction between two biomolecules is widely exploted in 

microarray technology. This technology allows to detect molecular interactions 

between biomolecules of known identity (probes), immobilized with an orderly 

arrangement on a solid support, and their complementary counterparts (targets) 

contained in a liquid sample . The first step in the realization of a microarray involves 

the immobilization of probes on the surface. This is a very critical step which requires 

high accuracy and reproducibility:  using a robot (spotter) it is possible to dispense few 

pico-litres of probe solution at a precise position, creating onto the surface small 

circular spots (diameter < 250 microns ). An array is an orderly set of spots which can 

be divided in distinct regions called subarrays (Figure 6). 
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      Figure 6. Traditional microarray format. Many subarrays can be printed on a  conventional support.  

Many replicate spots can constitute each subarray 

 

After washing and blocking the unreacted sites on the surface, the array is incubated 

with a sample containing the target analytes, that interact specifically with the probe 

depending on the molecular recognition event under study. If the interaction between 

probe and target occurs, the molecular complex is revealed on the surface by a 

transducer, which converts the biological interaction in a quantifiable physical signal, 

that in most cases is fluorescence (Figure 7). The variety of detection techniques will 

be extensively described in Section 3.4. 
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Figure 7. General scheme of a microarray experiment 

 

There are different types of microarrays depending on the biomolecules used as 

probes (DNA, protein or peptide probes). Microarray technology was first developed 

for DNA analysis. The technique was widely used for genotyping, gene expression and 

DNA mutation detection. In the last years, protein microarrays have gained increased 

acceptance in proteomics. Over the last ten years, the major technique in proteomics 

has been the combination of two-dimensional gel electrophoresis with mass 

spectrometry (MS). Even though classical proteomic techniques provide excellent 

resolution of protein isoforms and optimal performance in biomarker discovery, they 

are not suitable for high-throughput screening of protein biomarkers. Protein 

microarray technology has great potential as tool for biomarker validation and 

screening. In particular, multiplexing capability, low sample volume consumption, 

process automation and ability to carry out different analysis in parallel (high- 

throughput screening), make protein microarrays effective tools for multicomponent 

biomarker diagnostics. A microarray can be seen as the evolution of a conventional 

Enzyme Linked ImmunoSorbent Assays (ELISA). Thanks to its miniaturization and 
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multiplexing capability, the amount of data that can be obtained per volume of 

biological sample has dramatically increased compared to traditional approaches. 

Microarray technology can be easily implemented into Lab on a Chip (LoC) systems, 

hybrid micro analytical devices aimed at containing onto a single platform of various 

process that typically require an entire biochemical laboratory7. They basically 

integrate fluidic and electronic constituents on the same chip. Microchannels, 

microvalves, sensing components, microelectrodes, thermal elements, optical 

apparatuses and/or micro-mixers are integrated on the same device where a series of 

processes or, in some cases, an entire experiment, are conducted. 

LoC have been used in several applications, including high-throughput medical and 

biochemical analysis8, environmental monitoring and food quality assessment9. They 

have also gained importance in drug discovery10, for example in clinical trial studies, 

drug synthesis, pharmaceutical formulation and in evaluating synergic effect of co-

somministrated medicines. LoC systems offer significant advantages over standard 

benchtop systems in terms of compactness of size, portability, process automation, 

limited power consumption, minimal use of samples and reagents, and reduced risk of 

contamination. Besides these practical advantages, there is a gain in terms of 

performance and sensitivity: molecular and thermal diffusion times, for example, are 

incredibly reduced. LoC systems support a variety of processes, such as sampling, 

dispensing, mixing, concentrating, amplification, separation, detection and allow 

parallel sample processing. In order to reach a real clinical impact, the ultimate goal of 

LoC-based technologies is their evolution into Point-of-care tests (POCT) 11, defined as 

medical test performed close to the patient: in the doctor’s office, by the hospital bed, 

or at home, e.g. glucose tests, rapid streptococcal tests and pregnancy tests. They 

usually require sensitivity and specificity equivalent or better than centralised 

laboratory tests, as well as self-contained, disposable and low-cost cartridges, which is 

why LoC are easily applied to POCT. 
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3.2 POLYMER COATING FOR MICROARRAY SUPPORTS 

 

A microarray analysis requires the immobilization of probe-molecules on 

functionalized surfaces in an ordered matrix. Within this context, the chemistry used 

for the arrangement of probe molecules on the surface plays a pivotal role in any 

experiment as the final performance of a microarray biochip is strongly related to the 

immobilization process itself12. Proteins are highly sensitive to the immobilization 

procedure. The tendency of polypeptides is to bind to the surfaces in a nonspecific 

manner and this binding mechanism can alter their biological activity13. Therefore, the 

surface chemistry of the support has to: 

 

1) keep the integrity, the native conformation and the biological function of ligands 

(probes) 

2) provide an optimal binding capacity of capture ligands  

3) ensure accessibility of the ligand to the counterpart (target)  

4) minimize the non-specific interactions; this is extremely difficult when a complex 

matrix, such as serum, has to be analyzed. 

 

Polymer coatings, usually referred to as tri-dimensional coatings, if properly designed, 

satisfy all these requirements, assuring homogenous surface derivatization and high 

concentration of reactive groups for capturing the ligand. Furthermore, they act as 

linkers, also distributing the bound probe in an axial position, thus causing a faster 

reaction with the target involved in the biomolecular recognition.  

One of such 3-D coatings was developed by Dr. Chiari’s group, at the Institute of 

Chemistry of Molecular Recognition of the National Research Council of Italy in Milan 

(ICRM-CNR). A copolymer made of three different monomers: N,N-dimethylacrylamide 

(DMA), N-acryloyloxysuccinimide (NAS), and 3(trimethoxysilyl)propyl methacrylate 

(MAPS), which will be referred as poly(DMA-NAS-MAPS) for the remainder of the 

dissertation, was synthesized by random radical polymerization in an organic solvent. 

This polymer, illustrated in Figure 8, was employed for the first time for the 
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preparation of low-density DNA microarrays on glass surfaces14. Each monomer has a 

specific role in the correct interaction between the polymer and the surface in the 

adsorption step and between the polymer and the probes in the immobilization and 

the incubation steps. The presence of a N,N-dimethylacrylamide (DMA) backbone 

promotes polymer adsorption on the surface through hydrogen bond and Van der 

Waals interactions. The silanizing moiety, (MAPS), reinforces surface interactions with 

covalent bonds, whereas the N-acryloyloxysuccinimide (NAS) is the reactive monomer 

that provides anchors for binding amino-modified probes (DNA, proteins and 

peptides).  

 

 

 

 

 

Figure 8. Chemical structure of poly(DMA-NAS-MAPS). The molar fraction of the three monomers is 

97%DMA, 2% NAS, 1% MAPS 

 

A simple, fast and inexpensive coating procedure was developed using this copolymer 

that self-adsorbs onto glass, or other materials, such as plastic, PDMS, nitrocellulose 

and gold, very quickly just by deeping the substrate in its diluted aqueous solution. 

This robust “dip and rinse” coating method avoids time consuming glass pre-

treatments and multi-step processes. 
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3.3 SILICON SURFACES FOR MICROARRAY   

 

Glass slides are the favoured surfaces for microarrays because of their availability, 

cost, flatness, rigidity, transparency, amenability of the surface to chemical 

modification and non-porosity15. However, materials with more favorable optical 

properties can be employed to enhance fluorescence signals detected on the surface 

of the substrate: for example, Cretich et al. 16 have introduced silicon substrates 

coated with a layer of silicon oxide. The principle exploited to enhance fluorescence 

signals is constructive optical interference, a phenomenon in which light waves, 

reflected by the upper and lower boundaries of a thin film, interfere with one another 

to form a new wave. When the thickness of the film is a half-multiple of the 

wavelength used for the detection, reflections at various interfaces of the layered 

substrate interfere to build each other up, increasing the reflected wave and reducing 

the transmission. In order to induce this phenomenon, substrate layered materials 

with different refractive index are required as substrates17. The optimized thickness for 

the oxide layer is 100 nm. The thermally grown silicon oxide (SiO2) coating of the 

slides, introduced by Cretich et al., has low roughness and low fluorescence 

background. The phenomenon of constructive interference between the incident and 

reflected waves of the fluorescence radiation is depicted in Figure 9.   

This innovative type of microarray slide has demonstrated to provide a 5 to 10-fold 

enhancement of fluorescence signals in comparison to commercial glass slides18, 

leading to significant improvements in detection sensitivity. Furthermore, the optical 

properties of the silicon oxide are not altered by the nanometric poly(DMA-NAS-MAPS) 

coating.   
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Figure 9. With Si/SiO2 chips, with a top layer of 100 nm oxide, it is possible to obtain a 5 to 10-fold 

enhancement of the fluorescence signals in comparison to commercial glass slides, thus providing higher 

sensitivity in analytes detection. a) Silicon chip employed for fluorescence detection: white squares 

mark the 100 nm silicon oxide layer thickness. b) Layers of well defined thickness act as interference 

layers and reflect, towards the detector, the light that would be otherwise absorbed by the substrate. c) 

Fluorescence enhancement on reflecting substrates at normal incidence of excitation and collection. The 

simulations for excitation (blu line), emission (red line) and total collected intensity enhancement (black 

line), via utilization of the layered reflecting substrate for varying thickness of the top transparent oxide 

layer are shown. Monochromatic excitation at 543nm, and collection in the 550-600nm range are 

assumed19 

 

Through variation of the thickness of the SiO2 layer, it is possible to enhance the 

emission of any fluorophore of choice by constructive interference with significant 

improvements in detection sensitivity16.  

In addition, silicon oxide layered substrates are currently used in the Interferometric 

Reflectance Imaging Sensor (IRIS), a sensing platform which enables label-free 

multiplexed detection20. This technique will be extensively described in Chapter 5. 
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3.4 MICROARRAY DETECTION METHODS 

 

Microarrays are powerful analytical tools for the simultaneous analyses of thousands 

of biomolecules, DNA or proteins, in a single experiment. However, their application 

for analytical and diagnostic purposes is still limited by several challenges which can be 

overcome by advances in detection methods allowing to improve sensitivity and 

reliability in signal detection. The wide range of methods of detection includes 

magnetic and electronic devices21, metallic and semiconductor electrodes for 

electrochemical (amperometric, voltametric) detection22 and, more rarely, acustic 

detection method approaches23. Optical methods of detection for biomolecular 

interaction have gained increasing interest and, nowadays, this strategy is widely 

employed in microarray technology. Available optical methods can be divided in two 

categories: label-based and label-free detection methods. 

 

3.4.1 LABEL-BASED DETECTION METHODS 

 

Label-based sensing represents the standard approach for microarray detection due to 

the availability of reagents and instruments dedicated to this detection mode that 

requires fluorescently labeled, chromogenic or chemiluminescent labels in order to 

detect analytes bound to the surface. 

 

3.4.1.1 Cromogenic labels 

 

Chromogen labels are a class of compounds that can be converted to a pigment or a 

dye through enzymatic reactions (e.g. oxidation). In microarray technologies, they are 

used as substrate of enzymes covalently bound to detection antibodies. The most 

commonly employed enzymes are the alkaline phosphatase (AP) and horseradish 

peroxidase.  

The signal intensity depends on the chromogen employed. However, in all cases the 

coloured product precipitates in correspondence of the spot and is often visible by 
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naked eye. The higher is the colour intensity, the higher is the concentration of target 

biomolecule in the sample. 

 

3.4.1.2 Chemiluminescent labels 

 
Microarrays detection methods based on chemiluminescence reactions are adapted 

from Western blotting protocols. Like chromogenic label, detection antibodies are 

covalently bound to enzymes (e.g. HRP or AP), but a different substrate, such as 

luminal is oxidated, eliciting a prolonged light emission. Emitted photons can be 

captured by Xray films, phosphorous plates or more commonly by a CCD camera. Non-

specific signals are minimized thanks to opportune buffer solutions, usually prepared 

with diluted bovine serum albumin (BSA) or casein. Even though they are very 

sensitive, chemiluminescence microarrays detection methods have low resolution due 

to small spot size and limited dynamic range24. 

 

3.4.1.3 Fluorescent labels 

 

Nowadays, fluorescent labels have become the gold standard for microarray detection. 

A lot of fluorochromes have been developed in order to enhance brightnessand 

stability. Many fluorochromes are available on the market, such as Fluorescein, 

Cyanine, AlexaFluor, Rodamine, Acridine, Ficobiliproteins and Bodipy. The property 

that determines the success of a fluorofore, beside its quantum yield, is its stability in a 

large range of pH values. The choice of the fluorescent molecules is based on the 

sample properties, spectra emission and kind of support used. In fact, due to auto-

fluorescence phenomena, not all supports are compatible with fluorescence detection. 

Furthermore, molecules that interfere with the signal emission can be contained in the 

sample itself. An example is represented by the case of flavoproteins whose emitted 

light has the same wavelength range of fluorescein dye. 

Cyanine-3 (Cy3) and Cyanine-5 (Cy5) are the most commonly used fluorochromes. 

Since they absorb and emit light at two different wavelengths (Cy3 absorbs green light 

at 550 nm and emits at 570 nm, while Cy5 absorbs red light at 649nm and emits at 670 
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nm), they can be used for the simultaneously detection of two different targets 

without any overlapping in emission spectra. Derivatized with N-hydroxysuccinimide 

(NHS) esters, these dyes react with amines on biomolecules rendering them 

fluorescent.  

 

3.4.2 LABEL-FREE DETECTION METHODS 

 

It is well known that the effect of labels on molecular conformation is still a major 

problem. In fact, labeling approaches often alter surface characteristics and natural 

activities of the labelled molecule. Furthermore, the labelling procedure is laborious 

and it is difficult to find an appropriate label equally applicable to all molecules. These 

limitations provide strong arguments in favor of label-free detection methods, which 

are gaining a lot of interest and would greatly simplify assay development. They are 

based on the direct detection of target molecules by means of their intrinsic effect on 

some of the physical properties of the sensing surface as they interact with 

immobilized probes. In addition to being insensitive to photobleaching and self 

quencing, label-free methods are compatible with kinetic measurements which are not 

possible with fluorescence detection. However, sophisticated and expensive 

equipments are required for label-free approaches. In addition, up to now, label-based 

detection has still higher sensibility than label-free methods. 

Many label free techniques have been successfully integrated with microarrays and 

represent a potential complement to label-based methods. The label-free techniques 

for microarrays are extensively reviewed by Sandipan et al.25. The most widely 

employed method is based on Surface Plasmon Resonance (SPR), whose principle is 

the optical reflectance of a surface coated with a thin layer of gold modified by the 

presence of biomolecules 26. The efficiency of SPR is improved by SPR imaging (SPRi), 

facilitating analysis of multiple interactions simultaneously. This technique represents 

a potential alternative to label-based detection approaches. 

Although SPR methods are the most commonly used, other optical label-free 

techniques have gained a lot of interest: nanophotonic devices, such as ring 

resonators, are in full expansion as they performe quantitative label-free, multiplexed 

analyses of clinically relevant protein biomarkers27. A novel multiplexed, label-free 
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detection method called Reflective Phantom Interface (RPI) was developed by Giavazzi 

et al28. This is a simple, potentially low-cost and multiplex detection method based on 

measuring the weak intensity of the light reflected by the functionalized surface of a 

plastic material whose refractive index is very close to that of water. This system 

provides the direct detection of the target molecules, which interact with the probes 

immobilized on the sensing surface and their quantification on the basis of the local 

increase in optical reflectivity.  

 

The group of Professor Selim Ünlü at Boston University (MA, USA), has introduced a 

label-free imaging technique that can be applied to both DNA and protein 

microarrays29. This innovative label-free technique is called Interferometric 

Reflectance Imaging Sensor (IRIS 30 and it is based on a simple interferometric method: 

the optical phase-shift resulting from the surface accumulation of biological mass at 

different binding sites is monitored to investigate molecular interactions. A detailed 

description of this novel technique and its potential as label-free approach will be 

presented in the next Chapter. 
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Chapter 4 

INNOVATIVE STRATEGIES FOR NANOPARTICLES 

SURFACE MODIFICATION WITH FUNCTIONAL 

COPOLYMERS: ONE-POT PHASE TRANSFER AND 

BIOCONJUGATION OF QUANTUM DOTS    

 

In the literature, terms such as modification, functionalization or stabilization are used 

to define the processes that alter surface properties of nanoparticles. This diversity in 

terms reflects the different motivations for using a coating or for its intended function. 

The properties of nanomaterials are selectively changed by surface coatings as, often, 

it is the shell, rather than the core of the nanoparticles, that determines their main 

final properties.  

Compared to larger particles, nanoparticles possess a large surface to volume ratio 

surface properties, especially if they are smaller than 10 nm. These properties dictate 

the behaviour of the particles during production, processing and final application(s). As 

already extensively discussed in Section 2.1, coating the surface of nanoparticles with a 

polymer provides one of the most efficient methods to influence their properties1. 

Polymeric coating can confer to NPs all the features that allow their use in medical 

applications such as colloidal stability, biocompatibility, water-solubility and 

biofunctionalization. This latter characteristic is essential for the targeted transport of 

NPs to certain cells or organs. By binding appropriate antibodies to the surface, the 

coated particles can be directed to target organs and cells like tumour cells or inflamed 

areas. Another application that requires binding the nanoparticle to a biomolecule is 

biosensing where the nanoparticles are used as signal tranducers.     

Biomolecules are immobilzed commonly on nanoparticles either passively, through 

hydrophobic or ionic interactions (physical adsorption), or covalently by a chemical 

reaction with a reactive surface group. The second option provides significant 

advantages over physical adsorption, the most important being the higher stability of 
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the bioconjugate. The common strategies, which allow the covalent binding of 

biomolecules, require the introduction on the NPs surface of a chemical group that is 

reactive towards primary amines or carboxylic acids present on the surface of protein. 

An example of this approach is the EDC/NHS strategy described in Section 2.1. 

However, poor stability of nanoparticles can often compromise an efficient 

bioconjugation. During the modification, nanoparticles are used in suspension having 

been dispersed in a (aqueous) medium. To stabilise such suspension, and to prevent 

sedimentation or agglomeration, the use of functional polymers, which, at the same 

time, provide stabilization or functionalization with anchoring points to bind 

biomolecules, is advantageous.   

 

The purpose of this study was to devise an innovative, robust and user-friendly one-

step procedure by employing a synthetic, functional poly-N,N-dimethylacrylamide 

based copolymer to provide stabilization and functionalization of nanoparticles.  
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4.1 N,N –DIMETHYLACRYLAMIDE (DMA) BASED COPOLYMERS 

 

The development of three-dimensional hydrophilic coatings, suitable for the 

functionalization of different kinds of surfaces, is one of the most important fields of 

research in our laboratory. For this purpose, the research group has developed a 

family of N,N-dimethylacrylamide based copolymers, whose basic structure is 

represented in Figure 10. The parent polymer of the family is obtained by radical 

copolymerization2 of three different monomers, two of which are always present:  

N,N-dimethylacrylamide, DMA, (Figure 10, green box), the major component, which 

provides the adhesivity to a variety of materials by hydrogen and van der Waals 

interactions and the silane monomer, MAPS, (Figure 10, blue box) , which reinforces 

the stability of the polymer to the surfaces through condensation with hydroxyl or 

silanol groups. In addition, a third moiety, which is a functional monomer, (Figure 10, 

letter ‘’R’’) is included into the basic structure of poly(DMA-MAPS), giving to this 

polymer an incredible versatility. In fact, this third monomer provides active groups 

whose reactivity is related to the characteristic of molecules that have to be 

immobilized. Examples of various monomers that have been used include active ester, 

oxyrane3 and ionizable groups4. 

 

As already mentioned in Section 3.2 (“Polymer Coating for Microarray Supports”), the 

first DMA-based copolymer of this family was developed by Pirri et al in 2004 and it is 

called poly(DMA-NAS-MAPS)2. Its chemical structure is shown in Figure 10a. The 

polymer backbone bears a succinimidyl ester (NHS ester) that is the functional 

monomer highly reactive towards nucleophiles such as amino groups present in 

proteins and easily insertable in oligonucleotides. NHS is thus exploited for covalent 

immobilization of biomolecules thanks to the stable amide bond it forms by reaction 

with amino groups. 

This copolymer has been firstly employed for the preparation of low-density DNA 

microarrays on glass2; then, its use has also been extended to protein and peptides 

microarrays. Besides its use for the coating of glass microarray supports (see Section 

3.2), this polymer provides a stable functional coating through a simple, fast and 

inexpensive coating procedure for different materials, including, silicon oxide, gold, 
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nitrocellulose, thermoplastics, expanding its use in many application in the field of 

biosensing5. This copolymer satisfies all the key requirements for an efficient surface 

derivatization (in terms of binding capacity of capture ligands, minimization of non-

specific interaction, probe accessibility etc.). In order to exploit the coating forming 

properties of this polymer in the field of click chemistry, Zilio and co-workers in 2014 

synthesized a new copolymer similar to poly(DMA-NAS-MAPS), with the only 

difference that the succinimidyl ester was replaced with an alkyne functionality.   

The new copolymer, copoly(N,N-dimethylacrylamide (DMA)-3-trimethylsilyl-prop-2-

ynyl methacrylate (PMA)-3-(Trimethoxysilyl)propyl methacrylate (MAPS)), Poly(DMA-

PMA-MAPS), see Figure 10b, was produced by random radical copolymeration of the 

three monomer, by a synthetic approach similar to that used for the parent 

copolymer, and allows the conjugation of biomolecules derivatized with azide groups 

that react with the alkyne monomer through a well known click reaction: the copper-

catalyzed 1,3-dipolar cycloaddition (CuAAC) (see Section 2.2). This polymer was 

developed to take advantage from Click Chemistry, defined as a synthetic approach 

introduced by K. B. Sharpless in 2001. Click chemistry are reactions that are high 

yielding, wide in scope, create only byproducts that can be removed without 

chromatography, are stereospecific, simple to perform, and can be conducted in easily 

removable or benign solvent6 (see Section 2.2). 

The ‘’clickable’’ poly(DMA-PMA-MAPS) was initially employed in glycan microarray for 

the immobilization of a variety of different carbohydrates on the same surface, with 

proper spacing and orientation 7. 

Replacing NAS with PMA did not cause any change in the coating procedure already 

optimized for the parent copolymer poly(DMA-NAS-MAPS). Poly(DMA-PMA-MAPS) 

preserved both the simplicity of the coating procedure and the advantages of the 

nanometric coating of the parent copolymer from which it originates, such as low level 

of non-specific adsorption8, homogenous surface derivatization and high concentration 

of reactive groups for the capture ligands. 

 

In this chapter and in Chapter 6, the purpose of work was to demonstrate the use of 

these functional copolymers in functionalization and stabilization of two different 

types of nanoparticles: Quantum Dots and gold nanoparticles. Poly(DMA-NAS-MAPS) 
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was used for the phase transfer and the functionalization of semiconductor 

nanocrystals CdSe/ZnS (see Section 4.2), whereas poly(DMA-PMA-MAPS) was 

employed for the functionalization of gold nanoparticles surrounded by a thin silicon 

oxide layer through a click chemistry approach (see Chapter 6). 

 

 

 

 

 

 

 

Figure 10. Structure of N,N-dimethylacrylamide copolymers. The basic structure is composed of 

dimethylacrylamide portion (green) 97%, which confers the adhesivity to a variaty of materials, and the 

silane monomer, 1%, that reinforces the stability of the polymer to the surfaces (blue). Adding 

functional monomers (2%; red) two different kinds of functional copolymer were developed. In 

particular, poly(DMA-NAS-MAPS) (a) is obtained when the functional portion is a succinimidyl ester (NHS 

ester), whereas poly(DMA-PMA-MAPS) (b) includes an alkyne functionality. 
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4.2 ONE-POT PHASE TRANSFER AND BIOCONJUGATION OF QDS USING 

POLY (DMA-NAS-MAPS) 

 

In this work, organic CdSe-ZnS core-shell QDs (emission peak at 655nm) were 

employed. QDs nanocrystals are nanometer-scale atom clusters comprising a core and 

a shell. The core is made up of a few hundred to a few thousand atoms of a 

semiconductor material, cadmium selenide (CdSe). A semiconductor shell (zinc sulfide, 

ZnS) surrounds and stabilizes the core, improving both the optical and physical 

properties of the material. The core-shell assembly is extremely hydrophobic because 

QDs are mostly synthesized in organic solvent 9. 

Thus, the phase transfer process trough an amphiphilic coating is one of the most 

efficient approach to render them stable in water, biocompatible and easily 

derivatizable. Coatings are required to use these nanoparticles in biological application 

as fluorophores or as multifunctional nanoscaffold. As detailed in Section 2.1 a number 

of amphiphilic polymers including Poly(maleic anhydride-alt-1-octadecene)10, block 

copolymers (e.g., polystyrene-bpoly(acrylic acid))11, poly(methyl methacrylate), 

poly(ethyleneoxide) 12 and amphiphilic hyperbranched polyethylenimine13 have been 

used to this aim. The solubilization process involves an interdigitation of the polymer 

hydrophobic portions with the surfactant ligands on the QD surface (TOPO and/or 

HDA) while the polar polymer backbone is exposed to the environment with the 

hydrophilic groups  protruding from the surface. 

An effcient phase transfer process maintains the optical properties of the QDs identical 

to that of the original organic-soluble QDs. A procedure that allows the manipulation 

of the surface chemistry of nanocrystals without altering their key features is highly 

desirable. 

 

In this thesis, we present a facile procedure for the transfer of QDs from organics 

solvents into aqueous solution employing, for the first time, the functional copolymer 

poly(DMA-NAS-MAPS)14. Moreover, the proposed method permits the 

functionalization of QDs by a one pot procedure: proteins can be directly coupled to 

the active ester groups of the polymer by means of a peptide bond formed during the 

solubilization phase. In particular, in this work, the biofunctionalization with 
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Streptavidin (SAv), was carried out. This protein, chosen as model, is capable of binding 

biotin or biotinylated molecules with extremely high affinity. In fact, streptavidin-

immobilized particles have shown great potential due to the stability of the biotin-

streptavidin interaction and the resulting ability to bind to target molecules specifically 

and efficiently. However, this novel NPs functionalization approach can be exploitable 

to conjugate QDs to any kind of biomolecules, since the ester groups of poly(DMA-

NAS-MAPS) are highly reactive towards nucleophiles such as amino groups present in 

proteins, peptides and easily insertable in oligonucleotides. 
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4.2.1 MATERIAL AND METHODS 

 
4.2.1.1. Reagents 

 

Chloroform (CHCl3), methanol (MeOH), isopropanol (iPrOH), phosphate saline buffer 

(PBS), trizma base (Tris), HCl, ethanolamine (NH2CH2CH2OH), NaCl, sodium bicarbonate 

(NaHCO3), boric acid (H3BO3), ethylenediaminetetraacetic acid (EDTA) disodium salt 

dehydrate, sodium phosphoric acid (Na3PO4), sodium hydroxide (NaOH), Triton X-100, 

Tween 20, ammonium sulfate (NH4SO4), N,N-dimethylacrylamide (DMA), 3-

(trimethoxysilyl)propyl methacrylate (MAPS), azoisobutyonitrile (AIBN), streptavidin 

from Streptomyces avidinii (lyophilized powder), dialysis tubing cellulose membrane 

(12KDa), were purchased from Sigma-Aldrich (St. Louis, MO, USA). N-

acryloyloxysuccinimide (NAS) was synthesized as reported elsewhere2. Hi-res standard 

agarose from Bioproducts Ltd, 655 ITKTM Organic Quantum Dots purchased from Life 

Technologies, Biotin-SP-conjugated AffiniPure Goat Anti-Rabbit IgG, AffiniPure Goat 

Anti-Rabbit IgG, Cyanine 5 labeled with AffiniPure Goat Anti-Human IgG were obtained 

from Jackson, ImmunoResearch. X- Spin-X UF Concentrator (100 kDa filter cut off) 

were bought by VWR. Silicon oxide chips with a thermal oxide layer of 100 nm were 

bought from Silicon Valley Microelectronics (Santa Clara, CA, USA). 

 

4.2.1.2 Synthesis of poly(DMA-NAS-MAPS) and poly(DMA- PMA-MAPS) 

 

The copolymers poly(DMA-NAS-MAPS) and poly(DMA-PMA-MAPS) were obtained by 

free radical polymerization of DMA and MAPS with NAS or protected PMA, as reported 

in ref2. The total monomer concentration in the feed was 20% w/v, while the molar 

fraction of the three monomers in both polymers, was 97%, 1% for DMA and MAPS 

and 2% for NAS or protected PMA. Briefly, for the synthesis of poly(DMA-NAS-MAPS), 

the three monomers were diluted in anhydrous tetrahydrofuran, together with a 

thermocatalyst (AIBN); the reaction flask was heated to 65 °C to initiate the 

polymerization process, and after 2 h the polymer was precipitated in petroleum ether 

and collected as a white powder. The synthetic process of poly(DMA-PMA-MAPS) 

required two separate steps: (a) the synthesis of polymer which contains 3- 
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trimethylsilanyl-prop-2-yn methacrylate, a protected form of prop-2- ynyl prop-2-

enoate (PMA) and (b) removal of the protective trimethylsilane groups. The first step 

was similar to that used for the synthesis of poly(DMA-NAS-MAPS), while the 

deprotection was achieved by dissolving the polymer in a basic solution containing 

potassium carbonate. After a 3 h reaction, the polymer was dialyzed and lyophilized7. 

 

4.2.1.3 Quantum dots phase-transfer and bioconjugation 

 

Commercial CdSe/ZnS QDs were precipitated from decane according to the protocol 

suggested by the manufacturer and dispersed in chloroform at 1 μM concentration. 

Water phase transfer and streptavidin conjugation were performed in a one-pot 

reaction: 56 mg of poly(DMA-NAS-MAPS) were solubilized in 1,750 mL of chloroform 

and added to 250 μL of 1 μM QDs chloroform colloidal solution. The mixture was 

homogenized and the solvent was evaporated at reduced pressure. The precipitate, 

was suspended in 150 mM phosphate buffer, pH 8.5, triton x-100 0.001% (v/v), 

containing streptavidin (0.625 mg mL–1) and provided a clean and stable dispersion. 

The colloidal solution was sonicated for 30 min and stirred overnight at room 

temperature. The nanoparticles were centrifuged several times on a Spin-X UF 

Concentrator (100 kDa filter cutoff), at 2000 rpm to remove soluble salts and 

copolymer/streptavidin excess. The streptavidin modified QDs (SAv-QDs) stock solution 

was then stored at 5 °C in the Incubation Buffer, Tris 0.05 M, NaCl 0,15M, pH 7,6, Tween 

20 0,02% (v/v). 

 

4.2.1.4 Nanoparticles Characterization 

 

Morphological Analysis 

Transmission electron microscopy (TEM) images of Quantum Dots coated with 

poly(DMA-NAS-MAPS), Copoly-QDs, were obtained with a Zeiss EM-109 microscope 

(Oberkhochen, Germany) operating at 80 kV. The nanoparticles were dispersed under 

sonication in water (50 μg mL-1) and a drop of the resulting solution was placed on a 

formvar/carbon-coated copper grid and air-dried. 
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A TEM image of the commercial QDs that were phase transferred in this work is shown 

in Figure 14b of Section 4.2.2.2 (Results and Discussion Section).  

The shape and morphology of the QDs reported in the manufacturer datasheet, 

available online at the following link: 

http://www.lifetechnologies.com/it/en/home/references/molecular-probes-the-

handbook/ultrasensitive-detection-technology/qdot-nanocrystal-technology.html, are 

similar to those shown in Figure 14a of Section 4.2.2.2 (Results and Discussion Section). 

 

Particle size and ζ-potential analyses 

Dynamic light scattering (DLS) measurements were performed at 90° with a 90Plus 

Particle Size Analyzer from Brookhaven Instrument Corporation (Holtsville, NY) 

working at 15 mW of a solid-state laser (λ = 661 nm). Zeta-potential measurements 

were elaborated on the same instrument equipped with AQ-809 electrode and data 

were processed by ZetaPlus software. The final sample concentration used for 

measurements was typically 0.4 nM. At this concentration the QDs are fully dispersed. 

All measurements (accepted PDI below 0.3) were performed in triplicate and the 

average values were taken. 

 

Nanoparticle tracking analysis (NTA)  

Nanoparticle tracking analysis, NanoSight, enables the visualization and recording of 

nanoparticles in solution, providing information on particle size and concentration 

based on the Brownian motion of individual particles. 

Sight distribution spectra were collected using NanoSight LM10 from NanoSight 

Limited (Amesbury, UK) and analyzed with Nanoparticle Tracking Analysis (NTA) 

software, version 2.2 Build 0363; the samples were in a range of concentration around 

10
8 

to 10
9 

nanoparticles mL
–1 

working at a temperature of 23 °C. All measurements 

were performed in triplicate and the average values were taken. 

Nanoparticle tracking analysis (NTA) enables the visualization and recording of 

nanoparticles in solution, providing information on particle size and concentration 

based on the Brownian motion of individual particles. 
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Optical properties   

The optical properties of polymer (Copoly-QDs) and streptavidin coated QDs (SAv-QDs) 

were assessed by fluorescence spectrometry (Fluorimeter VP-750, Jasco) and UV 

visible spectrometry (Spectrophotometer VP -650, Jasco). Before collecting UV-Vis and 

fluorescence spectra all sample solutions were sonicated for 5 minutes in order to 

minimize aggregation. The concentration of QDs solution was calculated using an 

absorption (450nm wavelength) calibration curve using solutions of CdSe/ZnS QDs of 

known concentration, assuming a quantitative transfer from chloroform to aqueous 

solution. The concentration values were consistent with those estimated with 

NanoSight analysis. 

 

Raman spectroscopy 

Raman spectra were recorded with an Aramis Horiba Jobin-Yvon micro-Raman 

spectrometer, using a solid state 500 mW near-infrared laser operating at 785 nm, and 

equipped with a liquid sample holder. 

 

4.2.1.5 Bioassay: coating procedure and microarray experiments 

 

To demonstrate the functionalization of QDs with Streptavidin, biotinylated and non-

biotinylated antibodies (Biotin-SP-conjugated AffiniPure Goat Anti-Rabbit IgG, Jackson, 

ImmunoResearch and AffiniPure Goat Anti-Rabbit IgG, Jackson, ImmunoResearch) 

were patterned on silicon chips coated with poly(DMA-NAS-MAPS) by means of 

SciFlexArrayer S5 spotter from Scienion (Berlin, Germany), together with a reference 

antibody labeled with Cyanine 5 (AffiniPure Goat Anti-Human IgG, Jackson, 

ImmunoResearch).  

The silicon chips, 15x15 mm substrates were coated before spotting by immersion for 

30 minutes in a 0.9 M ammonium sulfate solution containing poly(DMA-NAS-MAPS) at 

1% w/v concentration. The chips were left for 20 minutes immersed in the polymer 

solution and then rinsed with water, dried with nitrogen and finally cured under 

vacuum at 80°. 

The antibodies were spotted in PBS in 84 replicates on the chips in order to create two 

different subarrays. In the experimental conditions used, the volume of the spotted 
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drop was 400 pL. The chips were placed in a humid chamber immediately after the 

spotting and stored overnight at room temperature. After immobilization, the residual 

active esters on the chip were blocked with 50 mM ethanolamine solution in 1 M 

Tris/HCl, pH 9, for 1 h, washed with water and dried by a stream of nitrogen. The 

spotted chips were incubated with a 20 nM solution of QDs conjugated with 

Streptavidin for 2 hours in dynamic incubation conditions (in a petri dish on a 

horizontal shaker at 50 rpm), washed with the Washing Buffer (Tris/HCl 0.05 M pH 9, 

NaCl 0.25 M, Tween 20 0.05% v/v) for 10 min under stirring and finally rinsed with 

water. As negative control, a spotted chip was incubated with a 20 nM Copoly-QDs 

solution. Scanning for fluorescence evaluation was performed with a ProScanArray 

scanner from Perkin Elmer (Boston, MA); silicon chips were analyzed using 70% or 90% 

Photomultiplier (PMT) gain and laser power (λem= 633 nm). The fluorescence 

intensities of 84 replicated spots were averaged. 
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4.2.2. RESULTS AND DISCUSSION 

 

4.2.2.1. ONE-POT PHASE TRANSFER PROCEDURE 

 

The QDs coating procedure is depicted in Figure 11: the nanocrystals are phase 

transferred and functionalized by a one-pot procedure. Thanks to the amphiphilic 

character of the copolymer backbone (polyDMA), the colloidal suspension of QDs 

coated with poly(DMA-NAS-MAPS), Copoly-QDs, is stable in both water and THF. 

MAPS, with its negative charges, contributes to QDs solubilisation in water, while NAS 

confers to the QD a reactivity towards biomolecules. Unlike other amphiphilic 

polymers15, the use of poly(DMA-NAS-MAPS) is advantageous as it does not lead to 

formation of micelles during the phase transfer process.  

During the solvent/water phase transfer process, streptavidin is directly conjugated to 

the active ester groups of the polymer, forming streptavidin functionalized Quantum 

Dots (SAv-QDs). In fact, coated QDs are extremely reactive towards proteins, thanks to 

the multiple N-hydroxysuccinimidyl ester groups on the polymer chain. Thus, the 

protein is efficiently immobilized on Copoly-QDs by simple incubation of the 

nanoparticles with the protein dissolved in phosphate buffer saline. The buffer solution 

shows a good dispersion ability: a clear and transparent colloidal suspension is 

obtained, indicating a good QD dispersion during phase transfer and purification.  

Commercial CdSe/ZnS QDs of known concentration are precipitated from decane and 

quantitatively dispersed in chloroform. Lastly, they are phase transferred from 

chloroform into buffer solution containing streptavidin as described above. The 

concentration of the semiconductor nanocrystals, after the various steps, is evaluated 

using a calibration curve obtained with nanoparticles suspension of known 

concentration. The transfer from chloroform into acqueous solution iss assumed to be 

quantitative. The concentration values determined in this way are perfectly in 

accordance with NanoSight analysis (see Materials and Methods, Section 4.2.1.4), 

which confirms the assumption of the quantitative phase transfer. 
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Figure 11. Schematic representation of one-pot phase transfer with poly(DMA-NAS-MAPS) of the QDs 

and their derivatization. 

 

4.2.2.2 CHARACTERIZATION OF COATED AND FUNCTIONALIZED QDs 

 

The presence of the copolymer on the surface of the nanocrystals iss validated by 

Raman spectroscopy (see Section 1.3); in fact, thanks to the high sensitivity and 

specificity of this technique, it is possible to reveal little changes on nanoparticles 

surface. Figure 12 shows Raman spectra of Copoly-QDs dispersed in water (A) and of a 

solution of the polymer in water (B). The spectrum of the polymer coated-QDs shows 

the characteristic peaks corresponding to the chemical structure of the polymer: 

amide I band at 1635 cm_1; CH3 stretching at 1416 cm_1; amide III band at 1348 cm_1 

and C–C stretching at 987 cm_1 
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Figure 12. Raman spectra of Copoly QDs dispersed in water (A) and of a solution 10 mg/ml of poly(DMA-

NAS-MAPS) in water (B). The bands of the chemical groups of the poly(DMA-NAS-MAPS) are shown in 

grey: amide I band at 1635 cm_1; CH3 stretching at 1416 cm_1; amide III band at 1348 cm_1 and C–C 

stretching at 987 cm_1 

 

Optical properties 

Following phase transfer process, functionalization and purification, an extensive 

physical characterization of the obtained QDs was carried out. 

The fluorescence spectra confirms that CdSe/ZnS polymer coated QDs maintain high 

fluorescence in water, half of the initial fluorescence in chloroform, as shown in Figure 

13a. 
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Figure 13a. Fluorescence spectra of QDs before (solid line) and after (dotted line) the phase transfer 

(λ
ex

=475). The coating procedure and the functionalization with streptavidin do not cause a broadening 

of the emission peak (λem=651) and a narrow size distribution is maintained. 

 

A comparison with commercial QDs derivatized with streptavidin, shows that the 

absorption and emission spectra of polymer coated SAv-QDs are similar to those of 

commercial streptavidin conjugate QDs. In Figure 13b, the absorption and emission 

spectra of commercial and Copoly-QDs, both functionalized with streptavidin, are 

shown. Moreover, as it is depicted in Figure 13c, only minor changes are observed 

before and after the  protein conjugation to QDs. 

The value of the full-width at half maximum (FWHM) of the emission band is 28± 2 nm 

for SAv-QDs, emitting at 651 nm, indicating a narrow size distribution of colloidal 

suspension. The stability of SAv-QDs is demonstrated by the fact that a good 

fluorescence is kept over a period of three months (stored at 4 °C), proving that the 

copolymer coating does not degrade or detach over time. 
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Figure 13b. Absorbance spectrum of commercial QDs (dotted line) and Copoly-QDs (solid line), both 

coated with streptavidin. The spectra show a weak shoulder at 450nm. Fluorescence spectra of 

commercial QDs (dotted line) and SAv-QDs (solid line) are very similar (λex=475). For Sav-QDs only a 

negligible broadening of the emission peak is shown, proving that QDs CopolyStrep have a narrow size 

distribution. Solutions are at pH 7 in Incubation Buffer 

 

 

 

 

 

 

Figure 13c. Absorbance spectrum of functionalized QDs (solid line) and non functionalized (dotted line). 

No significant differences are detected before and after functionalization. Solutions are at pH 7.0 in 

Incubation Buffer. 
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Morphology and particle size 

The morphology of coated QDs particles is investigated through Transmission Electron 

Microscopy (TEM). 

 

 

 

As it is clearly visible in Figure 14a, phase transferred QDs have approximately a rod-

like shape (aspect ratio 2:1), with an average size of about 10 nm in the longer 

dimension, maintaining size and shape similar to that of the organic-soluble QDs 

(Figure 14b). 

Dynamic Light Scattering (DLS) measurements demonstrate the absence of aggregates, 

showing a narrow size distribution. The hydrodynamic diameter of SAv-QDs is 42.7 ± 

2.9 nm, while that of non-functionalized Copoly-QDs is 40.4 ± 8.9 nm (Figure 15). 

These data suggest that the functionalization does not significantly increase the 

dimension of the nanocrystals. In addition, the influence of salts concentration on 

stability is tested by DLS analysis. Also in this case, a narrow distribution is obtained 

indicating good stability of the colloidal suspension (Figure 15).  

 

 

 

 

Figure 14. (a) TEM analysis of phase transferred QDs reveals a rod-like shape with an average size of 

about 10 nm, maintaining size and shape similar to that of the organic-soluble QDs (b) 
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Figure 15. DLS of semiconductor nanocrystals in water and buffer solution 

 

 

Even though Nanoparticle Tracking Analysis (NTA) does not provide absolute values of 

size for very small nanoparticles, such as those analized here, we exploited this 

technique just to confirm the narrow distribution of SAv-QDs, simply comparing the 

profile of the commercial functionalized nanoparticles. The size distribution of  SAv-

QDs is shown in Figure 16a. The diameter is 120± 4,24 nm (Figure 16a), while the 

commercial QDs show a diameter of 118 ± 2.82 nm (Figure 16b): in both cases a similar 

narrow size distribution is obtained.  
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Figure 16: Size distribution from NTA measurements of QDs: a) in house functionalized QDs and b) 

commercial QDs functinalized with streptavidin. 

 

Since the electrophoretic mobility of molecules in a gel matrix depends on the ratio 

between the charge and the size of the compounds, it is possible to exploit gel 

electrophoresis (See Section 1.3) to analyze the attachment of ligands onto NPs 

surface. In fact, the mobility of NPs is altered by the presence of a polymeric coating 

and/or biomolecules. The mobility of polymer coated QDs (Figure 17, lane 3) is 

compared to those of additionally functionalized with streptavidin (Figure 17, lane 2) 

and of commercial QDs (Figure 17, lane 1): SAv-QDs migrate towards the cathode, 

leading to the formation of a sharp and pronounced band. On the contrary, coated-

QDs do not migrate at all.  

 

Figure 17: Gel electrophoresis of QDs samples in 0.8% agarose. QDs are 
visualized under UV light. Lane (1): Commercial QDs; lane (2): streptavidin 
QDs; lane (3): polymer coated QDs. 
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These data confirm the presence of the protein, bound to the polymeric coating, 

conferring to QDs a charge and thus electrophoretic mobility. Moreover, the bands of 

functionalized QDs are isolated and electrophoresed a second time, generating a 

narrower size distribution and proving the efficient conjugation of the protein to QDs 

surface. 

The good stability and the minimal aggregation of the preparation are confirmed by 

the zeta potential analysis (ζ) at pH 7. For the functionalized QDs, z-potential value is 

15.25 ± 6.94 mV, whereas for the coated particles is 41.89 ± 7.72 mV. Combining these 

data, we conclude that the protein bound to the polymer contributes to decrease the 

surface charges of functionalized QDs, resulting in a higher value of ζ-potential. 

  



 63 

4.2.2.3 APPLICATION OF FUNCTIONALIZED QDs IN A MICROARRAY EXPERIMENT 

 

In order to evaluate the potential of the proposed QDs functionalization method, a 

simple bioassay experiment is carried out. In this experiment, functionalized QDs are 

used as fluorescent labels. Two silicon slides are coated with poly(DMA-NAS-MAPS) as 

illustrated in Material and Method section. Then, biotinylated and non-biotinylated 

(control) Anti-Rabbit IgG antibodies are immobilized in two different subarrays on the 

coated silicon slides.  

The first chip (Figure 18a) is incubated with SAv-QDs, whereas the second chip (Figure 

18b) is incubated just with polymer-coated QDs (non functionalized). Spots of non-

biotinylated antibody, in the bottom frame, represent additional negative controls. 

Figure 18 illustrates a fluorescence image of 84 replicates surrounded by a frame of 

Cy5 labeled streptavidin (reference spots). An intense fluorescent signal (Relative 

Fluorescence Intensity (RFI): 20.156 ± 1743) is appreciable from the spots of the chip 

incubated with SAv-QDs (Figure 18a, upper frame), whereas no fluorescence signal is 

detected on the spots of non-biotinylated antibodies (Figure 18a, bottom frame), 

proving a specific interaction of functionalized QDs with biotinylated antibodies.  The 

slide incubated with non-functionalized QDs (just coated) reveales a negligible 

fluorescence signal (RFI: 1954 ± 123)  for both subarrays (Figure 18b).  

The sensitivity and the accuracy of this microarray-based immunoassay are enhanced 

by the minimisation of non-specific binding between the capture antibodies and QDs. 

  

 

 

Figure 18. Biotinylated antibody (upper subarray) and non-biotinylated antibody (lower subarray) 
incubated with functionalized QDs (a) and QDs coated with the poly(DMA-NAS-MAPS) (b). Laser power 
and PMT were set at 70% of their power. 
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4.2.3. CONCLUSIONS 
 

In conclusion, CdSe/Zns Quantum Dots are successfully phase transferred and 

functionalized under mild conditions via a robust and efficient one-pot strategy using 

the functional copolymer poly(DMA-NAS-MAPS). The use of this polymer for this 

purpose is new, although its application in the field of microarray and microfluidics has 

been reported previously. Exploiting the active ester groups (NAS) of this polymer, 

proteins (streptavidin in this case) can be directly bound during QDs phase tranfer 

process. Unlike most of the published methods, the functionalization approach 

proposed in this thesis does not require coupling agents and/or multistep reactions, 

which are needed in other common conjugation strategies16 17. The extensive physical 

and functional characterization of the streptavidin-QDs has demonstrated that the 

phase transfer process leads to a homogeneous and stable QDs preparation that can 

be exploited as fluorophorescent tags in bioassay experiments, after conjugation with 

antibodies. Moreover, this robust and simple strategy of conjugation can be extended 

to the stabilization and functionalization of other kind of nanoparticles, as it will be 

demonstrated in the next chapter. 
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Chapter 5 

USE OF QUANTUM DOTS AS MASS AND 

FLUORESCENCE LABELS IN A HIGH-PERFORMING 

MICROARRAY PLATFORM 

 

5.1. LABEL FREE DETECTION: ADVANTAGES AND LIMITATIONS 

 

In the last decade, the amount of information available in the field of medicine and 

biology has grown exponentially. While the entire human genomic information is 

readily available, scientists continue to try to understand the vast interconnectivity of 

gene and regulatory networks. Quantification of multiple biomolecular expression 

profiles can better illuminate complex biological functions and highly parallel analysis 

can provide economic advantages. The need for high-throughput analysis can be met 

by combinatory advancements in computing power, statistical analyses, and 

multiplexed detection platforms. Multiplex and high-throughtput methods for 

detection of protein biomarkers that provide high selectivity and low limits of 

detection (LOD), are required. (LOD is defined as the minimum concentration of the 

analyte that the sensor can detect). 

Luminescence techniques can present a number of complications caused by labeling. 

Direct labeling process of the target analyte can be laborious and costly. Furthermore, 

the presence of the labels can interfere with the target-probe interaction altering the 

binding affinity from its native state. Although fluorescent labels are widely employed 

as transducers allowing LODs in the order of pM1 2 the direct, label free detection of 

biomarkers is preferable in several applications. A schematic representation of the 

concept of direct label-free and sandwich label-based assay formats is shown in Figure 

19. 
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Figure 19. Schematic representation of three different detection modality in traditional sandwich assay 

format. a) Direct analyte label-free capture. The analyte (purple) is bound by the capture antibody 

(blue) and directly detected. b) Analyte-specific second antibody label-free signal. The analyte is 

detected through a second antibody (red), called detection antibody, which recognizes a different 

epitope of the analyte captured by the primary antibody. c) Label-based detection. The detection 

antibody is labeled with a fluorophore, enabling the detection by fluorescence.  

 

Ideally, label-free approaches facilitate the simultaneous detection of a high number of 

biomarkers. However, in the real word, the assay is complicated by the fact that not 

only the species of interest bind to the biosensor, but also other biomolecules, present 

in the sample matrix, interact non specifically with the probe on the surface, thus 

generating a "noise floor" which considerably reduces the sensitivity, an important 

parameter in developing label-free biosensors to successfully compete with the well-

established luminescence-based detection techniques.  

Sensitivity of a biosensor can be defined as the magnitude of the signal changes 

provided by the transduction/detection element in response to changes in the amount 

of analyte interacting with the biological recognition element. Typically, sensitivity of a 

sensor is expressed by the limit of detection of the sensor. As mentioned above, LOD is 

the minimum resolvable signal, e.g. the minimum concentration of the analyte that the 

sensor can detect, with less than 1 % false positive error. This minimum detectable 

concentration is a particularly useful parameter because of its clinical relevance. It 

does not contain any information on the detection mechanism of the sensor and only 

reports the biological parameter that all sensors are subjected to. Therefore, LOD 

defined in this manner can be used to compare the performances of different sensors 

independently of their sensing mechanisms. For example, the minimum detectable 
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concentration of the analyte can be used to compare a fluorescence-based detection 

method (Figure 19, case c) to a label-free detection method (Figure 19, case a). 

The performance of a biosensor largely depends on the sensitivity of the sensor. Highly 

sensitive biosensors are particularly desirable when the amount of analyte is limited. 

Luminescence-based detection techniques are the gold-standards in biological and 

medical research fields for biosensing, as they offer very high sensitivity. While label-

free sensors present a number of merits over the labeling approach, as mentioned 

above, their sensitivity is lower than that of luminescence-based detection techniques. 

Thus, much of the efforts to improve label-free sensors have focused on increasing the 

sensitivity. Within this context, mass labels can help to overcome the lack of sensitivity 

of label free methods. In fact, a tag with a large mass, indirectly enhances the mass 

accumulated on the sensor surface and consequently the intensity of the signal 

measured by any optical detector, whose functioning principle is the detection of 

surface refractive index variations. For example, by labeling with a “mass tag” an 

antibody that recognizes a different epitope of an antigen captured by a primary 

antibody, an approach similar to traditional sandwich immunoassay is applied, but the 

final labeling step is eliminated (Figure 19, case b). Although in this configuration the 

technique cannot be defined label free anymore, the assay does not requires 

fluorescence detection and all the complications connected with the detection of 

fluorescence are eliminated. As it will be demonstrated in the next paragraphs, this 

detection modality offers significant advantages. Inspired by a previous work carried 

out at CNR, which demonstrated sensitivity enhancement in label free protein 

detection by using Quantum Dots as mass labels in a technology, called Dual 

Polarization Interferometry (DPI)3, we propose to extend the use of these 

nanoparticles in another bio-mass detection platform, called Interferometric 

Reflectance Imaging Sensor (IRIS). As stated by IRIS inventors4, this platform lacks of 

the sensitivity required to measure surface mass variations induced by antigens due 

the small molecular weight of these proteins in comparison to antibodies. An example 

of optimization of label free detection sensing was given by Ahn et al. who showed 

that cytokine detection by IRIS, requires the use of a secondary antibody that 

recognizes a different epitope of the cytokine4. When the secondary antibody was 

used as a mass tag, a 7-fold sensitivity enhancement was obtained.   
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In this thesis we demonstrate the efficacy of a QD mass label strategy to further 

enhance sensitivity in IRIS and discuss the advantages of this label when used with an 

interferometric detection platform as well as in fluorescence detection. In fact, it is 

well known that Quantum Dots are suitable labels, which can be employed instead of 

the common fluorophores. Ute Resch-Genger et al.5 describes exhaustively the 

properties of organic dyes and QDs, remarking the unique physical properties of these 

nanocrystals such as photostability, wide excitation band, narrow emission peak, 

tunable spectral range and brightness, characteristics that can be exploited to 

overcome the limitations of traditional fluorophores. For instance, common 

fluorophores lose fluorescence quickly when irradiated by a laser due to the well 

known photobleaching phenomenon, whereas QDs possess photochemical stability. 

The use of QDs in microarray technology has become widespread6 7. Morales-Narvaez 

et al.8 compared the performance of CdSe/ZnS QDs with the fluorescent dye Alexa 647 

as fluorescent tags in a sandwich immunoassay microarray to detect ApoE, a potential 

biomarker of Alzheimer’s disease. The authors compare their results with those 

provided by a conventional ELISA assay and they obtained a seven-fold enhancement 

in the limit of detection employing QDs. Moreover, in comparison with Alexa 647 five-

fold enhancement was reached. 

In this study, we demonstrate that commercial Streptavidin-conjugated QDs can be 

employed in a dual, label and label free, detection platform, where the QDs act 

simultaneously as mass and fluorescent labels. Their ability to enhance assay 

sensitivity, when bound to biotin-modified antibody, is explored in an examplar assay 

of β-Lactoglobulin9.  
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5.2. MATERIALS AND METHODS 

 

5.2.1. Reagents 

Phosphate-buffered saline (PBS), Trizma base (Tris), HCl, ethanolamine, sodium 

chloride, potassium chloride, calcium chloride, magnesium chloride 6-hydrate, sodium 

bicarbonate, sodium phosphate, bovine serum albumin (BSA), biotin-labeled bovine 

serum albumin (Bio-BSA), Tween 20, ammonium sulphate, N-dimethylacrylamide 

(DMA), 3-(trimethoxysilyl)propyl methacrylate (MAPS), azoisobutyonitrile (AIBN), β-

lactoglobulin from bovine milk, α-lactalbumin from bovine milk, and streptavidin from 

Streptomyces avidinii (lyophilized powder) were all purchased from Sigma-Aldrich (St. 

Louis, MO, USA). N-acryloyloxysuccinimide (NAS) was synthesized as reported 

elsewhere 10. 655 ITK TM Organic Quantum Dots (QD-655) were purchased from Life 

Technologies. α-Lactalbumin antibody, bovine β-lactoglobulin antibody, biotin-SP-

conjugated AffiniPure Goat Anti-Rabbit IgG, AffiniPure Goat Anti-Rabbit IgG, and 

Cyanine 3-labeled streptavidin (SA-Cy3), were all obtained from Jackson 

ImmunoResearch (West Grove, PA, USA). Silicon oxide chips with a 100 nm thermal 

oxide layer were bought from Silicon Valley Microelectronics (Santa Clara, CA, USA), 

and IRIS chips patterned with four 500 nm thermal oxide layer subregions were a kind 

gift from Prof. Selim M. Unlu, Boston University. 

 

5.2.2. IRIS Detection Setup 

LED-based Interferometric Reflectance Imaging Sensor (IRIS) has been well described 

as a method to detect accumulated biomass using the shift in spectral reflectance11. In 

summary, the spectral reflectance of biomass on an SiO2 surface is sequentially 

sampled at four specific wavelengths, illuminated by an ACULED VHL surface-mount 

LED package (Perkin-Elmer), which has four independently driven LEDs with peak 

emission wavelengths of 455nm, 518nm, 598nm, and 635nm. At each wavelength, 

intensity of reflected light is measured, pixel by pixel, from images taken with a CCD 

camera The position of each LED's emission peak, at key positions along the specified 

SiO2 reflectance curve (which is thickness-dependent), is critical for detecting a shift in 



 72 

this curve due to a change in the thickness, i.e. added material. After acquiring images 

of the substrate for each of the four wavelengths, each pixel of the CCD image 

provides a measurement of the reflective interference intensity at all four 

wavelengths. Pixels from the entire sensor are then fitted to a curve derived using the 

Fresnel equation, which describes the reflection and refraction of light through layers 

with different refractive index12. Fluctuations in light intensity are monitored with an 

on-chip reference region that is just bare silicon, a non-interfering surface13. After 

fitting every pixel in the image, the surface topography of the sensor’s surface is 

presented in a greyscale image, where brighter regions indicate greater thickness on 

the surface. To determine optical spot heights, the average value from pixels in a 

background region around the spot is subtracted from the average value of pixels 

inside the spot. To eliminate dirt and other particles from averages, pixels more than 

one standard deviation are automatically eliminated from the calculations4. This 

optical spot height has been calibrated for several common microarray materials to 

convert the data into a surface density information. Previously reported values 

demonstrate that 1 nm of optical thickness correlate to 1.21 ng/mm2 of BSA, 1.28 

ng/mm2 of IgG, and 0.8 ng/mm2 of DNA14. 

5.2.3. β-Lactoglobulin assay 

 

In label-free IRIS and fluorescence assays, all proteins were spotted by means of a 

SciFlexArrayer S5 spotter from Scienion (Berlin, Germany) on 15 X 15 mm silicon chips, 

coated before spotting with poly(DMA-NAS-MAPS) as reported in the previous Chapter 

(Section 4.2.1.5). A 500 nm oxide layer was patterned so to define four sub-regions on 

the chips surface as shown in Figure 21. Four hundred pL of each species were spotted 

from recommended buffers with at least 7 replicates on each chip. Ahn et al.4 

recommend PBS as the best buffer for sensitive mass measurements, as it promotes 

protein binding while minimizing etching of the SiO2 surface. For oligomer spots, the 

authors recommend 150 mM phosphate buffer. Printed chips were placed in a humid 

chamber and incubated at room temperature overnight. The chips were then blocked 

with 50 mM ethanolamine solution in 1M TRIS/HCl, pH 9, for 1h, rinsed with distilled 

water, and dried under a stream of nitrogen gas.  
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β-Lactoglobulin, α-lactalbumin (negative control), both at 1 mg/mL, and Cyanine 3-

labeled streptavidin at 2 µg/mL concentration were patterned, as described above, in 

14 spot replicates per protein. The chips were then incubated with anti bovine β-

lactoglobulin antibody at varying concentrations in the incubation buffer (Tris/HCl 

0.05M pH 7.6, NaCl 0.15M, Tween 20 0.02%). For detection limit experiments, 6 chips 

were incubated for 2h in dynamic conditions with anti-β-lactoglobulin antibody at 10, 

5, 2, 1, 0.5 and 0 ng/mL in incubation buffer (Tris/HCl 0.05M pH 7.6, NaCl 0.15M, 

Tween 20 0.02%) with 1% (w/v) BSA. These antibody concentrations were optimized to 

simulate a clinical range of relevance. 

After incubation with the primary antibody, the chips were washed with the washing 

buffer (0.05 M Tris/HCl pH 9, 0.25 M NaCl, 0.05% v/v Tween 20) for 10 min on a lab 

shaker, rinsed with water, and incubated for 2h in dynamic conditions with the biotin-

labeled secondary antibody (biotin-SP-conjugated AffiniPure Goat Anti-Rabbit IgG) at 1 

µg/ml in PBS for 1h. Chips were then washed with PBS (pH 7.2) and water for 10min 

each and, finally, incubated with 100 µL of a non limiting concentration of 15 nm 

Quantum Dots conjugated with Streptavidin (SAv-QDs) in PBS to saturate the bound 

probes. Chips were washed again with PBS for 10 min each then dip rinsed in water 

and dried under N2 gas.  

Fluorescence was determined by a ProScanArray scanner (PerkinElmer, Boston, MA), 

and silicon chips were analysed with a 633 nm laser at constant laser power and 

photomultiplier gain. The fluorescence intensities as well as the mass signals of 14 

replicate spots were averaged.  

IRIS images were acquired and fitted with Zoiray Acquire software (Zoiray, Boston 

USA). For each protein, signals from 6 to 14 replicate spots were averaged using MGrid 

spot finding software provided as a kind gift by Prof. Selim Ünlü. 

In order to determine the limit of detection (LOD), the concentrations of antibody used 

were plotted versus the intensities of the corresponding detected fluorescence and 

mass signal, respectively. The values were fitted with a linear regression and the limit 

of detection (LOD) was taken to be three standard deviations above the blank signal, 

i.e. at zero analyte concentration. The corresponding analyte concentration was 

interpolated from the slope of the linear regression corresponding to this value. T-test 

and Anova were performed to confirm the linear regression.  
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5.3. RESULTS AND DISCUSSION 

 

5.3.1 INTERFEROMETRIC REFLECTANCE IMAGING SENSOR (IRIS) 

 

The laboratory of ICRM-CNR, which has hosted this project, has established a 

collaboration with the group of Professor Selim Ünlü at Boston University. This group 

has introduced a label free technology called Interferometric Reflectance Imaging 

Sensor (IRIS), for the high-throughput screening of biomolecular interactions on a solid 

surface. As it is illustrated in Figure 20, this technique is based on the principle of 

optical interference. In particular, the technique quantifies the shifts in the spectral 

reflectance signature to measure the added biomass gathered on each spot, by 

sampling light reflections at four different wavelengths, using a multiple discrete LED 

sources and collecting the characteristic reflection intensities using a CCD camera12. In 

fact, by adding biomass on the surface (e.g. biomolecules), the LED-IRIS quantifies the 

optical thickness increase (nm), indirectly providing the actual surface-adsorbed mass 

density (ng/mm2). (For the details see Section: 5.2.2 ‘’IRIS Detection Setup’’).  

 
 
 

 

 

 

Figure 20. Method of detection: (a) shift of the reflectivity curve due to 5 nm step increases in 

thickness on the surface. The colored Gaussians represent the 4 LEDs used to sample the curve. (b) 

Scheme of the sensor's imaging path illustrating biomass accumulation dependent grayscale intensity 

changes. (c) Example of the sensor's surface with an array of protein spots. (d) Height profile along the 

dashed line in (c) across spots. 
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IRIS technique requires a specific support for high-throughput and multiplexed 

detection: a thermally grown 500 nm silicon oxide, (SiO2) layered biochip (Figure 21, 

a). To keep the simplicity of the system without sacrificing sensitivity, a non-interfering 

region, i.e. a region etched to the bare silicon (b), is included on the support and used 

as reference 13 . 

 

 

 

 

 

Figure 21. Silicon chip used for IRIS detection: a) 

region of 500 nm silicon oxide layer thickness b) 

non-interfering reference region 

 

 

 

Furthermore, as it has been anticipated in Section 3.3 (‘’Silicon Surface for 

microarray’’), the silicon technology and the modulation of the oxide layer provide the 

possibility to manufacture supports with areas bearing both 100 and 500 nm silicon 

oxide layers. This platform, called Calibrated Fluorescence Enhancement (CaFE), 

illustrated in Figure 22, provides the sensitivity of fluorescence combined with the 

quantitative accuracy of label-free detection through the quantification of the amount 

of biomass accumulated on the surface. In particular, the 100 nm silicon oxide area 

allows to enhance fluorescence detection by constractive interference, whereas the 

500 nm provides the optimal thickness for label-free detection (Figure 22). Through 

the constructive interference between the incident and reflected waves of the 
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fluorescence radiation, a 5 to 10-fold enhancement of surface fluorescence signal is 

achieved on the 100 nm oxide region, providing higher sensitivity in analytes 

detection, compared to those of commercial glass slides. 

 

 

 

 

Figure 22. Dual-detection scheme. Each quarter of the chip is spotted with the same protein array within 

the same spotting session. The 100 nm silicon oxide area enables the fluorescence detection, while the 

500 nm square allows the label-free modality detection. 

 

 

The optical properties of the silicon/silicon oxide layered chips are not appreciably 

altered by polymeric coatings with nanometric thickness, such as the poly(DMA-NAS-

MAPS), which confers to the surfaces optimal binding specificity, thus leading to a high 

signal-to noise ratio15. In addition, the techniques chosen for both substrate 

production and surface modification are simple, cheap and amenable to mass 

production. 

 

The dual, label and label-label free detection scheme is extremely advantageous during 

assay development allowing to determine spot morphology and surface probe density 

in a single experiment. Generally, glass microarrays do not provide this information, 

which is decisive for studying the quality of the spotted array. 
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5.3.2 QUANTUM DOTS AS MASS TAG AND FLUORESCENT LABELS IN β- 

LACTOGLOBULIN IMMUNOASSAY 

 

In this work, streptavidin conjugated Quantum Dots (SAv-QDs) with a fluorescent 

emission peak at 655 nm were employed. They have an ellipsoidal shape with major 

axis of 15 nm and minor axis of 8 nm. In the presence of a protein coating their overall 

diameter can be approximately 20 nm. QDs are useful labels in biosensing as they 

provide a large detectable mass as well as an intense fluorescent emission peak at 655 

nm. They have been used in microarrays to extend the dynamic range of the technique 

and increase assay sensitivity8 16. In this study, SAv-QDs are used as high-powered 

labels for the detection of antibodies against β-lactoglobulin, a common milk allergen, 

chosen as an example of immunoassay microarray. The assay is schematically 

represented in Figure 23. 

 

 

 

 

 

 

Figura 23. β–lactoglobulin (red) is spotted on IRIS coated chip (black). 

Then, the chip was incubated with the antibody against β-lactoglobulin 

(primary antibody, Ab 1°, green). The incubation of the Ab 1° was followed 

by an incubation with a secondary biotinylated antibody (Ab 2°, blue) and 

finally with streptavidin-conjugated QDs (SA-QDs, orange).  
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In particular, β-lactoglobulin and α-lactalbumin (negative control) are immobilized on 

poly(DMA-NAS-MAPS) coated Si/SiO2 of 500 nm slides, and the chips are blocked as 

described in the Materials and Methods Section. As illustrated in Figure 24, IRIS images 

are taken at each assay step. A first incubation of the spotted chip with different 

concentrations of the primary antibody (anti β-lactoglobulin IgG) is carried out; the 

incubation of the primary antibody is followed by the incubation with a secondary 

antibody (biotinylated anti IgG) and, finally, with SA-QDs.  

IRIS provides information on the mass increase. At the same time, the specificity of the 

antibody signals is demonstrated by the absence of mass increase on the negative 

control α-lactalbumin antigen (not shown). The immobilized allergen is incubated with 

solutions containing four concentrations of the primary antibody (0 ng/mL as negative 

control, 0.5, 2, 20 and 200 ng/mL). As shown in Figure 24, the incubation with the 

secondary antibody does not provide a detectable signal up to a concentration of 200 

ng/mL (Figure 24, image a) unless a QD mass tag is used as label. In fact, the 

amplification effects of the SAv-QDs is clearly observable in Figure 24, image b. The 

mass on the surface increases up to 4-fold for certain concentrations, compared to the 

negligible enhancement due to the biotinylated antibody.  

 

 

Figure 24: Several concentration of the primary antibody are tested. IRIS images are taken after each 

incubation step, and each addition of biomass is recorded. The mass of the SAv-QD layer is taken as the 

difference between the mass after the secondary antibody and the mass after SAv-QD incubation. 

Image a is taken after the incubation with the secondary antibody, Image b is taken after the incubation 

of QDs. In this case, the fluorescence signal from the spots has considerably increased by the addition of 

the particles. 
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Thanks to this amplification step, the LOD (limit of detection) of the primary antibody 

is significantly reduced: plotting detected mass signal versus antibody concentration 

(10, 5, 2, 1, 0.5 and 0 ng/mL) and fitting the values with a linear regression, a LOD of 

10.6 ng/mL is obtained, in label-free conditions, using only the secondary antibody as 

mass tag. This value is reduced to 0.81 ng/mL with SAv-QD mass tags. The advantage 

of employing QDs as mass label over only the secondary antibody is clearly 

demonstrated by the gained sensitivity.  

One of the reasons of the failure of the assay to detect low concentrations of antibody 

in its pure label free format, could be the desorption of antigen probes from the 

surface when they are incubated with antibodies during the incubation phase. This 

undesirable fenomenon is discussed by Ahn et al.4 The authors of this study suggest to 

use secondary antibodies as tags to enhance the mass signal. Suitable sensitivity in the 

detection of cytokines is achieved in Ahn's work simply using a secondary antibody as 

mass tag 4. However, in that work, the measurement is carried out in real time in a 

flow cell. Therefore, the authors are able to take into account the mass loss, due to 

desorption, during the incubation step, normalizing each spot density to its original 

mass. The majority of microarray platform are not able to establish desorption 

kinetics, because measurements are conducted end point in dry conditions. In this 

work, it is possible to avoid elaborate desorption calculations thanks to the large 

detectable mass of QDs, which compensate for the possible loss of material from the 

surface. 

In this first part of the work, the efficacy of a Quantum Dot mass label strategy to 

enhance sensitivity in the interferometric technique IRIS is demonstrated. 

 

In order to assess the potential of QDs in fluorescent detection, the same chips are 

imaged with a fluorescence scanner and the specific interaction of SAv-QDs with 

biotinylated antibodies is demonstrated by the absence of fluorescence signal on spots 

of α-Lactoalbumin allergen. Regarding sensitivity, it is demonstrated that QDs are 

advantageous fluorescent tags in microarray technology. Even though they are not 

excited at their ideal wavelength (633 nm), since commercial scanners are optimized 

for cyanine dyes, a LOD of 0.020 ng/mL is obtained indeed. Combining the two modes, 
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the dynamic range of this assay is therefore extended from 0.02 ng/ml to 10 ng/mL. 

Figure 25 reports the calibrations curves obtained with mass and fluorescence labels.  

 

 

Figure 25. Dose-response curves for flurescence and IRIS immunoassay used to extrapolate the LODs in 
the two detection modes. 
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5.3.3. CALCULATION OF QUANTUM DOTS MONOLAYER 

 

Since, in microarray experiments, mass accumulation is limited by the available binding 

sites on the surface, it is desirable for each binding event to capture a large mass. Platt 

et al.3 demonstrate the efficacy of Streptavidin-conjugated QDs-655 as mass labels in 

the detection of biomolecules using Analight Bio200 (Farfield, UK), a commercial 

platform based on Dual Polarization Interferometry (DPI), which allows to detect the 

mass that accumulates on the surface, measuring refractive index changes. In 

particular, they calculate that the surface density of a saturated monolayer of SAv-QDs 

is 6.19 ng/mm2, while that of a saturated monolayer of streptavidin is 2.30 ng/mm2. 

Therefore, starting from the information provided in Platt's article about the mass 

needed to form a monolayer, we have calculated the percentage of surface occupancy  

for each surface densities measured. In Figure 26, the concept is schematically shown: 

a 50% decrease in surface accumulation yields 50%, i.e. half of a SAv-QD monolayer.  

From the mass accumulation due to QDs, a density is calculated for each concentration 

of secondary antibody. At 200 ng/mL, a surface density of 6.40 ng/mm2 is found. This 

value indicates the formation of a monolayer of QDs closely agreeing with Platt’s. It is 

worth noting that, although these methods are based on similar principals, DPI 

measures biomass accumulation in wet conditions, whereas the mass change is 

measured here in dry conditions, which corroborates the two techniques.  

 

 

Figure 26. At high concentrations of analyte, SAv-QDs saturate the surface, generating a monolayer with 

a surface density of 6.2 ng/mm
2
. At lower concentrations, it is possible to calculate a percentage of a 

monolayer. 
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5.4 CONCLUSIONS 

The possibility of using QDs as mass and fluorescent label at the same time to enhance 

sensitivity in both label and label-free technology is demonstrated. This iss possible 

thanks to the development of a label-free technique, called IRIS, which requires Si/SiO2 

chips as supports. IRIS chips can be employed for a dual detection modality: the 

quantification of the mass (label-free) and the fluorescence of detection. Combining 

the two modes, the dynamic range of the assay is considerably expanded. Moreover, 

in accordance with Platt et al., who measured the mass accumulation of QDs that leads 

to formation of a fully saturated monolayer using DPI, we calculated the maximum 

enhancement in mass that can be reached in IRIS and we obtained 6.2 ng/mm2, a value 

that corresponds to the mass of a SAv-QDs monolayer found by Platt and co-workers.  
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Chapter 6  

CLICK CHEMISTRY FUNCTIONALIZATION OF 

POLYMER COATED GOLD NANOPARTICLES 

 

The conjugation of proteins and other biomolecules to the surface of gold 

nanoparticles (AuNPs) has gained increasing attention in the last years. Several 

strategies of surface AuNPs functionalization are reported in the literature1. Non-

covalent modes have several major weaknesses; these include the necessity of a high 

concentration of antibodies for the preparation of antibody–gold particle conjugates, 

random orientation of antibodies at the gold nanoparticle surface, and due to their 

electrostatic attraction they are making the biological response difficult to control; the 

binding is impressed by changes in pH, and ultimately because antibodies are non-

covalently conjugated to nanoparticles; they can be replaced by other molecules in 

biological samples. 

Covalent modes are also used to bind functionalized groups to gold nanoparticle 

surface. The most direct covalent approach involves strong Au-S bonds with 

organothiols, disulfides and cysteine groups. The conjugation with thiol group-

containing bio-molecules such as antibodies, and other biomolecules is a well-

established route: the covalent bond occurs between the gold nanoparticle and free 

sulfhydryl groups of the antibody 1.  The attachment of biomolecules via thiol linkage 

to gold nanoparticles is much stronger than direct adsorption described above. 

Another commonly adopted strategy implies the coating of NPs with polymers. 

Thiolated PEGs, modified with a carboxyl group and activated via EDC/NHS reaction, 

are widely used to this purpose, however they suffer from several drawbacks. In fact, 

PEG chains have only one carboxyl group per chain which can be activated to provide 

terminal N-hydroxysuccinimide ester groups. Thus, it is difficult to achieve a high 

immobilization density of biomolecules. Furthermore, these kinds of coupling reactions 

are often performed in acqueous solutions (pH 6-9) and, under these conditions, the 

amidization process and the hydrolysis of the ester group are in competition, 

compromising the efficiency of the reaction. Lastly, chemical reactions between amino 
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groups and active esters are not regiospecific and do not provide oriented and 

controlled immobilization of the biomolecules. Click chemistry reactions can overcome 

all these limitations enabling easy and robust functionalization of nanoparticles 

(Section 2.2).  

The advantages of employing synthetic functional copolymers to carry out stabilization 

and functionalization of nanoparticles have been already discussed in Section 4.2., 

where poly(DMA-NAS-MAPS) was used for the straightforward phase transfer and 

functionalization of  QDs in a one-pot procedure2. 

 

The use of the ‘’clickable’’ polymer, poly(DMA-PMA-NAS), described in Chapter 4, 

allows to combine the simplicity and robustness of NPs coating process with the 

advantages of the click chemistry reactions. As described in Section 4.1, this copolymer 

represents an evolution of the parent polymer poly(DMA-NAS-MAPS). Thanks to the 

replacement of NAS with an alkyne group, the polymer reacts regioselectively with 

azido modified molecules by Cu(I)-catalyzed azide/alkyne 1,3-dipolar cycloaddition 

(CuAAC, click chemistry). 

In this work, an anti-mouse IgG antibody, modified with azido functionalities, is bound 

to the surface of gold nanoparticles surrounded by a silica layer. This surface 

modification approach is used for the covalent binding of antibodies to gold NPs. 

Antibodies labeled with gold nanoparticles are then used in biosensing3. 
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6.1 MATERIAL AND METHODS 

 

6.1.1 Reagents 

 

Phosphate-buffered saline (PBS), tris-(hydroxymethyl)aminomethane (Tris), HCl, 

sodium hydroxide(NaOH), ethanolamine, N,N-dimethylformamide (DMF), 

sodiumchloride (NaCl), sodium phosphate (Na phosphate), bovine serum albumin 

(BSA), copper(II) sulfate pentahydrate (CuSO4), L-ascorbic acid (AAC), tris(3 

hydroxypropyltriazolylmethyl)amine (THPTA), agarose low gelling temperature, 

ethylenediaminetetraacetic acid (EDTA), boric acid, Tween20, ammonium sulfate 

((NH4)2SO4), N,N-dimethylacrylamide (DMA), γ-methacryloxypropyltrimethoxysilane 

(MAPS), azoisobutyonitrile (AIBN), and goat anti-mouse polyclonal IgG (whole 

molecule) antibody were all purchased from Sigma-Aldrich (St. Louis, MO). N-

Acryloyloxy-succinimide (NAS) and 3-trimethylsilyl-prop-2-ynyl methacrylate 

(protected PMA) were synthesized as reported elsewhere4. Rabbit anti-bovine 

betalactalbumin was purchased from Jackson Immuno Research (West-Grove, PA); 

purified anti-mouse CD63 was purchased from BioLegend; azido-PEG8-N-

hydroxysuccinimide (N3-PEG-NHS) ester was purchased from Jena Bioscience (Jena, 

Germany). Silicon oxide chips with a 100 nm thermal oxide layer were bought from 

Silicon Valley Microelectronics (SantaClara, CA); 30 kDa centrifugal filters were 

purchased from Amicon. 

poly(DMA-NAS-MAPS) and poly(DMA-PMA-MAPS) were synthesized as reported in 

Chapter 4, Section 4.2.1.2.   

 

6.1.2 Synthesis of Silica Gold Nanoparticles.  

 

A solution (200 mL) of tetrachloroauric(III) acid (0.01% w/v) in water was heated to 

reflux. Next, 700 μL of trisodium citrate (2%) was added to the solution and left under 

stirring at 100 °C for a few minutes until the appearance of a deep red color indicated 

the formation of the nanoparticles. The suspension was left under stirring at 100 °C for 

further 20 min and then slowly cooled down to room temperature. A very thin layer of 
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silicon oxide was grown on the surface according to the protocol described by Li et al.5 

A volume of 30 mL of a gold nanoparticles suspension was mixed with 400 μL of APTES 

(1 mM) and left under stirring. After 15 min, 3.2 mL of a sodiumsilicate solution (0.54% 

w/v), acidified until the pH was <11, was added to the gold nanoparticles. The 

suspension was left under stirring for 3 min at room temperature and for 35 min in a 

water bath at 70 °C. To stop the reaction, the gold nanoparticles were moved in a 

water bath at 4 °C. At last, gold nanoparticles were centrifuged at 3000g for 20 min at 

15 °C and resuspended in water. 

 

6.1.3 Nanoparticles Coating  

 

Poly(DMA-PMA-MAPS) was dissolved in DI water to a final concentration of 1%; to this 

solution, a suspension of AuNPs (0.1 mg/mL) was added and the mixture was gently 

stirred for 1 h in the dark on a shaker. To remove the polymer excess, the AuNPs 

suspension was washed two times with DI water and the particles were recovered by 

centrifugation (10 min at 7000 rpm). After the second washing cycle, the supernatant 

was discarded and replaced by sodium phosphate buffer (pH 7.4, 50 mM) and the 

suspension stored at 4 °C. 

 

 

6.1.4 Antibody Derivatization  

 

An anti-mouse IgG antibody was dissolved in PBS to a final concentration of 5 mg/mL; 

to this solution, azido-PEG8-NHS ester was added to a final concentration of 0.5 mM. 

The mixture was stirred for 2 h at room temperature. Once the reaction was 

completed, the azido modified IgG was washed three times by centrifugation on 30 

kDa centrifugal filters (10 min at 7000 rpm) to remove residual traces of unreacted 

azido ester. 
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6.1.5 Functionalization of Gold Nanoparticles 

 

Polymer coated AuNPs were spun down and resuspended in Na phospate buffer (50 

mM pH 7.4); to this suspension, the azido modified antibody (1 mg/ mL), CuSO4 (100 

μM), THPTA (400 μM), and ascorbic acid (6.25 mM) were added. The mixture was then 

stirred overnight. The antibody-AuNPs suspension was washed three times by 

centrifugation (10 min at 7000 rpm) to remove residual traces of unreacted azido 

antibody. To prove that the covalent binding was promoted by the CuSO4/THPTA/AAC 

assisted click reaction, the same procedure was performed without addition of the 

click catalysts. In this case, the antimouse antibody could only be adsorbed on the 

polymer coated AuNPs. 

 

6.1.6 Nanoparticles Characterization 

 

Morphology  

Transmission electron microscopy (TEM) images of AuNPs were obtained on a “FEI 

Tecnai G” Spirit BioTWIN microscope (Hilsboro, OR) operating at 120 kV. The samples 

were prepared by evaporating a drop of nanoparticles onto carbon-coated copper grid 

(200 mesh) and allowing it to dry on the air. Nanoparticles were sonicated prior to 

analysis. The histograms of the particle size distribution and the average particle 

diameter were obtained by measuring about 150−200 particles by using Measure IT 

Olympus Software. 

 

Particle Size and ζ-Potential Analyses 

Dynamic light scattering (DLS) measurements were performed at 173° with a Zetasizer 

Nano ZS ZEN3600 from Malvern Instruments Ltd. (Worcestershire, UK) working at 4 

mW of a He−Ne laser (λ= 632.8 nm). A disposable cuvette with 1 cm optical path 

length was used for the measurements. The samples were prepared by dilution with 

Milli-Q water containing 1 mM citrate. Each sample was allowed to equilibrate for 30 s 

prior to starting measurement. The measurements were performed at 25 °C. The 

calculations of hydrodynamic diameter were performed using Mie scattering theory, 

considering absolute viscosity and refractive index values of the medium to be 0.8872 
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cP and 1.334, respectively. The results are reported in Intensity. ζ-Potential 

measurements were elaborated on the same instrument by electrophoretic light 

scattering; ζ-potential values were automatically calculated from electrophoretic 

mobility using Zetasizer Software (Malvern Instruments Ltd., Malvern, UK). A viscosity 

of 0.8872 cP, a dielectric constant of 78.5, and a Henry function of 1.5 were used for 

the calculations. All measurements were performed in triplicate, and the average 

values were calculated. 

 

Gel Electrophoresis 

In order to characterize the particles after each derivatization step, 100 μL of 

functionalized and non functionalized gold NPs were loaded on a 0.7% agarose gel in 

0.5× Tris-borate-EDTA buffer pH 8.8 (TBE: 67 mM tris-(hydroxymethyl)aminomethane, 

37 mM boric acid, 1.6 mM EDTA). The separation was run for 60 min at a constant 

voltage of 100 V. 

 

Optical Properties 

The optical properties of AuNPs, polymer coated AuNPs, and AuNPs functionalized 

with antibody were assessed by UV−visible spectrometry (spectrophotometer VP-650, 

Jasco). Before collecting UV−vis spectra (400−700 nm), all sample solutions were 

sonicated for few seconds in order to minimize aggregation. The plasmon band shift 

due to the polymer layers deposited on AuNPs and to the subsequent antibody linking 

was evaluated keeping in consideration the maximum absorption peak of bare AuNPs 

is 525 nm. The concentration of the AuNPs suspension is expressed in optical density 

(OD), measured at the maximum absorption peak (525 nm). 

 

6.1.7 Bioassay: microarray experiments 
 

To demonstrate the binding between the antibody and AuNPs, an anti-CD63 mouse 

antibody, and an anti-β-lactoglobulin rabbit antibody (negative control) were 

patterned on two silicon chips coated with poly(DMA-NAS-MAPS) as reported in 

Section 4.2.1.5 of Chapter 4, by means of a SciFlexArrayer S5 spotter from Scienion 

(Berlin, Germany). Both, the mouse anti-CD63 capture antibody (20 replicates) and the 
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rabbit anti-β-lactoglobulin antibody (5 replicates), dissolved in PBS, were spotted at a 

concentration of 1 mg/mL. In the experimental conditions used, the volume of the 

spotted drop was 400 pL. The chips were placed in a humid chamber immediately after 

the spotting and stored overnight at room temperature. After the immobilization, the 

residual active esters on the chip were blocked by immersing the chips in a solution of 

50 mM ethanolamine in 0.1 M TRIS/HCl, pH 9, for 1 h at room temperature; the chips 

were then rinsed with DI water and dried with a nitrogen stream. One chip was 

incubated overnight in a humid chamber with AuNP-labeled anti-mouse antibody (OD 

= 0.05) in PBS in static incubation conditions. The chip was washed with washing buffer 

(Tris/HCl 50 mM pH 9, NaCl 0.25 M, Tween 20 0.05% v/v) for 10 min under stirring and 

finally rinsed with Milli-Q water. A second chip was incubated with the same anti-

mouse antibody reacted with AuNPs in the absence the click catalyst. Both chips were 

imaged with the Single Particle Interferometric Reflectance Imaging System (SP-IRIS) 

instrument to detect individual particles of AuNPs bound to the capture surface 

antibody. 
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6.2. RESULTS AND DISCUSSION 

 

6.2.1 COATING OF SILICA GOLD NANOPARTICLES 

 
In this work, 45 nm diameter gold nanoparticles, synthesized by our collaborators at 

Fondazione Don Gnocchi, (LABION laboratory) according to the commonly used citrate 

methods developed by Turkevich et al.6 and Frens et al.7 are employed. A silica shell is 

formed by condensation of sodium silicate on the surface of AuNPs, previously treated 

with APTES as described by Li et al8. The parameters of the condensation reaction 

(time, pH and temperature) are optimized in order to form a very thin silica layer to 

maintain the optical properties of the nanoparticles. In fact, as already mentioned in 

Chapter 1, the distinct feature of AuNPs is the strong vibrant color of their colloidal 

solution that is caused by the Surface Plasmon Resonance (SPR) absorption. The 

different size of NPs determines the shift of SPR absorption peak to longer wavelength. 

This is an important parameter that can be exploited to evaluate aggregation of NPs 

suspension or to confirm the conjugation of biomolecules onto their surface. The 

AuNPs used in this work have a strong absorption peak at 545 nm which is constantly 

measured to control the quality of the nanoparticle suspension. 

 

The purpose of this study is to demonstrate that a synthetic functional copolymer, 

poly(DMA-PMA-MAPS), recently introduced at CNR9, represents a convenient method 

to provide stabilization and functionalization of nanoparticles by a robust and user 

friendly one-step procedure. Adsorption of poly(DMA-PMA-MAPS) stabilizes the 

colloidal suspension, whereas the alkyne functions pending from the backbone are 

available for the reaction with azido modified proteins. The coating procedure is fast, 

user friendly, environmentally safe and produces particles that are stabilized and 

functionalized in a single step process. 

Although the polymer has been already employed for the functionalization of different 

kinds of surfaces, especially for the development of glican arrays9, its use in context of 

nanoparticles coating is new and the results obtained very promising. 

The coating procedure, schematically depicted in Figure 27 (a), is performed by simply 

adding the clickable polymer, at low concentration (1% w/v), to the AuNPs aqueous 
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solution (see Section 6.1.3, Materials and Methods, for the details of the procedure). 

The process entails a simple adsorption step of the polymer onto NPs surface through 

the poly(DMA) segments followed by silanol condensation promoted by the MAPS 

monomer, which has a strong affinity for the silica shell of AuNPs. The silane monomer 

MAPS, reinforces the interaction between AuNPs surface and the poly(DMA) segments 

of the polymer chain, leading to the formation of a stable nanometric polymer layer 

which  replaces the original citrate layer. The coating procedure, initially developed for 

flat silicon microarray slides, was optimized taking into account the stability of NPs. 

The polymer adsorption on a flat surface takes place from a concentrated ammonium 

sulfate solution (0.9 M). Since the salt reduces polymer solubility and forces the 

polymer to interact with the surface9, this process can not be immediately transferred 

to NPs as the use of salts causes their aggregation and precipitation during adsorption. 

Also the drying step, which usually increases the stability of the polymer layer, is 

avoided because it is incompatible with the colloidal suspension. In this work we 

demonstrate that the use of high salt concentration and drying are not essential to 

coat NPs. A coating of excellent stability is obtained also using a simplified process that 

does not require harsh conditions. 

In the step following the polymer coating, the presence of alkyne groups on the 

surface allows the covalent conjugation of an azido-modified anti-mouse IgG antibody 

to the AuNPs surface via CuAAC click chemistry reaction (Figure 27, b). This step is 

performed by simply adding the azido-modified antibody to the alkyne-functionalized 

AuNPs solution in the presence of the reaction catalysts, Cu/THPTA and ascorbic acid 

(for the details, see Section 6.1.5 , Material and methods). 

The advantages of this kind of reaction have been already discussed in the introduction 

(Chapter 2): it is easy to perform, it works very well under mild conditions, it gives high 

yield with limited by-products, it is characterized by high efficiency and it provides 

oriented immobilization of molecules. Moreover, it is applicable to all kind of 

biomolecules (proteins, DNA, peptides), once properly functionalized with reactive 

groups that are not naturally present, but easily introduced either during their 

synthesis or by post-modification. DNA and peptides, can be functionalized with azide 

groups directly during their synthesis, whereas for proteins the insertion of clickable 

groups requires more efforts. To this purpose, Thermo-Fisher commercializes an 
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enzymatic Kit (Site-Click) which provides a simple site-selective strategy to introduce 

an azide group on the heavy chain N-linked glycans far from the antigen-binding 

domain. In this work, an azide-PEG-succinimidyl ester (N3-PEG8-NHS) is employed to 

introduce azide functionalities on the IgG antiboby, as schematically reported in Figure 

27 (b). Since the reaction between PEG-succinimidyl ester and protein amino groups is 

not regioselective, the antibody immobilization is not oriented. However, the 

convenience of this protocol over other types of immobilization is related to the fact 

that it provides the control of the degree of azide insertion thus limiting the point of 

contact between the protein and the surface. As a matter of fact, the molar ratio of 

PEG-succinimidyl ester and antibody determines the degree of substitution. This 

means that in the limiting case where the immobilization involves only one azido 

moiety, the antibody has a high degree of freedom, which is impossible to obtain when 

standard NHS chemistry is used for the conjugation. 

 
 

 
 
 
Figure 27. Coating process of silica AuNPs (a) with poly(DMA-NAS-MAPS) and derivatization with azido 

modified antibody (b) 
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6.2.2 CHARATERIZATION OF COATED AND FUNCTIONALIZED AuNPs 

 

A wide characterization of antibody-conjugated AuNPs (Ab linked AuNPs) is carried out 

at each stage of the functionalization. First of all, we confirm the presence of the 

polymeric coating and the antiboby functionalization through electrophoresis analysis 

in an agarose gel (Figure 28). Uncoated AuNPs (Figure 28a, lane 1) and polymer-coated 

AuNPs (Figure 28a, lane 2), are compared: the first ones have a higher electrophoretic 

mobility than the second ones. This is due to the high density of negative charges on 

the surface of bare AuNPs, whereas the polymer shields the charges, leading to a 

significant mobility reduction. As illustrated in Figure 28b, the antibody/gold 

conjugation is confirmed by the different electrophoretic profile of polymer-coated 

AuNPs (Figure 28b, lane 1) and antibody-functionalized AuNPs (Figure 28b, lane 3). In 

addition, AuNPs treated with the antibody in the absence of the catalysts 

(THPTA/CuSO4 and ascorbic acid), ware used as a negative control (lane 2): their 

electrophoretic behaviour, identical to that of coated-AuNPs, proves that there is no 

unspecific adsorption of antibody on the NPs surface, confirming that the shift 

observed in lane 3 is due to covalent binding of the antibody onto the surface. 

 

 

 
 
 

Figure 28. Electrophoresis of AuNPs on agarose gel. (a) Lane 1, uncoated AuNPs; lane 2, 
polymer-modified AuNPs. (b) Lane 1, polymer coated AuNPs, lane 2, polymer coated NPs 
treated with antibody in the absence of catalysts (no conjugation); lane 3, polymer 
coated particles treated with antibody and catalysts (covalent conjugation). 
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Surface characterization: UV Spectroscopy, Zeta Potential, and Dynamic Light 

Scattering Measurements 

Several analytical techniques are employed to monitor the surface modification after 

each step of the process. From UV absorption spectra (Figure 29) a surface Plasmon 

band shift is appreciable after the coating process and after the conjugation with the 

antibody. Small changes in the refractive index of the material are caused by the 

deposition of each layer on the surface, resulting in a shift to longer wavelengths. 

Moreover, UV spectra do not show broadening, confirming absence of aggregation and 

thus, good quality of AuNPs suspension after each step. 

 

 

 

 

Figure 29. UV absorbtion spectra of bare AuNPs (blue), polymer-coated AuNPs (red), antibody-

funtionalized AuNPs (green) 

 
 

DLS measurements are reported in Table 2. The hydrodynamic diameter of AuNPs 

becomes larger after each modification step, proving that coating and bio-

functionalization are successful. Furthermore, ζ-potential analysis confirmed the 

presence of polymer and antibody layers on the surface (Table 2). The surface charge 
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increases considerably after the addition of the polymer while a further increase 

occurs after bioconjugation. 

 

Table 2. DLS mesuraments and Z-potential analysis after each step 

Sample Hydrodynamic diameter 
(nm) 

PDI ζ-potential          
(mV) 

Uncoated AuNPs 47.02 ± 13.52 0.083 -25.1± 2.40 

Polymer coated 
AuNPs 

131.1 ± 34.93 0.071 -17.6± 0.35 

Ab linked AuNPs 146.75 ± 87.92 0.403 -14.1± 2.26 

 

Stability of nanoparticles: TEM analysis and tests for coating stability 

 
The morphology of AuNPs is evaluated by transmission electron microscopy (TEM) and 

no visibible aggregation is observed. As confirmed by TEM images (Figure 30) a 

homogneous suspension is obtained after each functionalization step. The polymer 

coating and the antibody conjugation do not compromise AuNPs stability. 

 

 

 

 

Figure 30. TEM images of bare AuNPs (a), polymer-coated AuNPs (b) and antibody-functionalized (c) 

 

The effect of the coating on suspension stabilization is investigated by evaluating 

AuNPs stability in harsh conditions, i.e. at high and low pH values as well as at high salt 

concentration. The results of these simple tests show that the coating is fundamental 

to protect AuNPs from the pH dependent aggregation. In fact, uncoated AuNPs 

aggregate when the pH of the solution has either a high or low pH or high salt 

concentration, as demonstrated by marked colour changes (Figure 31, left column). 
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On the contrary, polymer coated nanoparticles were stable independently from 

solution pH and ionic strength: even when exposed at these harsh conditions, coated 

AuNPs maintain their original colour (Figure 31, right column). The extreme stability 

conferred by the polymer allows the employment of AuNPs in many biological 

contexts, especially where a high resistance to high ionic strength and pH is required. 

 

 
 
Figure 31. Uncoated and polymer coated AuNPs were treated with high concentration of salts or at 
different pH values. In these conditions, uncoated NPs are very unstable and aggregate, causing a red to 
blue color shift (left column). Nanoparticles with the clickable polymer are stable also in extreme 
conditions (right column). 
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6.2.3 APPLICATION OF ANTIBODY-LABELED NPs IN A NOVEL DIGITAL PLATFORM: 

Single Particle Interferometric Reflectance Imaging System (SP-IRIS) 

 

The development of high sensitivity methods which can detect biomarkers at very low 

concentrations is a hot research topic for the early diagnosis of diseases. As already 

mentioned in Section 3.1, microarray technology has a great potential in this context: 

current immunoassays can measure proteins at concentrations as low as 10-12M. 

However, the serum concentrations of many biomarkers at the early stages of cancer11 

or infections12 range from 10-16 to 10-12M. Therefore, detection methods which can 

measure these minute concentrations of biomarkers are needed. For this purpose, the 

new frontier in biomarker analysis is single-molecule counting or digital detection, an 

approach that provides high resolution and sensitivity which cannot be achieved with 

ensemble measurements, such as fluorescence.  

To illustrate the principle of single-molecule counting digital and analogic detection 

modalities are compared in Figure 32. Fluorescence provides measurement that can 

be defined as an analogical signal: the intensity increases with the concentration of the 

species measured (Figure 32a). A digital detection mode allows counting individual 

molecules, providing measurement in discrete counts rather than averaging the 

intensity of many fluorophores (Figure 32b). Ideally, any method that can detect an 

event related to a single molecule enables digital detection, offering significant 

advantages over ensemble measurements in terms of sensitivity, down to the 

detection of a single molecule13.  
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Figure 32. Analog and digital detection. (a) Analog detection provides an increasing intensity as the 
concentration increases. (b) Digital detection allows the detection of a single molecule. Reproduced with 
permission, from 

14
. 

 
The team of Prof. Selim Unlu at Boston University (MA, USA) has developed an 

innovative digital detection platform, called Single Particle Interferometric Reflectance 

Imaging Sensor15, which is an evolution of the label-free platform IRIS, described in 

Section 5.3.1. SP-IRIS is a prototype instrument for the detection of individual particles 

on surface and requires 100 nm silicon/silicon oxide chips in order to allow the digital 

detection of nanoparticles on a microarray surface. 

The instrument uses one discrete LED wavelength (525 nm) to illuminate the sensor’s 

surface using a high magnification objective to detect and count nanoparticles of 

known materials located on the SiO2 surface; the principles are thoroughly illustrated 

elsewhere16. Briefly, this detection modality of SP-IRIS enhances the contrast of a 

single nanoparticle on a bilayered substrate by interfering the scattered field produced 

by the nanoparticle on the substrate surface with the reflected field generated by the 

buried Si−SiO2 interface of the IRIS chip. The CCD camera senses the individual 

nanoparticles on the SP-IRIS chip as point objects, which are processed to extract size 

information. 

Firstly, SP-IRIS was employed for direct digital detection of biological nanoparticles, 

such as viruses17. The direct counting of viruses by SP-IRIS simplified considerably the 

assay: no detection probes or labels were required for high sensitive detection. 

The use of this digital platform has been extended to the detection of single 

biomolecules. Detecting a single molecule is more challenging than detecting a 
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nanoparticle such as a virus. It requires labeling the molecule to be detected with a 

nanoparticle. In Figure 33 the common format of sandwich assay to detect different 

types of target is illustrated: specific detection probes, such as antibodies and nucleic 

acids, are immobilized onto the sensor support, previously coated with a functional 

copolymer. Target molecules in solution are recognized and bound by the immobilized 

probes then a secondary detection probe labeled with a nanoparticle is added in order 

to visualize binding events on the chip at the single molecule level.  

 

 

 

 

 

Figure 33. Large biological NPs, such as virus, can be visualized and counted directly. On the contrary, 
small targets, such as proteins and nucleic acid, require a secondary probe labeled with a NPs, which 
enables the digital counting. 

 

The Si/SiO2 interface of the chip generates a constructive interference with the 

scattered field produced by the NPs on the surface, enhancing the scattering of the 

light. Within this context, gold nanoparticles are used as labels thanks to their higher 

optical signal. Therefore, SP-IRIS utilizes small gold particles of 40nm. This AuNPs size is 

selected to contain steric hindrance and reduce diffusion effects.  

A successful outcome of an SP-IRIS experiment is an indication of the quality of 

functionalized particles. When the binding between the antibody and the gold particle 
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occurs, individual gold particles are detected by SP-IRIS thus confirming not only that 

AuNPs are functional but also that they are not aggregated. 

To assess the effectiveness of AuNPs conjugation to antibodies, a simple bioassay using 

SP-IRIS is carried out. Anti-mouse Polyclonal IgGs, tagged with AuNPs recognized 

specifically a mouse anti-CD 63 antibody, immobilized on the surface of an SP-IRIS chip. 

The gold nanoparticle tags, individually counted by the SP-IRIS software are 

represented by red circles (Figure 34a, top left). In the histogram of Figure 34b the 

number of NPs per mm2, in different experimental conditions, is shown. When the 

catalysts of the click reaction (THPTA/CuS04 and AAC) are not added during the 

conjugation, the anti-mouse IgG does not bind NPs (Figure 34a, bottom left). In this 

case since the AuNPs are not functional, the amount of particles counted on the 

surface is close to that of the negative control experiment (Figure 34a, on the right), in 

which, Rabbit-anti Bovine -Lactoglobulin antibodies that are not recognized by an 

anti-mouse antibody are spotted on the surface. These experiments prove that gold 

nanoparticles are counted by SP-IRIS only when click chemistry catalysts are employed 

during the functionalization process, confirming that a covalent bond is formed during 

conjugation. 
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Figure 34. (a) SP-IRIS images of chips where different antibodies were immobilized, incubated with 
antibody-AuNPs in the presence (+) or in the absence (-) of catalysts. (b) histograms of the number of 
NPs/mm

2  
(mean ± SD) 

 
for all the experiments 
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6.3. CONCLUSIONS 

In this work, we develope a simple and robust method to coat AuNPs with a ‘’clickable 

copolymer’’, poly(DMA-PMA-MAPS). The use of this polymer for this purpose is new, 

although its application, in the field of glycan microarray, was previously reported. This 

approach conjugates both the simplicity and the robustness of NPs polymeric coating 

with the benefits of click chemistry, such as selectivity and efficiency, limited by-

products and possibility to carry out the reaction under biological mild conditions. The 

clickable polymer confers stability to the colloidal suspension in several conditions, 

such as high salt concentrations and extreme pH values, and enables the 

functionalization with antibodies through the Cu(I)-catalyzed click reaction. 

Furthermore, the coated AuNPs are widely characterized and then tested in a 

microarray bioassay where a novel digital technology, called SP-IRIS, is employed. The 

proposed functionalization strategy can be extended to other kind of nanoparticles 

and exploited in many biological applications.  
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Chapter 7 

INTRODUCTION TO DNA GEL 

ELECTROPHORESIS 

 

Electrophoresis is one of the most used and powerful analytical techniques employed 

in biochemistry and molecular biology to separate biopolymers, such as nucleic acids 

(DNA and RNA) and proteins. The process can be defined as the migration and 

separation of charged compounds in a supporting medium under the influence of an 

external electrical field. In fact, when charged molecules are placed in an electric field, 

they migrate toward either the positive or negative pole according to their charge. In 

contrast to proteins, which can have either a net positive or net negative charge, 

nucleic acids have always a net negative charge, imparted by their sugar-phosphate 

residues, and migrate toward the anode. Analytes are separated according to their 

electrophoretic mobility, an important parameter specific for each molecule and each 

medium that depends on the ratio between charge and frictional coefficient, which, in 

turn, depends on the molecular mass. 

 

The separation of compounds, by electrophoresis, depends on the differential 

migration of analytes in an applied electric field. The electrophoretic migration velocity  

(up) of an analyte towards the electrode of opposite charge is given by: 

 

                                                up= µp● E                                                        (1) 

 

where μp is the electrophoretic mobility and E is the electric field strength. The 

electrophoretic mobility is proportional to the ionic charge and inversely proportional 

to the frictional forces acting on the migrating specie. When two species in a sample 

have different charge or experience different frictional forces, they will separate from 

one another as they migrate through a buffer solution.  
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The frictional forces experienced by an analyte ion depend on the viscosity (η) of the 

medium and the size and shape of the ion. Accordingly, the electrophoretic mobility of 

an analyte at a given pH is given by: 

                                                                                                                        (2) 

 

where z is the net charge of the analyte and r is the Stokes radius  of the analyte which 

is expressed by:  

                                                                                                                                  (3) 

 

where kB is the Boltzmann constant, and T is the temperature, D is the diffusion 

coefficient. These equations indicate that the electrophoretic mobility of the analyte is 

proportional to the charge of the analyte and inversely proportional to its radius. The 

electrophoretic mobility can be determined experimentally from the migration time 

and the field strength: 

                                                                                                                             (4) 

 

where L is the total length between the two electrodes, l is the migration distance of 

each DNA band, t is the time required for the analyte to migrate (migration time), V is 

the applied voltage (field strength). 

 

When the molecules to be separated are double stranded DNA (dsDNA), single-

stranded DNA (ssDNA) or RNA the scenario is more complicated since these species, 

above a certain size, have a constant charge/size ratio and thus identical 

electrophoretic mobility in free solution. Their electric charge and friction coefficient 

scale linearly with their molecular weight making the size separation in buffer 

impossible1,2. 
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To overcome this problem, a sieving matrix has to be employed in order to retard the 

analytes in proportion to their molecular size. Hydrogels are widely employed as 

sieving matrices in electrophoresis to separate nucleic acids. The hydrogel has a dual 

role: on one hand it provides separation, thanks to the torturous path through which 

the DNA molecules migrate; on the other hand it acts as anti-convective medium.  

In slab gel electrophoresis, the gel consists of crosslinked, hydrophilic polymers, either 

synthetic or extracted from living organisms, mostly vegetal. The two types of gels 

most commonly used are agarose and polyacrilamide (See Section 7.3)  
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7.1 DNA SEPARATION MECHANISM 

 

Experimental and theoretical studies into the mechanism of DNA electrophoresis have 

led to the formulation of two widely accepted migration models: the Ogston model 

and the reptation model 2. In the Ogston model, spherical DNA coils move through the 

connected pores large enough to accommodate their passage. This model is applicable 

only when DNA molecules have radii of gyration less than or equal to the average pore 

radius of the gel. However, the Ogston model breaks down for large molecules, whose 

radius of gyration exceeds the average pore radius of the gel. In this case a reptation 

model (or its variants) is most commonly applied. This model assumes that DNA 

deforms from its random –coil conformation to enter and migrate through the gel 

matrix in a "snake-like" fashion (hence "reptation"). With this “head-and-tail” 

character, DNA moves through the network of the gel pores.  

In last years, the reptation theory has been refined to take into account the influence 

of higher electric field strength. This turned into a Biased Reptation Model3. 

Furthermore, when the influence of the tube length fluctuation has to be kept in 

consideration, the Biased Reptation with Fluctuation theory is applied4. 
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7.2 WHAT IS A HYDROGEL? 

 

A hydrogel can be defined as a three dimensional network of polymers made of 

natural or synthetic materials, possessing elasticity and flexibility under deformation 

due to large water content. Even when the deformation is very slow, a hydrogel keeps 

a memory of its shape forever. Under physiological conditions, they are able to retain a 

large amount of water or biological fluids and, for this reason, they are characterized 

by a soft rubbery consistency similar to living tissues, making them an ideal substance 

for a variety of biomedical applications, including the development of DDS (drug 

delivery systems)5 and scaffolds for tissue engineering and repair6. 

Hydrogels do not disintegrate during swelling, thanks to their crosslinked structure. 

The nature of crosslinking is one of the most used criteria for the classification of 

hydrogels7. In particular, the crosslinking points can be physical or chemical. In physical 

gels, the crosslinking is normally achieved via physical processes such as hydrophobic 

association, chain aggregation, crystallization, ionic complexation, and hydrogen 

bonding. These features allow their solvent casting, post process bulk modification and 

reshaping. They are easy to fabricate, biodegradable and non-toxic, properties that 

lack in chemical gels, which are formed by a chemical reaction, i.e. chemical covalent 

crosslinking (simultaneously or post polymerization). For this reason, unlike physical 

hydrogels, they are permanent and irreversible.  

In the absence of crosslinking points, the interactions between polymer chains are just 

topological. In particular, polymers, which are in dilute solutions, do not interact with 

each other because they are isolated, behaving as a single chain. However, when the 

polymer concentration increases, the chains became entangled, leading to the 

formation of a network. Although potentially very viscous, entangled solutions cannot 

not be defined as gels, because the chain-chain interections are purely temporary. The 

concentration at which the polymer coils start to touch each other in solution is 

defined “overlap threshold concentration” (c*). Solutions of long linear polyacrylamide 

(PAA), at a concentration above c*, (polymerized without crosslinker) are examples of 

viscoelastic solutions. 
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7.3 GENERAL CHARACTERISTICS OF COMMON ELECTROPHORETIC GEL 

MATRICES  

 

The separation of DNA fragments by molecular mass is determined by the 

characteristics of the gel matrix chosen for the separation8. The supports most 

frequently used as matrices in slab gel electrophoresis are agarose and polyacrylamide.  

 

7.3.1 AGAROSE GELS  

 

Agarose is a polysaccharide, composed of an alternating copolymer of 1,3-linked β-D-

galactose and 1,4-linked 3,6-anhydro-α-L-galactose, rarely substituted with sulphate, 

carboxylate and/or pyruvate residues9, which confer to the matrix a negative charge. 

At high temperature, agarose molecules have a random coil structure 10. Upon cooling, 

the formation of helical fiber bundles, linked together by hydrogen bonds, occurs. The 

gelation process results from hydrogen bonds that reinforce and rearrange links 

between the fiber bundles in ‘’junction zone’’11. Electron micrographs analysis have 

shown that the structure of an agarose gel matrix is a random fibrous network with 

irregularly branch points and many dangling ends 12. 

Agarose is an efficient, non-toxic medium to separate nucleic acids. Thanks to its 

simplicity and rapidity of preparation, agarose is widely used for the routine 

determination of DNA size and many other purposes, such as the purification of 

restriction fragments and PCR (polymerase chain reaction) products. The high strength 

of agarose gels allows handling of low gels percentage for the separation of moderate 

and large DNA molecules ranging in size from ∼100 bp to ∼20 kilobase pairs (kbp). The 

molecular sieving is strictly related to pores size, which depends on the concentration 

of agarose, usually referred to as a percentage of agarose to volume of buffer (w/v). In 

general, the higher the concentration of agarose, the smaller the pore size is. This 

means that a high concentration of agarose should be used if the aim is to separate 

small DNA fragments, on the contrary, a low concentration is recommended to 

separate large DNA fragments. In particular agarose concentrations ranging from 0.7% 

(good separation and resolution of large 5–10kbp DNA fragments) to 2% (good 
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resolution for small 0.2–1kbp fragments) are employed. For fragments larger than 25 

kb pulse field gel electrophoresis is required13. This tecnique involves the application of 

alternating current from two different directions. 

Hydroxyethylation can be exploited to modify agarose in order to create low melting 

agarose, which has a lower packing density of the agarose bundles which reduce their 

pore size14 and thus DNA mobility. Low melting agarose is usually employed when 

isolation of separated DNA fragments is desired. 

The non-covalent interactions between the agarose fiber bundles allow the possibility 

to re-melt an agarose gel after its use in an electrophoresis analysis. 

However, the main limits of agarose are its high cost and the poor separation of low 

molecular weight samples. 

 

7.3.2 POLYACRYLAMIDE GELS 

 

Polyacrylamide gels were first used for electrophoresis, in 1959. They are chemically 

cross-linked gel matrices formed by the reaction of acrylamide with a bifunctional 

crosslinking agent. Among the large number of cross-linking reagents, listed and 

compared by Righetti et al.15, N,N'-methylenebisacrylamide (Bis) is the most common 

one. The composition of the gel is controlled by %T, the total w/v concentration of 

acrylamide plus cross-linker, and %C, the w/w percentage of cross-linker included in 

%T. The gel is formed by free radical polymerization, usually catalysed by ammonium 

persulfate and N,N-tetramethylethylendiamine (TEMED). The number of chains and 

their length per gel are related to the initiator16 and to the monomer concentration17.  

The structure of polyacrylamide gels is heterogeneous due to the fact that Bis 

polymerizes with itself more rapidly than with acrylamide18. Comparing these gels to 

agarose gels, they are more difficult to handle, more toxic and more difficult to 

prepare. However, they have an excellent resolving power and high load capacity. As a 

matter of fact, with cross-linked polyacrylamide, DNA fragments smaller than 100 bp 

can be effectively separated.  

The pore size of polyacrilamide gels typically is of few nm19 and can be exactly 

controlled by varying the total concentration of the main monomer, acrylamide (T), 

and the degree of cross-linking (C): by increasing the cross-linking20 or by polymerizing 
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diluted monomer solutions21 the porosity of polyacrylamide is increased. However, 

there are limits to both approaches because the formation of gels does not occur 

below a concentration of 2%, while high concentration of the Bis monomer (20%) 

confers turbidity to matrices. In practice, the use of polyacrilamide is limited by the 

range of pore size that can be achieved (from 3 to 25 nm). This range is useful for 

protein separations, DNA mapping and sequencing. 

Even though cross-linked polyacrylamides provide good resolution and efficiency in the 

separation of low molecular weight DNA fragments, a number of drawbacks limit their 

use and application. In fact, polyacrilamide handling is complicated by the fact that the 

polymerization has to be carried out under an inert atmosphere in order to prevent 

any free radical generation by oxygen. Moreover, the polymerization is temperature 

dependent and, for this reason, temperatures during gel production must be carefully 

controlled. However, the main limit is related to the toxicity of these gels: acrylamide 

is a potent neurotoxin and should be handled with care. Although polyacrylamide is 

considered to be non-toxic, polyacrylamide gels should also be handled with gloves 

due to the possible presence of free acrylamide. Lastly, since it is not possible to 

solubilize the gel matrix after electrophoresis, it is difficult to recover the bands from 

the gel.  
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7.4 ELECTROPHORESIS COMPONENTS 

 

7.4.1 DNA DETECTION: FLUORESCENT DYES 

 

Once electrophoresis has been completed, there are different approaches to make 

visible the DNA species separated in the gel. One of the most classical DNA-binding dye 

is Ethidium Bromide (EB), used to stain DNA in agarose and polyacrylamide gels. It 

intercalates itself between DNA base pairs in a concentration dependent manner. 

When exposed to UV light, the activation of electrons in the aromatic rings occurs, 

leading to the release of energy and thus an emission of fluorescence. However, 

agarose gels, which contain EB, have to be handled carefully because this dye is known 

to be mutagen and carcinogen. 

Silver staining is a highly sensitive method for the visualization of nucleic acid bands 

after electrophoretic separation on polyacrylamide gels. Silver ions bind nucleic acids, 

leading visible dark bands on the gel. 

 

Alternative stains for DNA include SYBR Gold, SYBR Green II and SYBR Green I (SG). 

(Figure 1). The latter is considered a highly sensitive fluorescent nucleic acid binding 

dye and it is largely used thanks to its ability to enhance fluorescence up to 1,000 fold 

upon interaction with double stranded DNA22.  

The use of these dyes in ultraviolet trans-illumination enables detection of DNA at 

picogram levels. The binding mechanism of the dyes to nucleic acids is believed to be 

different than that of the more conventional phenanthridinium intercalator dyes, such 

as EB, which usually can increase brightness up to 100 fold in complex with DNA, i.e. 

ten times less than SYBR Green. 
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Figure 1. Chemical structure of SYBR Green I 

 

The resulting DNA-SG-complex absorbs blue light (λmax = 497 nm) and emits green light 

(λmax = 520 nm). The dye binds preferentially to double-stranded DNA, but also to 

single-stranded DNA, and RNA even if with lower sensitivity. Dragan et al22 illustrated 

the fluorescence properties and the mechanism of interaction between SG and DNA:   

the aromatic rings of the dye intercalate into DNA by van der Waals interactions. 

SG/DNA complex stability is promoted by a charge-charge interaction formed by the 

positively charged triazole group of the dye and phosphates of the DNA base pairs. The 

intercalation mechanism and the charge-charge interaction effectively immobilize the 

dye in a favourable and energetically conformation state23, leading to a dramatic 

enhancement of SG fluorescence. 

 

7.4.2 ELECTROPHORETIC BUFFER SYSTEMS  

 

The buffer plays a significant role in electrophoresis because it controls the pH within 

the matrix, a parameter that determines the electrophoretic behaviour of nucleic 

acids. In addition, the ionic strength (salt content) of the buffer influences the 

electrophoretic mobility of DNA24. The buffer conductivity is an important 

characteristic, as DNA does not migrate effectively under an electric field in low 

conductive media, however high ionic strength buffers generate a significant amount 

of heat.  
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Depending on the purpose, different categories of buffer systems are available for 

electrophoresis. They can be classified as dissociating and non-dissociating, continuous 

and discontinuous. 

Briefly, dissociating buffer systems are required when single-stranded DNA (ssDNA) has 

to be analyzed. Denaturing agents are needed to unfold the DNA or RNA and to break 

hydrogen bonds, which stabilize nucleic acids base pairs, to obtain single-stranded 

DNA (ssDNA). The most commonly dissociating buffer includes urea or formamide as 

DNA denaturants. 

In the absence of denaturants, dsDNA, such as a PCR product, maintains its double 

helical structure, which gives it a rod-like form as it migrates through a gel. In these 

kinds of separation, non-dissociating buffer system are employed. 

In continuous buffer systems the composition and concentration of salts are the same 

in the gel and in the running buffer. They are the easier to prepare and give a good 

resolution in many applications. Some examples of this kind of buffers are Tris-acetate 

(TAE) or Tris-borate (TBE) at a concentration of approximately 50mM (pH 7.5-7.8). 

They usually contain ethylenediaminetetraacetic acid (EDTA) (pH 8.0). However, the 

bands often tend to broad in these systems, leading to a poor resolution. For this 

reason, discontinuous (multiphasic) systems are used to improve band sharpness and 

resolution in some cases. They employ different buffers for gel and running buffer25. 

 

7.4.3 VOLTAGE/CURRENT APPLIED 

 

In DNA electrophoresis, a good compromise between the voltage that should be 

applied and the mobility of DNA fragments is required. In fact, the higher the 

voltage/current, the faster the DNA migrates. However, if the voltage is too high band 

streaking, especially for DNA ≥ 12-15kb, can occur. Moreover, high voltage causes a 

dramatic increase in buffer temperature, leading to the melting of the gel and 

decrease of DNA bands resolution. On the contrary, a too low voltage can reduce the 

mobility of DNA, causing band broadening. Therefore, it is highly recommended not to 

exceed 5-8 V/cm and 75 mA for standard size gels or 100 mA for minigels 
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7.4.4 LOADING BUFFER 
 

A buffer containing glycerol or sucrose has to be added to the DNA fragments that will 

be electrophoresed. The aim is to increase the density of DNA solution, promoting its 

entrance and migration through the gel matrix. Moreover, the loading buffer also 

contains tracking dyes, such as bromophenol blue or xylene cyanol, which are small 

molecules that indicate the progress of electrophoresis analysis.  

 

7.5 FROM SLAB GEL TO CAPILLARY ELECTROPHORESIS (CE) 

 

As already mentioned above, DNA molecules cannot be separated by electrophoresis 

in free-solution; instead physical supports, such as crosslinked polyacrilamide or 

agarose gel matrices, are required in order to separate differently-sized DNA molecules 

into distinct zones. Slab gels matrices are an efficient format to provide size-based 

separation of DNA with a reduced diffusion of DNA molecules. This allows the 

separated-DNA bands to remain sharp and a good resolution can be achieved if the gel 

formulation and electrophoresis conditions are chosen properly. 

Although slab gel electrophoresis is a widely employed technique, alternative 

electrophoretic formats have been developed in order to overcome its labor-intensive 

and time-consuming nature. Other limits are represented by the fact that it is difficult 

to fully automate slab gel techniques and, lastly, they are potentially hazardous to the 

end users because of the neurotoxic acrylamide monomers, commonly employed to 

formulate the gels. 

All these drawbacks can be overcome or reduced when electrophoresis is performed 

within silica submillimeter diameter capillaries. This technique is called Capillary 

electrophoresis (CE), a powerful analytical method, which allows the separation of both 

small organic/inorganic ions and large biopolymers. In CE the separation takes place 

within fused silica capillaries with on-line detection by fluorescence or UV absorbance. 

Capillaries with different diameters (about 10 to 300 µm) and a wide range of length 

are available. 
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The advantages of performing electrophoresis in open tubes of very small diameter are 

summarized in a comprehensive review in reference26. Briefly, capillary electrophoresis 

offers the following advantages: 

- Effective heat dissipation, minimal temperature gradients and thus minimal 

band broadening 

- Possibility of using high voltages with consequent increase in separation 

efficiency. 

- Possibility to analyze minute amounts of sample thanks to its high sensitivity 

- Stabilization of the medium against convective flow by the “wall effect”27: the 

small diameter of the column counteracts the convective flow allowing the use 

physical gels as sieving matrices  

The number of theoretical plates, N, in CE is given by the following formula: 

 

 

 

                                                                                                      (5) 

 

V is the applied voltage,  is the apparent mobility in the separation medium and Dm is 

the diffusion coefficient of the analyte. According to this equation, the efficiency of 

separation is only limited by diffusion and is proportional to the strength of the electric 

field. With CE it is possible to obtain high separation efficiency and, as a consequence, 

a better performance compared to slab gel systems.  

It is clear that the miniaturization of the electrophoretic system offers several 

advantages over slab gel approaches. In particular, it reduces health risks from toxic 

chemicals and, due to the self-contained nature of the apparatus, it allows the use of 

viscoelestic fluids for the separation. Furthermore, CE is an order of magnitude faster 

than slab gel electrophoresis and may be completely automated.  

 

Early efforts to apply capillary electrophoresis to the separation of nucleic acids were 

based on gel-filled capillaries. Many research groups have investigated the use of 

capillaries filled with crosslinked polyacrylamide gels, obtaining excellent separation of 
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DNA fragments28. However, gel filled capillaries have many limitations: the entire 

capillary must replaced when the separation medium has degraded, the filling of the 

capillary requires great caution in order to avoid the introduction of air bubbles. In 

addition, the shrinkage of the gel during polymerization can be a source of bubbles, 

which are trapped by the rigid structure of the crosslinked gel, leading to band 

broadening and diffusion. Furthermore, the entrance of the gel receives all charged 

particles and impurities that contaminate the sample; as a consequence, this zone is 

very prone to clogging. In order to overcome the problems associated with crosslinked 

intracapillary separation media, uncrosslinked matrix were developed29. The 

replacement of the gel matrix with low viscosity polymers, e.g. linear (uncrosslinked) 

polyacrylamide (PAA), was a key step in the development of DNA capillary 

electrophoresis. In fact, polymers solutions can be easily pumped in and out the 

capillary and replaced with fresh matrix without replacing of the entire capillary. Since 

linear polymers can distort, bubbles are avoided allowing effcient DNA separations and 

sequencing30. High-resolution DNA separations are achieved with capillaries filled with 

uncrosslinked polymeric media, by using potential gradients (e.g 300 V/cm), which 

would be inconceivable in a standard slab format. 

Bode and co-workers31 were the first to propose the use of noncrosslinked 

polyacrilamide for separation of biopolymers in electrophoresis. However, the use of 

non-crosslinked hydrogels became popular only in combination with CE, because the 

heat dissipation and anti-convective properties of thin capillaries allowed DNA 

separations in fluids without losing resolution. Guttman and co-workers32 

demonstrated that the crosslinking of the polymer matrix is not necessary when 

dsDNA separation is performed within a capillary.  

One of the main advantages of employing uncrosslinked matrices for DNA separation 

in capillaries is the ease of their preparation and use, compared to crosslinked ones. As 

a matter of fact, no gelation or chemical reactions are needed for the preparation of 

uncrosslinked matrices, which maintain stability under the high potential gradients, 

routinely employed for CE. 

As illustrated by Chiari et al.33 and by Hebenbrock and co-workers34, PAA has proven to 

have an excellent sieving ability among all the other types of linear or branch 

polymers. However, a huge number of polymers have been used for separating DNA in 
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capillary electrophoresis. The matrices are prepared by simply dissolving the polymer 

in the buffer at the desired concentrations. The most common polymers employed are 

natural polymers such as agarose35, cellulose derivatives such as methylcellulose 

(MC)36, hydroxyethylcellulose (HEC)37, hydroxypropyl-methylcellulose (HPMC)38 and 

glucomannan39 or synthetic polymers such as linear polycrylamide, 

polydimethylacrylamide, polyethylene glycol (PEG), polyethylene oxide (PEO)40. Chiari 

et al.41 have introduced poly (N-acryloyl amino ethoxy ethanol) (AAEE), a polymer that 

is more resistant to hydrolysis compared with conventional polyacrylamides. 
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7.6 FROM CAPILLARY ELECTROPHORESIS TO MICROCHIP BASED-GEL 

ELECTROPHORESIS 

 

As described in the previous section, Capillary Electrophoresis (CE) is one of the 

powerful tool for DNA detection and separation and, for this reason, many efforts have 

been directed toward extending the capabilities of CE instruments in the microscale 

through development of Lab-on-a-Chip (LoC) systems, defined as hybrid micro 

analytical devices, where an entire experiment can be integrated into the same 

miniaturized substrate, incorporating various processes. To this extent, the integration 

of electrophoresis capabilities on a LoC device is extremely useful. Miniaturization 

offers great promises to provide sophisticated, portable, low-cost diagnostic tools that 

can be immensely beneficial in both traditional clinical settings and in areas lacking of 

an adequate laboratory infrastructure. 

A typical DNA analysis in capillary electrophoresis, involves the injection of a sample 

containing a mixture of fragment sizes at the inlet of a capillar separation channel, 

after which the fragments are transported through the sieving matrix under the action 

of an applied electric field. Since the migration velocity of the DNA fragments depends 

on their length, the mixture separates into zones containing like-size fragments that 

are subsequently detected at a fixed downstream location (Figure 2a). This finish-line 

detection method adapted by this technology is widely used, but it is also subjected to 

drawbacks including difficulty in resolving larger-sized fragments that comprise the 

slowest moving zones and thus require the longest time to reach the detection point. 

For this reason bands broadening and diffusion are often marked phenomena in 

systems with end-point detection. Miniaturized systems offer new opportunities to 

employ alternative detection schemes that can help address these issues. Roger et al.42 

illustrated an automated whole-gel scanning detection system that enables the 

progress of microchip-based gel electrophoresis of DNA to be continuously monitored 

along an entire microchannel (Figure 2b). This method offers potential advantages 

over conventional finish-line techniques, such as CE, including shorter analysis times 

because the DNA fragments no longer need to migrate through the entire length of the 
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separation channel to reach the detector. In fact, shorter run times provide also 

reduced band broadening and thus, improve separation resolution, particulary for 

larger sized fragments. Furthermore, thanks to the flexibility of the system, it is 

possible to observe smaller and faster moving fragments during the early stages of the 

separation before they have experienced significant diffusive broadening. 

With a system like this, it is possible to directly observe the separation process in real 

time because a continuous and detailed picture of the electrophoresis process as it 

unfolds is provided, allowing to monitor rapidly and accurately fundamental physical 

parameters associated with DNA migration phenomena (e.g., mobility, diffusive 

broadening).  

 

 

 

 
 
 
 
Figure 2. Overview of detection methods used in DNA microchip gel electrophoresis. A sample 
containing charged analytes (e.g., DNA, proteins) is injected into a separation channel filled with a 
sieving matrix. (a) Finish-line methods are predominantly employed to detect the separated products by 
positioning a detector at a fixed downstream distance from the injection zone (fragments are shown 
migrating from left to right). Capillary electrophoresis requires a system like this. (b) Scanning methods 
using a detector that can traverse the separation channel so that it can be continuously imaged allows 
the entire separation process to be observed as it unfolds in time

42
. 
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Nowadays, analytical miniaturized systems, which integrate sample separation with 

automated analysis, are commercially available. An example is the electrophoresis 

system produced by the company Agilent Technologies, called 2100 Bioanalyzer, a 

chip-based capillary electrophoresis machine to analyse RNA, DNA, and proteins. This 

instrument was the first commercialized by this company. 2100 Bioanalyzer uses 

microfluidics technology for the analysis of biological samples by microchannel 

electrophoresis. In particular, it is widely used in RNA quality control measurements 

before downstream experiments like microarrays. 

More recently, the same company, has developed a novel electrophoretic platform, 

the so-called 2200 TapeStation, that employs precast multilane gels and microfluidics 

enabling semi-automated operation, simplifying sample handling and reducing assay 

times and costs. For these reasons TapeStation is reportedly simpler and faster than 

the 2100 Bioanalyzer.  

The automated TapeStation platform keeps all the advantages of the miniaturized 

systems described above, including improved data precision and reproducibility, short 

analysis times and minimal sample consumption. Its whole-gel scanning detection 

system enables the progress of microchip-based gel electrophoresis of samples to be 

constantly monitored in time, providing a continuous and detailed picture of the 

electrophoresis process. 

The 2200 TapeStation will be illustrated in detail in the next Chapter. The activity 

carried out in the frame of a scientific collaboration with Agilent Technologies to 

improve the electrophoretic separation of DNA within this work-station is the subject 

of the second part of this thesis work. 
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Chapter 8 

DEVELOPMENT OF A NOVEL SIEVING MATRIX 

THROUGH CLICK CHEMISTRY FOR HIGH 

PERFORMANCE DNA ELECTROPHORESIS  

 

 

The work described in this chapter aimed at improving the electrophoretic performace 

of DNA polymer sieving matrices through the synthesis of novel hydrogels. It was 

carried out, in part, in the Agilent Technologies laboratories in Edinburgh, UK. Agilent 

has recently introduced the so-called 2200 TapeStation system, an automated 

platform that allows simpler, faster and more reliable electrophoresis. It consists of 

three elements (Figure 3): a consumable, credit card sized, plastic tape, called 

ScreenTape, (Figure 3a), an instrument (the 2200 TapeStation, Figure 3b) and an 

analysis software (Figure 3c). The system is characterized by speed, efficiency and 

simplicity: it consents to perform nucleic acids separations in few minutes in an semi-

authomated way. It just requires loading consumable, sample vials and ScreenTape 

into the 2200 TapeStation. A dedicated software controls sample loading and 

separation. At different times, images of the entire channels are acquired and 

processed. The part of the platform called ScreenTape is a pressure moulded 

polyethilene cartridge that contains multiple gel channels of miniaturized dimensions 

(2 cm length X 1.5 mm width) for separating DNA and RNA. This platform combines the 

advantages of CE in terms of miniaturization and automatization of the system with 

the simplicity of use of slab gel electrophoresis. In fact, the separation distance in the 

ScreenTape is much smaller than that of a traditional slab gel leading to shorter 

separation times. In addition, since the cartridge contains miniaturized pre-cast gels, 

its use reduces personel handling and health risks from toxic chemicals. Even though 

the ScreenTape cannot truly be defined as a microfluidic device for electrophoresis, its 

small scale format provides great advantages for rapid and cost-effective analysis. 

Unlike capillary electrophoresis, where the use of uncrosslinked matrices is preferred 
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for the reasons discussed in Section 7.5, the ScreenTape technology uses cross-linked 

gels since in millimetric size channels convective motions make impossible to use 

viscoelestic solutions that, otherwise, would flow out of the channel. The gel is formed 

within the microchannels by polymerization of monomers and cross-linkers, injected 

together with a foto radical initiator before polymerization. The ScreenTape 

architecture is illustrated in Figure 3a, in detail: the credit card-sized, disposable 

ScreenTape consists of multiple separation lanes for separating DNA. Each ScreenTape 

has 16 lanes so that several samples can be analyzed in a single run. The buffer 

chamber is located at the top of the channel and contains optimised buffers for the 

effective separation of nucleic acid fragments (or proteins). The integrated ink-

electrodes apply a current across the ScreenTape and eliminate the need for any 

additional electrophoresis equipment. The gel matrix contained within ScreenTape has 

been developed specifically to resolve nucleic acids or proteins. Agilent has developed 

a number of gel formulations for a wide range of applications. However, as it will be 

discussed in detail in the next sections, improvement in resolution is still needed in 

certain size ranges. 

 

 

 

 

Figure 3. Three elements of Agilent 2200 TapeStation: an example of ScreenTape (a), the TapeStation 

instrument (b) and the software (c) 
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In the frame of the collaboration with Agilent Technologies, several existing gel 

matrices were considerably improved by adjusting monomer concentration or by the 

addition of specific additives. However, the resolution of native double stranded DNA 

in the 500 to 25 base pairs (bp) range was not as good as that obtained with other 

competing microfluidic workstations for electrophoresis, like the aforementioned 2100 

Bioanalyzer.   

The most relevant achievement of the work reported here is the synthesis of an 

innovative gel matrix for high performance DNA electrophoresis obtained by a “click 

chemistry” reaction. To the best of our knowledge, it is the first time that click-

hydrogels have been used in this application.  

Traditional approaches for the synthesis of hydrogels generally require random radical 

polymerization of water soluble monomers. With these radical-based uncontrolled 

crosslinking methods, the formation of non-uniform gels occurs and, as a 

consequence, such hydrogels do not have a well-defined molecular architecture. 

Moreover they suffer, often, from poor mechanical and structural properties. 

Therefore, efficient methodologies that can provide chemical stability and controllable 

crosslinking kinetics are needed.  

The utilization of Click chemistry1 addresses many of the above mentioned issues in the 

design and fabrication of functional hydrogels. In fact, as widely described in Chapter 2 

of PART A of this dissertation, the well known copper (I)-catalyzed azide-alkyne 

cycloaddition (CuAAC) has enormous advantages. Reaction specificity, high yields and 

good functional group tolerance are the features of click chemistry that allow the 

preparation of hydrogel networks of complex architecture. Moreover, the efficiency of 

this reaction provides, under mild conditions, hydrogels with near-ideal network 

connectivity and improved physical properties. Additionally, the liberty to incorporate 

a variety of functional groups into hydrogel matrix owing to the mild and specific 

nature of the CuAAC reaction is very attractive since it would allow easier fabrication 

of various functional and responsive materials 2. 

Hilborn and co-workers3 were the first who exploited CuAAC reaction to make 

hydrogels. They used poly(vinyl alcohols) (PVAs) functionalized with alkyne and azide 

pendant groups as hydrogel precursors. In the presence of reaction catalysts (Copper 
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(II) sulphate and sodium ascorbate), the modified PVA polymers were crosslinked in a 

few minutes in dimethylsulfoxide (DMSO) and aqueous solutions. Gelation speed and 

efficiency were easy to control as they depend on functional group and catalysts 

concentration as well as on the stoichiometry and structure of the polymeric 

components.  

One of the most common applications of click hydrogels involves the in vivo studies. 

Chawla et al.4 developed saccharide-peptide hydrogels as new synthetic extracellular 

matrices for regenerative medicine applications. In addition, many researchers have 

used hydrogels synthesized using click chemistry for the creation of supports for cell 

culture and proliferation5. Furthermore, click-hydrogels represent powerful tools for 

tissue engineering and regenerative medicine6 as well as drug-delivery platform for the 

controlled release of entrapped bioactive materials7.  

In this work, copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC), allowed to obtain 

an innovative electrophoretic gel matrix without using UV initiation and thus affording 

the possibility to add a fluorescent dye in the gel. In fact, one of the major focus of the 

work was to investigate a gel matrix formulation containing the florescent dye SYBR 

Green I for DNA and RNA detection. It is well known8 that including a dye in the gel 

matrix improves band shape (by providing a more consistent mass to charge ratio for 

the analyte) and provides more fluorescence during extended electrophoresis. 

Suenaga et al.8 compared three possible staining methodologies, using SYBR Gold as 

dye, for DNA detection in agarose gel electrophoresis analysis. They involve prestain, 

in-gel stain and poststain methods. In particular, the authors call the “prestain 

method” when the dye is mixed directly with the DNA samples; this mixture is then 

loaded and separated in the gel matrix. The “in-gel stain method” was when DNA 

samples were separated through a gel matrix containing the dye, whereas the 

“poststain method” is when the gel, after electrophoresis, is immersed in a solution 

containing the dye, allowing its staining. Briefly, their experimental results show that 

the sensitivity of the in-gel stain method is comparable to that of poststain method, 

commonly employed. Furthermore, in terms of separation efficiency, in-gel stain 

method provide a higher efficient separation compared to that obtained with the 

prestain approach. In particular, the authors show that some DNA bands are clearly 
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separated by the in-gel stain method, whereas these bands are not separated by the 

poststain method.  

Hydrogels obtained by radical polymerization approaches that use UV initiators, such 

as acrylic based hydrogels, are not compatible with in-gel stain method as the dye is 

not stable under UV light. Polymerization methods using red-ox initiators that would 

be compatible with the stain in the gel, are often difficult to control. An example is 

represented by the polymerization initiated by ammonium persulfate and TEMED, 

where temperature and oxygen play a critical role for reproducibility. 

As demonstrated by this thesis, the click chemistry polymerization approach is easy to 

perform, reproducible and compatible with in-gel stain. Furthermore, another 

advantage of a gel matrix produced via click chemistry is the absence of toxic and not 

stable monomers, such as acrylamide, a potent neurotoxin that, in its powdered form, 

can be easily aerosolized with serious hazard for the users. In particular, the innovative 

gel matrix developed in this work is composed of two preformed polymers: a 

dimethylacrilamide copolymer bearing alkyne functionalities as the main gel 

component (T) and a poly(ethylene glycol) bisazide as the crossliker (C). Two different 

dimethylacrilamide based copolymers were used in this project. One polymer was 

obtained by copolymerization of N,N-dimethylacrylamide (DMA), 3-trimethylsilyl-prop-

2-ynyl methacrylate (PMA) and 3-(trimethoxysilyl)propyl methacrylate (MAPS). 

Copoly(DMA-PMA-MAPS), already described in Chapter 4 (Section 4.1, PART A) of this 

dissertation, was employed in the first part of this work (Section 8.2.1- Section 8.2.3 of 

“Results and Discussion”). Its characteristic is that the alkyne functionality is 

introduced in the polymer chain by copolymerization of an alkyne monomer. Due to 

the incompatibility of alkyne groups with radical polymerization, the alkyne group was 

protected by a 3-trimethylsilyl-propyl group, and deprotected in a second stage. The 

other dimethyacrilamide-based copolymer, called Copoly-Alkyne, was synthesized by a 

different procedure, that involves post polymerization modification of poly(DMA-NAS-

MAPS). The two copolymers have similar composition and features. Copoly Alkyne, 

most suitable for large scale production, was employed in all the experiments (Section 

8.2.4- Section 8.2.8. of  “Results and Discussion”), carried out in the Agilent 

Technologies laboratories in Edinburgh (UK). 
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Since both polymers bear alkyne functionalities, they react with azido-groups of the 

crosslinker (C) through the copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC), 

leading to a novel hydrogel structure, which provides separations of DNA, superior to 

those usually obtained with polyacrilamide gels, that are the industry bench mark for 

high resolution separation of DNA and RNA. 
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8.1 MATERIAL AND METHODS 

8.1.1 Reagents 

 

N,N-Dimethylacrylamide (DMA), 3-(trimethoxylsilyl)propyl methacrylate (MAPS), 

propargylamine, N-(2-aminoethyl)maleimide trifluoroacetate salt, dibenzocyclooctyne-

amine, copper sulfate (CuSO4), ascorbic acid (AAC), Tris(3 

hydroxypropyltriazolylmethyl)amine (THPTA), α,α′ -Azoisobutyronitrile (AIBN), 

anhydrous tetrahydrofuran (THF), SYBR Green I nucleic acid gel stain, 

tetrapentylammonium hydroxide (TPAOH) solution, Tris-EDTA Buffer 100X 

concentrate, salmon sperm DNA, poly(ethylene glycol) bisazide (Mw 1,100), N-

[Tris(hydroxymethyl)methyl]glycine (Tricine), 2,2-Bis(hydroxymethyl)-2,2′ ,2″ -

nitrilotriethanol, 2-Bis(2-hydroxyethyl)amino-2-(hydroxymethyl)-1,3-propanediol, 

Bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane (Bis-Tris) were purchased from 

Sigma Aldrich (St. Louis, MO, USA). All solvents were used as received. N-

acryloyloxysuccinimide and 3-azido-1-propylamine were synthesized as reported 

elsewhere9. GeneRuler 100bp DNA Ladder, 1500 bp DNA fragment, 25 bp DNA 

fragment were purchased from ThermoFisher. D1000 ScreenTape and the recipes of 

10X Running Buffer (0,5M  Bis-Tris/ 1M Tricine) and of Loading Buffer with and without 

SYBR Green I were provided by Agilent Technologies, Edinburgh (UK). 

 

8.1.2 Synthesis of poly(DMA-PMA-MAPS) , poly(DMA-NAS-MAPS) and Copoly-Alkyne 

 

Poly(DMA-PMA-MAPS) and poly(DMA-NAS-MAPS) were synthesized as reported in 

Chapter 5 of PART A of this PhD dissertation. Copoly-Alkyne has been synthesized as 

reported by Sola et al.10 The procedure implies a post-polymerization modification 

reaction of the parent polymer poly(DMA-NAS-MAPS), constituted of N,N-

dimethylacrylamide, DMA, (97% molar fraction), N-acryloyloxysuccinimide, NAS (2% 

molar fraction) and 3-(trimethoxysilyl)propyl methacrylate (MAPS, 1% molar fraction). 

A detailed description of the synthesis and characterization of the parent polymer are 
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reported elsewhere11. Briefly, after degassing anhydrous THF with helium, DMA, NAS 

and MAPS were added to the reaction flask so that the total monomer feed was 20% 

w/v and their molar ratio 97:2:1 respectively. The reaction mixture was heated to 65°C 

for two hours in presence of α, α′ -azoisobutyronitrile (AIBN). The crude material was 

cooled to room temperature and diluted 1:1 with dry THF; the solution was then 

precipitated in petroluem ether (10 times the volume of the reaction mixture) to 

eliminate unreacted monomers. The polymer was collected by filtration as a white 

powder and dried under vacuum at room temperature. To introduce the new 

functionality (alkyne), a 20% w/v solution of the copolymer was prepared by dissolving 

it in dry THF and a 2.5 molar excess, respect to the moles of NAS, of the 

propargylamine was added to the crude material, assuming that the concentration of 

NAS along the polymer chain is 20 mM. The mixture was stirred for 5 h at room 

temperature and then diluted 1:1 with anhydrous THF. The polymer was precipitated 

in petroleum ether (10 times the volume of the reaction mixture), filtered on a 

Buckner funnel and dried under vacuum at room temperature. To further purify the 

obtained powder, the polymer was dissolved again in anhydrous THF to a final 

concentration of 10% w/v and re-precipited in petroleum ether. The powder was 

finally filtered and dried again under vacuum at room temperature 

 

8.1.3 Click gel preparation and polymerization conditions 

Copoly-Alkyne (T) was dissolved in 1X Running Buffer Solution (50mM BisTris-100mM 

Tricine) to a final concentration of 15% (w/v); to this solution, poly(ethylene glycol) 

bisazide (C), (Mw 1.100), was added to a final concentration of 15mM. The mixture of 

the two polymers was stirred for few seconds at 50°C. To this solution Copper Sulfate, 

(CuSO4, 2.5mM), Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA 10mM), SYBR 

Green I (20X, from a stock of 10.000X in DMSO) were added. Lastly, ascorbic acid 

(12.5mM) was added to initiate the polymerization. The mixture was then stirred for 

few seconds. The solution was withdrawn with ultrathin Insulin Sirynge 30 Gauge and 

empty D1000 ScreenTape were filled by making a small hole in the bottom chamber. 

Once the channels of the ScreenTape were filled, ScreenTape was put in a waterbath. 

Polymerization occurred within 9-10 minutes at 70°. 1X Running Buffer was then 
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added with ultrathin Insulin Sirynge 30 Gauge by making a small hole in the upper 

chamber. The ScreenTape was kept at room temperature for 2 hours before 

electrophoresis. 

8.1.4 ScreenTape store conditions 

 

ScreenTape with click gels polymerized inside the channels was stored for shelf-life 

studies as follow: the injection sites were covered with silicon grease and then it was 

stored in the fridge in a box with damp paper towels at the bottom to reduce 

evaporation. Just in case of buffer loss, the upper chambers were refilled with 1X 

Running Buffer before electrophoresis analysis. 

 

 

8.1.5 DNA Ladder preparation 

 

 

A stock of 40ng/uL of Generuler 100bp with two additional DNA fragments was 

prepared as follow: 1uL of 1500bp fragment, 20uL GeneRuler 100bp DNA Ladder and 

2uL 25bp fragment were added to 227uL 1XTE (Tris-EDTA Buffer) 

 

8.1.6 Preparation of DNA samples  

 

All reagents (Loading Buffer without or without SYBR Green I and DNA 40ng/mL stock 

solution) were allowed to equilibrate at room temperature; 40 μL of this solution were 

added to an equal volume of Loading Buffer with or without SYBR Green I. DNA 

samples were placed in PCR vials (volume required: 4uL/tube) and vortexed using IKA 

vortexer and adaptor at 2000 rpm for 1 minute. The vials were spinned down to 

position the samples at the bottom of the tubes. 
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8.1.7 FT-IR spectra analyses 
 
FT-IR spectra were recordered using a Jasco-660 spectrometer and analyzed with 

Spectra Manager software 1.52 (Jasco, MD, USA). The samples were mixed with KBr 

and compressed to obtain a tablet. Then 32 scans were recorded over the range 4000–

400 cm–1 at a resolution of 4 cm–1 at intervals of 1 cm–1. All the spectra have been 

analyzed after subtracting the spectrum of a blank KBr pellet. 

 

8.1.8 Fluorescence assay 

 

A standard solution of Loading buffer 4X SYBR Green and a solution of Loading buffer 

4X SYBR Green with 15% (w/v) Copoly-Alkyne as additive were prepared and stored up 

to one month. In a 96-well plate 3 replicates of each type of loading solution were 

prepared by adding 2,6 uL of salmon sperm DNA (100ng/mL) to 10uL of the standard 

loading solution and of the loading solution with Copoly-Alkyne. 

Fluorescence of each replicate was read by a fluorometer (Nanodrop 3300, excitation 

wavelength 488 nm, emission wavelength 535 nm) at DAY 0, DAY 1, DAY 9 and DAY 28. 

 

8.1.9 Swelling test 

 

Four channels of a ScreenTape were filled with Click gel solution (15% T, 15mM C) and 

gelified as described in Section 8.1.3. 1X running buffer containing 20X SYBR Green I 

was added in the upper chamber and then the ScreenTape was stored as described in 

Section 8.1.4. Using the 2200 Tapestation Software Controller, Camera Settings 

parameters were set with 300 milliseconds of exposure time and images of the four 

channels were taken at DAY 0, DAY 1, DAY 7, DAY 13, DAY 25.  

Image J software was used to display a two-dimensional graph of the fluorescence 

intensities along a line within the channels. The x-axis represents distance in pixel 

along a line of a channel and the y-axis is the fluorescence intensities (gray scale 

values). 
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8.1.10 Electrophoretic conditions and Data Analysis 

Electrophoresis was performed in the 2200 TapeStation instrument, provided by 

Agilent Technologies. Tape Station Controller allowed setting all the electrophoretic 

conditions. 

For our purpose, an electric field of 150 V was applied and the gels were run at 25 °C. 

In general, the duration of electrophoresis was 500 seconds. Extended running 

conditions corresponded to 1200 second maximum.  

TapeStation Software Analysis provided automatically images analysis and calculation 

of electrophoresis parameters (resolution, area, mobility). 
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8.2 RESULTS AND DISCUSSION 

8.2.1 DEVELOPMENT OF A NOVEL HYDROGEL WITH PREFORMED POLYMERS 

THROUGH CLICK CHEMISTRY 

 

The overarching goal of this work was to develop a novel hydrogel, which could 

improve the performance provided by the standard acrylamide-based gel matrices in 

commercial use for the analysis of DNA fragments ranging from 25 to 1500 base pairs 

(bp). In fact, despite their efficiency, the two main limitations of acrylic-based 

hydrogels are: first, the employment of toxic and not stable monomers and, second, 

the need of radical polymerization approaches that use UV initiators, which are 

incompatible with prestain gel methods, as the dye is not stable under UV light. The 

incorporation of the dye in the gel matrix is desirable, because it is well documented 

that in-gel stain method provides more efficient separations of DNA fragments 

compared to the prestain and poststain approach8. In particular, the acrylic-based 

commercial formulations would greatly benefit from an increase of resolution, in size 

region between 500 and 25 double base pairs range. 

The formation of hydrogels from preformed polymers overcomes all the limitations 

described above. In fact, besides the replacement of the toxic and unstable 

acrylamide, radical polymerization with UV initiators is avoided, permitting to 

introduce the dye in the matrix before gelation. 

The development of functional N,N dimethylacrilamide-based copolymers is one of the 

most important field of research in the CNR laboratory. In particular, as already 

illustrated in the PART A of this dissertation, poly(DMA-NAS-MAPS), a copolymer made 

of three different monomers N,N-dimethylacrylamide (DMA), N-

acryloyloxysuccinimide (NAS), and 3(trimethoxysilyl)propyl methacrylate (MAPS), 

introduced in 2004 has proven to be an ideal candidate to coat surfaces for microarray 

applications11 and to functionalize nanoparticles12, thanks to the presence of N-

acryloyloxysuccinimide (NAS), an active ester group, highly reactive towards several 

nucleophiles, in particular amine, which are naturally present in biomolecules like 

proteins or peptides. Zilio et al.13 in 2014 synthesized a new copolymer similar to 



 140 

poly(DMA-NAS-MAPS),  with the only difference that succynimide ester was replaced 

by an alkyne functionality. The new copolymer, poly(N,N-dimethylacrylamide (DMA)-3-

trimethylsilyl-prop-2-ynyl methacrylate (PMA)-3-(Trimethoxysilyl)propyl methacrylate 

(MAPS)), poly(DMA-PMA-MAPS), was produced by random radical copolymeration of 

the three monomers, by a synthetic approach similar to that used for the parent 

copolymer and enables the conjugation of biomolecules derivatized with azide groups 

that react with the alkyne monomer through the well known click reaction: the copper-

catalyzed 1,3-dipolar cycloaddition (CuAAC). 

 

In the first part of this work, we utilized CuAAC reaction to form hydrogels by 

crosslinking poly(DMA-PMA-MAPS), the main component of the gel matrix (T), 

synthesized as described in Section 8.2.2, with poly(ethylene glycol) bisazide (MW 

1100), PEGN3, the crosslinker of the reaction (C). The reaction affords triazoles in 

excellent yields with complete regioselectivity. Figure 4 shows a schematic 

representation of the novel hydrogel structure. 

The cycloaddition reaction between an alkyne and an azide functional group is greatly 

accelerated by CuI obtained by the reduction of CuSO4 (CuII
) with sodium ascorbate 

(AAC). The use of active CuI catalyst in click reactions that involve biomolecules, suffers 

from two major drawbacks. One is the cytotoxicity of CuI, while the second is the slow 

reaction rate, which hampers the quantitative reaction between alkyne and azide 

functional groups. The introduction of the water soluble tris-

(hydroxypropyltriazolylmethyl)amine (THPTA) ligand that forms a coordination 

complex with copper during the process improved drammatically the quality of the gel 

allowing a faster and more efficient gelation by blocking the bioavailability of CuI and 

ameliorating the potential toxic effects while maintaining its catalytic effectiveness14. 

As it will be discussed in the next sections, the introduction of THPTA ligand was 

essential because it promoted a more efficient crossilinking between azide and alkyne 

functionale groups, remarkably improving the performance of the novel click gel. 
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Figure 4. Scheme of Copoly-Alkyne (T)/ poly-ethilene glycol bisazide (C) network formation via Huisgen 

cycloaddition (CuAAC). The triple bonds of (T) are reactive towards the azide functionalities of (C) in the 

presence of the catalysts (CuSO4/AAC/THPTA) allowing the formation of stable triazoles structures. 
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8.2.2 OPTIMIZATION OF THE DYE IN THE GEL MATRIX AND THE KEY ROLE OF THPTA 

 

As mentioned above, the new gel provides a number of advantages over common 

hydrogels. The first is that its formation does not require the use of toxic and unstable 

monomers, such as acrylamide. The second is that, since the polymerization procedure 

does not require an UV initiatior, a more homogeneous gel structure can be obtained. 

Radical polymerization reactions are sensitive to oxygen content and to UV light 

intensity. The different sections of the microchannel during radical polymerization 

were differently exposed to both oxygen and light, therefore the gel structure was 

dishomogeneous with serious consequences on the DNA local mobility and significant 

loss of effciency. In addition, thanks to the gelation mechanism, it was possible to 

incorporate the dye (SYBR Green I) directly in the mixture (in-gel stain method), 

avoiding addition of the dye to the sample; in fact, the poststain process is not 

compatible with the ScreenTape format. These features of the new gel are 

advantageous over polyacrylamide gels, where the dye needs to be added to the 

sample after the gel is formed to avoid its photodegradation during polymerization.   

 

A number of experiments, aimed at improving the performance of the click gel by 

optimizing the dye concentration in the gel matrix, were performed. A set of 

experiments was also conducted to investigate the role of the THPTA ligand. Both 

additives proved to be fundamental to achieve the desired performance.   

Regarding the optimization of the dye concentration, increasing amounts of SYBR 

Green I (6X, 10X, 14X and 20X, from a commercial stock solution of 10,000X) were 

incorporated directly in the polymer solution, composed of 10% w/v of poly-DMA-

PMA-MAPS (T) and 20mM of PEGN3, (C) in 50mM Bis-Tris, 100mM Tricine, pH 7.3. The 

experimental procedure used to form the gel showed to be robust and requires mild 

conditions. Firstly, the mixture of the two polymers was prepared in order to promote 

their entanglement; subsequently, the catalyst, CuSO4, and the desired dye amount 

were added to the solution and, lastly, the reaction was initiated by the addition of 

ascorbic acid. A 100bp Ladder with additional 1500 bp and 25bp double stranded DNA 

fragments, was the sample employed in all the experiments reported in this Chapter.  
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Initial formulations, lacking of THPTA, failed to provide an acceptable performance. As 

it is appreciable from Figure 5, the electrophoretic pattern was slightly improved by 

increasing the dye concentration (Figure 5 a, b, c, d); however, the bands were broad 

and poorly resolved at any concentration. Addition of THPTA, to the same 

polymer/buffer formulation (10%T, 20mM C), did not improve so much the 

performance but reduced significantly the gelation time (Figure 5e). Finally, as shown 

in Figure 5f, the best separation was obtained, by adding THPTA ligand to the polymer 

solutions, at the highest SYBR Green concentration (20X) by decreasing the 

concentration of the polymers in the mixture (7% T, 14mM C). The use of THPTA ligand 

blocked the bioavailability of CuI, promoting a more efficient crossilinking between 

azide and alkyne functional groups, improving remarkably the performance and 

accelerating the gelation process. 

 

 

Figure 5. Optimization of the performance of the click hydrogel. Several dye concentrations (6X, 10X, 

14X, 20X) were tested in a click gel matrix composed of 10% T and 20mM C. (a, b, c, d). No THPTA ligand 

was used. On the contrary, Figure 5e shows a click hydrogel matrix composed of 10% T and 20mM C, 

where THPTA ligand was added. The gelation time was considerably reduced but the performance still 

needs to be improved. Just decreasing the concentrations of the polymers (7%T, 14mM C), adding 

THPTA ligand and maintaining 20X of the dye, an excellent performance was then obtained (Figure 5f). 

The same electrophoresis time (240 seconds) was used for the comparison of all the conditions. 
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Since the gel must be formed within the microchannels, in view of a large scale, 

industrial production, it was of utmost importance to control the gelation speed to 

avoid clogging of the syringe during the injection of the monomer solution in the filling 

step. In order to obtain a proper mixing of the gel components during manufacturing, 

the amount of catalyst was carefully studied and optimized in order to achieve a good 

compromise between gelation time and performance. In particular, with 2.5mM of 

CuSO4, 10mM of THPTA, and 12.5mM ascorbic acid ([Cu]:[THPTA]:[AAc]=1:4:5) gelation 

occurs in about 120 minutes at room temperature. In view of manufacturing of this gel 

matrix in an industrial context, this time was too long. Therefore, in order to reduce 

the time to 10 minutes, the process was further optimized: the monomer solution was 

introduced at room temperature in the ScreenTape, which was then heated to 70 oC. 
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8.2.3 COMPARISON BETWEEN “IN-GEL STAIN” AND “PRESTAIN” APPROACHES 

 

After optimization of the gel formation, two different staining approaches for DNA 

detection in the new hydrogel were compared to demonstrate the advantages in 

terms of separation performance provided by the inclusion of the dye the gel matrix. 

In particular, the separation achieved by directly incorporating the dye in the gel 

matrix (in-gel stain procedure), (Figure6b), was compared with that of the prestain 

method where the dye is added to the DNA immediately before electrophoresis 

(Figure6a). In both separations the amount of SYBR Green I used was the same (20X). 

The electrophoretic profile provided by the in-gel staining procedure was remarkably 

better then that obtained with the prestain. A better separation efficiency was 

achieved when the dye was incorporated in the gel matrix, leading to an excellent 

resolution of all the DNA fragments. The most significant improvement was observed 

for the low molecular weight (MW) DNA fragments, i.e. in the region between 500 and 

100 bp, which was compresses in the prestain procedure. In fact, in the in-gel stain 

method the low MW fragments had higher mobility and no band broadening occurred. 

On the contrary, the separation efficiency in the prestain gel was compromised by the 

diffusion of the bands. 
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Figure 6: Comparison between prestain method (a) and in-gel stain approach (b). Low molecular weight 

fragments  (500-100) are better separated in case b, thanks to the inclusion of the dye in the gel matrix.  
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8.2.4 DEVELOPMENT OF A “CLIKABLE” POLYMER THROUGH A POST MODIFICATION 

APPROACH 

 

Poly(DMA-PMA-MAPS), the basic component of the hydrogel, was introduced by Zilio 

et al.13 and it was obtained through a radical polymerization process. Its synthesis 

required protection of the triple bond before polymerization, followed by 

deprotection, dialysis and lyophilization. Although the preliminary results obtained 

with this polymer were excellent, its use in large scale production might be 

problematic due to the need of a purification step through dialysis. In view of 

manufacturing the matrix in an industrial context, it was necessary to develop an 

alternative synthetic strategy for the PDMA based copolymer. Sola et al.15 have 

recently introduced a new approach to produce a polymer similar to poly(DMA-PMA-

MAPS), with the only difference that the alkyne moiety is bound to the backbone chain 

through an amide bond instead of an ester (see Figure 7). The new strategy exploited 

the parent poly(DMA-NAS-MAPS) polymer as scaffold to obtain, throught a post-

polymerization modification (PPM) approach, a family of polymers by reacting, in a 

quantitative way, the active esters contained in the polymer chain with bifunctional 

amines, bearing different functional groups. In this work we have inserted, along the 

polymer chain, alkyne groups, which enable click chemistry reaction with azide 

modified polymers. This synthesis is more suitable for large scale applications as it 

avoids deprotection and dialysis steps.  
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In all the experiments described from now on, the post-modification strategy 

illustrated in Figure 7 and the copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC) 

were used to form the gel matrix.  

 

 

Figure 7. Scheme of the synthesis of poly(DMA-NAS-MAPS) (a) the precursor of Copoly Alkyne (b) 

obtained by post-polymerization reaction with propargil-amine. 

 

In order to verify the efficacy of the post-polymerization reaction, the modified 

polymer was analyzed by Fourier Transform Infrared Spectroscopy (FTIR). Figure 8 

illustrates FTIR spectra of Copoly Alkyne (a) and of poly(DMA-NAS-MAPS) (b). In Figure 

8a the typical signal of triple bonds stretching is evident at 2090 cm -1. Furthermore, 

the quantitative conversion of NHS ester into the alkyne functionality is demonstrated 

by the disappearance of the signal at 1740 cm-1 (Figure 8b) that corresponds to the 

stretching of NHS ester carbonyl present in poly(DMA-NAS-MAPS). 
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Figure 8. FTIR spectra of Copoly Alkyne, poly(DMA-NAS-MAPS), registered using a Jasco 660 

spectrophotometer. A total of 32scans were recordered over the range 4000-400 cm-1 at a resolution of 

4 cm
-1

 at intervals of 1 cm
- 1

. The spectra are magnified to highlight the signals typical of each introduced 

group 
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To verify the equivalence of Copoly Alkyne, the copolymer obtained by PPM and 

poly(DMA-PMA-MAPS), the copolymer produced by direct incorporation of the alkyne 

monomer, hydrogels produced with the two copolymers in identical conditions were 

compared. Figure 9A shows a click hydrogel (15%T, 15mM C) containing Copoly 

Alkyne, while Figure 9B shows a click hydrogel (7% T, 14mM C) with poly(DMA-PMA-

MAPS). Despite the different methods of synthesis used, the performance was 

comparable. However, a higher polymer concentration had to be employed in the case 

of Copoly Alkyne (hydrogel B), and, as a consequence, it was necessary to increase the 

electrophoresis time to allow the 1500 bp fragment, taken as a reference peak, to 

migrate the same distance. Increased resolution of the low MW fragments, was 

detected in the new formulation. As clearly visible in Figure 9, relatively to the 1500 bp 

fragment, the mobility of DNA fragments in the region of 500-100 bp was slightly 

higher for Copoly Alkyne (hydrogel B), leading to a better separation. 

 

 

 

Figure 9. Comparison between click hydrogels obtained by CuAAC reaction between poly(DMA-PMA-

MAPS) and PEGN3 (hydrogel A), and Copoly Alkyne and PEGN3 (hydrogel b) 
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8.2.5 COMPARISON BETWEEN CLICK HYDROGEL AND ACRYLAMIDE-BASED GEL  

 

The novel click hydrogel obtained was compared with the state-of-the art acrylamide-

based gel. The new gel provided excellent separations of DNA, superior to those 

usually obtained with the commercial gel matrix, bench mark for high resolution 

separations of DNA and RNA. In the images shown in Figure 10a, Generuler 100bp 

Ladder, with the addition of 1500 bp and 25bp double stranded DNA fragments, was 

electrophoresed on both gels, standard acrylamide-based formulation (A) and click 

hydrogel (15% T, 15mM C), (B). While the commercial gel required addition of the dye 

to the sample (prestain method), the click hydrogel contained the fluorescent dye in 

the matrix (in-gel stain). The performance of the click gel compares favourably to a 

standard acrylamide matrix under a fixed run distance of the 1500 bp fragment, used 

as reference parameter, with notable improvements in several key aspects including 

efficiency and selectivity. Band broadening in radical hydrogels was probably due to an 

effect called lensing effects induced by UV photoinitiation. In fact, since the 

microchannels of the ScreenTape have a curved geometry, their sections were 

differently exposed to both oxygen and light intensity, therefore the UV 

polymerization was affected by an uneven light intensity and oxygen content and, as a 

consequence, the gel structure was dishomogeneous with serious consequences on 

the local mobility and significant loss of efficiency. On the contrary, since the click 

hydrogel does not require formation of radicals, the structure of the gel is more 

homogeneous and independent from the channel configuration. Moreover, thanks to 

the inclusion of the dye in the gel matrix, a remarkable improvement of separation 

efficiency for fragments lower than 500 bp was achieved. The graph depicted in Figure 

10b reports the resolution obtained in the two gels calculated by the Analysis Software 

of the instrument. A higher electrophoresis time was employed for the click hydrogel, 

but the resolution of DNA fragments ranging from 500 to 100 bp was significantly 

better.  
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Figure 10. a) Comparison between the separation profile of acrylamide (A), and of click based gel (15% T 
15Mm C with 20X of SYBR Green I in the matrix), (B). For the comparison, the same run distance of the 
highest base pairs (1500) was chosen. (b) Calculation of resolution parameter between acrylamide 
based gel matrix and the click one. 
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Furthermore, the click gel exhibits excellent band shape and fluorescence signal stability 

under extended running conditions (Figure 11). This allows for improved separation of 

higher molecular weight bands (up to 1500bp in this case) with minimal band dispersion or 

signal loss even after extensive electrophoresis time (1200 seconds)  

 

 

Figure 11. Click Gel (15% T 15Mm C): extended run time separation from 25-1500 bp. DNA large bands 
(high molecular weight) keep an excellent shape after extensive electrophoresis time 
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8.2.6 CLICK HYDROGEL FORMULATIONS WITH DIFFERENT POLYMER 

CONCENTRATIONS 

 

Since the two preformed polymers, Copoly Alkyne (T) and Poly-ethilene glycol bisazide 

(C) are the main components of the click gel, the pore size of this network is 

determined by their concentration in the gel matrix: the higher the total copolymer 

and cross-linker concentration, the smaller the pore size is. Since the gelation 

mechanism is totally different than that of standard polyacrylamide gels, the 

percentage of T and C has to be optimized by carefully tuning the relative 

concentrations of the two polymers. In particular, considering that poly(ethylen glycol) 

bis azide is a bifunctional linker, the best ratio T:C is found to be 2:1. For example, all 

the click hydrogels shown so far have the following composition: 15% w/v T and 15mM 

C. The rational behind this ratio is that a 15 % w/v Copoly Alkyne solution contains 

about 30 mM of alkyne groups, being the alkyne molar fraction 2%. So, in order to 

mantain the 2:1 ratio the concentration of the crosslinker is set at 15mM. This 

approach provides an efficient cross-linking between azide functionalities of C and 

triple bonds of T, since the bifunctional crosslinking may have the possibility to bind 

two different polymer chains together. Different ratios of the two polymers are either 

not able to form the gel or, in other cases, the obtained gel leads to poor performance 

electrophoresis.  

Several concentrations of the two preformed polymers are tested, maintaining the 

ratio 2:1 constant to evaluate the minimum concentration required to form a click 

hydrogel offering a good separation profile. In particular, Figure 12 illustrates 

formulations with decreased concentrations of the two polymers, ranging from 15% to 

8.5 %T. This is the minimum concentration able to provide a homogeneous gel with 

good DNA resolving power. The graphs reported in Figure 13 compare the mobility (a) 

and the resolution (b) in the formulations B (12%T, 16,6 mM C) and D (10%T 10mM C) 

illustrated in Figure 12, with the same parameters in a standard acrylamide-based gel 

matrix. Since the size dependent mobility curve of click formulations is steeper than in 

polyacrylamide, the resolution, in particular that of low MW fragments, is higher in the 

click hydrogels. 
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Figure 12. DNA separation performance with decreasing concentrations of Copoly Alkyne (T) and PEGN3 

(C)  
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Figure 13. Mobility (a) and resolution (b) of B and D click hydrogels formulations (Figure 12) compared 

with the same parameters of an acrylamide-base gel. The slopes in the purple box confirm that click 

hydrogels have higher mobility than that of acrylamide-based gel. All the parameters are calculated 

according to the Software Analysis of 2200 TapeStation. 
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8.2.7 SHELF-LIFE STUDIES AND DYE STABILITY 

 

Fluorescent dyes are widely employed for the detection of nucleic acids in 

electrophoresis. As mentioned in Chapter 7, Section 7.5.1, commercial products such 

as SYBR® Green I, II and SYBR Gold stain have been shown to provide highly sensitive 

detection due to a combination of over 1000-fold fluorescence enhancement upon 

binding to nucleic acids and very low background in the unbound state. 

Although these dyes have superior sensitivity over traditional DNA-binding dyes, such 

as Ethidium bromide (EB), they are not stable in aqueous solutions. Usually they are 

stored as stock solutions in organic solvents such as dimethyl sulfoxide and are 

transferred into aqueous solvents prior to electrophoresis. It is well documented that, 

in aqueous solvents, the fluorescence emission of these dyes for DNA detection drops 

to about half within 4 to 14 days of storage at room temperature16. As a result, we 

observe that in-gel stain, click gels has a short shelf-life which hampers their potential 

application. In particular, Figure 14a shows the results of a shelf-life study where a 

standard click gel (15% T, 15mM C, 20X dye in the gel matrix, pH 7.3) is stored in 

different channels of the same ScreenTape cartridge. GeneRuler, 100bp DNA 

fragments is run in different days in order to evaluate the gel performance over time. 

As it is clearly observable, after 1 DAY the degradation of the dye affects the shape of 

the bands corresponding to the high molecular weight fragments (i.e the range 

between 1500 bp and 500 bp), while narrow bands are maintained up to 1 week for 

the low MW (500bp-25 bp) fragments. The band broadening influences the resolution 

that declines significantly for some of the fragments while it remains constant for the 

DNA of small size. As shown in Figure 14b, the resolution data at DAY 1 and DAY 6 are 

comparable to those at DAY 0 for fragments ranging from 100-to 500 bp. Moreover, 

after 27 days, due to the dye degradation, no fluorescence signals are detected.  
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Figure 14. a) Shelf-life study of a standard Click gel (15% T 15mM C, 20X dye in the gel matrix, pH 7.3). 

The separation performance for high MW bands (1500- 500) is compromised after 1 DAY, while low MW 

bands (500-25 bp) keep a good separation profile. After 27 days, the performance is totally 

compromised due to the instability of SYBR Green I. (b) Resolution parameters: resolution data of DAY 1 

and DAY 6 are compared to those of DAY 0 below 500 bp, while high MW loses resolution in time. 
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In an effort to prolong the shelf-life of the new gel matrix, strategies to stabilize SYBR 

Green I are investigated. Detergents, such as Triton 100X and Tween 20 or compounds 

such as Cyclodextrins17 have been used to improve the stability but their effects on dye 

stabilization are not sufficient in the contex of our experiments. Zeng et al.18 describe 

the use of tetrapentylammonium ion in TAPS (3-

[tris(hydroxymethyl)methyl)methylamino]-1-propanesulfonic acid) buffer to increase 

the stability of complexes formed between DNA and bisintercalator dyes, such as SYBR 

Green. However, this report does not suggest that the stability of the dyes themselves 

is affected, nor mention the effect on SYBR Green stains.  

The inventors of the US 6,365,341 B1 patent “Stabilization of highly sensitive nucleic 

acid stains in aqueous solutions”16 demonstrate that quaternary compounds, in 

particular quaternary salts of tetramethylammonium, tetrabutylammonium and 

tetrapentylammonium, extend the shelf-life of highly sensitive nucleic acid dyes.  

These compounds have the general structural formula R4NX where R4N is a cation and 

each R is independently a C1-6 alkyl group or a C1-6 alkoxy group, N is nitrogen, X is a 

halide anion (the preferred are bromide or chloride) or a hydroxyl anion which 

dissociates from the cation (R4N)+ in an aqueous environment. When employed in 

nucleic acids electrophoretic separation, the useful concentration of the quaternary 

compound was between 5 and 20 mM. 

Taking inspiration from this patent, in this work, tetrapentylammonium hydroxide 

(TPAOH), [CH3(CH2)4]4N(OH), at 14mM is used as part of the buffer system. Although 

it slightly increases the pH of the solution (from 7.3 to 7.6), it does not affect the gel 

separation performance.  

A shelf-life study is set by adding this compound to the standard buffer (50mM Bis-Tris-

100mM Tricine). As in the aging study described above, the performance is evaluated 

over time by running 20ng of Ladder 100 bp in different days (Figure 15a).  

The shelf-life of the dye is considerably improved: intense fluorescence signals are 

detected up to 41 days confirming the stability of the dye in these conditions. The 

resolution of DNA fragments at DAY 41 is compared to that obtained at DAY 0 (Figure 

15b). Furthermore, a better resolution is achieved in the 300-400 bp range. However, 

as observed in the previously study, the resolution of high MW (1500-500 bp) 

fragments is progressively lost. 
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Figure 15. (a) Shelf-life study of a standard Click gel (15% T 15mM C, 20X dye in the gel matrix, pH 7.6). 

The stabilizer TPAOH is added to the standard buffer, allowing a remarkable improvement of the shelf-

life of the dye. (b) Comparison between DAY 0 performance and DAY 41 in terms of resolution 
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Although the shelf-life of the dye is considerably improved, thanks to the employment 

of quaternary compounds (TPAOH) with consequent improvements in performance 

stability over time for the low Mw fragments, there is still a phenomenon to 

investigate: the broadening of bands in the 500-1500 bp range that occurs already 

after 1 day from the ScreenTape production. This problem hinders the commercial use 

of these types of gels.   

Among the different strategies tested, which include optimization of buffer 

concentration and composition, storage conditions, dye type and concentration, the 

approach that provides successful results is the injection of a reduced amount of DNA 

so to decrease of DNA/dye concentration ratio.  

Figure 16a shows the results of a shelf-life study where the efficiency of the bands, 

obtained in different days and at different DNA sample loads, 20 or 5 ng, is reported. A 

four times reduction in the amount of DNA loaded, improves dramatically the 

efficiency of high MW bands up to 1 month of aging. In the separation run at day 30, 

the resolution obtained by loading 5ng of DNA is significantly better than that obtained 

loading 20 ng (Figure 16b). In addition, the signal intensity of the bands does not 

change when 5 ng of DNA are injected (Figure 17), confirming that a good 

performance is kept up to 1 month.  
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Figure 16. (a) Shelf-life study of a standard Click gel (15% T 15mM C, 20X dye in the gel matrix). The 

stabilizer TPAOH is added to the standard buffer and 20 ng and 5 ng of Generuler 100 bp are run in 

parallel in time. By decreasing DNA concentration the performance is remarkably improved. (b) The 

resolution at DAY 30, obtained by loading 5 ng of DNA, is better than that obtained loading 20 ng. 
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Figure 17. Areas values of DNA fragments when 5 ng of 100bp Ladder are loaded. The signal intensity of 

the bands does not change in time. 

 

Furthermore, the performance obtained loading 5 ng of DNA exhibits excellent band 

shape and fluorescence signal stability under extended running conditions (Figure 18). This 

allows for improved separation of higher molecular weight bands (up to 1500bp in this 

case) with minimal band dispersion or signal loss even after extensive electrophoresis time 

(700 seconds). 
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Figure 18. Extended runtime separation from 25-1500 bp. DNA large bands (high molecular weight) 

keep an excellent shape after extensive electrophoresis time when 5 ng are loaded. 

 

The performance improvement obtained by reducing the amount of DNA injected 

seems to suggest that the ratio between SYBR Green/DNA plays a significant role in 

band broadening. In fact, although an improvement of the shelf-life of the dye is 

achieved by using the stabilizer TPAOH, the avaibility of dye in the gel matrix seems to 

decrease over time, affecting the performance of the high MW by altering the optimal 

dye/DNA concentration ratio. The probable loss of SYBR Green in time appears to be 

compensated by decreasing the DNA concentration so to keep an optimal ratio 

between SYBR Green and high MW DNA sample.  

 

A number of experiments are devoted to understand the possible causes of in-gel dye 

degradation. The aim is to evaluate if the click reaction catalysts can affect dye 

stability. However, the phenomenon of the degradation of the high MW bands at DAY 

1 is not explained by any experimental result since none of the click reaction 

components, taken sepately or in mixture, degrades the dye so quickly. Therefore, it is 

decided to investigate the influence of the main component of the click gel, the Copoly 

Alkyne, on SYBR Green availability/degradation. In particular, in order to evaluate the 
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interaction between the dye and the polymer, the dye is incubated with the polymer in 

the usual loading solution for an extended period of time. The following simple 

experiment, whose results are illustrated in Figure 19, is performed: a standard loading 

solution with SYBR Green I (positive control) and loading solution with SYBR Green and 

Copoly Alkyne (negative control) are prepared and stored up to 1 month. Prior to 

electrophoresis, the DNA samples are mixed with the two loading solutions. The 

separation of 20 ng of DNA samples, stained with the loading solutions with and 

without the polymer, is evaluated in parallel, at different time intervals, in a D1000 

standard Tape. In the presence of the standard loading solution (positive control), the 

separation profile is constant up to 1 month, without any decrease of fluorescence 

signal. On the contrary, the performance of the DNA sample prepared with the loading 

solution containing the polymer (negative control) changes in time with a significant 

reduction of fluorescence signal. 

 

 

 

 

 

Figure 19. Evaluation in parallel in time of the separation of 20 ng of DNA sample stained with the 

loading solutions with and without the polymer. The assay is performed in a D1000 standard 

ScreenTape. In the presence of the standard loading solution (+), the separation profile is constant up to 

1 month, without any decrease of the fluorescence signal. On the contrary, the fluorescence signal of 

the DNA sample prepared with the loading solution containing the polymer (-) reduces significantly.  
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The fluorescence intensity of the bands of two DNA samples is quantified by 

calculating the areas of the bands. The graph reported in Figure 20 shows the 

comparison between the areas of bands of the different base pairs fragments at day 

28: the DNA sample electrophoresed with the loading solution containing the polymer 

loses most of its fluorescence intensity, compared to the DNA prepared with the 

standard loading solution.  

 

 

 

Figure 20. Areas of DNA base pairs at DAY 28: DNA sample prepared with loading solution containing the 

polymer (negative control, orange) loses dramatically fluorescence, in comparison to DNA sample 

prepared with the standard loading solution (positive control, blue) 

 

At the same time, a fluorescence assay is carried out by simply measuring with a 

fluorimeter the fluorescence intensity, at different time intervals, of the same two 

loading solutions employed for the electrophoresis analysis. In particular, salmon 

sperm DNA is added to the two solutions before measuring the fluorescence signal 

whose intensity is related to the amount of functional SYBR Green, that binds with the 

salmon sperm DNA. As shown in the graph in Figure 21 the loading solution containing 

the polymer (orange) loses progressively fluorescence intensity in time and at day 28 a 

negligible fluorescence signal is detected. On the contrary, standard loading solution 

(blue) maintains a good fluorescence signal up to 1 month. This simple experiment 

seems to suggest that an interaction between the polymer and the dye occurs that 



 167 

reduces the avilability of free dye. However, more experiments are needed to 

understand the interaction mechanism. One could speculate that hydrophobic bonds 

might be formed between the poly(dimethylacrylamide) backbone of the polymer and 

hydrophobic portions of SYBR Green I. Also, electrostatic interactions between the 

silanols of Copoly-Alkyne and the positive charges of the dye could play a significant 

role. Understanding the cause of performance degradation over time is mandatory to 

exploit commercially this new promising matrix. 

 

 

 

Figure 21. Fluorescence intensity, measured over time, of standard loading solution (positive control, 

blue), and loading solution with Copoly-Alkyne (negative control, orange). 
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8.2.8 CHARACTERIZATION OF CLICK GEL: SWELLING TEST 

 

A parameter, characteristic of hydrogels, is the overswelling. In a physical sense, the 

overswelling gives an idea of how much solvent gels can up-take. This property 

depends mostly on the nature of solvent and polymer chain. In general, the more 

solvent the gel takes up, the higher the swelling power is. This parameter has a great 

significance for the performance of the gel in the context of this work as the swelling 

can affect the meniscus, i.e the interface between the gel and the buffer, and, as a 

consequence the performance of DNA separation. 

For this purpose the swelling of a standard click gel (15%T, 15mM C) is evaluated 

directly in the ScreenTape, by taking images of the same channel of the Tape at 

different time intervals. The images are taken with the camera of the TapeStation 

instrument up to 25 days.  From the images taken in different days, it is appreciable 

just by naked-eye that the meniscus shape of the click gel does not change over time 

(Figure 22). For a more precise quantification of the meniscus variations, in Figure 23 a 

graph of the fluorescence intensities along a channel is reported: the x-axis represents 

the distance in pixel along a single channel containing the gel matrix and the y-axis is 

the fluorescence intensity (gray scale value). For the same channel, five different 

profiles are obtained in order to monitor differences in time. In particular, every 

channel is composed of two different regions, the gel matrix and the buffer, which 

have two different colours. The change of colour, around 840 px (x-axis) corresponds 

to the interface between the gel and the buffer, that is the meniscus. This change of 

colour occurs always in the same position indicating that the gel does not swell. At the 

same time, the decrease of the fluorescence intensity (values of gray scale, x-axis) over 

time corresponds to a loss of fluorescence intensity of the gel matrix. In fact, despite of 

the use of TPAOH as stabilizer, the decrease of fluorescence intensity confirms that a 

certain degree of degradation of the dye occurs in the gel matrix over time. 

The absence of gel swelling, observed in the experiment mentioned above, is perfectly 

in accordance with all the good results reported in this Chapter: since no swelling 
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occurs, the interface of the click gel remains constant and provides a good separation 

profile which is not affected by gel overswelling.  

 

Figure 22. Images of the same channel of the ScreenTape, taken at different days. The more fluorescent 

region of the channel is the gel matrix, whereas the region less bright is the buffer. The interface 

between the two regions is the meniscus that does not change in time. 

 

 

Figure 23. Plot profiles at different days of channel 16 of the ScreenTape, which contains click gel matrix. 

The fluorescence intensity (gray scale values) along the channel is reported. The value around 840 px (x-

axis) corresponds to the interface between the gel and the buffer, that is the meniscus. This does not 

change in time, indicating that the meniscus does not change because the gel is not swelling. 
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8.3 CONCLUSIONS 

This work is aimed at developing a novel sieving matrix for high performance DNA 

electrophoresis, using the classic click copper (I)-catalyzed azide-alkyne cycloaddition 

(CuAAC) reaction. The activity was carried out in the frame of a scientific collaboration 

with Agilent Technologies (UK). The new gel is used as DNA sieving matrix in the 

automated Agilent platform, called 2200 TapeStation, a system for high throughput, 

fast and automated electrophoresis. In the ScreenTape the separation occurs in plastic 

microchannels with great reduction of analysis time and reagents consumption. 

An innovative approach is used for the synthesis of hydrogels based on a click 

chemistry reaction. The sieving matrix is formed mixing two polymers bearing reactive 

functional groups: poly(dimethylacrilamide) functionalized with an alkyne moiety  

(Copoly-Alkyne) and Poly(ethylene glycol) bis-azide bearing azido groups at both ends. 

The two polymers react through the well known copper (I)-catalyzed azide-alkyne 

cycloaddition (CuAAC), forming a novel hydrogel. The gelation process does not 

require UV-initiators permitting to include a fluorescent dye before gel formation. 

Moreover, toxic and not stable monomers, such as acrylamide, are replaced with 

nontoxic preformed polymers as components of the gel matrix. Excellent separations 

of DNA are obtained with resolution remarkably better than that provided by standard 

commercial acrylamide gels. In particular, a considerable improvement is found in the 

resolution of fragments below 500 bp thanks to the inclusion of dye in the gel matrix.  

A considerable part of the activity is dedicated to extend the shelf-life of the novel 

sieving matrix. The results obtained are promising: the click gel provides excellent DNA 

separations up to one month with negligible swelling. 
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Chapter 9 

FINAL CONCLUSIONS AND FUTURE PERSPECTIVES  

 

In this PhD thesis the use of hydrophilic polymers as important tools for bioanalytical 

applications involving nanotechnology, microarray technology and DNA gel 

electrophoresis has been widely illustrated. The two parts of this work, PART A and 

PART B, share the employment of N,N-dimethylacrylamide based copolymers, 

developed at the laboratory of Analytical Microsystems of the Institute of Chemistry 

for Molecular Recognition (National Research Council of Italy) where the thesis has 

been carried out. In particular, PART A is related to development of innovative 

procedures to modify the surface of gold nanoparticles (AuNPs) and quantum dots 

(QDs) with N,N-dimethylacrylamide based copolymers and their application in 

immunosensing via microarray technology to improve the biosensing performance. In 

fact, nanoparticle based, highly sensitive immunoassays for inexpensive, population-

wide screening of biomarkers of different diseases is a hot research topic. For this 

reason, in the future, other new  functionalization strategies and polymeric coatings 

will be introduced for the the biofunctionalization of other kinds of nanoparticles, such 

as magnetic nanoparticles.  

In PART B of the dissertation a R&D activity carried out in collaboration with the 

company Agilent Technology (UK) has been presented. This section focuses on the 

development of a new hydrogel sieving matrix for high performance DNA 

electrophoresis through a click chemistry approach. Further investigations will be 

devoted to stabilize the electrophoretic performance of the new click hydrogel over 

time, aimed at the gel production scale-up and its further industrialization. Moreover, 

many studies will be dedicated to the development of other kinds of “clickable 

polymers", exploitable to form hydrogels with application on advanced microscale 

analytical technologies. 

 



 174 

Appendix  

 

Research paper publications and book chapters are here reported: 

 

✓Chiara Finetti , Miriam Colombo, Davide Prosperi, Giulia Alessio, Carlo Morasso, 

Laura Sola and Marcella Chiari, “One-pot phase transfer and surface modification of 

CdSe–ZnS quantum dots using a synthetic functional copolymer” Chemical 

Communications, 2014, 50, 240-242 

✓ Chiara Finetti, Lauren Plavish, Marcella Chiari, “Use of Quantum dots as mass and 

fluorescence labels in microarray biosensing”, Talanta, 2016, 147, 397-401 

✓ Chiara Finetti, Laura Sola, Margherita Pezzullo, Davide Prosperi, Miriam Colombo, 

Benedetta Riva, Svetlana Avvakumova, Carlo Morasso, Silvia Picciolini and Marcella 

Chiari “Click Chemistry immobilization of antibodies of polymer coated gold 

nanoparticles”, Langmuir,  2016, 32, 7435-7441 

✓ Laura Sola, Chiara Finetti, Paola Gagni, Marcella Chiari and Marina Cretich “Surface 

modifications by Polymers or Biosensing Applications”, Biological and Pharmaceutical 

Applications of Nanomaterials, Edit by P. Prokopovich, CRC Press, 2015, 347-390  

✓ Laura Sola, Alessandro Gori, Marina Cretich, Chiara Finetti, Caterina Zilio, Marcella 

Chiari, “Clickable Polymeric Coating for Oriented Peptide Immobilization”, Peptide 

Microarray, Edit by M.Cretich and M. Chiari, Humana Press Inc, 2016, 1352, 167-182 

  Emanuela Cova, , Simona Inghilleri, Laura Pandolfi, Monica Morosini, Sara Magni, 

Miriam Colombo, Davide Piloni, Chiara Finetti, Gabriele Ceccarelli, Gabriele, Laura 

Benedetti, Maria Gabriella Cusella, Manuela Agozzino, Raffaele Allevi, Mrakic-Sposta 

Simona, Moretti Sarah, Davide Prosperi, Davide; Federica Meloni, “Bioengineered Gold 

Nanoparticles Targeted to Mesenchymal Cells from Patients with Bronchiolitis 

Obliterans Syndrome Does Not Rise the Inflammatory Response and Can Be Safely 

Inhaled by Rodents”, Nanotoxicology, submitted 



240 | Chem. Commun., 2014, 50, 240--242 This journal is©The Royal Society of Chemistry 2014

Cite this:Chem. Commun., 2014,

50, 240

One-pot phase transfer and surface modification
of CdSe–ZnS quantum dots using a synthetic
functional copolymer†

Chiara Finetti,a Miriam Colombo,b Davide Prosperi,b Giulia Alessio,b Carlo Morasso,c

Laura Solaa and Marcella Chiari*a

We present a facile, one-pot procedure for the organic-to-water

phase transfer and biofunctionalization of semiconductor nanocrystals

(quantum dots, or QDs) which employs a synthetic functional copolymer,

namely poly(DMA-NAS-MAPS), consisting of three components: a

surface interacting monomer, N,N-dimethylacrylamide (DMA), a

chemically reactive monomer, N-acryloyloxysuccinimide (NAS), and

a silane monomer, [3-(methacryloyloxy)-propyl]-trimethoxysilane

(MAPS). The nanocrystals were transferred to water by exploiting

the amphiphilic character of the copolymer backbone. Hydrolyzed

MAPS units contributed to improve the solubility of QDs in water,

whereas NAS exhibited reactivity toward biomolecules. A solution of

streptavidin in phosphate buffer exhibited good dispersion ability

leading to a clear and transparent colloidal suspension, indicative of

good QD dispersion during phase transfer and purification. Unlike

most of the published methods, the proposed functionalization

approach does not require coupling agents and multistep reactions.

Semiconductor nanocrystals, commonly referred to as quantum
dots (QDs), are a class of inorganic fluorophores that have been
the subject of intense research in the past 20 years due to their
unique photophysical properties including photostability, a wide
excitation band, narrow emission, spectral range and bright-
ness.1 Among the different types of QDs, CdSe–ZnS core–shell
QDs, ranging in diameter from 2 nm (480 nm emission) to 8 nm
(660 nm emission), are the most widely used in biological
applications as fluorescent tags in cellular imaging or optical
bar codes.2–4 The development of methods that can manipulate
QD surface chemistry while maintaining optical properties

identical to those of as-synthesized, organic-soluble QDs is a
hot research topic.5 In particular, controlling the surface properties
of QDs allows fine tuning of size and solubility, which are key
factors for their utilization as fluorophores or as multifunctional
nanoscaffolds for the attachment of biomolecules or other types
of molecules. In most circumstances, the resulting composite
nanoparticles need to be stable in water, small, biocompatible,
monodisperse and chemically reactive. An increasingly popular
method for solubilizing and functionalizing QDs is to wrap their
surface with an amphiphilic polymer, which has the advantage
of conferring long-term colloidal stability.6–8 The solubilization
mechanism usually consists of interdigitation of the hydrophobic
segments of the polymer with the surfactant ligands (e.g., trioctyl-
phosphine oxide –TOPO– and/or hexadecylamine –HDA–), which
are frequently adopted for post-synthetic stabilization of nano-
crystals, tightly bound onto the QD surface, thus leaving the polar
polymer backbone exposed to the external environment with the
hydrophilic groups protruding from the surface.

In this communication, we report a robust approach for the
preparation of soluble and functional QDs for use as fluores-
cent tags in bioimaging, sensing and therapeutics. This is the
first time a functional polymer, poly(DMA-NAS-MAPS) (Copoly),
was exploited for the transfer of nanoparticles from an organic
solvent to an aqueous phase. The polymer has recently been
explored for the modification of different kinds of flat surfaces
for biosensing.9,10 The use of Copoly is advantageous as it does
not allow the formation of micelles during the NP phase
transfer process, which is likely to happen with other amphiphilic
polymers.11 The copolymer consists of a random assemblage of
three different components: a surface interacting monomer, a
chemically reactive monomer, and a silanating moiety; it exhibits
good dispersion ability in water and phosphate buffer (150 mM,
pH 8.5) and was exploited to functionalize QDs allowing for their
phase transfer and surface derivatization by a one-pot procedure
(see ESI† for details). The amphiphilic polymer was obtained
by radical random polymerization of N,N-dimethylacrylamide
(DMA), N-acryloyloxysuccinimide (NAS), and [3-(methacryloyl-oxy)-
propyl]trimethoxy-silane (MAPS) in tetrahydrofuran (THF).12
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The chemical structure of Copoly and the coating procedure are
provided in Fig. 1a and b. The nanocrystals were transferred to
water by exploiting the amphiphilic character of the copolymer
backbone that conferred solubility in both water and THF. The
MAPS unit also improved the solubility of QDs in water, whereas
NAS exhibited reactivity toward biomolecules. A solution of
streptavidin (SAv) in phosphate buffer exhibited a good dispersion
ability, leading to a clear and transparent colloidal suspension,
indicative of a good QD dispersion during phase transfer and
purification. During the organic-to-aqueous phase transfer, strep-
tavidin was directly coupled to the active ester groups of the
polymer. Commercial CdSe–ZnS QDs of known concentration were
precipitated from decane and quantitatively dispersed in chloro-
form. The concentration of QDs, after various steps, was assessed
using a calibration curve with nanoparticle solutions whose
concentration was inferred assuming a quantitative transfer from
chloroform. The validity of this assumption was confirmed from
the concentration values estimated by NanoSight analysis (see
Nanosight Analysis in the ESI†).

Following phase transfer, functionalization and purification,
physical characterization of the CdSe–ZnS nanocrystals was carried
out. The polymer-coated CdSe–ZnS QDs in water maintained high
fluorescence, half of that in chloroform (see ESI,† Fig. S3a). The
presence of multiple N-hydroxysuccinimidyl ester groups on the
polymer rendered the coated QDs extremely reactive toward
proteins, even under mild conditions. By exploiting the reaction
between amino groups of lysine, present in most natural poly-
peptide chains and polymer active esters, streptavidin was
efficiently immobilized on Copoly-QDs by simple incubation in
phosphate buffer saline (150 mM, pH 8.5). Only minor changes
in the spectral properties for QDs were observed after SAv
coupling as shown in Fig. 3c. The FWHM of the emission band
was 28 � 2 nm for particles emitting at 651 nm, indicating a
narrow size distribution of QDs. The absorption and emission
spectra of commercial CdSe–ZnS and of CdSe–ZnS coated with
copoly(DMA-NAS-MAPS) (Copoly-QDs), after immobilization of
SAv, were similar (see ESI,† Fig. S3b). Also there is no relevant
difference in the size distribution measured using Nanosight for
the streptavidin modified commercial QDs and the in-house
modified QDs (see ESI,† Fig. S2). The encapsulation of QDs in this
amphiphilic polymer provided extended stability, demonstrated by

the fact that no changes in solubility or fluorescence decrease
were observed over three months under storage at 4 1C. This
suggests that Copoly-QDs did not degrade over time.

The presence of Copoly on the surface of the nanocrystals
dispersed in water was confirmed by Raman spectroscopy. In Fig. 2
the characteristic peaks corresponding to the chemical structure of
the polymer are present in the polymer coated QD spectrum.

Transmission electron micrographs (TEM) revealed that
nanocrystals have approximately a rod-like shape with an
average size of about 10 nm in the longer dimension and an
aspect ratio of 2 : 1 (Fig. 3a). The similarity of size and shape of
QDs in aqueous solution and in organic solvent (see ESI,†
Section 3.1) suggests that there is no aggregation during phase
transfer. The results of the dynamic light scattering (DLS)

Fig. 1 (a) Chemical structure of Copoly (DMA-NAS-MAPS). (b) Schematic
representation of one-pot phase transfer of the CdSe–ZnS QDs and
derivatization.

Fig. 2 Raman spectra of Copoly QDs dispersed in water (A) and of a
solution 10 mg ml�1 of Copoly in water (B). The bands of the chemical
groups of the Copoly are shown in grey: amide I band at 1635 cm�1; CH3

stretching at 1416 cm�1; amide III band at 1348 cm�1 and C–C stretching
at 987 cm�1.

Fig. 3 Morphology of streptavidin-QDs analyzed by TEM (a). Hydro-
dynamic size of QDs assessed by DLS measurement (b). Solutions were
at pH 7 in water. Absorbance spectra of functionalized QDs (solid line) and
not functionalized (dotted line) (c). Gel electrophoresis of 0.8% agarose (d).
QDs are visualized under UV light. Lane (1): Commercial QDs; lane (2):
streptavidin QDs; lane (3): non-functionalized QDs.
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measurements show a hydrodynamic diameter of 42.7 �
2.9 nm for SAv-functionalized QDs (SAv-QDs), and 40.4 �
8.9 nm for the non-functionalized Copoly-QDs (Fig. 3b). In
both cases the DLS values show a narrow size distribution.
DLS analysis was also used to investigate the influence of salt
concentration on stability. The results indicate good stability
both in buffer solution and in water (see ESI,† Fig. S1). Gel
electrophoresis analysis was used to separate the nanoparticles.
The overall electrophoretic mobility of the nanoparticles is due
to the differences in molecular weight and/or overall surface
charge. The mobility of Copoly-QDs (lane 3) was compared to that
of SAv-QDs (lane 2) and to that of commercial streptavidin-QDs
(lane 1) (Fig. 3d). SAv-QDs clearly migrated towards the cathode,
whereas Copoly-QDs did not migrate at all. Combining these data,
we concluded that the presence of the protein bound to the
polymer conferred a charge, and thus an electrophoretic mobility
of the QDs, leading to the formation of a sharp and pronounced
band. When the band extracted from the gel was electrophoresed a
second time, the same narrow band was recovered, indicating that
the streptavidin was indeed irreversibly bound to the nanoparticles
and not just physically adsorbed on their surface (data not shown).

The zeta potential (z) obtained at pH 7.0 was�15.25� 6.94 mV
for SAv-QDs and �41.89 � 7.72 mV for Copoly-QDs, likely
suggesting high stability of the solution with minimal aggregation
in water at this pH. The difference between z values of
QDs, namely those coated with the copolymer and those with
streptavidin bound to the copolymer, confirmed the presence
of protein molecules on their surface, which contributed to a
decrease in the density of negative charges.

In order to assess the potential of our QD-functionalization
strategy, Copoly-QDs were used as labels in a bioassay experi-
ment. Biotinylated and non-biotinylated (control) Anti-Rabbit
IgG antibodies were immobilized over two different subarrays
on Copoly-coated silicon slides as provided in the ESI.† Fluores-
cence images of 84 replicates surrounded by a frame of Cy5
labeled streptavidin reference spots are shown in Fig. 4. The
two chips were incubated side-by-side with SAv-QDs (Fig. 4a)
and with Copoly-QDs (Fig. 4b). Both chips contain spots of a

non-biotinylated antibody (bottom frame) as additional negative
controls. Only the chip incubated with SAv-QDs showed fluores-
cent spots of high intensity (upper frame of Fig. 4a). The specific
interaction of streptavidin modified QDs with biotinylated anti-
bodies is demonstrated by the absence of fluorescence on spots of
non-biotinylated antibodies. The slide incubated with Copoly-QDs
revealed a negligible fluorescence signal for both subarrays
(Fig. 2b). The elimination, or at least the minimisation, of
non-specific binding between the capture antibodies and QDs
was important to improve the accuracy and sensitivity of
microarray-based immunoassays.10,13

In conclusion, streptavidin coated CdSe core shell quantum
dots were successfully phase transferred and functionalized
under ambient conditions via a one-pot approach using
copoly(DMA-NAS-MAPS). The use of this polymer with QDs is
new, although its application in the fields of microarray and
microfluidics was previously reported. To the best of our
knowledge, none of the methods employed for the functiona-
lization of QDs can compete with the one described here in
terms of robustness and simplicity. The physical and functional
characterization of the polymer/streptavidin functionalized
QDs has demonstrated that they are suitable as fluorophores
or as multifunctional nanoscaffolds for the attachment of
biomolecules.

This work was supported by Istituto Italiano di Tecnologia,
Project Seed IPG-CHIP, and Fondazione Regionale per la
Ricerca Biomedica di Regione Lombardia (FRRB). We thank
R.Allevi (CMENA, University of Milan) for TEM images.
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a b s t r a c t

In this work, we demonstrate the efficacy of a Quantum Dot (QD) mass label strategy to enhance sen-
sitivity in an interferometric technique called interferometric reflectance imaging sensor (IRIS). This
biomass detection platform confers the advantage of absolute mass quantification and lower cost, easily
implementable equipment. We discuss the advantages of this label when used in parallel with fluores-
cence detection. QDs represent a unique opportunity to improve sensitivity in both mass-label detection
methods due to their large detectable mass, as well as in fluorescence detection, as they fluoresce
without quenching. Streptavidin-conjugated QDs (SA-QDs) have been investigated as such a dual-role
probe because of their large shape and mass, their 655 nm emission peak for fluorescent detection
platforms, and their robust insensitivity to photobleaching and quenching. In particular we explored
their dual role in a microarrays immunoassay designed to detect antibodies against β-lactoglobulin, a
common milk allergen. The SA-QDs formed a large detectable monolayer of 6.2 ng/mm2 in the saturation
conditions, a mass signal corroborated by previous studies by Platt et al. [1].

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

In the field of biosensing, the high-throughput detection of
protein biomarkers has become paramount for disease detection.
It is generally acknowledged that to achieve direct biomarker de-
tection without complex preconcentration steps, analyses meth-
ods offering high selectivity and low limits of detection (LOD) in
the pM-fM range are required [2]. Microarrays are a valuable way
to increase throughput, but one possible issue that arises with
microarrays is a need to maintain high sensitivity. Fluorescent
labels are widely used as transducers in biosensing as they typi-
cally provide LODs of pM order [3,4]. However, in certain appli-
cations, label-free methods allowing direct detection of biological
analytes are preferable. QDs have already been established as a
fluorescent marker, but fluorescence detection is not suitable in
resource limited settings or for point-of-care platforms. The large
mass of QDs makes these particles suitable also for mass-based
detection technologies, which is why the largest Streptavidin
conjugated QD available, QD-655, were chosen. This size QD has
already been demonstrated for another biomass-detection tech-
nology, dual polarization interferometry (DPI), and here we pro-
pose it as a so-called mass label for another biomass detection
platform, interferometric reflectance imaging sensor (IRIS). IRIS

was originally conceived as a label-free technology, but antigens
are so small that their mass is often undetectable. Adding a sec-
ondary antibody to the assay yielded large gains in sensitivity,
because the mass of a large secondary antibody reveals shows an
increase in mass due to the presence of an antigen, much in the
same way a fluorescent secondary antibody indicates the presence
of an antigen. Adding QDs as a massive tertiary particle further
amplifies the mass signal, while introducing the possibility for
further analysis with a fluorescence platform. Yet another ad-
vantage of QDs is that unlike organic fluorophores, QDs are in-
organic semiconductor crystals unsusceptible to photobleaching or
quenching.

In addition to being insensitive to photobleaching, quenching,
or self-quenching, label-free methods are compatible with kinetic
measurements which are not allowed by fluorescence detection.
Mass measurements can be made at every step of an assay, either
in wet conditions in a flow cell or in dry conditions after each step
is completed. This yields hitherto unknown information about so-
called sandwich and tower assays as well as spot quality and
morphology. Ideally, label-free detection in a multiplex assay al-
lows the simultaneous analysis of a number of different bio-
markers captured at specific locations directly from a biological
fluid. Unfortunately, in the real world, the situation is complicated
by the fact that, apart from the species of interest, other species
that can also bind to the biosensor are present at much higher
concentrations. As a result, many of the changes at the sensor
surface are due to nonspecific interactions which create a “noise
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floor” that considerably reduces detection sensitivity. A recent
review article Arlett et al. [5] comparing the limit of detection
(LOD) versus the analysis time of different biosensors comes to the
conclusion that the performance of a sensing platform is often
limited by non-specific binding effects rather than by its intrinsic
performance.

A possible solution to overcome sensitivity and specificity is-
sues without employing expensive equipment is the use of a mass
label. In this work we demonstrate the efficacy of a mass label
strategy to enhance sensitivity based on quantum dots (QDs).
These nanoparticles have already been established as a fluorescent
marker, but in addition, their large mass makes them suitable also
for mass-based detection technologies. QDs have been demon-
strated for one such technology, dual polarization interferometry
(DPI) [1], and here we propose them as a so-called mass label for
another biomass detection platform, the interferometric re-
flectance imaging sensor (IRIS) [6].

IRIS is a simple reflective interferomeric platform for multi-
plexed label-free detection of biomolecular interaction on bi-
layered Si/SiO2 substrates. Samples are illuminated at different
wavelengths using a tunable laser and reflections from this surface
are detected as intensity variations by a CCD camera. Layered
substrates demonstrate characteristic spectral reflectance due to
the interference of reflected light from the Si–SiO2 and SiO2–air
interfaces. It was originally conceived of as a label-free technology,
as it assumes that an observed increase in mass is due to the
capturing of the target analyte. However, some captured particles,
such as antigens, are so small that their mass is often undetectable.
In an effort to overcome the lack of sensitivity and specificity of
label-free methods, Ahn et al. [7] have obtained a 7-fold sensitivity
enhancement in cytokine detection on the IRIS sensing platform.
The authors achieved this signal enhancement by adding sec-
ondary detection antibodies that recognize a different epitope of
the cytokine. The authors demonstrated that these secondary
detection antibodies, which they call “mass tags,” allowed suc-
cessful detection of IL-6 in cell culture medium. Reaching this level
of sensitivity without specifically enhancing the mass of the cap-
tured target would have been impossible. The addition of biomass
in the case of an antibody mass label can be very small, especially
as the authors saw a loss of mass during the study. In fact, the
achievement of these high-sensitivity measurements relied on a
careful study of protein desorption and mass loss [7].

In this work we demonstrate the advantages of a QD mass label
strategy to enhance sensitivity in mass detection and their further
usefulness in conjunction with fluorescence detection. Streptavi-
din-conjugated QDs have been investigated as such a dual-role
probe in an example assay, and their binding capacity to a biotin-
conjugated protein has been explored in model systems. Their
minimum detectability as a mass label has been evaluated vis-a-
vis their sensitivity as a fluorescent label. The same chip can be
used in both detection platforms, extending the dynamic range of
detection and providing an opportunity for point-of-care screen-
ing unavailable with traditional fluorophores. Although with a
mass label, the method can no longer be considered truly label-
free, the use of a mass label provides sensitivity close to that of
fluorescence without any of the drawbacks of fluorescence de-
tection, combined with simple hardware components typical of
the label-free IRIS platform [8].

2. Materials and methods

2.1. Reagents

Phosphate-buffered saline (PBS), Trizma base (Tris), HCl, etha-
nolamine, sodium chloride, potassium chloride, calcium chloride,

magnesium chloride 6-hydrate, sodium bicarbonate, sodium
phosphate, bovine serum albumin (BSA), biotin-labeled bovine
serum albumin (Bio-BSA), Tween 20, ammonium sulfate, N-di-
methylacrylamide (DMA), 3-(trimethoxysilyl)propyl methacrylate
(MAPS), azoisobutyonitrile (AIBN), β-lactoglobulin from bovine
milk, α-lactalbumin from bovine milk, and streptavidin from
Streptomyces avidinii (lyophilized powder) were all purchased
from Sigma-Aldrich (St. Louis, MO, USA). N-acryloylox-
ysuccinimide (NAS) was synthesized as reported elsewhere [9].
655 ITK TM Organic Quantum Dots (QD-655) were purchased from
Life Technologies. α-Lactalbumin antibody, bovine β-lactoglobulin
antibody, biotin-SP-conjugated AffiniPure Goat Anti-Rabbit IgG,
AffiniPure Goat Anti-Rabbit IgG, and Cyanine 3-labeled streptavi-
din (SA-Cy3), were all obtained from Jackson ImmunoResearch
(West Grove, PA, USA).

Silicon oxide chips with a 100 nm thermal oxide layer were
bought from Silicon Valley Microelectronics (Santa Clara, CA, USA),
and IRIS chips patterned with four 500 nm thermal oxide layer
subregions were a kind gift from Prof. Selim M. Unlu, Boston
University.

2.2. Detection setup

The LED-based interferometric reflectance imaging sensor
(IRIS) has been well described as a method to detect accumulated
biomass using the shift in spectral reflectance [6]. In summary, the
spectral reflectance of biomass on an SiO2 surface is sequentially
sampled at four specific wavelengths, illuminated by an ACULED
VHL surface-mount LED package (Perkin-Elmer), which has four
independently driven LEDs with peak emission wavelengths of
455 nm, 518 nm, 598 nm, and 635 nm. At each wavelength, in-
tensity of reflected light is measured pixel by pixel from images
taken with a CCD camera (Retiga 2000R from QImaging). The
position of each LED's emission peak at key positions along the
specified SiO2 reflectance curve (which is thickness-dependent) is
critical for detecting a shift in this curve due to a change in the
thickness, i.e. added material. After acquiring images of the sub-
strate for each of the four wavelengths, each pixel of the CCD
image has a measurement of the reflective interference intensity at
all four wavelengths. Pixels from the entire sensor are then fitted
to a curve derived using the Fresnel equations, which describe the
reflection and refraction of light through layers with different re-
fractive index [10]. Fluctuations in light intensity are monitored
with an on-chip reference region. Here it is bare silicon, a non-
interfering surface [8]. After fitting every pixel in the image, the
surface topography of the sensor's surface is presented in a grey-
scale image, where brighter regions indicate greater thickness on
the surface. To determine optical spot heights, the average value
from pixels in a background region around the spot is subtracted
from the average value of pixels inside the spot. To eliminate dirt
and other particles from averages, pixels more than one standard
deviation were automatically eliminated from the calculations [7].
This optical spot height has been calibrated for several common
microarray materials to convert the data into a surface density.
Previously reported values correlate 1 nm of optical thickness to
1.21 ng/mm2 of BSA, 1.28 ng/mm2 of IgG, and 0.8 ng/mm2 of DNA
[11].

2.3. Coating of microarray slides with poly(DMA–NAS–MAPS)

To functionalize the surface of silicon slides, a thin film of N,N
-dimethylacrylamide (DMA)–acryloyloxysuccinimide (NAS)–3(tri-
methoxysilyl)-propylmethacrylate (MAPS) copolymer.

-poly(DMA–NAS–MAPS)- was applied as previously described
[9]. Briefly, silicon chips were immersed prepared for treatment
with oxygen plasma and then immerse in a poly(DMA–NAS–
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MAPS) solution (1% w/v in 0.9 M (NH4)2SO4) for 30 min. The chips
were then rinsed with distilled water, dried under nitrogen gas,
and cured under vacuum at 80 °C for 15 min. Copoly(DMA–NAS–
MAPS) was chosen for its easy, reproducible coating procedure, its
resistance to nonspecific binding, and because it can functionalize
silicon without altering its optical properties [12].

For the label-free IRIS imaging and fluorescence detection, all
proteins were printed on 15 mm square Si chips patterned with
four 500 nm SiO2 subregions, each 50 mm square subregions,
spotted by a SciFlexArrayer S5 spotter from Scienion (Berlin,
Germany). 400 pL of each species was spotted from re-
commended buffers with at least 7 replicates on each chip. Ahn
et al. [13] recommend PBS sensitive mass measurements, as it
promotes protein binding while minimizing etching to the SiO2

surface. For oligomer spots, the authors recommend 150 mM
phosphate buffer. Printed chips were placed in a humid chamber
and incubated at room temperature overnight. The chips were
then blocked with 50 mM ethanolamine solution in 1 M tris/HCl
pH 9 for 1 h, rinsed with distilled water, and dried under a stream
of nitrogen gas.

2.4. β-Lactoglobulin assays

β-Lactoglobulin, α-lactalbumin (negative control), both at
1 mg/mL, and Cyanine 3-labeled streptavidin at 2 mg/mL con-
centration were patterned as described above with 14 spot re-
plicates per protein. The chips were then incubated with anti bo-
vine β-lactoglobulin antibody at varying concentrations in in-
cubation buffer (Tris/HCl 0.05 MpH 7.6, NaCl 0.15 M, Tween 20
0.02%). For detection limit experiments, 6 chips were incubated for
2 h in dynamic conditions with anti-β-lactoglobulin antibody at
10, 5, 2, 1, 0.5 and 0 ng/mL in incubation buffer (Tris/HCl 0.05 MpH
7.6, NaCl 0.15 M, Tween 20 0.02%) with 1% (w/v) BSA.

After the primary incubation, chips were washed with washing
buffer (0.05 M Tris/HCl pH 9, 0.25 M NaCl, 0.05% v/v Tween 20) for
10 min on a lab shaker, rinsed with water, and incubated with the
biotin-labeled secondary antibody (biotin-SP-conjugated Affini-
Pure Goat Anti-Rabbit IgG) at 1 mg/ml in PBS for 1 h. Chips were
then washed with PBS (pH 7.2) and water for 10 min each and then
incubated for 2 h in dynamic conditions. Finally, the chips were
incubated with 100 mL of 15 nm SA-QDs in PBS. Chips were washed
again with PBS for 10 min each then dip rinsed in water and dried
under N2 gas.

Fluorescence was determined by a ProScanArray scanner (Per-
kinElmer, Boston, MA), and silicon chips were analyzed with a
633 nm laser at constant laser power and photomultiplier gain.
The fluorescence intensities as well as the mass signals of 14 re-
plicate spots were averaged.

IRIS images were acquired and fitted with Zoiray Acquire
software. For each protein, signals from 6 to 14 replicate spots
were averaged using MGrid spot finding software provided as a
kind gift from the laboratory of Prof. Selim Ünlü.

In order to determine the limit of detection (LOD), the con-
centrations of antibody used were plotted versus the intensities of
the corresponding detected fluorescence and mass signal, re-
spectively. The values were fitted with a linear regression and the
limit of detection (LOD) was taken to be three standard deviations
above the blank signal, i.e. at zero analyte concentration. The
corresponding analyte concentration was interpolated from the
slope of the linear regression corresponding to this value. T-test
and Anova were performed to confirm the linear regression.

3. Results and discussion

3.1. QDs as a mass label

IRIS as an optical technique relies on surface accumulation of
mass. In microarray experiments mass accumulation is limited by
available binding sites, so it is desirable for each binding event to
capture a large mass. Platt et al. [1] demonstrated the efficacy of
streptavidin-conjugated QD-655 nanoparticles as a mass label in
the detection of biomolecules using a commercial platform called
Analight Bio200 (Farfield, UK) based on dual polarization inter-
ferometry (DPI), which also exploits differences in refractive index
to detect accumulating layers of mass [14]. QD-655 nanoparticles
are 8 nm�15 nm ellipsoids in shape, but with their protein
coating, their overall diameter is about 20 nm. QDs are promising
labels for their dual action of having a large detectable mass as
well as a fluorescent emission peak at 655 nm [15]. Their use in
microarrays has been advocated to extend the dynamic range of
the technique and increase assay sensitivity [16,17]. In this study,
the use of SA-QDs as high-powered labels in an immunoassay
microarray designed to study the interaction between β-lacto-
globulin, a common milk allergen, and an anti β-lactoglobulin
polyclonal antibody was explored. In particular, the efficacy of QDs
to enhance sensitivity in interferometric reflectance imaging sen-
sor (IRIS) techniques was studied and the advantages of this label
when used with an interferometric detection platform as well as in
fluorescence detection was investigated. We chose an im-
munoassay microarrays designed to detect antibodies against β-
Lactoglobulin (Fig. 1), a common milk allergen.

Toward this end, β-lactoglobulin and α-lactalbumin (control)
were immobilized on Copoly (DMA–NAS–MAPS) coated silicon
slides of 500 nm, and the chips were blocked as described in
Section 2. IRIS images were taken after each step of the assay, as
shown in Fig. 2. The spotted chip was first incubated with varying
concentrations of the primary antibody (anti β-lactoglobulin IgG),
then with a secondary antibody (biotinylated anti-IgG) and, lastly
with SA-QDs. IRIS allows calculation of the mass increase due to
the specific binding response of antibodies to the surface im-
mobilized allergen β-lactoglobulin. The specificity was demon-
strated by the absence of a mass increase signal on the α-

Fig. 1. The β-Lactoglobulin assay was carried out as follows. β-Lactoglobulin (red) is
spotted on IRIS coated chip (black). Then, the chip was then incubated with the
antibody against β-lactoglobulin (primary antibody, Ab 1°, green). The incubation
of the Ab 1° was followed by an incubation with a secondary biotinylated antibody
(Ab 2°, blue) and finally with streptavidin-conjugated QDs (SA-QDs, orange). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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lactalbumin antigen used as a control (not shown). In the experi-
ment described in Fig. 2, the immobilized allergen was incubated
with four concentrations of the same antibody between 0.5 ng/mL
and 200 ng/mL control with no anti-β lactoglobulin antibody
(0 ng/mL) and. As shown in Fig. 2, the assay response was sig-
nificantly amplified by the addition of the further component, SA-
QDs, which bind to the biotinylated secondary IgG. For certain
concentrations of target, a 4-fold increase in mass captured on the
surface was obtained, compared to the negligible enhancement
due to the biotinylated antibody. In our experimental conditions,
the mass of the secondary antibody is not sufficient to provide the
desired increase in sensitivity as clearly shown in Fig. 2. At
2 ng/mL of target concentration the mass increase becomes de-
tectable only after the QD incubation.

This SA-QDs amplification step significantly reduces the LOD
(limit of detection) of the primary antibody in this assay. An ad-
ditional advantage of this approach is that QDs are fluorescent
even when excited by a wavelength (633 nm) less than the ideal
violet or ultraviolet wavelength. This confers a second to this type
of label an additional advantage over other types of mass tag: the
dual detection mode of these particles. Fig. 3 reports the calibra-
tions curves of the studied immunoassay obtained with mass and
fluorescence labels. Detected mass and fluorescence signals were
plotted versus antibody concentration (10, 5, 2, 1, 0.5 and 0 ng/mL).
The values were fitted with a linear regression and the limits of
detection (LOD) were calculated. An LOD of 10.6 ng/mL was ob-
tained in label-free conditions; this value was reduced to
0.81 ng/mL with SA-QD when their mass was measured and to
0.020 ng/mL when the fluorescence was detected.

The advantage in gained sensitivity of using QDs, both as mass
or fluorescent tags, over only a secondary antibody is clearly de-
monstrated. In some situations, secondary antibodies alone are
sufficient to enhance the mass signal. Ahn et al. [7] have been able
to achieve high sensitivity in the detection of cytokines with only a
secondary antibody as a mass tag. Because that work was con-
ducted in real time in a flow cell, the authors were able to arrive at
highly accurate measurements by accounting for mass loss due to
desorption, normalizing each spot density to its original mass. In
end point measurements that are the majority of microarray
platform one cannot establish desportion kinetics, because mea-
surements are carried at single points in time in dry conditions.
Here we found that the QDs, acting as a larger detectable mass tag
with a dual role as a fluorophore, allowed us to avoid elaborate
desorption calculations, making the particles attractive for their
reproducibility. In addition, by combining the two modes one can
expand the dynamic range of this assay from 0.02 ng/mL to
10 ng/mL.

Platt et al. [1], in their similar assay using DPI, report that the
surface density of a saturated monolayer of SA-QDs is 6.19 ng/mm2

and a saturated monolayer of bare streptavidin is 2.30 ng/mm2.
Since the nanoparticles do not deform, a monolayer with a surface
density below that of the monolayer is an open structure, less
dense than a contiguous monolayer across the surface. From these
figures, we can calculate a percentage of a monolayer for each
surface density measured. This concept is shown schematically in
Fig. 4, where a 50% decrease in surface accumulation yields 50%,
i.e. half of a SA-QD monolayer. From the mass accumulation due to
QDs, a density was calculated for each concentration. At saturation
concentration of target (200 ng/mL), a surface density of 6.40 ng/
mm2 was found, closely agreeing with Platt et al.'s measurement.
It is worth noting that, although these methods are based on si-
milar principals, DPI measures biomass accumulation in wet con-
ditions, whereas the conditions reported here are the dry mass,
which corroborates the two techniques.

Fig. 2. Several concentrations of the primary antibody were tested. IRIS images
were taken after each incubation step, and each addition of biomass was recorded.
The mass of the SA-QD layer is taken as the difference between the mass after the
secondary antibody and the mass after SA-QD incubation. Schematic representa-
tion of SA-QDs as mass tag (inset).

Fig. 3. Dose responce curves of fluorescence and IRIS immunoassay used to ex-
trapolate the LODs in mass and fluorescence detection modes.

Fig. 4. At high concentrations of analyte, SA-QDs saturate the surface, creating a monolayer with a surface density of 6.2 ng/mm2. At lower concentrations, we can calculate a
percentage of a monolayer.
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4. Conclusions

This paper exploits the dual role of QDs as both a mass tag and
fluorophore. Platt et al. [1], also investigated these particles using
another instrument based on an optical interferometric principle
called Dual Polarization Interferometry (DPI), which simulta-
neously measures the mass and thickness of biomass accumulat-
ing on a surface [14]. In this case, Platt et al. measured the surface
density of a fully saturated monolayer of SA-QDs of the same size
to be 6.19 ng/mm2. In the case of IRIS, a measurement at every
pixel is averaged across the entire spot to yield a surface density in
units mass per area. From the reported density of the SA-QD layer
and this surface density, we calculated a fraction of a monolayer.
The results indicate that the maximum enhancement in mass that
be reached in IRIS is 6.2 ng/mm2, a value that corresponds to the
mass of a monolayer of SA-QDs.
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ABSTRACT: The goal of this work is to develop an innovative approach for the coating of
gold nanoparticles (AuNPs) with a synthetic functional copolymer. This stable coating with
a thickness of few nanometers provides, at the same time, stabilization and functionalization
of the particles. The polymeric coating consists of a backbone of polydimethylacrylamide
(DMA) functionalized with an alkyne monomer that allows the binding of azido modified
molecules by Cu(I)-catalyzed azide/alkyne 1,3-dipolar cycloaddition (CuAAC, click
chemistry). The thin polymer layer on the surface stabilizes the colloidal suspension
whereas the alkyne functions pending from the backbone are available for the reaction with
azido-modified proteins. The reactivity of the coating is demonstrated by immobilizing an
azido modified anti-mouse IgG antibody on the particle surface. This approach for the
covalent binding of antibody to a gold-NPs is applied to the development of gold labels in
biosensing techniques.

1. INTRODUCTION

In the past decade, the use of nanoparticles in biomedical
research has significantly expanded.1 Their application in
diagnosis and therapeutics, including, among others, chemical
sensors,2 magnetic resonance imaging contrast agents,3 drug/
gene delivery systems,4 and cancer treatment,5 have been
extensively reviewed. The immobilization of proteins, DNA, or
organic molecules on nanoparticles allows the formation of
hybrid materials with interesting characteristics.6

Biomolecules can be immobilized on a nanoparticle either
passively through hydrophobic or ionic interactions (physical
adsorption), or covalently by a chemical reaction with an
activated surface group. Covalent immobilization provides
important advantages over physical adsorption, the most
important being the higher stability of the bioconjugate.7

Commonly used strategy for protein immobilization implies the
activation of the nanoparticle with a chemical group that reacts
with primary amines or carboxylic acids present on the surface
of any protein. However, the coating of nanosized objects is
sometimes difficult due to poor stability of the nanoparticles in
suspension during and after the coating process. A convenient
way to functionalize the surface of nanoparticles employs
functional polymers that, in addition to providing anchoring
points to the surface, stabilizing the colloidal suspension.
The purpose of this study is to demonstrate that a synthetic

functional copolymer, copoly(DMA-PMA-MAPS), recently
introduced by our group8 represents a convenient method to

provide stabilization and functionalization of nanoparticles by a
robust and user-friendly one-step procedure. The polymer
belongs to a family of copolymers which have been successfully
employed to produce various surface coatings. The key of their
success in forming stable coatings of few nanometers is the
combination, on the same chain, of two monomers: N,N-
dimethylacrylamide (DMA) and γ-methacryloxypropyltrime-
thoxysilane (MAPS). Furthermore, a number of functional
monomers can be introduced by random radical polymerization
into this basic structure to confer to the coating specific binding
properties. In the version presented here, one of such
functional monomers bears an alkyne functionality that
promotes the binding of azido modified molecules by Cu(I)-
catalyzed azide/alkyne 1,3-dipolar cycloaddition (CuAAC, click
chemistry). In this work, the polymer was used for the
modification of gold nanoparticles surrounded by a thin silicon
oxide layer. The polymer coating stabilizes the colloidal
suspension, whereas the alkyne functions pending from the
backbone are available for the reaction with azido modified
proteins. To demonstrate the functionality of the modified
nanoparticles, an anti-mouse IgG antibody, modified with azido
groups, was covalently linked to the nanoparticle surface. This
surface modification approach is of general applicability in
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different fields spanning from the functionalization of antibod-
ies, whose use is widespread from clinical diagnosis or disease
treatment,9,10 to the development of labels in biosensing
techniques11,12

2. MATERIALS AND METHODS
2.1. Materials. Phosphate-buffered saline (PBS), tris-

(hydroxymethyl)aminomethane (Tris), HCl, sodium hydroxide
(NaOH), ethanolamine, N,N-dimethylformamide (DMF), sodium
chloride (NaCl), sodium phosphate (Na phosphate), bovine serum
albumin (BSA), copper(II) sulfate pentahydrate (CuSO4), L-ascorbic
acid (AAC), tris(3-hydroxypropyltriazolylmethyl)amine (THPTA),
agarose low gelling temperature, ethylenediaminetetraacetic acid
(EDTA), boric acid, Tween20, ammonium sulfate ((NH4)2SO4),
N,N-dimethylacrylamide (DMA), γ-methacryloxypropyltrimethoxysi-
lane (MAPS), azoisobutyonitrile (AIBN), and goat anti-mouse
polyclonal IgG (whole molecule) antibody were all purchased from
Sigma-Aldrich (St. Louis, MO). N-Acryloyloxy-succinimide (NAS)
and 3-trimethylsilyl-prop-2-ynyl methacrylate (protected PMA) were
synthesized as reported elsewhere.13,14 Rabbit anti-bovine beta-
lactalbumin was purchased from Jackson Immuno Research (West-
Grove, PA); purified anti-mouse CD63 was purchased from
BioLegend; azido-PEG8-N-hydroxysuccinimide (N3-PEG-NHS) ester
was purchased from Jena Bioscience (Jena, Germany). Silicon oxide
chips with a 100 nm thermal oxide layer were bought from Silicon
Valley Microelectronics (SantaClara, CA); 30 kDa centrifugal filters
were purchased from Amicon.
2.2. Synthesis of Poly(DMA-NAS-MAPS) and Poly(DMA-

PMA-MAPS). The polymers, poly(DMA-NAS-MAPS) and poly-
(DMA-PMA-MAPS), were synthesized as reported in refs 15 and 8.
The copolymers were obtained by free radical polymerization of DMA
and MAPS with NAS or protected PMA. The total monomer
concentration in the feed was 20% w/v, while the molar fraction of the
three monomers was, in both polymer, 97%, 1% for DMA and MAPS
and 2% for NAS or protected PMA.
Briefly, for the synthesis of poly(DMA-NAS-MAPS), the three

monomers were diluted in anhydrous tetrahydrofuran, together with a
thermocatalyst (AIBN); the reaction flask was heated to 65 °C to
initiate the polymerization process, and after 2 h the polymer was
precipitated in petroleum ether and collected as a white powder.
The synthetic process of poly(DMA-PMA-MAPS) required two

separate steps: (a) the synthesis of polymer which contains 3-
trimethylsilanyl-prop-2-yn methacrylate, a protected form of prop-2-
ynyl prop-2-enoate (PMA) and (b) removal of the protective
trimethylsilane groups. The first step was similar to that used for the
synthesis of poly(DMA-NAS-MAPS), while the deprotection was
achieved by dissolving the polymer in a basic solution containing
potassium carbonate. After a 3 h reaction, the polymer was dialyzed
and lyophilized.8

2.3. Synthesis of Silica Gold Nanoparticles. A solution (200
mL) of tetrachloroauric(III) acid (0.01% w/v) in water was heated to
reflux. Next, 700 μL of trisodium citrate (2%) was added to the
solution and left under stirring at 100 °C for a few minutes until the
appearance of a deep red color indicated the formation of the
nanoparticles. The suspension was left under stirring at 100 °C for
further 20 min and then slowly cooled down to room temperature.
A very thin layer of silicon oxide was grown on the surface

according to the protocol described by Li et al.16 A volume of 30 mL
of a gold nanoparticles suspension was mixed with 400 μL of APTES
(1 mM) and left under stirring. After 15 min, 3.2 mL of a sodium
silicate solution (0.54% w/v) acidified until the pH was <11 was added
to the gold nanoparticles. The suspension was left under stirring for 3
min at room temperature and for 35 min in a water bath at 70 °C.
To stop the reaction, the gold nanoparticles were moved in a bath

of water at 4 °C. At last, gold nanoparticles were centrifuged at 3000g
for 20 min at 15 °C and resuspended in water.
2.4. Nanoparticles Coating. Poly(DMA-PMA-MAPS) was

dissolved in DI water to a final concentration of 1%; to this solution,
a suspension of AuNPs (0.1 mg/mL) was added and the mixture was

gently stirred for 1 h in the dark on a shaker. To remove the polymer
excess, the AuNPs suspension was washed two times with DI water by
centrifugation (10 min at 7000 rpm). After the second washing cycle,
the supernatant was discarded and replaced by sodium phosphate
buffer (pH 7.4, 50 mM) and the suspension stored at 4 °C.

2.5. Antibody Derivatization. An anti-mouse IgG antibody was
dissolved in PBS to a final concentration of 5 mg/mL; to this solution,
azido-PEG8-NHS ester was added to a final concentration of 0.5 mM.
The mixture was stirred for 2 h at room temperature. Once the
reaction was completed, the azido modified IgG was washed three
times by centrifugation on 30 kDa centrifugal filters (10 min at 7000
rpm) to remove residual traces of unreacted azido ester.

2.6. Functionalization of Gold Nanoparticles. Polymer coated
AuNPs were spun down and resuspended in Na phospate buffer (50
mM pH 7.4); to this suspension, the azido modified antibody (1 mg/
mL), CuSO4 (100 μM), THPTA (400 μM), and ascorbic acid (6.25
mM) were added. The mixture was then stirred overnight. The
antibody-AuNPs suspension was washed three times by centrifugation
(10 min at 7000 rpm) to remove residual traces of unreacted azido
antibody. To prove that the covalent binding was promoted by the
CuSO4/THPTA/AAC assisted click reaction, the same procedure was
performed without addition of the click catalysts. In this case, the anti-
mouse antibody could only be adsorbed on the polymer coated
AuNPs.

2.7. Nanoparticles Characterization. 2.7.1. Morphology. Trans-
mission electron microscopy (TEM) images of AuNPs were obtained
on a “FEI Tecnai G”′ Spirit BioTWIN microscope (Hilsboro, OR)
operating at 120 kV. The samples were prepared by evaporating a drop
of nanoparticles onto carbon-coated copper grid (200 mesh) and
allowing it to dry on the air. Nanoparticles were sonicated prior to
analysis. The histograms of the particle size distribution and the
average particle diameter were obtained by measuring about 150−200
particles by using Measure IT Olympus Software.

2.7.2. Particle Size and ζ-Potential Analyses. Dynamic light
scattering (DLS) measurements were performed at 173° with a
Zetasizer Nano ZS ZEN3600 from Malvern Instruments Ltd.
(Worcestershire, UK) working at 4 mW of a He−Ne laser (λ =
632.8 nm). A disposable cuvette with 1 cm optical path length was
used for the measurements. The samples were prepared by dilution
with Milli-Q water containing 1 mM citrate. Each sample was allowed
to equilibrate for 30 s prior to starting measurement. The
measurements were performed at 25 °C. The calculations of
hydrodynamic diameter were performed using Mie scattering theory,
considering absolute viscosity and refractive index values of the
medium to be 0.8872 cP and 1.334, respectively. The results are
reported in Intensity. ζ-Potential measurements were elaborated on
the same instrument by electrophoretic light scattering; ζ-potential
values were automatically calculated from electrophoretic mobility
using Zetasizer Software (Malvern Instruments Ltd., Malvern, UK). A
viscosity of 0.8872 cP, a dielectric constant of 78.5, and a Henry
function of 1.5 were used for the calculations. All measurements were
performed in triplicate, and the average values were calculated.

2.7.3. Gel Electrophoresis. In order to characterize the particles
after each derivatization step, 100 μL of functionalized and
nonfunctionalized gold NPs were loaded on a 0.7% agarose gel in
0.5× Tris-borate-EDTA buffer pH 8.8 (TBE: 67 mM tris-
(hydroxymethyl)aminomethane, 37 mM boric acid, 1.6 mM EDTA).
The separation was run for 60 min at a constant voltage of 100 V.

2.7.4. Optical Properties. The optical properties of AuNPs, polymer
coated AuNPs, and AuNPs functionalized with antibody were assessed
by UV−visible spectrometry (spectrophotometer VP-650, Jasco).
Before collecting UV−vis spectra (400−700 nm), all sample solutions
were sonicated for few seconds in order to minimize aggregation. The
plasmon band shift due to the polymer layers deposited on AuNPs and
to the subsequent antibody linking was evaluated keeping in
consideration the maximum absorption peak of bare AuNPs is 525
nm. The concentration of the AuNPs suspension is expressed in
optical density (OD), measured at the maximum absorption peak (525
nm).
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2.8. Bioassay. 2.8.1. Glass Slide Coating Procedure. The coating
procedure of a glass slide with poly(DMA-NAS-MAPS) is described
elsewhere.17 Briefly, silicon slides bearing a 100 nm oxide layer were
activated by an oxygen plasma treatment and then immersed in a 0.8
M ammonium sulfate solution containing poly(DMA-NAS-MAPS) at
1% w/v concentration for 30 min. The chips were rinsed with water,
dried with a nitrogen stream, and finally cured under vacuum at 80 °C.
2.8.2. Microarray Experiments. To demonstrate the binding

between the antibody and AuNPs, an anti-CD63 mouse antibody,
and an anti-β-lactoglobulin rabbit antibody (negative control) were
patterned on two silicon chips coated with poly(DMA-NAS-MAPS)
by means of a SciFlexArrayer S5 spotter from Scienion (Berlin,
Germany). Both, the mouse anti-CD63 capture antibody (20
replicates) and the rabbit anti-β-lactoglobulin antibody (5 replicates),
dissolved in PBS, were spotted at a concentration of 1 mg/mL. In the
experimental conditions used, the volume of the spotted drop was 400
pL. The chips were placed in a humid chamber immediately after the
spotting and stored overnight at room temperature. After the
immobilization, the residual active esters on the chip were blocked
by immersing the chips in a solution of 50 mM ethanolamine in 0.1 M
TRIS/HCl, pH 9, for 1 h at room temperature; the chips were then
rinsed with DI water and dried with a nitrogen stream.
One chip was incubated overnight in a humid chamber with a

AuNP-labeled anti-mouse antibody (OD = 0.05) in PBS in static
incubation conditions. The chip was washed with the washing buffer
(Tris/HCl 50 mM pH 9, NaCl 0.25 M, Tween 20 0.05% v/v) for 10
min under stirring and finally rinsed with Milli-Q water. A second chip
was incubated with the same anti-mouse antibody reacted with AuNPs
in the absence the click catalyst. Both chips were imaged with the SP-
IRIS instrument to detect individual particles of AuNPs bound to the
capture surface antibody
2.8.3. Optical Detection. The Single Particle Interferometric

Reflectance Imaging System (SP-IRIS) instrument (NexGen Arrays)
is a prototype instrument for the detection of individual particles on
surface. The instrument uses one discrete LED wavelength (525 nm)
to illuminate the sensor’s surface using a high magnification objective
to detect and count nanoparticles of known materials located on the
SiO2 surface; the principles are thoroughly illustrated elsewhere.17,18

Briefly, this modality of IRIS enhances the contrast of a single
nanoparticle on a bilayered substrate by interfering the scattered field
produced by the nanoparticle on the substrate surface with the
reflected field generated by the buried Si−SiO2 interface of the IRIS
chip. The CCD camera senses the individual nanoparticles on the IRIS
chip as point objects, which are processed to extract size information.

3. RESULTS AND DISCUSSION

3.1. Coating Procedure. The attachment of proteins, and
other biomolecules, to nanoparticles is of critical interest in the
development of medical products and biosensors using
nanoparticles. Different strategies of surface GNP modification
and functionalization are reviewed in.19 Among the various
approaches, thiolated PEGs, modified with a carboxyl group
and activated via EDC/NHS reaction, are widely used for the
immobilization of proteins. The coating strategy, based on the
adsorption of these polymers, is simple and effective in
suppressing particles aggregation, however it suffers from
some drawbacks. The procedure requires two steps: polymer
adsorption and activation of carboxyl group to provide N-
hydroxysuccinimide (NHS) ester terminal group. PEG chains
have only one functional group per chain, making it difficult to
achieve a high immobilization density. Most importantly, the
coupling reaction is often performed in buffered aqueous
solutions near physiological pH (pH 6−9). Under these
conditions, the hydrolysis of the ester group competes with the
amidization process, potentially degrading the efficiency of the
coupling chemistry.20 Last but not least, the reaction between
active esters and amino groups is not regiospecific and does not

allow the controlled and oriented immobilization of the
protein. To overcome most of these drawbacks while
mantaining the robustness and easy of operation of the coating
process, a polymeric coating that allows immobilization of
chemically modified proteins by click chemistry is used in this
work. Recently, we have introduced a copolymer with an alkyne
functional monomer. This copolymer made of N,N-dimethy-
lacrylamide (DMA), [3-(methacryloyl-oxy) propyl] trimethox-
ysilyl (MAPS), and prop-2-ynyl prop-2-enoate (PMA) was
designed to bind azido modified biomolecules via copper(I)
catalyzed Huisgen 1,3-dipolar cycloaddition (CuAAC, click
chemistry) and was successfully used for the immobilization of
glycans in microarray.8

Our group has a long tradition in the development of DMA
based copolymers. The first polymer of the series, the
poly(DMA-NAS-MAPS), copolymerized with N-acryloyloxy
succinimide (NAS) and MAPS, was introduced to form, in few
minutes, a stable functional coating on microarray glass slides.15

This polymer is extremely versatile, and a wide number of
functional monomers can be added to the basic structure of
poly(DMA-MAPS) by random radical polymerization, in order
to confer to it specific properties; examples of various
monomers that have been used include active ester, oxyrane,21

and ionizable groups.22 The members of this polymer family
adhere to a variety of different materials including glass, silicon
oxide,17 gold,23 PDMS, and thermoplastics24 by a combination
of a chemi- and physisorption mechanism. Thanks to the
MAPS monomer that promotes silanol condensation with
hydroxyl groups introduced onto the surface by an oxygen
plasma treatement, the weak noncovalent interactions between
the AuNPs surface and the DMA segment are reinforced
leading to the formation of an extremely stable nanometric
layer. We demonstrate that one of the members of this polymer
family, the poly(DMA-PMA-MAPS), coats 45 nm gold
nanoparticles, prepared according to the commonly used
citrate methods developed by Turkevich et al.25 and Frens.26

In order to promote a better adhesion of the polymer, a very
thin layer of silica has been grown on top of gold. The silica
shell has been obtained thanks to the condensation of sodium
silicate on the surface of gold nanoparticles previously treated
with APTES as described by Li et al.16 A careful study of the
reaction parameters (time, pH and temperature) was required
to keep the silica layer very thin to not compromise the optical
properties of the nanoparticles. We selected an alkyne polymer
to allow bioconjugation via click chemistry to particles that are
stabilized and functionalized by a single-step process. Although
the polymer is not new, its use in the context of nanoparticles
poses new challenges. Given the mechanism of coating
formation, which entails an adsorption step followed by silanol
condensation, the polymer adsorption is usually performed in
highly concentrated ammonium sulfate solution to reduce
polymer solubility and force its interaction with the surface.
The use of salts is incompatible with nanoparticles which would
aggregate and precipitate during the coating. Also the
condensation step at high temperature, which normally
increases the binding strength of the polymer film, is
incompatible with a colloidal suspension. We demonstrate in
this work that the functional PDMA copolymer has a strong
affinity to the inorganic core and quickly and effectively
replaces the original citrate molecules. Even when the coating
process is carried out in suboptimal conditions the polymer
chains wrap around the particles, forming a film dense enough
to confer high stability to the colloidal solution.
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The derivatization process is depicted in Figure 1. In the first
step, AuNPs with a silica shell are coated with the linear
polymer copoly(DMA-PMA-MAPS) simply by adding the
copolymer to the aqueous particle suspension, as detailed in
section 5 (Figure 1a). The presence of alkyne functionalities on
the external polymer layer allows the covalent binding of azido-
PEG modified IgGs on the AuNPs surface via CuAAC reaction.
The CuAAC process is an example of a click chemistry reaction
that is easy to perform, giving rise to the intended products in
very high yields with little or no byproducts: it works well
under many conditions, and is not affected by the presence of
functional groups other than those being connected to each
other. Since the conjugation requires the presence on the
biomolecules of functional groups that are not naturally
present, the process works well for DNA or peptides that are
easily functionalized during their synthesis. For proteins, the
introduction of clickable functionalities is more challenging. An
enzymatic approach, commercialized under the trade name of
Site-Click by Thermo-Fisher, allows simple site-selective
attachment of an azido moiety to the heavy chain N-linked
glycansfar from the antigen-binding domain. If used in
conjunction with our alkyne modified polymer, this approach
provides an effective means of orienting antibodies on the
surface of gold nanoparticles. In this work, the amino groups of
an anti-mouse IgG antibody are reacted with an Azido-PEG8-
NHS ester, in order to introduce clickable functionalities on the
antibody, as schematically reported in Figure 1. The molar ratio
of PEG-ester and antibody determines the degree of
substitution. Even though we cannot claim that the
immobilization is oriented as the reaction between PEg-
succinimidyl ester and protein amino groups is not
regioselective, still the process is advantageous over other
types of immobilization since it allows to control the degree of
azide insertion thus limiting the point of contact between the
protein and the surface. In the limiting case, the immobilization
may involve only one azido group, leaving the antibody

accessible to the antigen in solution. This would never be
possible with standard NHS chemistry.
The successful formation of the coating was confirmed by

subjecting to electrophoresis samples of AuNPs, at each stage
of the functionalization, in an agarose gel. Uncoated gold
nanoparticles (Figure 2a, lane 1) have a different mobility

compared to polymer-modified particles (lane 2). The higher
electrophoretic mobility of uncoated gold NPs is due to the
high density of negative charges on their surface. On the
contrary, the charges on the coated particles are shielded by the
polymer layer, causing a significant mobility reduction. The
antibody functionalization of AuNPs was confirmed by the
difference of electrophoretic profile of polymer coated NPs

Figure 1. Schematic representation of the surface modification of AuNPs with a functional polymer and consequent derivatization of the polymer
with an azido modified antibody.

Figure 2. Agarose gel electrophoresis of gold nanoparticles: (a) Lane
1, uncoated nanoparticles; lane 2, polymer-modified gold nano-
particles. (b) Lane 1, polymer coated NPs (no conjugation); lane 2,
polymer coated NPs treated with antibody in the absence of THPTA/
CuSO4 and ascorbic acid (no conjugation); lane 3, polymer coated
particles treated with antibody, THPTA/CuSO4, and ascorbic acid
(conjugation).
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(Figure 2b, lane 1) and antibody coated NPs (Figure 2b, lane
3). The covalent binding of the antibody to the surface was
confirmed by the electrophoretic behavior of AuNPs incubated
with the antibody in the absence of the click chemistry reagents
(THPTA/CuSO4 and ascorbic acid). In this case, as shown in
Figure 2b, lane 2, no mobility shift was observed, indicating that
no immobilization of antibody was obtained and confirming
that the shift observed in lane 3 is not due to nonspecific
antibody adsorption onto the nanoparticle surface.
3.2. Surface Characterization. The surface modification

was monitored after each step with a number of state-of-the-art
analytical techniques including UV spectroscopy, dynamic light
scattering (DLS), zeta potential measurements, trasmission
electron microscopy (TEM), as well as with functional tests on
particles behavior.
3.2.1. UV Spectroscopy, Zeta Potential, and Dynamic

Light Scattering Measurements. In the UV spectra of Figure
3, surface plasmon band shifts resulting from the formation of
copolymer and antibody layers are shown. The deposition of
each layer on the surface causes small changes in the local
refractive index of the material that induce shifts of the plasmon
band.
Furthermore, ζ-potential measurements of coated AuNPs

confirmed the presence of the polymer layer. As shown in
Table 1, a marked change of ζ-potential was found for particles
coated with the copolymer compared to that of naked ones.
The AuNPs hydrodynamic diameter was measured after

polymer and antibody functionalization by means of DLS
analyses (Table 1). Also in this case, significative changes in the
hydrodynamic diameter were detected after each modification
step, demonstrating the success of the functionalization.

3.2.2. Stability of the Nanoparticles. The transmission
electron microscopy (TEM) images reported in Figure 4 show
that the nanoparticle quality and morphology is maintained
after each step of the functionalization: nanoparticles stability is
not compromised either by polymer coating or by the binding
of the antibody.
We have investigated the stability of Ab coated AuNPs and

the results show that the coating is essential to protect
nanoparticles from the pH dependent aggregation. The
stabilization is due to steric stabilization rather than electro-
static repulsion. In fact, when AuNPs are uncoated, a marked
color change, indicative of aggregation, is clearly detectable at
high and low pH values as well as at high salt concentration. On
the contrary, when the polymer is grafted on AuNPs surface,
the pH and ionic strength do not affect the suspension stability
and the original color is maintained (Figure 5). The protection
induced by the polymer coating makes AuNPs more suitable
for biological applications, where high ionic strength and pH
changes are currently present.

3.2.3. Application of Antibody Labeled Nanoparticles in
Biosensing. The new functionalization approach described here
might find application in several research fields including
therapeutic drug delivery, diagnostics and photodynamic
therapy. However, we focused mostly on application in
biosensing. In this work, we have tested the activity of gold
immobilized antibodies in an innovative biosensing technology,
called Interferometric Reflectance Imaging System (IRIS). This
technology is based on well-known principles of light
interference, and it was previously applied for rapid detection
of large virus particles.17 This platform is also suitable for
detection of single molecules in a sandwich assay format. The
sensor surface, coated with a functional polymer and arrayed
with specific detection probes (i.e antibodies, aptamers, and
nucleic acid oligos), captures one or more targets from the
solution. The surface immobilized target is then recognized by a
secondary probe labeled with a gold nanoparticle of 40 nm.
Gold nanoparticle labels with their high optical signal are
individually counted by the SP-IRIS. A successful outcome of
an SP-IRIS experiment not only indicates that the particles are
properly functionalized with active antibodies but also that they
and are not aggregated. In particular, we have immobilized on

Figure 3. Plasmon band shift due to the polymer and antibody layers deposited on AuNPs.

Table 1. Hydrodinamic Diameter and ζ-Potential Values for
Uncoated, Polymer Coated, and Ab-Linked AuNPs

sample
hydrodynamic diameter

(nm) PDI
ζ-potential
(mV)

uncoated AuNPs 47.02 ± 13.52 0.083 −25.1 ± 2.40
polymer coated
AuNPS

131.1 ± 34.93 0.071 −17.6 ± 0.35

ab linked AuNPs 146.75 ± 87.92 0.403 −14.1 ± 2.26
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the surface an anti-CD63 antibody, which was specifically
recognized by an AuNP labeled anti-mouse polyclonal IgG. In
Figure 6a (top right), the gold particles counted by the SP-IRIS
software are shown as red circles. The histogram in Figure 6b
reports the number of particles per mm2 found in different
sensing experiments. In the absence of THPTA/CuSO4 and
ascorbic acid during AuNPs functionalization, the click
chemistry reaction does not occur and, as a consequence, the
secondary antibody is not labeled. In fact, the density of
particles detected by SP-IRIS in this case (bottom right) is
close to that of the control experiment where a noncorrelated
antibody (images on the right) is spotted. These experiments
confirm that the particles are detected on the surface only when
the conjugation reaction is carried out in the presence of click
chemistry catalysts demonstrating the covalent character of the
conjugation.

4. CONCLUSIONS
In this study, we described a simple and reliable method to coat
AuNPs with a copolymer which stabilizes the colloidal
suspension of nanoparticles in several conditions and facilitates
the coupling with antibodies by means of a Cu(I)-catalyzed
click reaction. The nanoparticles coating has been characterized
by different complementary techniques. A gold coated anti-
CD63 antibody was used as label in an innovative bioassay
based on single particle counting. The successful binding of the
anti-mouse-IgG antibody shows that the labeled antibody is

fully functional. The proposed method can be used to label
antibodies in a number of different applications.
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Figure 4. Transmission electron microscopy of individual AuNPs: (a) before, (b) after coating with copoly(DMA-PMA-MAPS), and (c) after
immobilization of IgG.

Figure 5. Uncoated and polymer coated AuNPs were treated with
NaCl, HCl or NaOH. In these conditions, uncoated NPs are very
unstable and aggregate, causing a red to blue color change (left
column). Nanoparticles with the poly(DMA-PMA-MAPS) coating are
stable also in harsh conditions (right column).

Figure 6. (a) SP-IRIS images of surfaces functionalized with different
antibodies, incubated with an anti-mouse antibody conjugated with
gold nanoparticles in the presence (+) or in the absence (−) of
THPTA/CuSO4 and ascorbic acid. (b) SP-IRIS response (mean ±
SD; n = 20 of particle number/mm2) of anti-mouse IgG linked or
adsorbed on polymer coated AuNPs.
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