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Chapter 1 

 

Introduction 

 

1.1  Optical nanosensors 

Optical nanosensor technology has become widespread during the last two 

decades and has been applied to many fields of research including drug 

delivery1, bioimaging2 and biosensing.3 The nanosensors (Figure 1.1) can be 

diverse in structure, and can be utilised for monitoring a variety of analytes.3 

For example these nanosensors can possess an inert biofriendly matrix 

containing highly sensitive fluorescent reporter molecules that relay analysis 

information in real-time. These nanosensors have dimensions less than 1 µm 

and can transduce chemical or biological events as optical signals.4                          

 

        Figure 1.1: Schematic representation of  nanosensors (reproduced from Borisov et al) 3 

Kopelman and co-workers introduced the concept of Probes Encapsulated By 

Biologically Localized Embedding (PEBBLE) in 1998 using the advantages of 

optical fibre based sensors.5  Normally, the size of a nanosensor is less than 

100 nm in diameter and can be inserted into cells with minimal physical 
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perturbations. If it is higher than 200 nm it can cause physical damage to the 

living cells.4 Earlier technology relied upon the direct cell loading of 

fluorescent dyes. However, newly made optical nanosensors have several 

advantages over this method4. These advantages are: 

(i) Ability to measure a high number of analytes are not limited to the use of a 

single fluorophore and have the ability to interact with enzymes, reporter dyes 

and ionophores to increase sensitivity, specificity and other beneficial aspects 

of the complete probe. 

(ii) The intracellular environment is protected from any potential toxic effects 

that the sensing dye may cause by the nanoprobe matrix. 

(iii) The sensing dye is protected from possible interference from cellular 

substances such as nonspecific binding proteins and organelles. 

(iv) Able to carry out ratiometric measurements  

Recently, three different types of matrices have been applied for the fabrication 

of optical nanosensors. These matrices are based on cross-linked poly (decyl 

methacrylamide) (PDMA), cross-linked polyacrylamide, and sol-gel silica.  

Cross-linked poly(decyl methacrylamide) (PDMA) nanoparticles have been  

used for measure dissolved glucose level and have particle sizes in the 125- 

250 nm range.6   Sol gel nanosensor matrix is known as silica sol-gel and has 

chemically inert optical transparent materials. Sol gel nanosensors PEBBLEs 

also designed to measure dissolved oxygen level in cells and also used to 

measure various ions such as zinc7 and pH 
 
8 and have 200-300 nm particle 

sizes. 

The polyacrylamide based nanosensors are made of polyacrylamide matrix and 

have been used to measure analytes including zinc7 and recently glucose 

level.9, 10 These particles are typically less than 100 nm and have the advantage 

of minimal cell perturbation in cellular analysis over the above mentioned 

matrices. These newly designed nanoparticles have been applied in many fields 

and some of their uses are explained in following section. 
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1.2  Recent applications of optical nanosensors 

Recently several kinds of nanosensors have been developed to detect various 

events of the cells and their functions.   

1.2.1  pH sensor nanoparticles 

The sensor nanoparticles are known to report relative fluorescence according to 

the pH value of the samples, to which they are exposed, within a specific pH 

range. pH related fluorescence is relatively simple to monitor.11, 12 For example 

these nanosensors can be used as diagnostic devices to generate valuable 

information for stem cell biology. These stem cells have the capacity of 

extensive self renewal and as the origin of highly differentiated cells and 

tissues. Mesenchymal cells (MSC) are multipotent cells and found in adult 

marrow. Because of unique properties of nanosensors, it is easy to gather 

quantitative and robust data from hundreds of thousands cells and cell systems.  

Most interestingly it is possible to trace the movement of nanosensors of 

mother to daughter cell lineage using flow cytometry. This shows that during 

proliferation of nanosensor-loaded cells, daughter cells end up with equal 

numbers of nanosensors (per cell). From this evidence it is easy to measure the 

cell division time and can easily study cell behaviours and cytoplasmic split 

during mitosis.13   

 pH nanosensors can be used to monitor the effect of antimalarial drug 

chloroquine on the pH of the lysosome (which is involved in phagocytosis 

process). These pH nanoparticles are absorbed by murine macrophages by 

phagocytosis and then  to the  lysosomes.11 

1.2.2  Glucose nanosensors  

The glucose nanosensors are a kind of enzymatic PEBBLE biosensor using a 

co-immobilised oxidase enzyme .9 Monitoring physiological levels of glucose 

in blood is important, since glucose has a primary relationship with diabetes 

mellitus and other diseases.14   Electrochemical glucose microsensors could be 

used to  measure the fluctuations of glucose in the extracellular space of single 

islets of Langerhans and the glucose consumption by pancreatic beta cells.15 

But the newly designed glucose sensitive PEBBLEs are further advancing this 
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measurement technology by enabling in vivo measurement of intracellular 

glucose. 9 

1.2.2.1  Mechanism of glucose sensitive nanosensor 

So far various types of optical nanosensors have been made using 

polyacrylamide matrixes. The most recent ones are glucose nanosensors. These 

PEBBLEs are highly sensitive to glucose in the sample, which is oxidized to 

gluconic acid. This is done by the glucose oxidase enzyme in the PEBBLE 

particles. Oxygen is consumed directly in this process and at a selected time 

oxygen level is lower than the reaction start time. This oxygen concentration 

level difference results in the ruthenium dye (Ru{dpp(SO3Na)2}3)Cl2 

undergoing less quenching. Therefore emitted luminescence is increased. The 

ruthenium dye expresses the change in oxygen concentration via a change in 

luminescence.9   

These PEBBLEs contain special dyes (Texas red-dextran/ Oregon green 488-

dextran) included in the polyacrylamide matrix, giving a ratiometric 

measurement of the glucose concentration via a change in fluorescence.  The 

main purpose of these dyes is to make the PEBBLEs ratiometric in both the 

emission and excitation modes. Texas Red-dextran is used in conjunction with 

(Ru{dpp(SO3Na)2}3)Cl2 to get the fluorescence spectra for excitation-based 

ratiometric measurements, using a ratiometric excitation method based on  

utilizing Texas Red as the reference dye. The emission from both dyes overlaps 

and the excitation band from each dye can be spectrally resolved. Therefore the 

excitation filters can change at a rapid rate and the emission collected9 

However, without a proper method to deliver nanosensors to the targeted 

cellular region, all the benefits of nanosensor technology will not be realised. 

Delivery methods of nanosensors are discussed briefly in the following section. 

1.3  Delivery methods of nanosensors to the intracellular environment. 

Nanosensors are mainly designed for use in intracellular analysis. There are 

various introduction methods used for the specific cell system and it is 

important to retain cellular viability. These techniques include picoinjection16, 

gene gun delivery17 and the use of  cell-penetrating peptides (CPP).18  
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1.3.1  The gene gun system  

The gene gun system was first described by Sanford et al. This instrument is 

primarily used for the transfection of cell cultures with DNA or bacterial 

plasmids for genomic manipulation. The gene gun has also been used as a 

delivery method to transfer synthesized nanosensors into the cells. Using gene 

gun, nanosensors are propelled into the cell culture dish, embedding them 

randomly into adherent cells. However, there is no control of positioning of the 

sensors. When applying the gene gun method, correct pressure and particle 

concentrations must be maintained for effective results. Gene gun 

bombardment has been used to insert oxygen nanosensors containing the 

oxygen-sensitive fluorophore Ru{dpp(SO3Na)2} along with the reference dye 

Oregon Green into cells.16, 17  

1.3.2  Picoinjection 

Picoinjection has been used to inject picolitres of fluids in to a single cell.  This 

technique is mainly used for in vitro fertilization and for directing drug 

injections to specific cell areas. The picoinjection method is used to inject a 

suspension of PEBBLE to study the several stages prior to the hatching of 

embryos. The drawbacks of this method include the necessity of highly skilled 

individuals to insert the sensors into the cells without undesired perturbation.16  

1.3.3  Cell penetrating peptides (CPP) 

The plasma membrane of eukaryotic cells acts as a great protector for the cell 

from potentially hazardous foreign bioactive molecules.   Protein-based drugs 

and other small molecules are not endogenous to the cell. Therefore the plasma 

membrane refuses most kinds of exogenous molecules entry into the cell. This 

is important to keep in mind when applying pharmaceutically active agents and 

drugs to cell cultures or during in vivo testing. In the late 1980s and early 

1990s, there was a major breakthrough in the discovery of transporters, that can 

efficiently cross the plasma membrane.19 This significant identification was the 

Tat peptide.  This peptide is derived from the HIV Tat trans activator protein. 

The full-length of this tat peptide can cross the plasma membrane and small 

fragments of this peptide can also easily enter into cells. These kinds of 
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molecular transporter peptides are known as cell-penetrating peptides 

(CPPs).18, 20 Nowadays biochemists and chemists alike have designed many 

variations of internalising peptide structures. They have also used biophysical 

methods to characterize the mechanisms underlying cellular uptake. Tat or 

other Tat related CPPs have been developed by researchers to transport a 

variety of intracellular cargoes into cells including DNA, polymers, 

nanoparticles and liposomes21. So these Tat related CPPs are used as a 

powerful tool for transporting diverse materials across the cell membrane.22 

 

                

  Figure 1.2: Mechanisms of uptake of Tat peptide across the plasma membrane. 

(Reproduced   from Stewart et al). 18 

CPP uptake by cells is highly dependent on the properties of the CPP used and 

the attached cargo particles such as the chemical properties, peptide length, and 

size. CPPs can enter into a cell by two different routes (Figure 2). Utilising 

either endocytosis (energy-dependent vesicular mechanisms) involving the 

translocation of the lipid bilayer.18 Fluorescence imaging is useful for 

visualizing tissues in vivo and relies on tracking molecular imaging agents. 

CPP conjugates with various fluorophores have improved stability and have 

been developed as imaging agents. For example, fluorescein doped 

monodispersed silica particles (which have an approximate  diameter of 70 nm)  

modified with Tat peptides for cellular delivery have the ability to cross the 

blood brain barrier efficiently.23 Most importantly, CPP modified agents do not 

appear to interfere with biological function as other particles can do. 
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Nanoparticles which bind to Tat in stem cells do not trigger an immune 

response.18 

1.4  Synthesis of nanoparticles 

All polyacrylamide PEBBLEs, which are the focus of this thesis, are 

synthesized in inverse-microemulsion systems. These microemulsions 

classified as water in oil (w/o) according to the dispersed and continuous 

phases. Normally the size range of 10–100 nm monodispersed droplets are 

containing in dispersed phase.24-27 

1.4.1  Inverse microemulsion system  

Great attention has been given to polymerisation in microemulsion during last 

two decades. There are several advantages of microemulsion over the macro 

and miniemulsion. Both these macro and mini emulsions are 

thermodynamically unstable and opaque while transparent and 

thermodynamically stable systems can be seen in microemulsion. Most 

importantly the dispersion size of the microemulsion is below 100 nm and 

mainly consists of three major components. Two components are immiscible 

liquids and the third one is always a surfactant. These surfactants are used to 

stabilize the microemulsion and to control the particle size. Microemulsion is 

mainly based on the composition of the oil and water percentage of the 

system.28 For example, oil in water (o/w) has high amount of water, while 

water in oil (w/o) has less water. 

Inverse microemulsions are considered as water in oil (w/o) system and are 

ideal to carry out polymerisations to make thermodynamically stable 

nanoparticles in the range of 20-50 nm. These nanomatrices are particularly 

suitable for applications such as drug delivery and biomedical diagnosis.  

In the preparation of inverse microemulsion, surfactants are also added to the 

polymerisation mixture and there is a continuous oil phase and an aqueous 

dispersed phase thermodynamically compartmentalized by surfactants. These 

are in nanometre sized liquid entities and they are also known as micellar 

solutions.29, 30 The surfactant molecule consists of two parts: a polar 

hydrophilic head group and a nonpolar hydrophobic tail (hydrocarbon chain). 
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In a W/O system, the hydrophilic groups are sequestered in the micelle core 

and the hydrophobic groups extend away from the centre. Surfactants give a 

specific microenvironment to acrylamide monomers for the polymerisation and 

also inhibit the polymerisation of different droplets during the reaction by 

acting as steric barriers.  In these practices, the reverse micelles incorporate the 

cross-linking agent, fluorescent dyes, enzyme and the acrylamide monomers. 

The above mentioned are hydrophilic and they stay in aqueous layer of the 

micellar droplets. 29  

1.4.2  Polymerisation of acrylamide monomers in inverse microemulsion 

Polyacrylamide gels can be produced by the co-polymerisation of acrylamide 

and bis-acrylamide monomers.31 This polymerisation is a vinyl addition 

polymerisation.32 It is initiated by a free radical generating system which 

consists of ammonium persulfate (APS) and N,N,N’,N’-

tetramethylethylenediamine (TEMED). The original free radical is produced by 

the homolysis of APS, and TEMED is used to accelerate the formation of free 

radicals. Therefore, TEMED in turn catalyses the polymerisation. These 

activated ammonium persulfate free radicals start to convert acrylamide 

monomers into activated acrylamide monomer free radicals. 31 This process is 

known as the polymerisation initiation step. Then activated acrylamide 

monomer free radicals start to react with acrylamide monomers to begin the 

chain propagation step. These elongating polymer chains are randomly bound 

with bisacrylamide monomers to crosslink other acrylamide polymer chains.  

This results in the characteristic porosity of the polyacrylamide matrix.  33 
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    Schemes 1.1: Polymerisation of acrylamide monomers in microemulsion. 

Concentration of the initiators has an effect on polymerisation, the rate of 

polymerisation depends on the concentration of the initiators. However, when 

the concentration of initiators is high (e.g. ammonium persulfate and TEMED) 

the rate of the polymerisation is increased. This therefore results in the 

decrease in the average polymer chain length and an increase in gel turbidity. 

Sometimes, excess initiator can produce a gel solution that does not appear to 

polymerise. 

Oxygen can act as an inhibitor for the acrylamide polymerisation. The 

formation of polyacrylamide gels proceeds via free radical polymerisation and 

the presence of oxygen can inhibit any element or compound that serves as a 

free radical for the reaction. Hence, these reactions must be done in a oxygen 

free atmosphere (i.e. under argon).34 

The polymerisation of acrylamide occurs in the aqueous cores of the micelle in 

the inverse-microemulsion, the sizes of which are dependent upon the 

concentration of surfactants. Varying this concentration will result in an 
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alteration in nanoparticle diameter. Experiments have also shown that the size 

of the nanoparticles can also vary with the solvent used, the monomer or the 

temperature of the reaction. Typically, the major surfactants are Brij 30 and 

dioctyl sulfosuccinate (AOT). If the surfactant concentration is high the 

nanosensor diameter becomes relatively smaller in size.  Different types of 

techniques have been used for the characterization of these polyacrylamide 

nanoparticles.  The sizes of the nanoparticles are normally characterized by the 

using dynamic light scattering (DLS) analysis. 

 DLS analysis can be used to determine the sizes of small particles in 

suspension or polymers in solutions. Particles and molecules in solution 

undergo Brownian motion. If these particles are illuminated with a laser, the 

intensity of scattered light fluctuates at a rate which depends upon the particle 

sizes. DLS measurements are highly accurate and reliable to analyse the 

particle sizes of polyacrylamide nanoparticles. 

1.5  Proteases 

Proteases are enzymes, and at least 500-600 proteases have been identified 

using bioinformatic analysis of the mouse and human genomes. These 

proteases have adapted to a wide range of conditions during their evolution. 

Food digestion and intracellular protein turn-over are considered as the primary 

roles of proteases. 35 

These proteases have the ability to hydrolyse peptide bonds. Their mechanisms 

for substrate hydrolysis are used to categorise them as serine, cysteine, 

threonine, aspartic, metallo or glutamic proteases. These proteases cleave 

protein substrates either from N-terminus (amino peptidase) or C-terminus 

(carboxypeptidase) or in the middle of the molecule (endopeptidase).35  

Serine and threonine proteases hydrolyse protein peptide bonds by using their 

hydroxyl groups. The glutamic acid protease mechanism was not described 

until 1995 and very recently has been classified as the sixth catalytic type of 

peptide. The glutamic catalytic mechanism involves a water molecule which is 

activated as hydroxide ion by the carboxylate of a glutamate residue. This 

activated hydroxyl ion attacks the carbonyl carbon of the peptide bond and 
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results in the formation the tetrahedral intermediate. The side chain of amino 

amide of glutamate-53 stabilises the tetrahedral intermediate by forming 

oxianion and the protonation of the leaving group nitrogen is determined by the 

proton transfer from the glutamate-136 protonated carboxylic group. (Scheme 

2).36 

                       

 

        Scheme 1.2: Catalytic mechanism for glutamic proteases.36 

Protease signalling pathways are very tightly controlled. When the regulation 

of a protease signal fails, it can lead to disease conditions. For example, serine 

proteases are key in thrombosis.39 A great deal of research has been performed 

in order to directly visualise protease activity in cells. 

1.5.1  Detection of enzyme activity 

The study of the function and the behaviour of proteins both in a real 

environment and in real time is one of the biggest challenges.  Screening their 

activities in real time makes it relatively easy to understand their activities and 

regulations within cells or tissue.   

Recently, methods for the detection of enzyme activity have been developed 

and different types of fluorogenic substrates have been used to screen enzyme 

activities within cells. Most of these fluorescent substrates release photons over 

the enzyme-catalysed processes.35 Once proteolytic cleavage occurs in peptidic 

scaffolds, a reporter molecule changes its fluorescence.  This technology is 

being used to visualise common activities of the tissues. The main target of the 

fluorescence based analysis is to target specific proteases, e.g.  Caspase-3 is the 

targeted protease for apoptosis. 
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1.6  Phenomenon of fluorescence 

Molecules have various states of energy levels. Most molecules at room 

temperature stay in the lowest electronic level called the ground state (S0), 

which is also the lowest energy level. These ground state levels can be excited 

to higher energy levels through the absorption of a photon. Once excited, they 

can be jumped up to S1 or S2.  These excited molecules are unstable and will 

relax once more to a lower energy level by several de-excitation processes. The 

overall process is illustrated in the Jablonski diagram (Figure 3).37  

           

   Figure 1.3:  Jablonski diagram (modified from Croney et al). 37 

Normally the relaxation process occurs by transformation of the absorbed 

energy into heat or by emission of a photon. These excited molecules have the 

ability to collide with other surrounding solvent molecules and excess of 

vibrational energy can be transferred to the solvent. The ultimate result is the 

transition from S1 to S0 via internal conversion. Internal energy absorption is 

equal to the combination of vibrational and internal conversions. When 

relaxation from S1ŸS0 occurs through emitted photons, it is called 

fluorescence. For a given molecule, the fluorescence spectrum maxima have 

higher wavelengths (lower energy) than those relative to the absorption 

spectrum. This difference (Strokes shift) is due to the energy loss in the excited 

state caused by vibrational relaxation.  Absorption of a photon is approximately 

as fast as the emission of a photon and 10-8 s is the typical lifetime of 

fluorescence. 37 
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Fluorescence detection based analytical techniques have higher sensitivity and 

selectivity which make them a common technique for visualization of protease 

activities attached to fluorogenic substrates. These fluorogenic substrates can 

be designed in various ways.  

1.6.1  Types of fluorophore substrates 

Different types of fluorophore substrates have been designed over the last few 

years, such as the (i) internally activate substrates, (ii) fluorescence resonance 

energy transfer (FRET) and (iii) polymer based near infrared probes (NIRF 

probes).  

(i) Internal activate substrates consists of a typical protease activity targeted 

peptide based reporter. Once the protease cleavage occurs, these peptide bound 

fluorophores emit fluorescent signals. For example, a tetra peptide (Asp-Glu-

Val-Asp) which has the caspase-3 target peptide sequence has been designed 

and attached to a fluorescent 7-amino-4-trifluoromethyl coumarin,  and can be 

used to detect the caspase activity in  apoptotic cells.38   

 (ii) Fluorescence resonance energy transfer (FRET)-based probes have two 

fluorophores (acceptor and donor) placed closer than 100 Å to each other, 

where the excitation wavelength of the donor is overlapping the emission 

wavelength of the acceptor. Once protease cleaves the linker, the fluorophores 

are separated and this suppresses the transfer of energy between the two.  This 

results in the increase of emission intensity of the donor while decreasing the 

emission of acceptor. These changes in fluorescence can be detected and 

monitored to determine the specific activity of the target protease.38  

(iii) Polymer based near infrared probes have a near infrared fluorescence and 

contain a cleavable peptide spacer, fluorophore and a high molecular weight 

polymer, often a polyethylene glycol (PEG) graft co-polymer. These PEG 

chains have been known to disrupt the interactions between the target enzyme 

and the peptide substrate. Therefore, NIR fluorophores may not be efficiently 

cleaved. 

Fluorogenic reporters are widely used for in vivo imaging.38 Delivery of these 

polymer based near infrared probes is facilitated by the novel, long, synthetic 
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graft copolymers and have ability to accumulate in tissues and tumors. These 

graft copolymers contain lysine side-chains and are modified with cyanine-

based dye Cy5.5. These modifications are done through protease sensitive 

peptide linkers. Cleavage of the amide bonds by proteases result in the increase 

in fluorescence intensity of the near infrared probes.38 However, most of the 

time, these reporters suffer from drawbacks related to autofluorescence and the 

light scattering nature of the tissues. Polymer based near infrared probes can  

be used to overcome these limitations and are prefered for in vivo molecular 

imaging of living cells because of their longer wavelengths. Their longer 

excitation and emmiting wavelengths have a good tissue penetration and cause 

less photo-damage to cells. Longer wavelengths also produce less 

autofluorescence background, offer good sensivity and less light scattering than 

visible light.38 Therefore, it is recommended for living cell imaging. These 

imaging reagents have allowed the non-invasive visualization of enzyme 

activity in whole organisms, e.g. TAMRA 

 

 Figure 1.4: NIR fluorogenic reporters for in vivo imaging (modified from Baruch et al).38 

The coupling methods of peptides and fluorophores are discussed details in 

following section 1.7. 
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1.7  Coupling of peptides and fluorophores with nanoparticles. 

1.7.1   Coupling methods 

During recent years coupling reaction methods have progressed significantly. 

In a typical peptide coupling  reaction, the carboxylic acid moiety of a specific 

amino acid is first activated by a carboxylic activative reagent and then reacted 

with the amine group of the targeted amino acid. Development of new coupling 

reagents has accelerated past few years. Early years dicyclohexylcarbodiimide 

(DCC) had been used to activate the hydroxyl group of carboxylic acids. 

However, there are drawbacks on this method such as insolubility of urea co-

product in most organic or aqueous solvents.39  

To overcome these problems, new advanced peptide coupling reagents have 

been produced and high yields are expected from these newly designed 

coupling agents. Example of these reagents are O-(benzotriazol-1-yl)-

N,N,N',N'-tetramethyluronium tetrafluoroborate (TBTU) and 2-(1H-7-

azabenzotriazol-1-yl)--1,1,3,3-tetramethyl uronium hexafluorophosphate 

(HATU) 

              

 Scheme 1.3:  The mechanism of carboxylic acid activation by TBTU. 

The click reaction method which was frequently applied in the course of this 

work was a thiol-alkene click reaction, which is explained in more detail in 

following section.  
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1.7.2  Thiol-alkene click reaction 

The Michael addition of a nucleophile to electron deficient alkenes is key a 

reaction in organic chemistry. The reaction between thiols and alkenes to form 

a carbon sulfur bond play an important role in biosynthesis. The sulfur atom of 

the thiol group is nucleophilic and fairly acidic. These reactions can be used for 

the identification of unknown alkene groups such as concentrations of 

unknown maleimides in a sample. 

Maleimide is known for its high reactivity towards thiol groups. Cysteine 

contains a thiol group and its SH group reacts better with maleimide vinyl 

groups than with nucleophilic amino acids. For example, this reaction is faster 

than the addition of an amine to maleimide at pH 7 and below.40 The high 

efficiency of this reaction makes it an excellent tool in the field of 

bioconjugation. These reactions can be catalysed by using tertiary amines such 

as diisopropylethylamine and triethylamine. 

1.7.3 Huisgen Cu(I)-catalyzed azide-alkyne coupling (CuAAC) 

Nowadays there are several bioconjugation reactions available. Recently, two 

chemoselective coupling reactions have been introduced: Staudinger reaction 

between azide and phospines and azide-alkyne couplings. In both of these 

cases azide moieties have been used. This group has unique features of its own. 

The azide functional group is very rare in natural compounds and has a high 

reactivity.41-43     

 

Scheme 1.4: Azide and terminal alkyne cycloaddition to give 1,2,3-triazole mixture with 1,4 

and 1,5 substituted triazoles.41 

Alkyne-azide reactions are also known as Huisgen cycloadditions. These result 

in the formation of 1,2,3-triazoles and are thermodynamically favourable 

reactions. However, uncatalysed azide alkyne cycloaddition have poor 

regiospecificity  leading to a mixture of 1,4 and 1,5 substituted triazoles.41 
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    Scheme 1.5: Simplified proposed catalytic cycle for the CuAAC reaction.42 

Copper(I) has important roles in chemistry and biology. It is widely used in  a 

variety of organic coupling reactions. Copper(I) catalysts can be used in the 

Huisgen 1,3 dipolar cycloaddition to increase the speed of the reaction and also 

to ensure the regiospecificity. It promotes the reaction exclusively towards the 

1,4-regioisomer of  1,2,3-triazoles with high yields. 

CuAAC has a complex mechanism and its catalytic cycle has three major steps. 

The formation of Cu(I) acetylides is the first step of the catalysis of the 

CuAAC. In this step Cu(I) species activate the terminal alkyne to form a 

Cu(I)acetylide (II).42, 43 Then the Cu(I)acetylide reacts with azide and form a 

Cu(I) triazole intermediate which is though to be formed through a six 

membered metalla-cycle.45 The proteolysis of the Cu(I) triazole intermediate 

then results in the formation of the desired 1,2,3-triazole product and in the 

regeneration of the catalyst.42 The Cu(I) catalyst drives the reaction exclusively 

towards 1,4-regioisomer of  1,2,3-triazoles.  

Ligands like tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl) amine (TBTA) are 

often added to improve the CuAAC reactions. This might slow down the 

oxidation of Cu(I) to Cu(II)  in the presence of traces of air while enhancing 

the catalytic activity.43  
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1.8 Aims and Objectives 

Nanoparticles with polyacrylamide matrices could be readily obtained by free 

radical polymerisation.24 Polymeric nanoparticles often display amine suitable 

for further NP chemical modification.44 Due to their undesired tendency to 

aggregate, it is anticipated that the free amino groups in the nanoparticles can 

be replaced with designed functional groups to afford azido, alkyne and 

maleimido bearing nanoparticles.  

In this thesis, optimisation of synthesis, the optimum composition of monomer 

feed related to the narrow size distribution and availability of the functional 

group will be studied. 

Furthermore, the azido and alkyne bearing nanoparticles could be further 

modified by Huisgen Cu(I) catalysed azido-alkyne cycloaddition (CuAAC)45 

and the maleimide and vinyl ester functional groups bearing nanoparticles 

could be modified by thiol-maleimide46, 47 click reaction. 

The following chapter deals with:                                                 

• Development of azido bearing nanoparticles 

• Development of alkyne bearing nanoparticles 

• Development of maleimide bearing nanoparticles 
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Chapter 2 

Results and discussion 

2.1  Development of azido bearing nanoparticles 

2.1.1  Introduction 

Recent reports indicated that free amine-functionalised polymeric nanoparticles 

could be synthesised using amine-bearing monomers such as N-(3-

aminopropyl)methacrylamide.44 Due to the reactivity of the free amine group, 

nanoparticles were observed to aggregate over a period of time. The reactive 

free amino groups of N-(3-aminopropyl)methacrylamide nucleophilically 

attack the unreacted N,N’-methylenebisacrylamide and as a result undergo a 

Michael addition reaction with adjacent particles.48 To overcome self 

aggregation of nanoparticles, these amine functional groups were replaced with 

azido functionalised monomers.  

The azido functionalised monomer employed in this study is derived from 

poly(ethylene glycol) (PEG) and the properties of PEG can be exploited to 

improve the properties of nanoparticles, such as water solubility and increase 

the stability of bio molecules against degradation.49 

These azide bearing nanoparticles have free azide functional groups on their 

structure and could be modified by the Huisgen Cu(I) catalysed azide-alkyne 

cycloaddition (CuAAC) reaction.50 This click reaction can be performed in 

aqueous medium at room temperature. Hence, these nanoparticles can be used 

to click to other functional chemical groups which contain alkyne moiety at the 

terminal end via a CuAAC click reaction.42 

 

 

 

 



20 
 

2.1.2  Types of monomers 

                      

Figure 2.1.1: Monomers used to synthesise azido bearing nanoparticles 

Hence, three types of monomers were used to synthesise the desired 

nanoparticles. They are acrylamide 12, N,N’-methylenebisacrylamide 13 and 

N-(11-azido-3,6,9 trioxoundecanyl) acrylamide 11. All the monomers have a 

single alkene functional group, and N,N’-methylenebisacrylamide has two 

alkenes, which can contribute to the cross-linking of the polymer matrix. The 

amount of N,N’- methylenebisacrylamide can effectively change the porosity 

of the matrix of the nanoparticles.27 

2.1.2.1 Sources of monomers. 

11-azido-3,6,9-trioxaundecan-1-amine 14, acrylamide 12 and N,N’-

methylenebisacrylamide 13 are commercially available and only N-(11-azido-

3,6,9-trioxaundecanyl)acrylamide 11 was synthesised.  

 

Figure 2.1.2: Acrylation of the amine azide derivatives 

The building block, N-(11-azido-3,6,9-trioxaundecanyl)acrylamide 11 was 

obtained as a yellow coloured oil by the reaction of 11-azido-3,6,9-

trioxoundecan-1-amine 14 (see section 4.2.1) and acryloyl chloride 15 (Figure 
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2.1.2). The co-product of this reaction was HCl, which can cause a decrease in 

the pH of the solution. Triethylamine was added as the base to neutralise the 

H+ ion.  The solvent DCM was then removed on the rotary evaporator and 

triethylammonium chloride was precipitated by adding THF and was filtered.  

THF was evaporated and a yellow coloured oil was obtained as the crude 

product. The product was separated by using RP-HPLC. 

The success of the acrylation reaction was confirmed by 1H NMR analysis. The 

peaks of acrylate groups (C=CHcis, C=CHtrans, CH=CH2) appear together with 

11-azido-3,6,9-trioxoundecan-1-amine moiety confirmed the successful 

incorporation.  The product was also analysed by 13C-NMR and mass 

spectrometry.  

2.1.3  Composition of monomers 

The composition of the monomer feed can have a direct affect on the particle 

size of the nanoparticles. Adjustment of this parameter can result in particle 

sizes of between 10 nm and 100 nm.25 During the synthesis process, different 

compositions of monomer feeds (Table 2.1.1) were used to investigate the 

optimum monomer feed with respect to the DLS analysis. 
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Table 2.1.1: The monomer compositions of azido bearing nanoparticles, synthesised by using 

different ratio of reactants and reacted for 2 hours. 

 

The amount of acrylamide 12 and N,N’-methylenebisacrylamide 13 were kept 

constant and  the amount of azido functionalised monomer 11 was changed. 

According to the Table 2.1.1, yields were increased, when the azido functional 

monomer amount was decreased. The least amount of functionalised monomer 

resulted in the highest yield of the acrylamide polymerisation and 

polymerisation is described in the following section. 

2.1.4  Polymerisation of nanoparticles 

Inverse microemulsion system was used to synthesise the azido bearing 

nanoparticles. Here, the continuous phase was oil, which was hexane. The 

dispersed phase was water. The surfactant mixture was Brij 30 and AOT.  

Water-in-oil with surfactants can cause a reverse micelle, which has 

hydrophobic tails on the outside and the hydrophilic heads interacting with the 

aqueous layer.30 Polymerisation takes place within the aqueous core and its size 

Attempt Amount of monomers  (mg) Recovered 

yield 

(mg) 

Maleimide  Acrylamide Bisacrylamide Expected 

yield 

1 20.0 

(5.5%) 

265 

(72.6 %) 

80  

(21.9 %) 

365 147 

2 13.6 

(3.8%) 

265 

(73.8 %) 

80 

(22.4 %) 

358.6 229 

3 13.6 

(3.8%) 

265 

(73.8 %) 

80 

(22.4 %) 

358.6 247.4 

4 13.6 

(3.8%) 

265 

(73.8 %) 

80 

(22.4 %) 

358.6 258.4 

5 12.5 

(3.6%) 

265 

(73.8 %) 

80 

(22.3 %) 

357.5 265 
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depends on the size of the micelle. The initiator of the polymerisation was 

APS, and TEMED, was used to enhance the homolysis of APS.  

 

Scheme 2.1.1: Free radical polymerisation of azido bearing nanoparticles.  

The free radical polymerisation reaction was allowed to proceed for 

approximately two hours. Oxygen can act as a terminator for the free radical 

polymerisation and hence, argon was supplied continuously to avoid any 

oxygen contamination. The particles were collected by vacuum filtration using 

a millipore filtration system with a 0.02 Õm anodisc filter, as a dried pellet. 

 2.1.4.1       Characterisation of nanoparticles.  

The synthesised, azido bearing nanoparticles were characterised by using FT-

IR and DLS analysis. 

2.1.4.1.1   DLS analysis 

DLS analysis was used to determine the nanoparticle sizes. Water filtered 

through a 0.2 µm filter was used to prepare 1 mg mL-1 solution of the 

nanoparticles to avoid any dust particles overlap with nanoparticle sizes. 
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 (a) attempt-1 (5.5 %)   (b)  attempt-2 (3.8 %) 

     

(c)    attempt-3 (3.8 %)                              (d)  attempt-4 (3.8 %) 

 

(e) attempt-5 (3.6 %) 

     

Figure 2.1.3: DLS analysis according to the monomer compositions (Table 2.1.1) (Weight 

% of azido monomers is shown)  
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According to the DLS analysis, the optimum particles intensity distributions 

were obtained at attempt 3 and 4 (Table 2.1.1). When comparing  the yields, 

(Table 2.1.1), and the particle sizes (Figure 2.1.3), the best monomer 

composition feed of azido bearing nanoparticles was 73.8% of acrylamide 12, 

22.4% of N,N’methylenebisacrylamide 13 and 3.8% of N-(11-azido-3,6,9 

trioxaundecanyl) acrylamide 11. 

2.1.4.1.2 FTIR test 

 

 Figure 2.1.4: FT-IR spectrum for azido functionalised nanoparticles. 

Dried nanoparticles were characterised by FT-IR. Azido functional group was 

demonstrated by the appearance of the characteristic transmittance at 2110 cm-1 

in the FT-IR spectrum (figure 2.1.4).  

2.1.5  Availability of the azide functional group 

For further confirmation of the presence of the azide functional group, azido 

functionalised nanoparticles were reacted with alkyne functionalised (5-

carboxytetramethylrhodamine) TAMRA dye in the presence of Cu(I) catalyst 

and the ligand TBTA.51 The nanoparticles were washed with DMF and ethanol 

for several times to remove the unreacted reagents. Blank nanoparticles (see 

section 4.3.1) were also reacted with the alkyne functionalised TAMRA dye 

using the same conditions (see section 4.4.1) 

1 mg mL-1 of the above two nanoparticle solutions were excited at ɚex = 555 

nm and the success of the CuAAC reaction confirmed by the detection of a 

noticeable fluorescence signal. Importantly, controls exhibited no significant 

fluorescence signal (Figure 2.1.5).   
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Figure 2.1.5:  Emission spectra (ɚex = 555 nm) of alkyne function TAMRA click to azide 

functionalized nanoparticles. 

2.1.6  Application of azido bearing nanoparticles 

In addition, exploitation of the azido functionalised nanoparticles, were 

established by performing a fluorogenic-peptide substrate cleavage reaction 

(carried out by Dr. Katharina Welser, School of pharmacy, University of 

Nottingham). Thus, the fluorogenic substrate Z-Gly-Gly-Leu-ACA-Lys 

(pentynamide)-NH2 (which was synthesized by Dr. Katharina Welser) was 

clicked with azido bearing nanoparticles in the presence of Cu(I) catalyst and 

the ligand TBTA (see section 4.4.2) In this case, the targeted enzyme was 

subtisilin, which is an enzyme used for studying enzyme-substrate interactions 

and applied as the model protease for the synthesized substrate. Here, the 

fluorophore was hetero bifunctional 7-aminocoumarin-4-acetic acid (ACA).  

These protease targeted peptide substrate bound nanoparticles (1 mg mL-1) 

were performed in freshly prepared Tris-HCl buffer solution (pH = 8.20) and 

were incubated at 37ęC for 3 min and treated with different concentrations of 

subtilisin solution. The fluorescence was monitored for a period of 30 min. (ɚex 

= 380 nm).    
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Figure 2.1.6: Subtilisin mediated cleavage reaction of NP clicked (ɚex = 380 nm).  

A significant and rapid increase of fluorescence was observed. When the 

concentration of enzyme was increased under the same conditions, an increase 

in fluorescence can be seen according to the concentrations (Figure 2.1.6).   

2.1.7  Summary 

The preparation of azido bearing nanoparticles via an inverse microemulsion 

was readily achieved. The polymerisation reaction was carried out with 

monomers acrylamide 12, N,N’-methylenebisacrylamide 13 and N-(11-azido-

3,6,9 trioxaundecanyl) acrylamide 11.  

Different compositions of monomer feeds were used to obtain the optimum 

minimum particle size range of nanoparticles. The composition of acrylamide 

11 and N,N’-methylenebisacrylamide 12 was kept constant and the amount of 

azido functionalised monomer was changed.  According to the DLS analysis, 

and yields, the best monomer composition feed was 73.8% of acrylamide 12, 

22.4 % of N,N’-methylenebisacrylamide 13 and 3.8 % of N-(11-azido-3,6,9 

trioxaundecanyl) acrylamide 11. The yields were subject to change according 

to the contamination of atmospheric oxygen which can act as the terminator for 

the free radical reactions. 

The availability of the azido functionalised groups of nanoparticles were 

checked with the alkynyl-functionalise TAMRA fluorophore and fluorescence 

was observed from the azide bearing nanoparticles and whilst no fluorescence 

was observed from the control. The click reaction between alkyne and azide 

was catalysed by Cu(I) catalyst and was successfully achieved. 
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In addition, azido bearing nanoparticles were clicked with a protease 

responsive fluorogenic peptide to measure the substilisin enzyme reactivity and 

rapid changes of fluorescence confirmed the ability of uses of azido bearing 

nanoparticles. 
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2.2  Development of alkyne bearing nanoparticles 

2.2.1  Introduction 

The aim of this research was to develop and optimize the preparation of 

nanoparticles bearing alkyne groups. These alkyne  bearing nanoparticles could 

also be modified by the Huisgen Cu(I) catalysed azide-alkyne cycloaddition 

(CuAAC) reaction.52 Hence, these nanoparticles can be used to click to other 

functional chemical groups which contain azide functional groups via the 

CuAAC click reaction.  

Propargylamines have been identified as potent anti-apoptotic agents in both in 

vitro and in vivo studies. Derivatives of propargylamines have been used to 

protect neurons against various neurodegenerative disorders.53 Therefore, the 

properties of propargylamine can play a vital role in cellular applications of the 

nanoparticles.  

The synthetic strategy of these alkyne functionalised nanoparticles is based on 

the room temperature microemulsion polymerisation technique, which is 

known to produce nanometer sized particles with a narrow size distribution.  

2.2.2  Types of monomers 

 

                    

Figure 2.2.1: Monomers used to synthesise alkyne bearing nanoparticles 

Three types of monomers were used to synthesise the desired nanoparticles. 

They are acrylamide 12, N,N’-methylenebisacrylamide 13 and N-propargyl 

acrylamide 17.  
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2.2.2.1  Sources of monomers. 

Acrylamide and N,N’-methylenebisacrylamide are commercially available and 

N-propargyl acrylamide 17 was synthesized. Propargylamine 18 and acryloyl 

chloride 15 were purchased from Sigma Aldrich.  

 

 

Figure 2.2.2: The acrylation of the alkyne functionalised monomer 

The building block N-propargyl acrylamide 17 was obtained as a white solid by 

the reaction of propargylamine and acryloyl chloride (Figure 2.2.2), (see 

section 4.2.2).  

2.2.3  Composition of monomers 

During the synthesis, different amounts of N-propargyl acrylamide monomer 

were used within the range of 2.0 % and 4.1 % of the total monomer amount. 

The amount of acrylamide 12 and N,N’-methylenebisacrylamide 13 were kept 

constant to obtain nanometer range particles. 
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Table 2.2.1: The monomer compositions of alkyne bearing nanoparticles, synthesised by using 

different ratio of reactants and reacted for 2 hours. 

       

The polymerisation procedure of the alkyne bearing nanoparticles was similar 

to the azido bearing nanoparticles (see section 4.3.3).  

 

Scheme 2.2.1: Free radical polymerisation of monomers of alkyne bearing of nanoparticles.   

Attempt Amount of monomers  (mg) Recovered 

yield (mg) 
Alkyne 

 

Acrylamide Bisacrylamide Expected  

yield 

1 9.0 

(2.5%) 

265 80 354 239.0 

2 7.0 

(2.0%) 

265 80 352 226.5 

3 15.0 

(4.1 %) 

265 80 360 188.3 

4 13.0 

(3.6%) 

265 80 358 207.8 

5 12.0 

(3.4%) 

265 80 357 259.0 

6 12.0 

(3.4%) 

265 80 357 155.0 
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In the polymerisation mixture, APS 19 acts as the free radical initiator to form 

acrylamide free radicals. These activated acrylamides react with other 

acrylamide 12 and N-propargyl acrylamide 17 to form liner polymer chains. 

N,N’-methylenebisacrylamide 13 crosslinks these chains (Scheme 2.2.1). 

2.2.4.  Characterisation of nanoparticles.  

2.2.4.1. FT-IR  

FT-IR was used to characterise the alkyne bearing nanoparticles (figure 2.3.3). 

A broad peak (3600 cm-1 to 2900 cm-1) was observed, which corresponded to 

the NH and backbone of the nanoparticles. The peak for the carbonyl carbon of 

the monomers was obtained at 1661 cm-1 and the sharp peak related to the 

alkyne group (alkyne C-H) of the N-propargyl acrylamide monomer was 

expected at around 3300 cm-1 and but was masked by the backbone of 

nanoparticles related broad peak and was not enough to prove the availability 

of the alkyne group.  

  

Figure 2.2.3: FTIR spectra for alkyne functionalised nanoparticles. 

2.2.4.2  DLS analysis 

DLS analysis was carried out the nanoparticles to demonstrate their particle 

sizes. Normally, particle sizes of polyacrylamide matrices should be obtained 

which are less than 100 nm in radius and larger sizes were considered due to 

aggregation of the droplets of water joining into successively larger formations, 

which subsequently polymerised. When the sizes were larger, they were 

filtered through the 0.2 µm filter to remove them from the sample 
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(a)      attempt-1 (2.5 %)                    (b)   attempt-2 (2.0 %) 

 

(c)     attempt-3 (4.1 %)                (d)  attempt-4 (3.6 %) 

 

 (e)    attempt-5 (3.4%)  (f)   attempt-6 (3.4%) 

    

Figure 2.2.4: DLS analysis according to the monomer compositions. (Table 2.1.1) (Weight % 

of alkyne monomers is shown above). 

When comparing the yields, (Table 2.2.1) and the particle sizes (Figure 2.2.4) 

the best monomer composition feed of alkyne bearing nanoparticle  was 74.4 
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% of acrylamide, 22.4 % of N,N’-methylenebisacrylamide and 3.4 % of N-

propargyl acrylamide. 

2.2.5  Availability of the alkyne functional group 

FT-IR analysis failed to confirm the presence of the alkyne group. Therefore, 

the availability of the alkyne functional group was doubtful. To confirm the 

availability of alkyne group, azide functionalised fluorophore was clicked 

(Figure 2.2.5) via CuAAC click reaction51 (see section 4.5.1). The click 

reaction conditions were similar to the previously mentioned click reaction of 

azido bearing nanoparticles (see section 2.1.5). A control was also carried out 

with blank nanoparticles. 

           

Figure 2.2.5: Azido functionalised fluorophore clicked to alkyne functionalised NP. 

The fluorophore conjugated alkyne nanoparticles and controls were suspended 

in aqueous (1 mg mL-1) solution. The alkyne bearing nanoparticles exhibited 

noticeable fluorescence (Figure 2.2.6) and most importantly, the control 

exhibited no fluorescence. 

 

Figure 2.2.6: Emission spectra (ɚex = 490 nm) of alkyne functional nanoparticle clicked to 

azide functionalised fluorescence peptide  


