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Abstract  

ABSTRACT  

 Synthesis, physico-chemical properties and potential applications of 
colloidal gel particles  

  

Four new N-isopropylacrylamide (NIPAM) based particles have been synthesized and 

characterized. The first experimental chapter reports that fluorescent 

poly(Nisopropylacrylamide-co-5% vinyl cinnamate) microgels were deposited on different 

solid surfaces to produce new environmental responsive surfaces. The mass of microgel 

particles deposited on glass pre-treated with acid, glass pre-treated with base, quartz, stainless 

steel, gold and Teflon at 25°C and 60°C was determined using fluorescence spectroscopy. The 

factors affecting the adsorption/desorption of the microgel particles were also investigated. The 

study shows that the solid surface charge is the most significant factor, followed by that of 

surface roughness and temperature; meanwhile, the hydrophobicity/hydrophilicity of the 

surface was the least significant.  

  

Fluorescent temperature/pH responsive p(NIPAM-co-5% acrylic acid)-rhodamine B particles 

were studied. The results confirm the attachment of rhodamine B to the microgel particles. The 

long chains attached to the particles caused the particles to be poly-dispersed which suggests 

non-uniformity of particle size and behavior.      

  

Fluorescent temperature/pH responsive poly(N-isopropylacrylamide-co-5% lucifer yellow) 

(p(NIPAM-co-5% LY)) microgel particles were tested for toxicity. The particles were 

negatively charged, mono-dispersed and were approximately 250 nm in diameter at 15°C. The 

toxicity of different concentrations of p(NIPAM-co-5% LY), p(NIPAM) and NIPAM monomer 

was tested on two cell lines (HeLa and Vero). The results show that the two particles maintain 

cell viability over 80% (for both cell lines HeLa and Vero) up to a concentration of 3 mg/mL 

while NIPAM monomer showed a cell viability of over 80% at a concentration equal to or less 

than 0.3 mg/mL.   

  



 

 

iv  
Abstract  

The fourth experimental chapter explores the opportunity of using microgel particles as an 

emulsifier. p(NIPAM-co-5% acrylic acid)-hexenol particles with both hydrophilic and 

hydrophobic groups in their molecular structure were used to stabilize two emulsions 

(tricaprylin-in-water and hexadecane-in-water). The stability of the emulsions increased with 

increasing the concentration of the microgel. For the tricaprylin-in-water emulsion, a 

concentration of 0.3% w/v of the novel microgel particles managed to stabilize the emulsion for 

a week. In case of the hexadecane emulsion in water, 0.45% w/v microgel particles could show 

an increase in the emulsion stability and a decrease in the creaming.  
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Chapter One Introduction  
  

1.1 Microgels  

A microgel is defined as “a cross linked latex particle which is swollen by a good solvent”. 

The term microgel was first introduced by Baker but microgels were first prepared by 

Staudinger and Husmann (1). Microgels are considered as a class of smart materials, as they 

are highly sensitive to the environmental changes around them, which cause them to 

dramatically change their physico-chemical properties (e.g. particle size). This is facilitated 

by the high surface-area-to-volume ratio of the microgels which make it easier for an 

environmental stimulus, such as the pH or temperature, to affect the particles. The high 

surface-area-to volume ratio also contributes to the biomedical and industrial importance of 

this class of smart materials (2).   

  

Microgels have the same polymer chemistry as bulk gels, but their different physical 

molecular arrangement (discrete gel-like particles) causes some differences such as the bulk 

viscosity characteristics, the surface-area-to-volume ratios and the speed at which 

conformational changes occur. Microgels undergo conformational changes in seconds, while 

other kinds of gels like hydrogels may take hours or even days (2).    

  

1.1.1 N-isopropylacrylamide (NIPAM)  

There are many monomers used for the preparation of thermo-responsive microgels of which 

the most commonly used is NIPAM. The lower critical solution temperature (LCST) for 

linear poly(N-isopropylacrylamide) (p(NIPAM)) chains in water is 32°C; accordingly the 

polymer swells when below 32°C and de-swells when the temperature further increases (3). 

The structure of NIPAM (Figure 1.1) and its properties are similar to acrylamide (4). NIPAM 

has a hydrophilic amide group and a hydrophobic isopropyl group.  

p(NIPAM) microgels were first prepared in 1986 by Pelton and Chibante (5), using a 

surfactant-free emulsion polymerization (SFEP) process by which they produced a 

monodisperse microgel which was found to have a thermo-reversible conformational 

transition in water at around 34°C.  
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 Figure 1.1 Structure of NIPAM monomer (left) and structure of the polymer (right) where “n” represents 
the number of monomer units   
   

When NIPAM molecules are heated in presence of an initiator and a cross linker, they 

undergo cross-linking to give a temperature sensitive gel network which shrinks by expelling 

water within a narrow temperature range. The temperature at which the gel acquires the 

largest and sharpest swellability changes is called the volume phase transition temperature 

(VPTT). Even for a temperature sensitive microgel, the temperature is not the only factor 

that affects swellability; other factors include the type of microgel, the hydrophilicity of the 

particle, degree of cross-linking and monomer and/or co-monomer composition and 

concentration.    

Being hydrophilic in nature, p(NIPAM) is completely soluble and swells in aqueous solvents 

when the temperature is below 34oC (VPTT), while above it, the polymer phase separates.  

  

1.1.2 Types of microgels  

Microgels can be composed of one monomer (in addition to the initiator and cross linker), 

and accordingly, it acquires the properties of this monomer only. p(NIPAM) is the most 

common homo-polymer microgel but other examples include N-ethylacrylamide (6) and N-

ethylmethacrylamide (7).  

  

Also, a small amount of a co-polymer can be incorporated in the microgel (1-5 % w/w of the 

main monomer), the resultant microgel is highly affected by the co-polymer properties. This 

makes it possible to control and alter the properties of microgels according to the properties 

of the co-monomer used. VPTT modifications of temperature-sensitive microgels can be 

achieved using co-monomers with different hydrophobicities (8-11).  
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Furthermore, microgels sensitive to more than one stimulus can be prepared using different 

co-polymers; e.g. the addition of a pH sensitive (ionisable) co-monomer to a temperature 

sensitive monomer, results in a polymer sensitive to both temperature and pH (12,13).   

  

A p(NIPAM) microgel co-polymerized with acrylic acid displays volume change in response 

to both temperature and pH. When the pH is below the pKa of acrylic acid, the microgel 

particles acquire a compact structure, while when the pH is above the pKa of acrylic acid, 

the microgel particles swell (Figure 1.2).   

  

 
  

Figure 1.2 A schematic of the swelling-deswelling transition of a pH-responsive (a) and a temperature- 
 responsive (b) microgel                          

1.1.3 Preparation of microgels  

Several methods have been reported for the preparation of microgels, these include emulsion 

polymerization (10, 11), inverse emulsion polymerization (14), living free radical 

polymerization (15) and radiation methods (16, 17), of which the most widely used is the 

emulsion polymerization technique (18, 19). Emulsion polymerization can either be carried 

out using a surfactant (conventional emulsion polymerization, EP) or without surfactant 

(surfactant-free emulsion polymerization, SFEP), also called precipitation polymerization.  

To prepare a microgel with very small particles (a particle diameter less than 150 nm), the 

conventional emulsion polymerization technique (EP) can be used; this is because the surfactant 

inhibits the particle growth. The disadvantage of this technique is that it is very hard to remove the 

remaining unreacted surfactant molecules.  



Introduction    Chapter One      
  

4  
  

For larger particle sizes (up to 1000 nm), SFEP is the method of choice (20). Conditions for 

applying this method include the use of continuous phase of a high dielectric constant (e.g. 

water) and the addition of ionic initiators (e.g. potassium persulphate K2S2O8). The extensive 

use of SFEP is due to its advantages, of which the most important is avoiding the risk of 

surfactant contamination (the main disadvantage of the EP), this is because the 

polymerization reaction yields charged polymer chains that are surface active which stabilize 

the growing particles without the need to use surfactants. Also this method is characterized 

by a high product yield (around 95 %) of monodispersed particles that are regular in both 

size and composition. The main disadvantage of this method is that it produces dilute 

dispersions (low particle concentration).  

  

1.1.3.1 The mechanism of surfactant free emulsion polymerization   

1.1.3.1.1 Thermal decomposition of the initiator  

When heated, the ionic initiator is thermally decomposed to form ionic water-soluble free 

radicals. Metal persulphates are of the most commonly used sources of free radicals in 

aqueous solutions (21). Potassium and ammonium salts for example are used to initiate 

polymerization in aqueous and emulsion systems. Equation 1.1 illustrates the thermal 

decomposition mechanism of persulphates.  

  
O 

   
2 - 

 
O Equation 1.1  

  

  

1.1.3.1.2 Initiation  
The ionic radicals react with the monomer molecules forming monomeric radicals. Equation 1.2 

shows the reaction between the persulphate radical and the monomer M.  

  

 M MSO4−  Equation 1.2  

O O S S - O O - 

O 

O O 

O 
2 K + 

∆ 

+  2K +   O S O . 
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1.1.3.1.3 Propagation  
Further reaction of the formed monomeric radicals with other monomer molecules leads to 

the formation of surface active oligomeric radicals. These are characterized by having a polar 

head and a non-polar tail as shown in Equation 1.3.  

  

 M
 х +⋅

MSO
  Equation 1.3  

The solubilization of oligomeric radicals in water continues till the chain length exceeds the 

solubility limit of the solvent. The oligomer chains aggregate with each other and hence 

increase the surface charge and form small particles. The formed particles contain 

hydrophobic non-polar chains in the center and polar head groups to the outside. The polar 

heads on the particles surface mainly originate from the initiator and stabilize the dispersion 

by the electrostatic repulsion forces between the surface charged groups. The particles grow 

more and more due to the adsorption of further monomers or oligomers, causing particle 

swelling.  

  

1.1.3.1.4 Termination  

Reaction termination takes place when the monomers are totally depleted or when another 

free radical reacts with the growing particle and terminates the reaction. SFEP technique is 

characterized by short nucleation period (minutes) the production of monodispersed particles 

regular in both size and composition (18, 22). Figure 1.3 shows the mechanism of the 

synthesis of microgel particles using SFEP.       
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Figure 1.3 Mechanism for the preparation of microgel particles by SFEP where M represents a monomer (18)  
1.1.4 Properties of microgels  

1.1.4.1 Swelling behaviour of microgels  
As swelling-deswelling is the most characteristic property of the microgels, it also tends to 

be the most important one (23). There are many factors that affect the swelling properties of 

microgels such as the cross-linker. Highly cross-linked microgels acquire a tighter and less 

swelled structure than the similar microgels with lower cross-linking ratio (the ratio of the 

moles of cross-linking agent to the moles of the polymer repeating units) (23). Furthermore, 

microgels with a high cross-linker concentration will undergo more rapid conformational 

changes because the polymer chains are close to each other, which will allow quicker 

collapse. Microgels with low cross-linker concentrations have properties similar to those of 

the high molecular weight polymers.   

  

Another factor that affects the swelling of the microgels is the chemical structure of the 

polymer. In water or aqueous solvents, a polymer with more hydrophilic groups (such as 

p(NIPAM), Fig. 1.1) swells more than that with hydrophobic ones. On the other hand, 

microgels with hydrophobic groups (e.g. isopropyl methacrylate (24)) collapse in aqueous 

solvents and hence swell less than the microgels with hydrophilic ones (e.g. acrylic acid (1)).  

  

1.1.4.1.1 The effect of temperature  

  

 
VPTT 

Temperature 

Figure 1.4  Schematic illustrating the conformational change at the VPTT for thermo-responsive microgels 
(3)  
  
  

Microgels are temperature sensitive when the main monomer forming it exhibits temperature 

sensitive behavior in a specific solvent.  The best known temperature-sensitive polymer is 

p(NIPAM) whose particles are sponge like. It swells and deswells according to temperature 

changes of the surrounding media. The temperature where the highest size change occurs 

(VPTT) of the microgel can be modulated by the addition of co-monomers of different 
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hydrophilic/hydrophobic properties. Accordingly, co-polymer microgels can acquire a range 

of VPTT values dependent on the type of co-monomer incorporated (10).   

  

Below the VPTT, both the polymer-polymer and polymer-solvent interactions are weak, the 

interstitial spaces between the microgel particles are filled with water and the microgel 

particles are swollen {Pelton, 1986}. Above the VPTT, the polymer-polymer interactions 

become stronger than the polymer-solvent ones and so the polymer particles tend to collapse 

(Figure 1.4). When the temperature is increased, the polymer chains tend to interact with 

each other rather than with the solvent molecules and the hydrogen bonding between the 

polymer chains and the solvent molecules is reduced, this causes most of the solvent 

entrapped within the interstitial spaces of the polymer matrix to be expelled, forming hard 

sphere particles and the microgel tends to shrink. During this collapsed state, the particles 

are dispersed; this is due to the repulsion between the similar ionic charges on the particle 

surface caused by the ionic initiators.  This process (deswelling) is reversible, so if the 

temperature goes back below the VPTT, the interactions between the polymer and the solvent 

improve and the microgel swells again {Pelton, 1986}.   

  

1.1.4.1.2 The effect of pH  

Microgels sensitive to both pH and temperature can be prepared by incorporating acidic or 

basic co-monomers into p(NIPAM) microgel matrix. An example of this is the p(NIPAMco-

acrylic acid) microgel (18). The pH conformational transition point depends upon the pKa of 

the functional groups incorporated. At pH values below the pKa of acrylic acid, the microgel 

particles are in a collapsed state but when the pH is more than the pKa, the electrostatic 

repulsion forces between the ionized acrylic acid molecules within the polymer matrix cause 

the gel to acquire a more swollen configuration (Figure 1.5).  

  

 
 pKa pH 

 Figure 1.5 Schematic illustrating the conformational change at the pKa of the monomer for pHresponsive 
microgels (25)  
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1.1.4.2 Electrophoretic mobility   
The electrical properties of microgels are induced by the surface charge of the particle, which 

is caused by the initiator. The surface charge arises during the microgel synthesis, the formed 

oligomers have hydrophilic heads and hydrophobic tails •Mx+1SO4
- (Figure 1.3). These 

oligomers then aggregate together forming micelles and since the solvent is water, the 

hydrophilic groups are on the surface (in contact with the solvent) while the hydrophobic 

ones are inside. The electrophoretic mobility of a microgel is temperature dependant. In the 

swollen state, a microgel particle has an electrophoretic mobility close to zero and increases 

by heating as the temperature reaches the VPTT (26).    

1.1.5 Characterization of microgels  

Several methods have been reported for the characterization of microgels (summarized in Table 

1.1).  

Table 1.1 Characterization methods of microgels  (2)  
TECHNIQUE  PARAMETER  REFERENCES  

Dynamic light scattering 
(DLS)/Photon correlation 
spectroscopy (PCS)  

Hydrodynamic diameter and 
polydispersity  

(23, 27-30)  

Static light scattering (SLS)  Particle molecular weight  (31, 32)  

Gel permeation 
chromatography (GPC)  

Molecular weight and 
polydispersity  

(33)  

Nuclear magnetic resonance  

(NMR)  

Internal structure  (24, 35)  

Transmission electron 
microscopy (TEM), Scanning 
electron microscopy (SEM)  

Visual assessment of the particles, 
measuring of particles diameter  

(14, 27, 30)  

UV-vis spectroscopy  Determination of VPTT, 
monitoring stability/flocculation   

(24, 35, 36)  

Small-angle neutron 
scattering (SANS)  

Particle composition  (3, 27, 30)  

High sensitivity differential  

scanning calorimetry 
(HSDSC)  

Thermodynamic properties, 
determination of VPTT  

(37)  
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1.1.5.1 Dynamic light scattering   

Dynamic light scattering (DLS) is widely used in the colloidal dispersion studies due to its ability 

to estimate the size, interactions and electrophoretic mobility of the particles (25).  

When a beam of light is directed at a colloidal sample, some of the light is absorbed, while 

the rest either pass through the sample or is scattered by it. The light scattered by the colloidal 

microgel particles is the cause of the opaque, milky nature of these dispersions. When an 

incident beam of light hits the sample, it induces periodic oscillations in its electric field. 

These oscillations act as secondary sources for the emission of scattered light. The intensity 

of the scattered light increases by increasing the difference between the refractive index of 

the dispersed particles and that of the dispersion medium (25).  

Dynamic light scattering is mainly used for measuring the hydrodynamic diameter of 

submicron particles such as microgels (24, 38). It is also used for monitoring the 

conformational behaviour of the microgel particles in different solvents as a function of 

temperature. DLS measures the Brownian motion of the particles in the dispersion and then 

relates it to the size of the particles. Brownian motion can be defined as “the random 

movement of particles due to the bombardment by the solvent molecules surrounding them.” 

For systems where the particles undergo Brownian motion, the intensity of the scattered light 

fluctuates when detected by a suitable optical arrangement. The rate of fluctuation of the 

intensity of the dispersed light depends upon the size of the particles. Using the rate of the 

fluctuation of the intensity of the dispersed light, the particle diffusion co-efficient can be 

calculated (40). Using the Stokes-Einstein equation, the particle diameter can be calculated 

using the diffusion coefficient of spherical particles. This can be achieved using dilute 

dispersions, where the interactions between the particles can be neglected (25). The relation 

between the diffusion coefficient of a suspended material and the frictional coefficient of its 

particles is given by Einstein’s law of diffusion:  

  

 Df = kBT  Equation 1.4  

  

Where; D is the diffusion co-efficient, f is the frictional co-efficient, kB is Boltzmann’s constant and 

T is temperature.  

  

  
The frictional coefficient of spherical particles is given by Stoke’s law of diffusion:  
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 f = 6πηRh  Equation 1.5  

  

Where Rh is the hydrodynamic diameter of the particles and η is the solvent viscosity.  
  

Combining the above two equations, allows the calculation of the hydrodynamic diameter of 

a particle from its diffusion coefficient (Stoke-Einstein equation):  

  
kBT  

 Rh =   Equation 1.6  
3πηD  

  

In this case, the particle diameter is referred to as the hydrodynamic diameter due to its relation to the 

particle diffusion through a liquid (40).  

  
Figure 1.6 Optical arrangement of the Zetasizer for size measurements (25, 40)  

   

Figure 1.6 illustrates the optical arrangement of the Zetasizer. The laser beam represents the 

light source, which illuminate the sample in the cell. In case of dilute dispersions such as 

microgels, some of the laser beam is scattered by the particles, while most of it passes through 

the sample. The scattered light is measured by the detector which is placed at 173oC from the 
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laser beam, which passes straight through the sample. The detector is placed in this position 

to detect the backscattered light. The advantages of the detector can be summarized as 

follows: (1) it reduces the multiple scattering, since the laser beam is not required to pass 

through the whole sample and (2) using back-scattered detection will partially exclude the 

effect of large particles (such as dust), since the large particles generally scatter light in a 

forward direction (39). The function of the attenuator is to optimize the intensity of the light 

beam passing through the sample. It prevents the saturation of the detector by reducing the 

intensity of the laser beam passing through a strong scattering sample or increase it in case 

of a weakly scattering one. The attenuator can also change the position of the measurement 

point from the center of the cuvette in order to obtain optimum scattering. The scattering 

signal passes from the detector to a digital processing board called the correlator.  This 

correlator determines the rate of change in intensity by comparing the scattering intensity at 

successive time intervals. The data then passes from the correlator to the computer where it 

is analyzed by the software to derive the hydrodynamic diameter (40).  

  

1.1.6 Colloidal stability and interactions of microgels  

To make good use of colloidal systems, such as microgels, it is very important to study the 

stability of these systems (1, 40). A colloidal system is said to be stable when the particles 

remain dispersed as single particles for a long period of time such as months or years (39). 

Stability can be achieved using the balance of attractive and repulsive forces between the 

colloidal particles.   

  

Properties of the colloidal systems are determined by factors such as (41):   

• Particle size  

• Particle shape and flexibility  
• Surface properties (including the surface charge density)  
• Particle-particle interactions  
• Particle-solvent interactions  
• Temperature, pH and ionic strength of the particulate system.  

  
Since the stability depends upon two kinds of interactions (particle-particle and 

particlesolvent interactions), the stability between particles of the same size differs from that 

between particles of different sizes in the same medium. While suspended, there are many 

factors that cause the particles to display random particle collisions; these factors include 

thermal, hydrodynamic, external forces such as shear, agitation, flow and intrinsic Brownian 
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motion. In the case of large particles, sedimentation can also be an effective factor (1). These 

collisions may cause the particles to be rebound or to aggregate, this aggregation may cause 

a permanent contact called coagulation or a temporary one called flocculation. Figure 1.7 

shows the possible types of interactions in a colloidal dispersion.  

    

 

 Figure 1.7 Types of possible emulsion interactions in a colloidal system (15)  

If the aggregating system is made up of one type of particle, then the process is called 

homoaggregation, while in the case of different kinds of particles, it is heteroaggregation, 

heterocoagulation or heteroflocculation (2). Permanent irreversible particle contact is 

generally referred to as heterocoagulation. Temporary reversible particle associations are 

defined as heteroflocculation and heteroassociation, while the term heteroaggregation is 

generally applied for particle aggregation. Colloidal particles have different particle size, 

composition, shape, surface charge and surface potential (1). Particles with dissimilar 

surfaces are more likely to react with each other than those of the same type (42-45).   

  
1.1.6.1 Electrical double layer  
In aqueous colloidal dispersions, particles usually possess a surface charge. The origins of 

this charge include the ionization of surface charge groups, differential loss of ions and 

adsorption of charge species.  The surface charge affects the distribution of nearby ions in a 

polar solution where ions of the same charge (co-ions) are repelled and those of opposite 

charge (counter-ions) are attracted to the surface. This leads to the formation of an electrical 
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double layer; Figure 1.8 shows the negatively charged particle surface is surrounded by 

positively charged counter ions.  

  

 
  

  

  

 Figure 1.8 A schematic representing the electrical double layer  
  

1.1.6.2 Origins of surface charge  
Microgel particles suspended in an aqueous solution usually carry an electric charge. The 

surface charge arises from various sources that depend upon the dispersion media as well as 

the nature of the particle. When particles are dispersed in a liquid, the dissociation of the 

functional surface groups and/or adsorption of ions are the most important sources of surface 

charge. A net surface charge can be acquired by the unequal adsorption of oppositely charged 

ions (46).  

  

1.1.6.3 Double layer interactions  

In aqueous solution, ionized particles interact with each other by electrostatic forces. These 

interactions are affected by two main factors; oppositely charged ions are attracted to each 

other (at least loosely) and electrostatic forces are screened by ions in the bulk solution (46).  
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The electrical double layer consists of two main regions; an inner region where the ions are 

strongly bound (Stern layer) and an outer region where they are loosely attached (diffuse 

region). The diffuse layer is balanced by the electrostatic forces and the random thermal 

motion. The charge potential is maximized close to the particle surface and decays as the 

distance increases away from the particle surface till it reaches zero in the bulk solution.  The 

bound and the diffuse layers are separated by a surface (slipping plane or surface of shear) 

where the particles and the solution move in opposite directions when an external field is 

applied. The electrostatic potential on that surface is called the zeta potential (46).  

  

1.1.6.4 Stern potential  

The Stern double layer model is usually used to describe the charge distribution. 

Electrokinetic measurements are used to estimate the Stern potential (Ψd). Electrical charges 

on the surface of the particles cause them to be affected by an applied electrical field; this is 
defined as electrokinetic effects. The electrokinetic behavior of a particle mainly depends on 
the potential at the slipping plane between the charged surface and the electrolyte solution. 
This potential is called the electrokinetic or zeta potential (ξ) (46).  

  

1.1.6.5 Electrophoresis  

The movement of a charged entity in a surrounding fluid with an electric field either causing 

or resulting from it is referred to as electrophoresis. When an electric field is applied across 

an electrolyte, charged particles suspended in the electrolyte are attracted towards the 

electrode of the opposite charge. The velocity of the particle movement depends upon the 

strength of the electric field, the dielectric constant, the viscosity of the medium and the zeta 

potential. The velocity of the particles in a unit field is called “electrophoretic mobility”. For 

hard particles where there is a well-defined boundary, the electrophoretic mobility may be 

translated into zeta potential. This however is not the case for microgels as they have a diffuse 

outer layer. The exact position of which is not well defined. The electrophoretic mobility of 

a particle can be related to its zeta potential using the Henry equation for conducting and 

non-conducting spheres (46):   

  

  

  UE = Equation 1.7  
2 ε  ξ   f   ( ka )   

3η   
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Where UE = electrophoretic mobility, ξ = zeta potential, ε = dielectric constant, η = viscosity 

and f(ka) = Henry’s function which describes the thickness of the double layer and the 

particle diameter.  

  

Particles dispersed in non-polar media have a minimum f(ka) of 1 while those dispersed in 

polar media have a maximum f(ka) value of 1.5. This value is used in the Smoluchowski 

approximation (46):  

  
UE = Equation 1.8  

  

  

So, for systems that fit the Smoluchowski model, the zeta potential can be directly calculated 

from the electrophoretic mobility. An example of such a system is dispersion of particles of 

particles size larger than 200 nm with an electrolyte concentration of 10-3 M NaCl (46).   

  

1.1.6.6 DLVO theory  

The acronym DLVO refers to the two names of the groups who developed this model. These 

are Derjaguin and Landau (47) in 1940 and Verwey and Overbeek (48) in 1948. The model 

describes the changes in potential energy resulting from colloidal forces when two spherical 

monodispersed particles approach each other. Colloidal dispersions are characterized by the 

tendency of their particles to aggregate. When particles are dispersed in a liquid, they undergo 

continuous collisions. The interaction between the particles during collisions determine the 

stability of the dispersion (47,48). Particle aggregation is mainly caused by the long range 

van der Waals attractive forces between particles. So, to sustain the dispersion stability, an 

equal long-range repulsive force (usually electrostatic) is required to counteract van der 

Waals attractive ones.   

  

DLVO theory assumes the stability of a colloidal system is accounted for by the interaction 

between charged colloidal particles. It is used to calculate the sum of the total potential 

energy (VT), this includes the van der Waals attractive potential (VA) initiated when the 

particles approach each other and the repulsive electrostatic potential (VR) (arising from the 

electrical double layer around the particle) which prevents particle aggregation (equation 

1.13).   

2   ε ξ   

3η   
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  VT = VA + VR  Equation 1.9  
  

Dispersions that are mainly stabilized by electrostatic repulsion aggregate in the presence of 
an electrolyte due to the compression of the electrical double layer. This enables the particles 
to come in close contact with each other allowing van der Waals attractive forces (VR) to 

predominate and induce aggregation.  When VR ˃ VA, the particles are stable, while when 

VR < VA, they tend to aggregate.  

  

  

 Figure 1.9 A schematic representing the DLVO potential energy diagram showing 
interaction  curves; van der Waals attractive forces (VA) and electrostatic repulsive forces (VR) and 
the net  total interactive forces (VT) (47-49)  

  

Figure 1.9 represents the interaction energy – distance curve which highly affects the colloid 

stability. When the distance between particles is large, the secondary minimum occurs where the net 

attractive forces dominate over the repulsive ones. The secondary minimum provides a metastable 

dispersed state. The primary minimum is the lowest energy state and it occurs when the particles are 

almost in contact.  

  

When the distance between two particles is large (˃100 nm), both the attractive van der Waals 

(VA) and the repulsive electrostatic forces (VR) have no influence on the particles. When the 

particles get closer, both VA and VR increase but VA increase faster (VA ˃ VR), so, it 

dominates leading to VR forming a secondary minimum promoting aggregation. When the 

separating distance between the two particles further decreases, VR dominates over VA 



Introduction    Chapter One      
  

17  
  

preventing aggregation and leading VT to form a primary maximum. This represents the 

energy barrier that must be overcome before the particles can aggregate (47). At very small 

separating distances, VA dominates again leading to particle aggregation (in the primary 

minimum), aggregation that occurs in this stage is irreversible.    

  

1.1.7 Fluorescent microgels  

Many co-monomers have been incorporated into microgel particles to confer a new property 

to environmental responsive particles. Synthesis of coloured and/or fluorescent particles have 

been carried out recently and used for different applications.  

  

Liu et al. have synthesized a NIPAM based smart microparticle incorporating picolinamine 

based acceptors (Cu2+ detector) and a fluorophore (dansylaminoethyl – acrylamide) for the 

selective determination of Cu2+. This has provided a Cu2+ detection system that can be 

dispersed in water and also enhanced the detection sensitivity of Cu2+. When the temperature 

is below the VPTT, the fluorescent microgel particles are swollen and can selectively bind 

to Cu2+ leading to the quenching of the particle fluorescence intensity. When the temperature 

increases above the VPTT, the detection limit of the particle highly improves (the particles 

can detect even lower amounts of Cu2+). For example, for a particle concentration of 3 x 10-

6 g/mL, the Cu2+ detection limit below the VPTT is 46 nmol while above the VPTT it 

decreases to 8 nmol (50).   

  

In 2010, Chen-Yen Chen and Chao-Tsen Chen incorporated 3-hydroxyflavone (3-HF) in  

p(NIPAM) particles to produce fluorescent thermo-sensitive microgel particles. 3-HF is 

characterized by the display of a dual band emission band associated with normal excited 

state intramolecular charge transfer. 3HFs display a greenish emission in polar and aprotic 

solvents and a blue one in highly polar and protic solvents. Based upon this property, the new 

p(NIPAM-co-3HF) acquired/displayed a two-band fluorescence that changes around the 

VPTT. Below the VPTT, the particles are swollen in the surrounding aqueous media which 

acts as a highly polar and protic environment which leads to a blue fluorescent emission. 

When the temperature exceeds the VPTT, the particles shrink leading to a more hydrophobic 

environment giving rise to a greenish emission. The fluorescence shift is characterized by 

being sensitive and reversible. The authors suggested the use of the new particles as a 

thermometer especially because the sensing temperature range is in the range of 33-40°C 
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which makes it a very suitable candidate for the use in measurements of biological activity 

such as cell imaging (51).    

  

Other trials to incorporate fluorophores in environmental responsive microgel particles 

include the incorporation of azo-dyes (52) and pyran based fluorophores (53). Suggested 

applications for such particles include sensors and dye-sensitized solar cells, respectively 

(53).  

  

1.1.8 Applications of microgels  

The properties of microgels can have many applications. Examples of the fields where microgels can 

be used include:  

  

 Drug delivery systems (54-59)  

 Cosmetic and pharmaceutical applications (10, 60, 61)  

 Surface coating industry (3, 62)   

 Printing industry (3)  

 Biosciences application (8)  

 Water purification (63)   

 Oil recovery (64)  

 Microgels in Biotechnology (65)  

 Removal of water from biodiesel (66)  

 Treatment of dentinal hypersensitivity (25)  

 Templates for nano-particle synthesis (59)  

  

  

  
  

1.1.8.1 Microgels as drug delivery systems  

Site specific drug delivery mainly aims at delivery of the drug to a certain organ and/or 

specific tissues in the body; it may also be used to accurately control the release rate of the 

drug. The development of polymer and material science caused a great improvement in the 

drug delivery systems and thus serving the pharmaceutical aspects.   
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One of the main limitations of traditional drug delivery systems is the management of the 

system to release the required amount of the drug at a specific rate (67). The more the 

concepts of chronopharmacokinetics and the variations in the disease symptoms are 

understood, the more it becomes desirable to find an ideal drug delivery system that 

overcomes the disadvantages of the traditional ones. The assumed system should release a 

specific amount of the drug, in a specific site in the body at a specific rate. It is also suggested 

that the system releases the drug in response to the need of the body for the drug, for example, 

a drug delivery system that releases insulin according to the blood sugar level. The swelling 

properties of microgels enable them to play the role of a drug delivery system that can protect 

sensitive drugs and control the release of rapidly metabolized ones. Many scientists are 

currently testing the ability of microgels to play this role especially as oral or transdermal 

drug delivery systems.   

  

1.1.8.1.1 Microgels and oral drug delivery  

The ability of the microgel to change its conformation according to the surrounding 

environmental conditions can be used for oral drug delivery. Since stomach conditions are 

different from those outside the stomach, pH/temperature sensitive microgels were used for 

the delivery of peptide and protein drugs. The controlled delivery of insulin using 

(Nisopropylacrylamide/butyl methacrylate/acrylic acid) co-polymer microgels was tested 

(66). Under environmental conditions similar to the stomach (pH 2, which is below the pKa 

of acrylic acid), the microgel particles are collapsed and thus the drug cannot be released. 

Under environmental conditions similar to the gastrointestinal tract (pH 7.4, which is above 

the pKa of acrylic acid), the microgel particles swell and start releasing the insulin slowly for 

eight hours.  

  
1.1.8.1.2 Microgels as transdermal drug delivery systems  

The ability of thermo-responsive microgels to play the role of a model transdermal drug 

delivery system was studied by Snowden et al. (69). The surfactant-free emulsion 

polymerization technique was used to synthesize a microgel based on a co-polymer of 

p(NIPAM-co-10 % butyl acrylate)  

  

Inspite of the great progress in the field of drug delivery, protein macromolecules still rapidly 

degrade due to their sensitivity to the surrounding environmental conditions. This made the 

parenteral route the most convenient one for protein macromolecules. The entrapment of the 

biomacromolecules (as proteins) enables its administration as an injection. Different 



Introduction    Chapter One      
  

20  
  

materials are used as polymers and co-polymers, providing a wide range of hydrophilicity 

and hydrophobicity; examples of these are the poly(D, L lactidecoglycolide).   Being “soft 

and rubbery” and with water content, microgels are like natural living tissues causing 

minimal irritation to the surrounding tissues; furthermore, microgels exhibit all the properties 

required for a drug delivery system such as environment responsiveness, injectability, 

degradability and biocompatibility (7).  

  

1.2 Environmental responsive surfaces  

1.2.1 Deposition of microgels on surfaces  

Recently, environmental responsive surfaces have attracted the attention of many researchers 

due to their potential applications (53, 50-74). Researchers have deposited environmental 

responsive particles on different surfaces using different techniques, qualitatively tested their 

response to environmental conditions and studied the possible applications of the new 

surfaces (75-78). However, very few scientists have approached the quantitative analysis of 

the deposition of environmental responsive particles on surfaces (79). Determining the 

amount of particles deposited on surfaces is very important in order to determine the extent 

of response of the surface to environmental conditions and also for commercial 

considerations. To move the suggested application from the research phase to a practical 

application one requires a clear understanding of the amount of particles that can be deposited 

on each surface and the factors affecting deposition.  

  

Burdokova et al. (80) have studied the p(NIPAM) induced hydrophilic/hydrophobic 

transition, the effect of p(NIPAM) on the surface charge of silica surfaces and the p(NIPAM) 

induced hydrophobic attraction and adhesion between silica surfaces using contact angle 

measurement, zeta potential measurements and atomic force spectroscopy, respectively. The 

contact angle measurement results showed that the presence of p(NIPAM) at silica glass 

surfaces causes the silica surfaces to become more hydrophobic. Increasing the molecular 

weight of the p(NIPAM) leads to a significant increase in the degree of hydrophobicity, 

regardless of the temperature. However, if the temperature is raised above the LCST, the 

increase in hydrophobicity is significantly greater than that at a lower temperature.  The zeta 

potential measurements showed that at room temperature at pH 6, the silica surfaces carry a 

strong negative charge. However, the zeta potential decreases at 50°C. The results also 

showed that zeta potential significantly decreases by increasing the molecular weight of the 

polymer regardless of the temperature. The authors explained that the addition of a non-ionic 
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polymer onto the charged silica surface shifts the shear plane away from the surface of the 

particles leading to a decrease in the diffusion layer potential (zeta potential). The results also 

showed that p(NIPAM) adsorbs on a silica surface at low temperature (below the LCST) but 

to a much lesser extent than at a higher temperature. The atomic force microscopy (AFM) 

results showed net repulsive forces between silica surfaces both in the presence and absence 

of p(NIPAM); the surfaces with higher molecular weight p(NIPAM) showed longer range 

repulsion which was attributed to steric repulsion.   

  

Studies revealed that p(NIPAM) can be highly useful in facilitating mineral aggregation and 

consolidation (80). During mineral flotation procedures, p(NIPAM) can serve as an effective 

flotation collector (these are reagents that render the surfaces more hydrophobic and thus 

enhance its attachment to air bubbles). At high temperature (above the LCST), when 

p(NIPAM) is adsorbed on the surface of the mineral particles, it increases its hydrophobicity.   

  

Zavgorodnya and Serpe (79) also studied the deposition of microgels onto solid surfaces. 

They deposited p(NIPAM-co-acrylic acid) (AA) on glass substrates coated with 

polyelectrolyte multilayers with different layer thickness and surface charges at different pHs 

(below and above the pKa of AA). These multilayers are composed of the polycation 

poly(allyl amine hydrochloride) (PAH) and the polyanion poly(sodium 4-styrenesulfonate) 

(PSS).  During their study they used different techniques such as digital image correlation, 

microgel counting, SEM and AFM. They concluded that the charge of the particles is the 

most important factor affecting the number of particles deposited on the surface.   

1.2.2 Applications of environmental responsive surfaces   

1.2.2.1 Control of protein adhesion  

The reaction of environmental responsive surfaces with proteins can be either specific or 

non-specific. Switching the adsorption of proteins on and off is desirable in both cases, each 

of which has its own application. The specific surface – protein interaction can be used to 

switch the adsorption/desorption of a specific protein on the environmental responsive 

surface and repel the other biological species available (73).   

  

Examples of non-specific protein binding on smart surfaces include the work of Alexander 

et al. (72). They managed to switch the adsorption/desorption of fluorescein isothiocyanate 

labelled bovine serum albumin (FITC-BSA) on p(NIPAM-co-hexadecanethiol) 

micropatterned surfaces tuned by the VPTT of the microgel. Meanwhile, this behavior was 
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less pronounced after repeated heating/cooling cycles or prolonged incubation. Also, 

Uhlmann et al. (51) managed to coat silicon surfaces with a pH-thermo-responsive polymer 

coating of poly(2-vinyl pyridine) and p(NIPAM). They used this system to control the 

binding of BSA adsorption by changing the temperature from below to above the VPTT.  

  

An example of the specific smart surface – protein interactions is the approach of Zhang et 

al. (81). They prepared a p(NIPAM) microgel with a metal chelate co-monomer N-(4vinyl)-

benzyl iminodiacetic acid. In the presence of Cu2+ ions, this co-monomer forms a                 

coordination complex with the template protein. Accordingly, the addition or omission of 

Cu2+ ions can be used to switch the imprinted microgel-protein interactions.   

  

1.3 Context  
This work aims at designing new NIPAM based particles to be used in different applications. 

Four new particles have been designed, synthesized, characterized using different techniques 

and used for a relevant application. One of the applications investigated in this work is the 

quantitative use of fluorescent p(NIPAM-co-5% vinyl cinnamate) microgel particles to 

produce smart surfaces. For p(NIPAM-co-5% lucifer yellow), toxicity studies were 

conducted aiming at studying the possibility of using these fluorescent temperature/pH 

responsive particles in drug delivery applications. Finally, the ability of p(NIPAM-co-5% 

acrylic acid)-hexenol to act as a surfactant was tested using two different oils (tricaprylin and 

hexadecane). Also, in this work, various techniques have been used to attach different co-

monomers to p(NIPAM) particles. These include direct polymerization, coupling reactions 

and esterification reaction.   
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Chapter Two Deposition of fluorescent poly(N-isopropylacrylamide-co-vinyl 

cinnamate) particles on solid surfaces: quantitative analysis and the factors 

affecting it  

  

2.1 Introduction    

The deposition of environmentally responsive colloidal microgel particles on surfaces has 

been carried out to produce environmentally responsive surfaces. The latter can be used in 

many applications such as the control of cell and protein adhesion, (1-4) and bioseparation 

(5, 6). For example, the reaction of stimuli-responsive surfaces with proteins can be either 

specific or non-specific, each of which has its own application. In the case of specific stimuli-

responsive surfaces, the interactions of proteins with the surface can be controlled in order 

to switch the adsorption/desorption of a specific protein onto/from the surface and repel the 

other biological species available (7). Alarcón et al. (1) managed to switch the 

adsorption/desorption of fluorescein isothiocyanate-labelled bovine serum albumin 

(FITCBSA) on poly(N-isopropylacrylamide-co-hexadecanethiol) (p(NIPAM-co-HDT)) 

micropatterned surfaces, which was controlled by the volume phase transition temperature 

(VPTT) of the microgel particles. This behaviour was less pronounced after repeated 

heating/cooling cycles or prolonged incubation. Burkert et al. (2) coated silicon surfaces 

with a pH-thermo-responsive polymer layer of poly(2-vinyl pyridine) and p(NIPAM). This 

system was used to control the binding of BSA adsorption by changing the temperature from 

below to above the VPTT. Qin et al. (3) prepared p(NIPAM) microgel particles with a metal 

chelate co-monomer N-(4-vinyl)-benzyl iminodiacetic acid. In the presence of Cu2+ ions, 

this co-monomer forms a co-ordination complex with the template protein. Accordingly, the 

addition or omission of Cu2+ ions can be used to switch the imprinted particle-protein 

interactions.   

  

In eukaryotic cell culture, some cells can be grown in free suspension while most cells 

derived from solid tissues need to be cultured on a solid surface. To lift the cells off the 

surface, common protocols include the use of digestive enzymes such as trypsin but as a 

consequence it is impossible to harvest completely intact cells. Using a stimuli-responsive 

surface for cell culture solves this problem. Changing environmental conditions (e.g. 

temperature) at the surface changes its physicochemical properties such as surface charge 

and hydrophilicity; this can be used to automatically switch the cell adhesion at the surface 
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on and off. Different physicochemical triggers were used to control cell adhesion, including 

electrochemistry, light and temperature (7).   

  

Edahiro et al. used a photo- and thermo-responsive surface (cell culture substrate) modified 
with a polymerizable spiropyran derivative and a copolymer of NIPAM to switch the 
adhesion of Chinese hamster ovary cells on and off (8). At 37°C, when the surface was 

irradiated with UV light (λ=365 nm), the spiropyran was isomerized to a zwitterionic 

merocyanine form, which caused the cells to adhere to the surface. Reversing the 

isomerization by irradiating the surface with visible light (λ=400 nm) and washing the 

surface with cold water caused the cells to be lifted off. Further experiments proved the 
viability of the cells after the UV and visible light irradiation.  

  

Other researchers have used exclusively thermo-responsive polymers such as p(NIPAM) to 

coat surfaces for different applications (4). At 37°C cells tend to adhere more to hydrophobic 

surfaces than to hydrophilic ones. Accordingly, using the latter will provide easier removal 

of the cells from the surface (7).   

  

One application of thermo-responsive polymer coatings is the separation of biomolecules. 

For example, silica beads modified with temperature-sensitive p(NIPAM) were used as a 

stationary phase for HPLC for the temperature-modulated separation of steroids and 

peptides.   

  

The Okano group (5) has made progress in designing new stationary phases. In 2006, they 

developed a new HPLC method for the analysis of non-steroidal anti-inflammatory drugs 

such as ibuprofen and ketoprofen (6). They designed a new temperature/pH sensitive 

stationary phase by modifying aminopropyl silica beads with a NIPAM-based microgel 

particles with two incorporated co-monomers: butyl methacrylate (BMA) and 

N,Ndimethylaminopropylacrylamide (DMAPAAm). Changing the temperature and pH 

caused the surface of the modified stationary phase to switch between 

hydrophilic/hydrophobic and charged/uncharged forms. Temperature changes can also 

cause the ion exchange groups to be exposed on the surface or hidden. This highly affects 

the retention time of the analytes. The authors suggest the new method will be suitable for 

the separation of charged biomolecules such as proteins, DNA and peptides, and they refer 

to this technique as “temperature-responsive chromatography.”   
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The work reported herein aims to determine the quantity of microgel particles deposited on 

different surfaces under specified conditions and to discuss the factors affecting it (substrate 

surface charge, surface roughness, hydrophilicity/hydrophobicity and the temperature at 

which the deposition/desorption processes take place). This is important to move the 

applications of stimuli responsive surfaces from the research phase to the practical 

application one with special consideration to the commercial factors associated with this 

process. To determine the amount of microgel particles deposited on a surface, a simple dip-

coating technique was used, where the solid surface was dipped into a microgel dispersion 

of known loading, then left for three hours before the concentration of the supernatant was 

measured to infer the number of microgel particles deposited on the surface. A new 

fluorescent-labelled microgel particle (poly(N-isopropylacrylamide-co-5% vinyl cinnamate) 

was synthesized and fluorescence spectroscopy was used to determine the concentration of 

the microgel particles in the dispersions before and after solid dipping. This increases the 

sensitivity and reliability of the quantitation of deposited particles.  

  

2.1.1 Vinyl cinnamate  
Vinyl cinnamate (Figure 2.1) is a fluorescent molecule that is partially miscible in water and 

is believed to possess nematicidal activity (9). It was reported that cinnamates are photo-

responsive and photo-cross-linkable and are therefore used in microelectronics (10).   

  

  
Figure 2.1 Molecular structure of vinyl cinnamate   
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2.1. Materials and methods  

2.2.1 Microgel synthesis   

In a 1 L reaction vessel, 1.84 mmol of the initiator 2,2-azobis(2-methylpropionamidine) was 

dissolved in 800 mL of distilled water. A three-necked lid was clamped to the reaction vessel, 

which was then heated to 70°C with continuous stirring. The monomer (41.97 mmol 

NIPAM), co-monomer (1.43 mmol vinyl cinnamate, VC) and cross linker (3.24 mmol N,N’-

methylenebisacrylamide) were stirred in distilled water (200 ml) then transferred into the 

reaction vessel containing the initiator and continuously stirred at 70°C for six hours under 

an inert atmosphere of nitrogen. When the reaction was complete, the microgel dispersion 

was allowed to cool to room temperature. Given the photosensitivity of VC, all the glassware 

used was wrapped in aluminium foil to protect the reaction from light and avoid the 

dimerization of VC molecules, which may have interfered with the polymerization reaction. 

The microgel dispersion was dialyzed in fresh de-ionized water changed daily for a week, 

centrifuged to decrease the water content and then the pellet was freeze dried.  The resulting 

novel poly(NIPAM-co-5% vinyl cinnamate) microgel particles are herein referred to as 

p(NIPAM-co-5%VC) .  

  

A 100% p(NIPAM) dispersion was also prepared using the same method (without 

incorporation of the VC co-monomer), so that the characteristics of the novel p(NIPAMco-

5% VC) co-polymer particles could be compared with those of a standard, well characterized 

system.  

  

2.2.2 Microgel characterization   

2.2.2.1 Dynamic light scattering  

Dynamic light scattering (DLS) measurements were carried out using a Malvern Zetasizer 

Nano ZS and a quartz cuvette with two polished windows (Starna Type 1). All samples were 

diluted with deionized water (1 mL of dialysed microgel dispersion was diluted with 2 mL 

of water) before measurements. The hydrodynamic diameter of the particles was measured 

in response to temperature change from 15 to 60°C). The temperature of the dispersion was 

controlled by a Peltier thermocouple. Data were collected every 1°C and the samples were 

equilibrated for 2 min before each data collection point. Three measurements, each 

consisting of 13 subruns, were taken at each temperature to obtain an average hydrodynamic 

diameter. The pH of the samples was adjusted to pH 3 or 10 using diluted HCl and NaOH 

to test for the effect of changing pH upon the size of the particles.  
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2.2.2.2 Fluorescence spectroscopy   

A Horiba Jobin Yvon Fluoromax 4 spectrofluorometer was used for fluorescence 

experiments to determine the mass of microgel particles either deposited, or subsequently 

desorbed from, each surface. Firstly, a calibration curve was obtained using a known 

concentration of p(NIPAM-co-5% VC) dispersion that was prepared by re-dispersing freeze 

dried particles in water then underwent serial dilution. All samples were excited at 300 nm 

and the full emission spectra (315-540 nm) were recorded with bandwidth of 5 nm at 25°C. 

A 10 mm path length quartz cuvette with four polished windows (Starna Type 3) was used 

for all the measurements.  

  

2.2.3 Slide surface treatments  

2.2.3.1 Glass and quartz  

Glass microscope slides were supplied by Sail Brand (75 x 25 mm, 1-1.2 mm thick). Quartz 

microscope slides (75 x 25 mm) were supplied by GPE Scientific Limited. To study the 

effect of surface treatment on the mass of microgel particles adsorbed on the surface, two 

types of glass surface were tested. The acid pre-treated glass and quartz slides were prepared 

in the same way: they were thoroughly washed with de-ionized water, sonicated in 

MeOH:HCl (1:1) (pH 0.12) for 30 min, thoroughly washed with de-ionized water, sonicated 

in 2 M H2SO4 for 30 min then finally rinsed with de-ionized water and stored in MeOH. 

The base pre-treated glass slides were thoroughly washed with de-ionized water, sonicated 

in MeOH:NaOH (1:1) (pH 11) for 30 min, rinsed with deionised water and stored in MeOH. 

Prior to use, all the slides were thoroughly washed with water and dried under N2.  

  

2.2.3.2 Stainless steel  

Stainless steel slides were supplied by Reco Engineering Components Limited (75 x 25 mm, 

1.2 mm thick). The slides were physically cleaned with wire wool, sonicated in 1.5% NaOH 

(pH 11) for an hour and then dried in oven at 50°C for an hour before use.   

  

2.2.3.3 Gold  

Clean microscope glass slides were coated with gold obtained from Agar Scientific by 

sputter coating from an Edwards 150B sputter coater. Both sides of the glass slides were 

coated before being kept in a clean container and used without any further treatment.   
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2.2.3.4 Teflon  

A PTFE plastic sheet stock was supplied by RS Company and laser cut into slides (75 x 25 

mm). The slides were thoroughly washed and sonicated for an hour in fresh soapy water 

(Teepol multipurpose detergent), then stored in fresh soapy water. Prior to use, slides were 

thoroughly washed with de-ionized water and dried under N2.   

  

2.2.4 Surface deposition/desorption of microgel particles   

Dip coating was used to deposit microgel particles onto the different slide surfaces. The solid 

slides were dipped into Petri dishes containing 20 mL of a 2% w/v dispersion of p(NIPAM-

co-5% VC). For each type of solid surface, three samples were coated (deposited) at 25°C 

and three at 60°C. Control experiments (of microgel dispersion alone, with no dipping of 

slides) were conducted in parallel to account for the adsorption of microgel particles on Petri 

dishes.   

  

The slides were left covered in the Petri dishes for 3 hours. The slides were then removed 

from the residual microgel dispersions, which were then analysed using fluorescence 

spectroscopy (Section 2.5.1).  

  

For desorption experiments, the solid slides previously used in the deposition experiments 

(Section 2.4.1) were dipped in Petri dishes containing 20 mL of deionized water and left for 

3 hours. Again for each type of solid surface, three samples were desorbed at 25°C and three 

were desorbed at 60°C. Parallel control experiments were carried out to account for the 

deposition of microgel particles on Petri dishes. The residual microgel dispersions were then 

analysed using fluorescence spectroscopy (Section 2.5.1).  

  

2.2.5 Surface characterization  

2.2.5.1 Fluorescence spectroscopy  

For the fluorescence measurements in all the deposition experiments, as well as the glass, 

quartz and stainless steel desorption experiments, the residual microgel dispersions 

remaining after deposition/desorption were firstly stirred then diluted by a factor of 1/4000. 

For the gold and Teflon desorption experiment fluorescent measurements, the residual 

microgel dispersions remaining after desorption were stirred but used undiluted. 

Measurements were carried out the same way as section 2.2.2.  
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The concentration of microgel particles (w/v) in the residual dispersions was calculated from 

the fluorescence intensity measurements using the calibration curve (Figure 2.4), then the 

mass of microgel particles in each residual dispersion was determined. The mass of microgel 

particles deposited was calculated by subtracting the mass of microgel particles in the 

residual dispersion from that in the control (2 % w/v microgel dispersion in a Petri dish that 

is treated the same as the sample).   

  

2.2.5.2 Atomic force microscopy (AFM)  

A Nanosurf easyscan 2 AFM was used to analyse both bare surfaces and surfaces with 

deposited microgel particles. Tapping mode was used using Tap190Al-G tips supplied by 

Budget Sensors. The image size per run was 10 µm by 10 µm at a resolution of 1024 lines, 

each containing 1024 points. The time per line was 1.5 s. Three sites per slide and three 

slides of each sample were tested to look at the uniformity of results.   

  

2.2.5.3 Energy dispersive X-ray spectroscopy (EDX)  

A Hitachi SU8030 FEG-SEM with a Thermo-Noran NSS system 7 EDX was used to 

determine the elemental composition of the bare solid surfaces before the deposition of the 

microgel particles.   

  

2.3 Results and discussion  

Cinnamic acid derivatives are widely used as fluorescent probes (11). They also possess 

some biological activity including an anti-tumor effect (11, 12). In this work, VC was used 

as a co-monomer to synthesize fluorescent colloidal microgel particles. The presence of a 

pendant vinyl group in the molecular structure of VC makes it readily polymerizable.   

  

2.3.1 Characterization of p(NIPAM-co-5% VC) microgel particles  

2.3.1.1 Size and VPTT  

Figure 2.2 shows the change in particle size of p(NIPAM-co-5% VC) in response to 

temperature change. The initial particle diameter (below the VPTT) is approximately 280 

nm and shrinks to 160 nm upon increasing the temperature above the VPTT. This is 

significantly smaller than 100% p(NIPAM) (synthesized in the same way) with a typical 

initial particle size of 550 nm (13) that shrinks to 290 nm above the VPTT. The incorporation 

of a hydrophobic co-monomer such as VC decreases the extent of water incorporation in the 

particle in comparison to 100% p(NIPAM), leading to a smaller particle size.  
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  Temp. (°C)  
  pH 10  pH 3 
  

 Figure 2.10 over a temperature range of 15-60°C 2 The effect of temperature (heating) on the particle 
size of p(NIPAM-co-5% VC) at pH 3 and 

  

Figure 2.2 also indicated that the VPTT of the p(NIPAM-co-5% VC) particles is around 

33°C, very similar to the VPTT of 34°C reported for the p(NIPAM) microgel particles (11). 

Together, these results confirm that incorporation of VC did not lead to a loss of 

thermosensitivity of the microgel particles but did influence (reduce) the particle size and 

extent of de-swelling.  

  

Figure 2.2 also shows no significant difference between the particle size at pH 3 and 10. This 

is because the VC molecule does not include ionizable groups that would be affected by the 

change in pH. The minimal difference observed between the two pH values can be attributed 

to the cationic initiator groups on the particle surface.  

  

2.3.1.2 Fluorescence spectroscopy  

In order to confirm whether the VC co-monomer had been incorporated into the microgel 

particle structures, the emission spectra of 100% p(NIPAM) was compared with that of 

p(NIPAM-co-5% VC) when excited at the same wavelength (300 nm) (Figure 2.3). There is 

a clear shift in the emission band when comparing the two spectra. Furthermore, the 

p(NIPAM-co-5% VC) has the same reported λem as that of VC (350 nm) (14), which also 
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supports the conclusion that VC was incorporated into the new particles. In order to 

determine the concentration (w/v) of dispersions containing an unknown quantity of 

p(NIPAM-co-5% VC), a calibration curve at 25°C was prepared (Figure 2.4).  

  

Figure 2.5 compares the response of 50 µg/mL p(NIPAM-co-5% VC) and 100% p(NIPAM) 

to changing temperature (heating-cooling) using fluorescence spectroscopy. When the 

temperature increases, the temperature-sensitive microgel particles shrink. This increases 

the local density of the incorporated VC fluorophores within the particle, leading to an 

increase in the overall fluorescence intensity of the microgel dispersion. The figure also 

shows that the VPTT p(NIPAM) is around 35°C while that of p(NIPAM-co-5% VC) is 

around 30°C. This is close to the VPTT shown by the DLS data in figure 2.2.   

  

Figure 2.5 shows that the fluorescence intensity of p(NIPAM-co-5% VC) is almost five times 

greater than that of 100% p(NIPAM) considering that both dispersions are of the same 

concentration. Therefore, addition of a VC fluorophore co-monomer provides a sensitive 

method (at a concentration of 50µg/mL) for the quantitative analysis of the concentration 

(w/v) of microgel dispersions.   

  

2.3.2 Characterization of solid surfaces   

2.3.2.1 Energy dispersive X-ray spectroscopy   

Figure 2.6 shows the EDX spectra and element composition of stainless steel, quartz, glass 

and Teflon samples used in this work as detected by EDX. The data show that the main 

component of stainless steel is iron followed by a considerable amount of chromium. This 

agrees with the results of Tanaka et al. (15). The stainless steel slides also contain nickel and 

traces of manganese. Unlike glass, quartz samples are purely composed of SiO2. EDX results 

show that the glass surface include sodium, calcium and traces of magnesium, aluminium, 

potassium and sulphur.   

  

The table also shows that the main constituents of Teflon used in this work are carbon and 

fluorine without any other impurities. This is to be predicted given that the Teflon molecular 

structure is CF2-CF2 (16).  
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   p(NIPAM)  p(NIPAM-co-5% VC) 
  
 Figure 2.3 Comparison between the emission spectra  

 of 50 μg/mL of 100 % p(NIPAM) and5% VC) in 

water, excited at 300 nm at 25°C  p(NIPAM-co  
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Figure 2.4 Calibration curve of p(NIPAM-co5% 
VC) in water at 25°C, excited at 300 nm and 
emitted at 350 nm  
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Figure 2.5 Fluorescence intensity of 50 µg/mL 100% p(NIPAM) and p(NIPAM-co-5% VC) in water in 
response to  heating/cooling from 15-60°C, excited at 300 nm and emitted at 350 nm  
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Element  Element  %  
 Fe  72.0   

Stainless Cr     Ni  18.57.7    steel 

Mn 1.7   

  

Element   Element    
%  

Si  46.7  O  53.3    
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Quartz  

  
Element   Element    

%  
Na  10.1  Mg 
 2.7   
 Al  0.8   

Glass SiS     33.80.1     

 K    0.5   
  Ca  5.1   

  
Teflon   

 Element  Element  
%  

 C  20.3   
 F  79.7   

Figure 2.6   Energy-
dispersive x-ray 
analysis (EDX) of 

stainless steel, quartz, glass and Teflon  
  

2.3.3 Factors affecting the mass of p(NIPAM-co-5% VC) deposited on different 

surfaces  

Table 2.1 shows the mass of microgel particles adsorbed on each surface based on 

fluorescence spectroscopy measurements. At 25°C (lower than the VPTT of p(NIPAM-

co5% VC), Figure 2.2). Stainless steel adsorbed the highest mass of microgel followed by 

glass pre-treated with base, glass pre-treated with acid, quartz, gold then teflon. The mass of 

particles deposited on steel was about five times that deposited on glass, ten times that 

deposited on quartz, fifty of gold and three hundred and sixty that on Teflon. Not only did 

steel have a large mass of microgel particles deposited on its surface but also a low 

desorption percentage and therefore the highest affinity towards the microgel particles.  
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At 60°C (above the VPTT of p(NIPAM-co-5% VC)) the mass of particles deposited on all 

surfaces was increased and, apart from base pre-treated glass, the percentage desorption 

decreased. The factors affecting the net mass of microgel particles deposited on or desorbed 

from the different surfaces will be discussed in detail below.  

  

2.3.3.1 Effect of surface charge   

For any given solid surface, usually there are functional groups expressed on the surface. 

The extent of ionization of these groups can be altered by changing the pH of the surrounding 

environment. This can be used to control the adsorption/desorption onto/from a solid 

surface. Therefore slide surface charge can be described by the point of zero charge (PZC). 

This is the pH where the net charge on the surface is zero (17).   

  

Stainless steel  

Takehara and Fukuzaki (18) reported the importance of stainless steel treatment on 

controlling its surface charge. They compared the surface charge of non-treated and 

acidtreated stainless steel and claimed that the surface charge is affected by the protonation 

(M-OH2
+) and deprotonation (M-O-) of the surface hydroxyl groups. Accordingly, acid 

treated stainless steel exhibited a protonated positive charge.  
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Table 2.1 Expected and measured characteristics of solid surfaces before deposition of microgel particles (surface charge, relative hydrophobicity and surface 

roughness), and microgel particle mass deposited and % desorbed from slide surfaces at 25°C and 60°C  
  
Slide surface  Expected 

slide surface 
charge1  

Contact angle with 

water and  

hydrophobicity/ 
hydrophilicity  

Measured 

average 

surface  

roughness  

Sa (nm)  

25˚C   60˚C   

Net mass microgel 
particles deposited 
(mg/m2)  

%  

Desorption  

Net mass microgel 
particles deposited 
(mg/m2)  

%  

Desorption  

Stainless steel  Negative  70-75° (21)  

Hydrophobic   

89.60  21.64 (3.87)  6.30  25.84 (1.10)  4.20  

Gold  Negative  56-66° (21, 22) 
Hydrophobic   

7.07  0.43 (0.02)  41.00  5.32 (2.88)  6.60  

Quartz  Slightly  
negative   

22° (23)  

Hydrophilic   

0.37  1.99 (1.60)  55.70  2.91 (2.22)  39.00  

Base pre-treated 
glass  

Negative  <10° (23)  

Hydrophilic   

0.02  4.83 (1.38)  0.06  8.94 (0.80)  19.00  

                                                 

1 Expected slide surface charge at pH of deposition microgel dispersion (pH 6.7) 2 

Standard deviations presented in brackets  

42  
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Acid pre-treated 
glass  

Slightly  
negative  

0.02  3.71 (0.85)  2.87  4.55 (1.89)  0.20  

102° (23)  
Telfon  Neutral  103.7  0.06 (0.03)  90.00  2.13 (1.15)  34.00  

Hydrophobic   
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Tanaka et al. (15) studied the concentration of hydroxyl groups on stainless steel surfaces 

and determined the PZC. The EDX data (Table 2.1) show a similarity between the 

composition of stainless steel used in this work and that used by Tanaka, who found 

untreated stainless steel to have a PZC of 5.6. Accordingly, it was claimed that the surface 

charge of stainless steel in a solution of pH 11 (far above the PZC) is negative.  

  

In this work, stainless steel samples were sonicated in NaOH (pH 11) to expose the surfaces 

to a pH far above the PZC to ensure that the surface charge of the slides was negative prior 

to immersion in the microgel dispersion. Also, knowing that the pH of the microgel 

dispersion used for adsorption experiments carried out in this work is 6.7 (still above the 

PZC of stainless steel), it can be concluded that the surface charge of stainless steel 

immersed in the microgel dispersion remains negative. The negatively charged stainless 

steel surface electrostatically attracts the positively charged microgel particles (which are 

cationic due to the initiator used during the particle synthesis). This increases the mass of 

microgel particles deposited on the surface as well as decreases the percentage desorption 

and hence stainless steel showed a high net deposited mass of microgel particles (Table 2.1).   

  

Glass and quartz  

When immersed in a liquid, the surface charge of glass depends on its chemical composition 

and the pH of the solution. This can either cause the association or dissociation of protons 

to/from the oxide surface leading to positive or negative surface charge, respectively 

(Equations 2.1a and b) (19, 20).  

  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑆𝑆+ ⇌ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2+  (a)  
   Equation 2.1  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ⇌ 𝑆𝑆𝑆𝑆𝑆𝑆− + 𝑆𝑆+ (b)  

  

The point of zero charge of glass is pH 3.5, while that of silica is pH 2.8 (24). In this work, 

glass slides pre-treated with acid and base were used, whilst quartz samples were treated 

with acid.   

  
For the base pre-treated glass samples, the pH of the solution used for sonication was much 

higher than the PZC of glass. So, the glass slide surface charge at this point was considered 
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to be strongly negative. When immersed in the microgel dispersion with a pH above the 

PZC, the glass surface charge is still expected to be strongly negative.   

  

For the acid pre-treated samples (glass and quartz), the pH of the solutions used for treatment 

was much lower than the PZC of both glass and quartz, so the surface charge of the treated 

sample surfaces was considered to be positive, with SiOH2
+ groups dominant on the surface 

prior to immersion in the microgel dispersion. When immersed in the microgel dispersion 

with pH (6.7) above the PZC of both glass and quartz, surfaces are expected acquire a low 

magnitude of negative charge. In comparison to the base pretreated glass samples, both glass 

and quartz pre-treated with acid are expected to have relatively fewer negative charges on 

their surface.    

  

Table 2.1 shows that the mass of microgel particles deposited on glass samples pre-treated 

with a base (highly negatively charged) was more than that deposited on those pre-treated 

with acid (with relatively less negative surface charge than the base treated slides). Also, the 

percentage of desorption of particles from base-treated glass samples was much less than 

that of the acid-treated ones at 25°C. This is attributed to the strong electrostatic attraction 

between the highly negatively charged surface (base pre-treated samples) and the positively 

charged particles; these forces are much less for the acid pre-treated slides and hence the 

much higher percentage desorption. This indicates that the effect of substrate surface charge 

on the mass of deposited particles is pronounced.   

  

At 60°C, the same pattern of results is observed except that the percentage desorption of 

particles from the base treated glass is higher than that desorbed from the acid treated one 

(Table 2.1). This could be due to increased repulsion forces between the positively charged 

particles (which have an increase in surface charge density when the temperature exceeds 

the VPTT) (25).   

  

Gold   

Barten et al. (26) studied the deposition of linear positively charged poly(2-vinyl pyridine) 

(PVP+) on a gold electrode. Knowing that the PZC of gold is 4.9 (26), they studied the effect 

of changing the pH in the range of 3.5 to 6 (it is claimed that the surface charge of gold is 

constant above pH 6) (26). A slight increase in the adsorbed amount of PVP+ upon increasing 

the pH of the solution was reported. This can be attributed to the increase of the electrostatic 
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attraction forces between the negatively charged surface (gold in pH above 4.9) and the 

positively charged PVP+.   

  

In this work, gold-coated glass was immersed in a microgel dispersion of pH 6.7. Being 

above the PZC of gold (4.9) (26), the surface was then expected to be negatively charged. 

This suggests the presence of electrostatic attraction forces between the negatively charged 

substrate surface and the positively charged particles which is expected to result in a high 

net deposition mass of microgel particles. However, Table 2.1 shows that the mass of 

microgel particles deposited on gold substrate surfaces is the second lowest deposited mass 

when compared to the other surfaces. This can be attributed to the magnitude of negative 

charge on each substrate surface.  

  

Teflon  

The molecular structure of Teflon is a polymer of tetrafluoroethene. The absence of ionisable 

groups in the polymer suggests that the surface is neutral. Also, the CF3 backbone minimizes 

the Van der Waals interaction forces between Teflon surfaces and anything that comes in 

contact with them. For these reasons, Teflon surfaces are said to have low surface energy 

and hence used as non-stick materials. So, the effect of the substrate surface charge is 

expected to be eliminated in this case. This is reflected by the fact that the mass of microgel 

particles deposited on Teflon was observed to be the least compared to the other substrates.   

  

The expected surface charge of each surface and their relative hydrophobicities are 

summarized in Table 2.1. An electrostatic attraction force is generated between the 

negatively charged surfaces (stainless steel, base pre-treated glass, acid pre-treated glass, 

quartz and gold) and the positively charged microgel particles. For the acid pre-treated glass 

and quartz samples, the electrostatic attraction force between the surface and the particle is 

expected to be less than that between the base pre-treated glass sample and the particle. On 

the other hand, Teflon is neutral and thus there is no electrostatic force in this case.   

  
Table 2.1 shows that the highest mass of deposited particles and the lowest desorption 

percentages were observed for stainless steel, base pre-treated glass, acid pre-treated glass, 

quartz and gold (negatively charged surfaces), while the neutral surface (Teflon) had the 

lowest deposition mass and the highest desorption percentage. Accordingly, the data suggest 

that the surface charge affects the mass of microgel particles adsorbed on/desorbed from 
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surfaces. The magnitude of the slide surface charge is also thought to be a significant factor 

affecting the adsorption/desorption of microgel particles on/from different negative 

surfaces. It was not possible to measure this within the scope of this study, however, as per 

discussed, an estimate of the relative surface charge could be inferred (e.g. acid pre-treated 

glass was less negatively charged than the base pre-treated one).   

  

For the same surface (glass), increasing the negative surface charge on the glass slide by 

treating it with a base rather an acid increases the electrostatic attraction force between the 

negative glass surface and the positive microgel particle which increases the mass of 

deposited microgel particles (Table 2.1).   

  

At 60°C, the ranking of different solid surfaces considering the adsorption/desorption of 

microgel particles on/from the surface is similar to that at 25°C. The minor changes observed 

(for example, at 25°C the mass of microgel particles adsorbed on acid pre-treated glass is 

more than that adsorbed on quartz while at 60°C, the opposite is observed) are thought to be 

due to the increased particle surface charge at 60°C (above the VPTT) which increases the 

electrostatic repulsion between particles. Also, the difference between the magnitude of 

surface charge of the different solid slide substrates will be an important factor.    

   

2.3.3.2 Effect of surface roughness  

Surface roughness (Sa) is a description of the “irregularity” of a surface (27). Figure 2.7 and 

Table 2.1 provide AFM topography images of each surface and the roughness average (Sa) 

of different surfaces before the deposition of microgel particles. These can be determined 

from line profiles across a section of surface (Equation 2.2).  

  

 𝑆𝑆𝑎𝑎 𝐿𝐿 0|𝑑𝑑𝑥𝑥  Equation 2.2  
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Figure 2.7 AFM topography and line profile for glass, quartz, stainless steel, gold and Teflon before deposition of 
microgel particles  
Where L is the evaluation length, z is the height and x is the distance along measurement  

(roughness profile). Sa is the area between the roughness profile and its mean line (Equation 

2.2) (27). The higher the Sa value, the deeper and/or wider are the pores on the sample 

Glass   

  

Quartz   

  

Stainless   

Steel   

  

Gold   

  

Teflon   
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surface. These pores can trap microgel particles inside and increase the surface area where 

the particles can be adsorbed. The Sa values of the solid surfaces before the deposition of 

microgel particles (Table 2.1) show that Teflon has the highest surface roughness used in 

this work, followed by stainless steel, gold, quartz and glass, respectively. Comparing the 

surface roughness data (Table 2.1 and Figure 2.7) to that of deposition (Table 2.1), one can 

conclude that the degree of irregularity of the surface does not affect the mass of microgel 

particles deposited on/desorbed from it. For example, at 25°C, Teflon had the highest Sa and 

yet it had the lowest adsorption and the highest desorption percentage, whilst stainless steel 

had the second highest Sa, the highest deposition but one of the lowest desorption values. 

On the other hand, correlating the effect of surface roughness with  that of surface charge, it 

is clear that for negatively charged surfaces (stainless steel gold, quartz and base-treated 

glass), the one that the possess a significantly higher Sa (stainless steel) showed higher 

adsorption and lower desorption than the rest. For the latter three negatively charged 

surfaces where there was not much difference in Sa, the magnitude of surface charge is 

thought to be the main reason why the mass of microgel particles adsorbed on/desorbed 

from the surface varied. Hence, it can be concluded that the surface roughness can be 

considered as a secondary effect that boosts that of surface charge. The combination of both 

(surface charge and roughness) strongly influences the extent of adsorption and desorption 

on/from the surface. Comparing the mass of the net adsorbed particles on the stainless steel 

and base-treated glass samples (Table 2.1) supports this explanation. Both samples acquire 

a negative surface charge, yet the adsorption of the positive microgel particles on the 

stainless steel surface is 4.5 times more than that on glass. This is thought to be due to the 

fact that the average surface roughness of stainless steel is significantly higher than that of 

glass (Table 2.1 and Figure 2.7).  

  

2.3.3.3 Effect of hydrophilicity/hydrophobicity   

A comparison of the hydrophilicity/hydrophobicity of all surfaces (Table 2.1) suggests that 

this factor has a minimal effect on the amount of particles deposited on/desorbed from 

different surfaces. The surface with the highest adsorption and lowest desorption percentage 

(stainless steel) and that with the lowest adsorption and highest desorption (Teflon) are both 

thought to be hydrophobic (21, 23). Also, the difference between the mass of particles 

deposited on hydrophilic surfaces is significant. This suggests that the effect of 

hydrophilicity/hydrophobicity is of less importance than that of substrate surface charge and 
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surface roughness. However, further studies with more systematic comparison characters 

may help elucidate influence of relative hydrophilicity in more details.     

  

2.3.3.4 Effect of temperature  

The deposition/desorption data provided in Table 2.1 shows that the mass of microgel 

particles deposited on all surfaces at 60°C was higher than that at 25°C. Also, the percentage 

desorption decreased with temperature (except for base pre-treated glass), leading to an 

increased net mass of deposition. When the temperature increases above the VPTT (32°C), 

the particles deswell (Figure 2.5). This means that the surface charge density on the particle 

increases which increases the electrostatic attraction between the positively charged 

microgel particles and the negatively charged surfaces. Also, the number of de-swollen 

particles that fit in the pores of solid surfaces will be more than that of the swollen ones. 

AFM images (Figure 2.8) show that increasing the temperature above the VPTT affects the 

packing of the particles. In case of base pre-treated glass, the percentage of desorbed 

microgel particles is more than that at 25°C. The suggested reason for this is the increased 

electrostatic repulsion between the positive microgel particles when the temperature exceeds 

the VPTT (32°C).  

  

Table 2.2 shows the Sa of adsorbed particles on different surfaces at 25 and 60°C. Despite 

the fact that the mass of microgel particles deposited at 60°C is higher than that deposited at 

25°C (Table 2.2), the Sa (representing the roughness of the deposited layer) is generally 

(except for stainless steel and Teflon) smaller at 60°C than at 25°C. This is due to the regular 

dense packing of particles at 60°C while at 25°C this is not always the case (Figure 2.8). In 

case of stainless steel and Teflon, the Sa at 60°C is bigger than that at 25°C. This is thought 

to be caused by the increased electrostatic repulsion force between the positive microgel 

particles (due to increased surface charge density above the VPTT).    
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   (a)  (b)  

Figure 2.  8 AFM images of p(NIPAM-co-5% VC) particles deposited on glass (a) at 25°C and (b) at 60°C   
  

  

  

Table 2.2  Comparison between the surface roughness averages of stainless steel, gold, quartz, glass and Teflon coated 
with p(NIPAM-co-5% VC) microgel particles at 25°C and 60°C  

  

  
  Sa at  

25°C  

(nm)  

Sa at  

60°C  

(nm)  

Stainless steel  65  77  

Gold  10  9  

Quartz  25  10  

Glass pre-treated 
with base  

17  9  

Glass pre-treated 
with acid  

18  10  

Teflon  19  43  
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2.4 Conclusions  

A novel fluorescent temperature sensitive microgel particle (p(NIPAM-co-5% VC)) was 

synthesized and characterized. It was then used to develop a novel sensitive method (using 

fluorescence spectroscopy) to quantify the mass of microgel particles deposited on different 

solid surfaces per unit area and the factors affecting it. The mass of microgel particles 

deposited on/desorbed from different surfaces is affected by different factors, the most 

important of which is the surface charge followed by the surface roughness of the solid 

surface. The effect of temperature has also proved to be significant since it alters the 

physico-chemical properties of the microgel particles and hence alters its interaction with 

the solid surface. On the other hand, the effect of hydrophilicity/hydrophobicity of the solid 

surface was shown to be of less importance than the previously tested factors.   
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Chapter Three Design, synthesis and characterization of fluorescent poly(N-

isopropylacrylamide-coacrylic acid)-ethylene diamine-rhodamine B particles   

  

3.1 Introduction  

Microgels can be functionalized with markers or labeling agents to aid targeted delivery and 

diagnosis (1-5). In previous research, microgels have been coupled to inorganic particles 

and dyes to synthesize magnetic-responsive and photosensitive drug delivery systems 

respectively (7). They have also been designed to respond to various external stimuli such 

as pH, ionic strength and electric current (8). Owing to their water-swollen polymeric 

structure and their controllable rheology, microgels have been employed as tissue-

engineering scaffolds (9), as artificial muscle materials (10), as mechanical supporting gels 

in degenerated invertebral discs (11) and for vocal fold regeneration (12).  

  

In this work, p(NIPAM-co-5% acrylic acid) (p(NIPAM-co-5% AA)) particles were coupled 

to rhodamine B (RhB) using ethylene diamine (EDA) as a linker molecule between them.  

The objective of this work was to produce a fluorescent temperature and pH responsive 

particle that can be useful in different applications such as diagnostics.  Also, the ability to 

incorporate fluorescent molecules with different molecular structures and to produce mono-

dispersed particles was tested.   

  

3.1.1 Rhodamine B (RhB)  

Rhodamine B is a fluorescent molecule used as a labelling agent. Its IUPAC name is [9-

(2carboxyphenyl)-6-diethylamino-3-xanthenylidene]-diethylammonium chloride. It has the 

advantages of a long wavelength of the spectroscopic signal of absorption and emission 

(which makes it easy to separate from biomolecules which mostly have short excitation and 

emission wavelengths (13)), high fluorescence quantum yield (that increases by increasing 

the hydrophobicity of its environment) and high photo-stability (14).  Rhodamine B (RhB) 

is also used as a fluorescence standard (in the Parker and Rees method) to determine the 

absolute fluorescence quantum yield of other molecules (15). The quantum yield of 

rhodamine B is in the range of 0.45 to 0.5 (15).     
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The molecular structure of rhodamine B is shown in Figure 3.1. The molecular structure is 

characterized by three ionizable groups, two of which are cationic (dimethyl amino groups) 

and one is anionic (carboxylic acid group).  

  

The acid dissociation constant (pKa) of RhB was calculated using ACD labs (6). RhB was 

found to have two close pKa values, these are: pH 3 ± 0.9 and pH 3.8 ± 0.8 (6). The 

concentration of each protonation state of the RhB molecule versus pH as well as its two 

pKa values are represented in Figure 3.2 (6). At pH 2, the three ionizable groups are 

protonated (6). When the pH increases above the pKa, the COOH group (group 3) is 

deprotonated into COO- as well as one of the cationic groups (group 1). Group 2 (N+) carries 

a positive charge at all pH values (6). The positive charges on the cationic dimethyl amino 

groups (groups 1 and 2) are stabilized by the resonance effect of the aromatic rings attached 

to it (16).  

  

This work aims at coupling the COOH group (group 3) of RhB to the NH2 group of EDA 

and thus groups 1 and 2 are the only ionizable groups remaining after conjugation.   

  

3.2  Materials and methods   

3.2.1 Materials  

N-isopropylacrylamide (NIPAM) (Wako), acrylic acid, N,N’-methylenebisacrylamide  

99%, potassium persulfate, ethylenediamine (EDA), N-hydroxysuccinimide 98%, N-

(3dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride, rhodamine B, 

  

  

   
  
  
  
  
  
  
   
  

  

Group 1   Group 2   

Group 3   

Cl -   

Figure  3.1   The molecular structure of  r hodamine B   
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(4morpholineethanesulfonic acid monohydrate) 99.5% (MES) and sodium chloride were 

purchased from Sigma Aldrich UK and used without further purification.  

  

3.2.2 Methods  

3.2.2.1 Synthesis  

For preparation of fluorescent microgels, three synthetic steps where performed: (i) 

synthesis of p(NIPAM-co-5% AA) microgels (ii) coupling of COOH groups in (NIPAMco-

5% AA) to EDA and (iii) coupling of microgels-EDA to rhodamine B fluorescent dye.   

  

 3.2.2.2 Synthesis of p(NIPAM-co-5% AA) (w/v)  

p(NIPAM-co-5% AA) microgel particles were prepared using surfactant-free emulsion 

polymerization technique. In a 1 L reaction vessel, 0.5 g of potassium persulfate (initiator) 

was dissolved in 800 mL of deionized water. A three-necked lid was clamped to the reaction 

vessel, which was then heated to 70°C with continuous stirring. The monomer (4.75 g 

NIPAM), co-monomer (0.25 g acrylic acid) and cross linker (0.5g of N,N’- 

methylenebisacrylamide) were dissolved in 200 mL of deionized water then transferred in 

the reaction vessel containing the initiator. The reaction was then left to proceed for six 

hours under and inert atmosphere of nitrogen. After the reaction was terminated, the 

microgel particles were dialyzed in deionized water to remove unreacted species from the 

dispersion. The dialysis was undertaken in 7 cycles, changing the water every 24 hours.  

  

3.2.2.3 Microgel-EDA coupling  

Coupling of p(NIPAM-co-5% AA) to EDA was achieved via carbodiimide chemistry. The 

microgel particles (0.80 gp(NIPAM-co-5% AA)) was dispersed in 100 mL MES (0.1 M, pH 

5.5). In another beaker, 0.24 g of EDA was dissolved in 5 mL MES (0.1 M, pH 5.5). EDA 

was then added drop-wise to the p(NIPAM-co-5% AA) dispersion and stirred. 

Nhydroxysuccinimide (0.86 g) and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide 

hydrochloride (0.76 g) were added into the reaction beaker and the reaction was left stirring 

at 300 rpm for 4 hours. Following the synthesis, p(NIPAM-co-AA)-EDA was dialyzed in 

deionized water for 7 cycles and then lyophilized.  

  

3.2.2.4 Microgel-EDA-rhodamine B coupling  

The EDA-containing microgels were further coupled to rhodamine B (RhB). Rhodamine B 

contains carboxylic acid groups which facilitate conjugation to the amine groups of EDA 



p(NIPAM-co-5% AA)-EDA-RhB                                                             Chapter Three  

59  
  

via carbodiimide chemistry. Microgel-EDA particles (0.5 g) were dispersed in 80 mL MES 

(0.1 M, pH 5.5) in a beaker. In a separate beaker, a solution of RhB (0.3698 g) was dissolved 

in 5 mL MES. The RhB was added drop-wise to the microgel dispersion before N-

hydroxysuccinimide (0.5424 g) and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide 

hydrochloride (0.4789 g) solid powders were added. The reaction proceeded for 4 hours at 

room temperature, stirring at 300 rpm. The new particles were dialyzed in fresh deionized 

water which was changed daily for 7 days.  

  

3.2.2.5 Characterization of microgel particles  

Microgel particles were characterized using several techniques to study the physicochemical 

properties of the novel particles. Dynamic light scattering was used to determine the particle 

size and the electrophoretic mobility of microgel particles. The turbidity of the particles was 

analyzed by UV spectroscopy. Infrared spectroscopy was used to determine the functional 

groups in each of the steps during the particle synthesis. Fluorescence spectroscopy and 

fluorescence microscopy were used to confirm the fluorescence of the novel RhB containing 

particles as well as visualize them and confirm the ability to trace them. Scanning electron 

microscope (SEM) was used to generate high-resolution images of the morphology of the 

particles.  

  

3.2.2.5.1 Dynamic light scattering   

Dynamic light scattering (DLS) measurements were carried out using a Malvern Zetasizer 

Nano ZS. All experiments were repeated 3 times, the figures shown were plot using the 

average of the experiments while the error bars represent the calculated the standard 

deviations.   

  

The hydrodynamic diameter of the particles was measured in response to temperature in the 

15 to 60°C range. All samples were diluted with deionized water (1 mL of dialyzed microgel 

dispersion was diluted with 2 mL of water) before measurements. A quartz cuvette with two 

polished windows (Starna Type 1) was used for all the measurements and the temperature 

of the dispersion was controlled by a Peltier thermocouple. Data were collected every 1°C 

and the samples were equilibrated for 2 min before each data collection point. Three 

measurements, each consisting of 13 subruns, were taken at each temperature to obtain an 

average hydrodynamic diameter. Experiments were also conducted where the pH of the 
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samples was adjusted to different pH values using HCl and NaOH to test for the effect of 

changing pH upon the size of the particles.   

  

To measure the electrophoretic mobility ofp(NIPAM-co-5% AA)-EDA andp(NIPAM-co5% 

AA)-EDA-RhB, samples were diluted  (1 mL of dialyzed microgel dispersion was diluted 

with 2 mL of NaCl solution) to reach a salt concentration of 1 x 10-4 M NaCl. The 

electrophoretic mobility was measured in response to temperature change (heating) across 

the range of 15-60°C every 1°C with 2 minutes equilibration time using a disposable folded 

capillary cell.   

  

3.2.2.5.2 Fluorescence spectroscopy  

The fluorescence emission spectra of microgels and RhB were determined using a  

FluoroMax-4 Spectrofluorometer from Horiba Jobin Yvon. All samples were excited at 430 

nm and the full emission spectra (450–1050 nm) were recorded with bandwidth of 5 nm at 

25°C. A 10 mm path length quartz cuvette with four polished windows (Starna Type 3) was 

used for all the measurements.  

  

3.2.2.5.3 Infrared spectroscopy   

A Shimadzu IR-Prestige 21 Fourier-transform infrared spectrophotometer FT-IR was used 

to carry out the IR experiment in this work. Microgel dispersions were dialyzed and freeze-

dried then the solid samples were used for IR experiments using attenuated total reflection 

(ATR) with a diamond crystal.   

  

3.2.2.5.4 Microscopy  

3.2.2.5.4.1 Scanning electron microscopy  

A Hitachi SU8030 cold cathode field-emission gun scanning electron microscope operating 

with an accelerating voltage of 30 kV was used to obtain images of the novel particles using 

a transmission detector. To prepare the samples, 1 µL of each of p(NIPAM- 

co-5% AA), p(NIPAM-co-5% AA)-EDA, p(NIPAM-co-5% AA)-EDA-RhB was tipped 

onto a separate carbon coated copper TEM grid. Samples (on the grid) were then left to dry 

in air, placed on the sample holder, then introduced in the vacuum chamber of the SEM.   

3.2.2.5.4.2 Fluorescence microscopy  

A Nikon Eclipse 90i microscope, fitted with a fluorescein isothiocyanate filter (FITC) and a 

Nikon Digital Sight DS-U3 camera were used to take fluorescent images of the particles. 
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Plan Fluor x100 oil Ph3 DLL lens was used with working distance of 0.16 mm. The 

numerical aperture of the objective was 1.3, refractive index 1.5 and exposure time 3 s. The 

sample was placed on a microscopic slide, left to dry in air and then immersion oil was 

added on it.   

  

3.3 Results and discussion  

The advantages of environmental-responsive microgels include the flexibility of the 

synthesis strategies used to produce them and the ability to incorporate co-monomers with 

different structures and of different chemical classes. Different synthesis strategies have 

been used by different researchers to synthesize NIPAM based particles with different 

comonomers. An important factor that affects the synthesis protocol is the molecular 

structure of the co-monomer. Most of the co-monomers that incorporate a pendant vinyl 

group can undergo direct polymerization synthesis where the co-monomer can be directly 

added to the synthesis reaction vessel. For co-monomers with no vinyl group but their 

structure possesses amino (NH2) or carboxylic (COOH) groups, coupling chemistry can be 

used to attach these groups to relevant groups in the particle (acidic or basic groups, 

respectively). For example, to attach a co-monomer with a NH2 group, a p(NIPAM-

coacrylic acid) particle can be synthesized and then the COOH of acrylic acid can be coupled 

to the NH2 of the pendant molecule (attachment). In this work, the pendant molecule used 

(rhodamine B) includes a COOH group in its molecular structure (Figure 3.1). Accordingly, 

a three-steps-synthesis method was designed as previously discussed in the methods section.   

  

Figure 3.2 represents the suggested molecular structure of p(NIPAM-co-5% AA)-EDARhB. 

The surface of the particle carries SO4
- from the anionic initiator (potassium persulfate) used 

during the synthesis of p(NIPAM-co-5%AA) in step 1. Some of the COOH acid groups 

(from the co-monomer acrylic acid) are expected to be conjugated to NH2 of EDA (in step 

2) while some are expected to be free.  
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Figure 3.2 The suggested molecular structure of p(NIPAM-co-5% AA)-EDA-RhB  



 

 

60  
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Similarly, some of the NH2 of the EDA are expected to be conjugated with the COOH 

of RhB while some others are expected to be unattached. Accordingly, two chains are 

expected to be conjugated to the particle; these are COOH-EDA-RhB and COOH-EDA. 

Charged species on the particle surface are expected to be: SO4
-, COOH of AA, NH2 

of EDA and N+ of RhB.                  

  

3.3.1. Particle size analysis  

3.3.1.1 Effect of temperature  

Figure 3.3 shows the change in particle size of p(NIPAM-co-5% AA), p(NIPAM-co5% 

AA)-EDA and p(NIPAM-co-5% AA)-EDA-RhB. The figure shows that the three 

different particles mentioned above maintain the thermo-sensitivity where the particle 

size changes when the temperature exceeds the VPTT (35°C). The initial particle size 

of p(NIPAM-co-5% AA) at 15°C is around 500 nm which is similar to the previously 

reported particle size previously mentioned in literature (17). Increasing the 

temperature above the volume phase transition temperature (VPTT) (35°C), the 

particles deswell and the particle size decreases to be 250 nm. Table 3.1 shows that the 

PdI value (polydispersity index = standard deviation/mean size) of p(NIPAM-co5% 

AA) at both 15°C and 60°C is 0.04. Having a PdI value very close to zero indicates the 

mono-dispersity of the particles. This means that all the particles are of the same size. 

This is because the AA molecule incorporates a vinyl group and is directly co-

polymerized with the p(NIPAM) particles during the synthesis.   

  

Conjugating the COOH groups of p(NIPAM-co-5% AA) with the amino group of 

hydrophilic ethylenediamine (EDA) causes the particle size to increase. At 15°C, the 

particle size of p(NIPAM-co-5% AA)-EDA is 1150 nm which is almost double that of 

p(NIPAM-co-5% AA) at the same temperature. p(NIPAM) particles are characterized 

by a hydrophobic core and a hydrophilic shell (18), accordingly, when conjugated with 

a hydrophilic co-monomer, it tends to be located in the particle shell (surface). 

Hydrogen bonding between the hydrophilic EDA on the particle surface and the water 

molecules in the dispersion is created. This leads to an increase in the particle size as 

shown in Figure 3.3.   
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A change in the behavior of p(NIPAM-co-5% AA)-EDA particles is observed at 38°C 

which is slightly higher than the equivalent temperate (VPTT) of p(NIPAM-co-5% AA) 

(35°C). This is due to the increased hydrogen bonding between the particles and the 

water molecules (18) (due to incorporating a hydrophilic co-monomer). At 15°C, 

p(NIPAM-co-5% AA)-EDA particles show a PdI of 0.02 which means that they are all 

of the same size (all swollen due to the EDA).   

  

 
15 20 25 30 35 40 45 50 55 60  

 Temperature (°C)  

 5Figure 3.3 The effect of temperature on the particle size of%  AA)-EDA and p(NIPAM-co-5% AA)-EDA-RhB at 

pH 11.5 
 p(NIPAM-co-5% AA), p(NIPAM-co- 

  

 Table AA)-EDA and p(NIPAM3.1 Particle size and polydispersity index values of -co-5% AA)-EDA-RhB 
(standard deviations are presented between p(NIPAM-co-5% AA), p(NIPAM-co-5% brackets)  

  15°C  60°C  

Dh (nm)  PDI  Dh (nm)  PDI  

p(NIPAM-co-5% AA)  510 (±19)   0.04  230 (±4)   0.04  

p(NIPAM-co-5% AA)-EDA  1150 (±77)  0.02  420 (±3)  0.6  

p(NIPAM-co-5% AA)-
EDARhB  

507 (±44)  0.65  250 (±20)  0.8  

  

When the temperature is above the VPTT, the particles show a higher PdI value (0.16) 

indicating some variance between the sizes of different particles. Flocculation of some 

of the particles can also be a possible cause of higher PdI values at temperatures higher 

than the VPTT.   
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Further conjugating the NH2 group of EDA with the COOH group of RhB results in a 

smaller particle size than that of p(NIPAM-co-5% AA)-EDA (Figure 3.3). A 

hydrophobic co-monomer tends to be located in the hydrophobic core of the particle; 

accordingly, the conjugated hairs tend to be directed towards the core of the particle 

rather than the surface, leading to a smaller particle size. It may also be possible that 

the attachment of the bulky RhB molecules in the particle causes steric hindrance 

between the COO- from the AA and accordingly decreases the electrostatic repulsion 

forces on the particle and decreases its size.   

  

In case of p(NIPAM-co-5% AA)-EDA-RhB, the change in the behavior of the particles 

is observed at a temperature around 33°C (Figure 3.3). The incorporation of a 

hydrophobic co-monomer, limits the hydrogen bonding between the particle and the 

water molecules and hence lower the temperature where the change in behavior is 

observed (18). Table 3.1 shows that the PdI of p(NIPAM-co-5% AA)-EDA-RhB at 

15°C (below the VPTT) is 0.65. This shows that the particles of the same dispersion 

acquire different sizes. This can be attributed to an uneven conjugation of RhB with the 

NH2 of the different particles in the dispersion. At 60°C (above the VPTT), the PdI 

decreases to 0.25 showing more mono-dispersity between the particles. It is thought 

that lower PdI values can be obtained by adjusting the conjugation reaction conditions 

such as the concentrations of the reactants (p(NIPAM-co-5% AA)-EDA and the RhB). 

Despite repeating the size measurements for the three particles several times, the overall 

dataset remain the same. It would appear to be unreliable (for p(NIPAM-co-5% AA)-

EDA and p(NIPAM-co-5% AA)-EDA-RhB) and therefor these particles were not used 

for further study (use in an application).   

  

3.3.1.2 Effect of pH  

The data shown in Figure 3.3 and Table 3.1 were measured at pH 11.5. Lowering the 

pH of p(NIPAM-co-5% AA)-EDA-RhB dispersions to pH values of 6 and 2, results in 

particle aggregation. EDA has two dissociation constant values (pH 7.56 and pH 10.71) 

(19) due to the presence of two amino groups in its molecular structure. In this work, 

one of the amino groups of EDA is coupled to the COO- of AA while the other one is 

pendant (in case of p(NIPAM-co-5% AA)-EDA-RhB, some of the second amino 

groups is coupled to the COO- of RhB while some others are pendant).  
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Accordingly, the pKa of the pendant EDA molecules is expected to be 10.7. At lower 

pH values (below the pKa of EDA, the amino groups of NH2 are protonated to (NH3
+). 

On the other hand, the surface of the particles is negative due to the anionic initiator 

(potassium persulfate) and the COO- of acrylic acid (in case of pH 6) with pKa of 4.2 

(17). This creates intra and inter-particle electrostatic attraction forces that result in 

particle aggregation.  At higher pH values (pH 11.5), the NH2 groups of EDA are 

deprotonated, the RhB molecule (with pKa values of 3 ± 0.9 and pH 3.8 ± 0.8) carries 

a weak positive charge (due to the distribution effect caused by the resonance in the 

aromatic rings (Figure 3.1)) on one of the dimethyl amino groups and the COOH of AA 

is deprotonated into COO-. Accordingly, the dominating charge is negative which 

initiates inter and intra-particle electrostatic repulsion forces and hence maintains the 

stability of the dispersion.    

  

3.3.2 Electrophoretic mobility  

Both particles (p(NIPAM-co-5% AA)-EDA and p(NIPAM-co-5% AA)-EDA-RhB) 

carry negative charges due to SO4
- from the initiator and the free COOH from the 

acrylic acid. The free NH2 from the EDA is expected to remain deprotonated at pH 11.5 

(above the pKa of EDA). In case of p(NIPAM-co-5% AA)-EDA-RhB particles, the 

positive charge of the RhB molecule due to the dimethyl amino group is stabilized by 

the resonance of the aromatic rings attached as well as the alkaline pH in the media. 

This suggests that the effect of the positive charge on the RhB will be minimal (16).  

  

Figure 3.4 shows the effect of temperature on the electrophoretic mobility of p(NIPAM-

co-5% AA)-EDA and p(NIPAM-co-5% AA)-EDA-RhB. The figure shows that both 

particles are negatively charged. At 15°C, the electrophoretic mobility of p(NIPAM-

co-5% AA)-EDA-RhB (-2 µmcm/Vs) is higher than that of p(NIPAM-co5% AA)-EDA 

(-1 µmcm/Vs) indicating less positive charges and hence more net negative charges on 

the particles. This agrees with the particle size data in Figure 3.3. At 15°C, the particle 

size of p(NIPAM-co-5% AA)-EDA is 1150 nm, while that of p(NIPAM-co-5% AA)-

EDA-RhB at the same temperature is around 500 nm. This means that the size of 

p(NIPAM-co-5% AA)-EDA particle is more than twice that of p(NIPAM-co-5% AA)-

EDA-RhB. This leads to a lower surface charge density on the bigger particle 

(p(NIPAM-co-5% AA)-EDA) than that on the smaller one (p(NIPAMco-5% AA)-
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EDA-RhB) and hence lower electrophoretic mobility. Another possible reason, is the 

fact that the larger particles move slower than the smaller ones. So, the movement of 

p(NIPAM-co-5% AA)-EDA towards the electrode is slower than that of p(NIPAM-co-

5% AA)-EDA-RhB and accordingly shows lower electrophoretic mobility. A 

combination of both reasons is suggested to cause p(NIPAM-co-5% AA)EDA-RhB to 

be higher than p(NIPAM-co-5% AA)-EDA.  

  

For p(NIPAM-co-5% AA)-EDA, increasing the temperature to above 35°C, the 

particles deswell leading to increased surface charge density. Accordingly, an increase 

in the electrophoretic mobility is observed (Figure 3.4).  In case of p(NIPAM-co-5% 

AA)-EDA-RhB, a different behavior is observed. Increasing the temperature to above 

33°C (the temperature where the behavior of the particles starts to change according to 

the particle size data (Figure 3.3), little effect on the electrophoretic mobility was 

observed (Figure 3.4). A suggested explanation to this behavior is the steric hindrance 

effect of the long hairy chain (AA-EDA-RhB). When the particle deswells, the hairy 

chains collapse masking some of the charges on the particle surface which leads to a 

lower electrophoretic mobility.   

  

 

Figure 3.4 The effect of temperature on the electrophoretic mobility of p(NIPAM-co-5% AA)-EDA and 
p(NIPAM-co-5% AA)-EDA-RhB at pH 11.5  
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3.3.3 Fluorescence spectroscopy  

3.3.3.1 Effect of addition of rhodamine B  

Figure 3.5 compares the fluorescence spectra of p(NIPAM-co-5% AA)-EDA, 

p(NIPAM-co-5% AA)-EDA-RhB and RhB excited at 540 nm at 25ºC at pH 6.5 (above 

the pKa of RhB). At this diluted concentration (0.2 µg/mL), the particles do not 

aggregate at pH 6.5 as in the higher concentration (0.16 mg/mL) used for the dynamic 

light scattering measurements. The figure shows that p(NIPAM-co-5% AA)EDA does 

not show any fluorescence. It also shows that the maximum emission wavelength of 

p(NIPAM-co-5% AA)-EDA-RhB is the same as that of RhB (630 nm). The 

fluorescence intensity of RhB is a lot higher than that of p(NIPAM-co-5% AA)EDA-

RhB (although both are prepared to be of the same theoretical concentration of the 

particles). This is because the added amount of rhodamine B during the conjugation to 

p(NIPAM-co-5% AA)-EDA particles is not all actually conjugated to the particles. 

Accordingly, the theoretical concentration of the fluorophore (RhB) attached to the 

p(NIPAM-co-5% AA)-EDA does not equal its actual concentration in dispersion.  

  
 Table 3.2 The fluorescence intensity of 0.2 µg/mL p(NIPAM-co-5% AA)-EDA, p(NIPAM-co-5% AA)-EDA-RhB 
and RhB excited at 540 nm at 25ºC at pH 6.5  

  Emission fluorescence intensity at 
630 nm (CPS)  

p(NIPAM-co-5% AA)-EDA  13950  
  

p(NIPAM-co-5% AA)-EDA-RhB  
1159290  

  

RhB  
16272240  

  

  
 Table 3.2 shows the emission fluorescence intensity of 0.2 µg/mL p(NIPAM-co-5% 

AA)-EDA, p(NIPAM-co-5% AA)-EDA-RhB and RhB excited at 540 nm. The 

fluorescence intensity of p(NIPAM-co-5% AA)-EDA is mainly attributed to the light 

scattering of the particles (20). The fluorescence of p(NIPAM-co-5% AA)-EDA-RhB 

is attributed to both the light scattering of the particles plus the fluorescence of the RhB 

molecules. Accordingly, subtracting the value of the fluorescence intensity of 

p(NIPAM-co-5% AA)-EDA from that of p(NIPAM-co-5% AA)-EDA-RhB will yield 

the actual fluorescence of p(NIPAM-co-5% AA)-EDA-RhB without turbidity effect 

(1145340 CPS). Comparing this value to that of RhB alone (of the same concentration) 
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suggests that the fluorescence intensity of p(NIPAM-co-5% AA)EDA-RhB is 

equivalent to approximately 7% of that of RhB solution at the same concentration (in 

other words equivalent to 0.014 µg/mL of RhB). Knowing that during the coupling 

reaction of RhB to the p(NIPAM-co-5% AA)-EDA particles, the concentration of RhB 

added was 4.35 µg/mL, it can be concluded that 0.32 % of the added RhB was actually 

coupled to the particles.  This calculation is only an estimate of the percentage 

incorporation of RhB in the particles. Other factors might affect the fluorescence of 

RhB when incorporated in a different environment (the particles) such as fluorescence 

quenching from hydrochloric acid and sodium hydroxide for pH adjustments or any 

unreacted species in the dispersionused.   

  

 
  p(NIPAM) 5%AA-EDA  p(NIPAM)5%AA-EDA-RhB  RhB 
  

  Figure 3.5 The fluorescence spectra of 0.2 µg/mL p(NIPAM-co-5% AA-EDA), p(NIPAM-co-5% AA)-EDA-RhB 
and RhB excited at 540 nm at 25°C at pH 6.5  

  

3.3.3.2 Effect of temperature  

The effect of temperature on the fluorescence intensity of p(NIPAM-co-5% AA)EDA-

RhB and RhB at pH 2, 6.5 and 11.5 is shown in Figure 3.6. The figure shows that for 

both p(NIPAM-co-5% AA)-EDA-RhB and RhB (at different pH values), increasing the 

temperature did not cause a change in the emission wavelength (630 nm) of the 
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dispersion/solution, respectively.  On the other hand, a consistent decrease in the 

fluorescence intensity was observed by increasing the temperature. A possible 

explanation to this is that when the temperature increases, it causes the particles to 

deswell and the hairs to collapse on the particle surface; this might have a quenching 

effect on the fluorescence of RhB. An exception for the noticed temperature effect is 

the fluorescence intensity of p(NIPAM-co-5% AA)-EDA-RhB at pH 11.5 where the  

fluorescence intensity at 45˚C is higher than that at 35˚C.    
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Figure 3.6  Fluorescence emission spectra of 0.2 µg/mL p(NIPAM-co-5% AA)-EDA-RhB at (1a) pH 2 (2a) 
pH 6.5 and (3a) pH 11.5 and 0.2 µg/mL RhB excited at 540 nm at (1b) pH 2 (2b) pH 6.5 and (3b) 11.5 at 25°C 
(blue), 35°C (green) and 45°C (red)  
  
3.3.3.3 Effect of pH   

The acid dissociation constant (pKa) and the different protonation states of RhB was 

calculated using ACD/I-Lab (6). The effect of pH on the fluorescence of RhB and 

p(NIPAM)5% AA-EDA-RhB is shown in Figures 3.7 and 3.8, respectively.   

  

 

  RhB pH 2  RhB pH 6.5  RhB pH 11.5 

Figure 3.7 Fluorescence of 0.2 µg/mL RhB excited at 540 nm at 25°C at pH 2.5, 6.5 and 11.5  
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p(NIPAM)5%AA-EDA-RhB pH 2.5  p(NIPAM)5%AA-EDA-RhB pH 6.8  
p(NIPAM)5%AA-EDA-RhB pH 11.5 

Figure 3.8 Fluorescence of 0.2 µg/mL p(NIPAM-co-5% AA)-EDA-RhB excited at 540 nm at 25°C at pH 2.5, 6.5 
and 11.5  

For RhB (Figure 3.7), at pH 2, a maximum emission band (λem) is shown at 632 nm 

(21). When the pH increases to 6.5 and 11.5, a blue shift was observed where the λem 

is around 625 nm. This agrees with the findings of Jorge et al. (21) who observed a 

shift in the emission band of RhB impregnated into silica when the pH is increased 

from 2 to 7. They suggest that RhB is stable in acidic media while increasing the pH 

causes a change in the physical and spectroscopic properties of rhodamine B. The pKa 

of RhB is 3.7, at pH between pH 4 and 8, it is said to be zwitterionic (22). When the 

pH exceeds 3.8, the carboxylic groups are deprotonated which creates electrostatic 

attraction forces between the COO- and the N+ on the xanthene groups leading to 

aggregation of RhB monomers forming dimers (22). It is also observed that the 

fluorescence intensity decreases by decresing the pH. This agrees with the findings of 

Fikry et al. (23) who reported that decreasing the pH of RhB dissolved in polar solvents 

causes a decrease in its fluorescence intensity. The suggested explanation to this is that 

the RhB molecule exists in different molecular structures (cationic, zwitterionic, 

quinonic and lactonic) which can change by the change in pH and hence affect the 

fluorescence intensity. Another possible explanation for the decrease in fluorescence 

intensity by lowering the pH can be the use of hydrochloric acid to adjust the pH of the 

samples. Chloride ions are known to have quenching effects on many fluorescent 

molecules, one of which is rhodamine B (24, 25).  

  

For p(NIPAM-co-5% AA)-EDA-RhB, similar results were obtained. At pH 2, the λem 

is 632 nm and by increasing the pH to 6.5 and 11.5, a blue shift is observed where the 

λem becomes 627 nm. This can be mainly attributed to the RhB properties as discussed 

above. Also, the change in the particle size and charge by changing the pH of the 

surrounding environment can affect the fluorescence intensity.   
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3.3.4 Infrared spectroscopy  

Table 3.3 list the infrared (IR) bands of p(NIPAM-co-5% AA), p(NIPAM-co-5%  

AA)-EDA and p(NIPAM-co-5% AA)-EDA-RhB while Table 3.4 list the IR bands of 

RhB. The spectra of p(NIPAM-co-5% AA), p(NIPAM-co-5% AA)-EDA, 

p(NIPAMco-5% AA)-EDA-RhB and RhB. The spectra of the three particles compare 

to those previously reported for p(NIPAM-co-5% AA) (26-29). Figure 3.9 shows that 

the spectra of the three particles (mentioned above) are very similar. Areas where 

possible difference can be detected, (e.g. shift in some peaks) are highlighted. The 

amount of EDA and RhB attached to the particles is too small to be detected by IR, 

hence the resemblance of the spectra. The IR bands and spectrum of RhB shown in 

Table 3.4 and Figure 3.9 agree with reported literature (30-32).   

  

Table   3.3 FT-IR bands of p(NIPAM-co-5% AA) and p(NIPAM-co-5% AA)-EDA-RhB  
-1 

  

  

  

Band number  Wavenumber (cm )  Assignment  

1   3250  N-H stretching (26, 29, 33)  

2   2964  -CH3 asymmetric stretching  

(26, 33)  

3   1620  C=O (amide I bond stretching) 
(26-29, 33)  

4   1523   N-H (amide II bond stretching)  

(28, 29, 33)  

5   1448  -CH3 asymmetric deformation  

(33)  

6  1363  -CH2 symmetric deformation  

(29, 33)  

7   1166  C-N bending (26)  
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Table  3.4 FT-IR bands of RhB  

-1 

Peak number  Wavenumber (cm )  Assignment  

1  3354  -OH stretching (33)  

2  2978  CH2 and CH3 antisymmeteric and 
symmetric stretching (30, 33)  

3  1996  Substituted benzene rings (overtone and 
combination bands) (33)  

4  1703  C=O stretching (30, 33)  

5  1643  C-N stretching (30)  

6  1581  Aromatic ring vibrations (stretching) (30,  

34)  7  1548  

8  1463  

9  1408  OH in carboxylic acids in plane OH bending  

(33)  

10  1332  Aryl bond vibrations (in-plane deformation)  

(30, 34)  

11  1273  C-N stretching in aromatic amines (33)  

12  1247  C-C-N bending in amines (33)  

13  754  CH2 in hydrocarbons (rocking)  

14  709  CH (out of plane deformation) in 
osubstituted benzenes (33)  

15  680  O-C=O in carboxylic acids (bending) (33)  
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3.3.5 Fluorescence microscopy  

Figure 3.10 shows the fluorescence microscopy images of p(NIPAM-co-5% AA)EDA-

RhB. The figure shows that the particles are spherical in shape and fluorescent. The 

figure also shows that some particles are more fluorescent than the others. This 

indicates the uneven distribution of the fluorophore (RhB) among the particles. This 

agrees with the high PdI value obtained by the DLS experiments (Table 3.1). The figure 

suggests that the fluorophore is located in the core of the particles. This agrees with the 

theory that suggests that the NIPAM based particles acquire a core/shell structure where 

the core is hydrophobic and the shell is hydrophilic (7).   

  

  

  

  
Figure 3.10 Fluorescence microscopy images of p(NIPAM-co-5% AA)-EDA-RhB at 25°C  

  

    

3.3.6 Scanning electron microscopy   

Figure 3.11 a, b and c shows the Scanning electron microscopy (SEM) images of p(NIPAM-

co-5% AA), p(NIPAM-co-5% AA)-EDA and p(NIPAM-co-5% AA)- 

EDA-RhB, respectively at 25°C. The figure (3.12 a) shows that the p(NIPAM-co-5% 

AA) particles are spherical and the average particle size is 300 nm. The conjugation of 

EDA chains to the particles caused the hairy layer to be extended. Figure 3.11 b shows 

that p(NIPAM-co-5% AA)-EDA particles exhibit longer hairy chains which are not 

shown in p(NIPAM-co-5% AA) (Figure 3.11 a). After further conjugation of RhB to 

the particles, the particles still exhibit a spherical shape with a diameter of 270 nm.   

    

1 0  µm   1 0  µm   
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Figure 3.11 SEM images of (a) p(NIPAM-co-5% AA), (b) p(NIPAM-co-5% AA)-EDA and (c) 
p(NIPAMco-5% AA)-EDA-RhB at 25°C  

( a )   

( b )   

( c )   
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The particle sizes shown in Figure 3.11 for the three different particles all compare to 

those shown by the DLS (Figure 3.3) considering that the particles are deswollen 

(STEM sample was dry). Figure 3.11 c shows that the p(NIPAM-co-5% AA)-EDARhB 

particles have longer hairs than those of p(NIPAM-co-5% AA)-EDA. This can be 

attributed to the attachment of two conjugates (EDA and RhB). In some cases, the hairs 

of the particles are long enough to form bridges between the particles.   

  

3.4 Conclusions and future work  

3.4.1 Conclusions  

A fluorescent temperature-sensitive NIPAM based was synthesized using a three-step 

procedure. Step one was the synthesis of p(NIPAM-co-5% AA) particles while steps 

two and three were the conjugation of EDA and RhB, respectively. The new particle 

has more than one ionized chemical group on its surface, some of which are anionic 

(such as COOH from the AA and SO4
- from the initiator) and others are cationic such 

as NH2
3+ from the EDA. The initial particle size of p(NIPAM-co-5% AA)-EDA-RhB 

at 15°C at pH 11.5 is 500 nm and decreases to about 250 nm when the temperature 

exceeds the VPTT (33°C). The particles are most stable at pH 11.5, at lower pH values; 

the particles show a high poly dispersity index indicating that the particles do not 

acquire the same size. The particles are negatively charged with an initial 

electrophoretic mobility at 15°C equal to -2 µmcm/Vs. Calculations of the fluorescence 

intensity of p(NIPAM-co-5% AA)-EDA-RhB and RhB at the same concentration 

estimates that about 7% of the RhB added to the conjugation reaction is actually 

conjugated. Temperature and pH showed an effect on the fluorescence of the particles. 

Increasing the temperature caused a decrease in the fluorescence intensity. The increase 

in pH has been shown to cause a blue shift of the emission spectra. At pH 2 (below the 

pKa of RhB), the emission wavelength (λem) was 632 nm. When the pH increases to 

above the pKa, the λem shifts to 627 nm. Fluorescence microscopy pictures show that 

the particles are spherical and suggest that the fluorophore (RhB) is located in the core 

of the particle. The pictures obtained by TEM also show that the particles are spherical. 

The pictures also show some bridging between the particles which can be attributed to 

the long hairy chains conjugated to the particles.   

  

  



p(NIPAM-co-5% AA)-EDA-RhB                                                             Chapter Three  

83  
  

3.4.2 Future work  

Future work will include trials to obtain lower PdI values which contribute to more 

mono-dispersed particles. This can be achieved by changing and optimizing the 

percentages of conjugates used (EDA and RhB). Also suggested applications for the 

new particle will be tested. These will include the use of an emulsifier (considering the 

bridges between the particles shown by TEM images).  
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Chapter Four  

Design, synthesis, characterization and toxicity studies of poly(Nisopropylacrylamide-

co-lucifer yellow) for drug delivery applications  

  

  

4.1 Introduction  

Poly(N-isopropylacrylamide) (p(NIPAM)) particles are characterized by their ability to 

change their conformation and physico-chemical properties (such as particle size and surface 

charge density) according to the change in the surrounding environment such as temperature, 

pH and ionic strength (1-3). This is thought to be a property that can be used in different 

applications such as drug delivery (5). The fact that the volume phase transition temperature 

(VPTT) of NIPAM based microgel particles (35°C) (1) is very close to the human body 

temperature (37°C) makes them a good choice for biomedical applications. As an example 

of suggested drug delivery applications based on temperature trigger, the particles are 

swollen at room temperature (around 25˚C which is below the VPTT), so, if they incorporate 

a drug in its matrix, when administered in the human body  

VPTT, it will deswell and release the drug. Many researchers suggested drug delivery (68), 

diagnostics (9) and protein binding (10-12) applications of NIPAM-based microgel particles. 

The incorporation of a fluorescent dye such as lucifer yellow (LY) to p(NIPAM) particles 

adds a new function (colour and fluorescence) that makes it traceable. This can suggest new 

applications especially in the field of diagnosis of different diseases either in vivo or in vitro. 

Combining the previously suggested drug delivery applications of microgels (6-8) to its 

ability to being traced in the human body can be a promising system for combined diagnosis 

and delivery of drugs to suitable environments (13, 14).   

  

In this chapter, a novel microgel particle, p(NIPAM-co-5% LY), is synthesized and 

characterized using DLS (particle size and electrophoretic mobility), infrared spectroscopy, 

scanning electron microscopy and fluorescence microscopy. Being a candidate for 

biomedical applications, the toxicity was tested using two cell lines: kidney cells (Vero) and 

breast cancer cells (HeLa).   
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4.1.1 Lucifer yellow VS   

 

 Figure 4.1 Molecular structure of lucifer yellow VS dilithium salt (4)  
  

Lucifer yellow VS dilithium is a water soluble fluorescent dye of molecular weight 550.39 

g/mol (15). The presence of 3 benzene rings, gives it a hydrophobic character. It has two 

excitation wavelengths (280 and 430 nm) and an emission wavelength of 540 nm (16). 

Lucifer yellow is used for different biomedical applications including marking cells, 

neurons, albumin, cholesterol, phospholipids, collagenase, polynucleotides, progesterone 

derivatives, testosterone, estriol (15), and tracers of cell-cell fusion (17). It also selectively 

binds to copper (18) which can be used in industrial and environmental applications.  

  

The logarithm of acid dissociation constant (pKa) of LY was calculated using the online 

database ACD/labs (19). The presence of more than one ionisable group in the molecular 

structure of LY (Figure 4.1) results in more than one pKa, these are; -2.2 (±0.6), -0.7 (±0.5), 

1.4 (±0.8) and 5.7 (±0.8)   

  

From polymerization point of view, lucifer yellow VS dilithium salt is a perfect choice. This 

is due to the presence of a pendant vinyl group (coloured in grey) (Figure 4.1) which makes 

it readily polymerizable with other monomers under suitable conditions. This is important 

for synthesizing monodispersed particles with the similar electrophoretic mobilities.  On the 

other hand, a disadvantage of using lucifer yellow is its relatively low molar extinction 

coefficient (ɛ) of 12000 M-1 cm-1 (16, 21, 22) when compared to other fluorophores such as 

fluorescein isothiocyanate (FITC) with a molar extinction co-efficient of 75000 M-1 cm-

  

  

  

  

  

  

  

  

  

  

Polymerization site  

group 1  group  2  

group 4  

group 3  
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1 (23), Texas red (ɛ = 85000 M-1 cm-1 (24) and tetramethyl rhodamine isothiocyanate 

(TRITC) with an ɛ of 100000 M-1 cm-1 (23). It is also characterized by a relatively low 

quantum yield (21%) (25) compared to other fluorophores such as rhodamine 6G (95%), 

fluorescein (95%) and quinine sulphate (58%) (26).   

  

4.2 Materials and methods  

4.2.1 Materials  

N-isopropylacrylamide (NIPAM) 97% (Aldrich), lucifer yellow (LY) (Aldrich), 

N,N'methylenebisacrylamide 99% (Aldrich), potassium persulphate 98% (BDH Laboratory 

Suppliers), branched poly(ethylenimine) (PEI) of molecular weight 25 kD (Cat. 18197-8) 

(Aldrich) were obtained from commercial suppliers and used without further purification. 

Vero CCL-81 (normal kidney of Cercopithecus aethiops) and HeLa CCL2 (human cervical 

epithelial cells) from ATCC company. Media were purchased from Gibco life technologies. 

For Vero cells, Dulbecco’s Modified Eagle Medium (DMEM) was used while for HeLa 

cells, Minimum Essential Medium (MEM) was used. PenicillinStreptomycin-Glutamine 

(PSG) (100x) and fetal Bovine Serum (FBS) were purchased from Gibco Life Technologies. 

(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from 

Sigma Aldrich UK.   

  

4.2.2 Methods  

4.2.2.1 Synthesis of p(NIPAM-co-5% LY) (w/v)  

In a 1 L reaction vessel, 0.5 g of the initiator (potassium per sulphate) was dissolved in 800 

mL of distilled water. A three-necked lid was clamped to the reaction vessel, which was then 

heated to 70°C with continuous stirring. Monomer (4.75 g NIPAM), co-monomer (0.25 g 

lucifer yellow (LY)) and cross linker (0.5 g N,N’-methylenebisacrylamide) were stirred in 

distilled water (200 mL) and transferred into the reaction vessel containing the initiator and 

continuously stirred at 70°C for six hours under an inert atmosphere of nitrogen. When the 

reaction was complete, the microgel dispersion was allowed to cool to room temperature. 

The microgel was dialyzed in fresh de-ionised water for a week (changed daily), centrifuged 

and the pellet was freeze dried.    
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4.2.2.2 Dynamic light scattering   

Dynamic light scattering (DLS) measurements were carried out using a Malvern Zetasizer 

Nano ZS. The hydrodynamic diameter of the particles was measured in response to 

temperature in the 15 to 60°C range. All samples were diluted with deionized water (1 mL of 

dialysed microgel dispersion was diluted with 2 mL of water) before measurements. A quartz 

cuvette with two polished windows (Starna Type 1) was used for all the measurements and 

the temperature of the dispersion was controlled by a Peltier thermocouple. Data for 

p(NIPAM-co-5% LY) measurements were collected every 1°C and the samples were 

equilibrated for 2 min before each data collection point. Three measurements, each consisting 

of 13 subruns, were taken at each temperature to obtain an average hydrodynamic diameter. 

Experiments were also conducted where the pH of the samples was adjusted to different pH 

values using HCl and NaOH to test for the effect of changing pH upon the size of the particles.   

  

The electrophoretic mobility of p(NIPAM-co-5% LY) in a salt concentration of 1 x10-4 M 

NaCl was measured in response to temperature change across the range of 15-60˚C using a 

disposable folded capillary cell.   

  

4.2.2.3 Fluorescence spectroscopy  

A Horiba Jobin Yvon Fluoromax 4 spectrofluorometer was used for fluorescence 

experiments. All samples were excited at 430 nm and the full emission spectra (450–1050 

nm) were recorded with bandwidth of 5 nm at 25°C. A 10 mm path length quartz cuvette 

with four polished windows (Starna Type 3) was used for all the measurements.  

  

4.2.2.4 Infrared spectroscopy   

A Thermo Nicolet Nexus Fourier transform infrared spectrophotometer (FT-IR) was used to 

carry out the IR experiment in this work. Microgel dispersions were dialysed and freezedried 

then the solid samples (powder) were used for IR experiments using attenuated total 

reflection (ATR) ZnSe crystal.   

  

4.2.2.5 Microscopy  

4.2.2.5.1 Scanning electron microscopy  

A Hitachi SU8030 cold cathode filled emission gun scanning electron microscope was used 

with an accelerating voltage of 5.0 kV to obtain images of the novel particles.  
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4.2.2.5.2 Fluorescence microscopy  

A Nikon Eclipse 90i microscope, fitted with a fluorescein isothiocyanate filter (FITC) and a 

Nikon digital sight DS-U3 camera were used to take fluorescent images of the particles.  

Plan Fluor 100x oil Ph3 DLL lens was used with working distance of 0.16 mm. The 

numerical aperture of the images was 1.3, refractive index 1.5 and the exposure time was 3 

seconds. The sample was placed on a microscopic slide, left to dry in air and then immersion 

oil was added on it.   

  

4.2.2.6 Toxicity studies   

4.2.2.6.1 Sterilization:   

All the pipetting tips, phosphate buffered saline (PBS), glassware, magnetic stirrers, spatulas 

used in this experiment were sterilized used an Astell autoclave at 121°C for 85 minutes.  

  

4.2.2.6.2 Preparation of media   

To prepare a complete media, 50 mL PSG (100x) and 5 mL Fetal Bovine Serum (FBS) were 

added (without any dilution) to a 500 mL media bottle (either DMEM or MEM).  

Media were kept in the fridge at 4˚C.  

  

4.2.2.6.3 Cell sub-culturing  

In a clean and sterile class II laminar flow hood, the media in the flask were removed using 

a disposable sterile 10 mL serological pipette (Fisher brand).  The flask was then washed 

with 10 mL of sterilized phosphate buffered saline (PBS) 3 times (using a new serological 

pipette each time). Trypsin EDTA (0.5 mL) was added and spread among the flask which is 

then placed in an incubator (Thermo Scientific HERACELL 150i CO2 incubator) at 37°C 

and 5% CO2 v/v for 5-7 minutes after which the viability of cells was checked under a 

microscope (Nikon Japan with a х10 ELWD lens with working distance 2.62–1.8 mm). After 

that, 10 mL of fresh media (MEM for HeLa and DMEM for Vero cells) were added to the 

flask and well mixed with the cells, and then 9 mL of the media (now mixed with wells) 

were removed and put in an Eppendorf tube to be used for the seeding step. Fresh media (9 

mL) were then added to the flask, mixed then put in the incubator. Cells were split twice 

weekly.   
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4.2.2.6.4 Cell seeding  

Cell count (using a haemocytometer) of the cell suspension from the splitting step (9 mL 

removed after using trypsin) was carried out. Accordingly, a cell suspension of a 

concentration (1 x 104 cell/mL) was prepared. In a 96-well plate (excluding the peripheral 

cells, these are columns 1 and 12 and rows A and H (Figure 4.2)), 100 µL of the freshly 

prepared cell suspension were placed in each well. The plate was then put in the incubator 

for 24 hours.   

  

4.2.2.6.5 Sample preparation   

In an autoclaved beaker, the sample (either dextran, NIPAM monomer, p(NIPAM), 

p(NIPAM-co-5% LY) or PEI) is weighed. Sterile fresh media (MEM for HeLa and DMEM 

for Vero cells) was added and left stirring for an hour. In a sterile class II laminar flow hood, 

the sample dispersion/solution was filtered using a single use filter unit with a pore size of 

2 µm (Minisart® Sartorius stedium biotech). A serial dilution was then prepared and used 

for cell dosing.  

  

4.2.2.6.6 Cell dosing  

The previously seeded 96-well plates are placed in a clean and sterile fume cupboard, the 

100 µL of media (in each well) are removed using sterile pipette tips. The first two columns 

are used as control wells (100 µL of fresh media is put in each well) while the rest of the 

columns is used for the different concentrations of the sample. In each well, 100 µL of the 

pre-prepared sample-media suspension is accurately put using a sterile pipette tip. For each 

sample, two plates are set up; Figure 4.2 shows the design of each plate while Table 4.1 

shows the concentrations used in each one. For each cell line (HeLa and Vero), a whole plate 

was set up to be a control one. Plates are placed in the incubator for 72 hours after which the 

MTT assay is carried out.   
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Figure 4.2 Structure and organisation of the 96-well plates used for toxicity studies. Blue cells were 
kept empty. The concentrations of the columns are shown in Table 4.1   
  

4.2.2.6.7 MTT assay  

For the preparation of MTT solution, 250 mg of MTT reagent were dissolved in PBS and 

sterilized at 121ºC for 85 minutes. In each well, 10 µL of pre-prepared of MTT solution was 

added. Plates were then placed in the incubator and left for 4 hours.   

 
Table 4.1 The design of plates A and B and the concentrations used for the toxicity testing of dextran, 

NIPAM monomer, p(NIPAM), p(NIPAM-co-5% LY) and poly(ethylenimine) (PEI)  
  

Conc.  C  C  A1  A2  A3  A4  A5  A6  A7  A8  
  Plate A      

mg/mL  Control  Control  3  1  0.7  0.3  0.1  0.07  0.03  0.01  
  Plate B       

µg/mL  Control  Control  7  3  1  0.7  0.3  0.1  0.07  0.03  
  

The media was then removed (this includes 100 µL sample in media and 10 µL MTT) and 

100 µL of dimethyl sulphoxide (DMSO) are added in each well and plates are left in the 

incubator for 30 minutes. The absorbance at 540 nm of the DMSO in each well is then 

determined using a Thermo Electron Corporation Multiskan Ascent plate reader.    

  

  

C  C  A1  A3  A2  A6  A5  A4  A7  A8  
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4.2.2.6.8 Growth curves  

Cells were seeded at a concentration of 1 x 104 cell/mL (as explained above) in a 96 well 

plate. Every day (for 10 days), MTT assay was carried out (as explained above) on one 

column of the plate.   

4.3. Results and discussion   

  

4.3.1 Particle size  

4.3.1.1 Effect of temperature   

Figure 4.3 shows the response of p(NIPAM-co-5% LY) to the change in temperature across 

a temperature range of 15-60˚C both during heating and cooling. The initial particle size at 

15°C at pH 7 is 250 nm which is considerably smaller than that of 100% p(NIPAM) with an 

initial particle size of 550 nm (1, 27). The incorporation of a hydrophobic comonomer such 

as lucifer yellow (28) decreases the critical chain length for micellisation of the growing 

oligomeric chains. This gives rise to a greater number of particle nuclei, so, smaller particle. 

The incorporation of LY also decreases the extent of hydrogen bonding between the particle 

and water (solvent) compared to 100% p(NIPAM), so, less water will be incorporated in the 

particle leading to a smaller particle size (29). It also changes the reaction conditions such 

as the rate of the reaction, solubility of the monomer and comonomer and the extent of 

reaction before termination (30). The DLS data suggest that LY was successfully 

incorporated in the new particle. The figure also shows that the novel fluorescent microgel 

particle maintains the reversible temperature responsive behaviour of p(NIPAM) with a 

VPTT of 32ºC wich is slightly less than that of 100% p(NIPAM) (35ºC) (1). The 

polydispersity index (PdI) value (Figure 4.3), which is close to zero (0.04), suggests that the 

majority of the particles in the dispersion acquire an even size.   
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 Figure 4.3 The effect of temperature on the particle size of p(NIPAM-co-5% LY) at pH 7 across 

temperature range (15-60°C)  
  
4.3.1.2 Effect of pH   

The effect of pH on the hydrodynamic diameter of p(NIPAM-co-5% LY) is shown in Figure 

4.4. The figure shows an increase in the particle size by increasing the pH at the same 

temperature (25˚C). At pH (0.5-3), the particle diameter was 190 nm and increased by 20% 

to reach 230 nm at pH (5-10).  At pH 11, the particle further swells by 9% to reach 248 nm. 

The change in particle size is thought to be mainly attributed to the change of the protonation 

state of the co-monomer lucifer yellow by the change in pH (Figure 4.2). Several pH 

sensitive NIPAM based particles (with different co-monomers such as acrylic acid) have 

been studied (1). At pH lower than the pKa of the co-monomer, the anionic groups are 

protonated, accordingly, they are not charged and hence the electrostatic repulsion force is 

minimal. When the pH increases above the pKa of the co-monomer, the anionic co-monomer 

groups are deprotonated, creating more surface charge on the particle, leading to more 

electrostatic repulsion forces and hence the increase in the particle size.   
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pH 

  
  Figure 4.4 The effect of pH on the hydrodynamic diameter of p(NIPAM-co-5% LY) at 25°C  

  

Lucifer yellow VS shows two positive pKa values (1.4 (0.8) and 5.7 (0.9)) (20). Figure 4.4 

shows the change in the hydrodynamic diameter of p(NIPAM-co-5% LY) according to the 

change of pH. The first positive pKa of LY (1.4) (caused by the deprotonation of the nitrogen 

of the piperidine ring) (20) shows a minimal effect on the particle size (Figure 4.4). 

Comparing the particle size at pH 0.5 to that at pH 3 shows minimal change in the particle 

size at the two cases. An increase in the particle size around the pH of 5 which is in the range 

of the second positive pKa of LY (caused by the deprotonation of the amino group (Figures 

4.1 and 4.2) (20) is observed. The figure shows 23 % increase in particle size by increasing 

the pH from 3 to 5.   

  

At pH below 5.7 (± 0.9), p(NIPAM-co-5% LY) can be considered as a zwitterionic particle.  

The negative surface charge on p(NIPAM-co-5% LY) particles is caused by the SO4
- groups 

from the anionic initiator used during the particle synthesis (K2S2O8) and the fluorescent 

dye (lucifer yellow) with sulphonate groups (Figure 4.1). Having two negative pKa values, 

the sulphonate groups of lucifer yellow are deprotonated when the pH is above zero (Figure 

4.2) (20). At pH below 1.4, the nitrogen group of the piperidine ring and the amino group of 

the aniline are both protonated creating positive charge that masks some of the negative 

charge created by the initiator and the sulphonate groups of LY. At 1.4 < pH > 5.7, the 

nitrogen of the piperidine is deprotonated, but the tertiary amine group of the aniline is 

protonated and thus charged, so, positive charge caused by the protonated amino group can 

still mask some of the negative charges. When the pH exceeds 5.7 (± 0.9), both groups 
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(nitrogen of piperidine and amino of aniline) are deprotonated and thus no positive charges 

are created. At this point, the negative surface charge on p(NIPAM-co-5% LY) is maximal 

and not masked by positive charges (the particle is not zwitterionic anymore and tends to 

only carry negative charges on its surface. This increases the electrostatic repulsion within 

the particle and hence increases the particle size (Figure 4.4).   

  

It is worth mentioning that the magnitude of change in the particle diameter of p(NIPAMco-

5% LY) at different pH values is less than that of previously known temperature/pH 

responsive particles such as p(NIPAM-co-5% AA) (1). The initial particle diameter of 

p(NIPAM-co-5% AA) at 15˚C at pH 3 is 290 nm while at pH 6 (at the same temperature) is 

550 nm (1). This shows a 90% increase in the particle size by changing the pH of the particle 

dispersion. In the case of p(NIPAM-co-5% LY), the particles only show a 32% increase in 

diameter when the pH is changed from 0.5 to 11.   

  

The magnitude of particle size change in response to pH change can be increased by 

incorporating another co-monomer. This has been carried out by many researchers such as 

the incorporation of AA (1), N-t-butylacrylamide (31). The suggested result then is the 

synthesis of a fluorescent temperature/pH sensitive particle with a higher magnitude of pH 

sensitivity.   

4.3.2 Electrophoretic mobility  

4.3.2.1 Effect of temperature   

Figure 4.5 compares between the electrophoretic mobility of p(NIPAM) and p(NIPAM-

co5% LY). p(NIPAM) has a negative surface charge due to the anionic initiator used during 

synthesis while p(NIPAM-co-5% LY) has a negative surface charge due to both the initiator 

and the anionic co-monomer (LY) (32). The figure shows that at 15ºC the electrophoretic 

mobility of p(NIPAM-co-5% LY) (-0.32 µmcm/Vs) is higher than that of p(NIPAM) (-0.17 

µmcm/Vs). This can be attributed to two main reasons; first, the presence of a higher surface 

charge density on p(NIPAM-co-5% LY) particles due to the addition of an anionic co-

monomer (lucifer yellow) (32) beside the anionic initiator used during the synthesis.   
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Figure 4.5 The effect of temperature (heating) across a range (15-60°C) on the electrophoretic mobility  
of p (NIPAM-co-5% LY) and p(NIPAM)in 10-4 M NaCl at pH 7   

  

Second, is that the particle size of p(NIPAM-co-5% LY) is smaller than that of p(NIPAM) 

which causes the particles to move faster. When the temperature exceeds the VPTT, the 

particle deswells which results in a higher surface charge density (29) and leads to a higher 

electrophoretic mobility. It is also worth mentioning that the data in Figure 4.5, p(NIPAMco-

5% LY) shows a lower VPTT (32°C) than that of p(NIPAM) (35°C). This agrees with the 

results previously shown by the particle size measurements and is attributed to the 

incorporation of the hydrophobic co-monomer LY.  

  

4.3.2.2 Effect of pH   

The effect of pH on the electrophoretic mobility of p(NIPAM-co-5% LY) in 1 x 10-4 M NaCl 

at 25˚C is shown in Figure 4.6. As discussed above (point 3.1.1.2), the electrophoretic 

mobility increases around the pKa of LY (5.7 (0.9)) due to the deprotonation of the amino 

group of the aniline (20) (Figure 4.1) that causes an increase of the net negative charge on 

the particle surface.   
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Figure 4.6 The effect of pH on the electrophoretic mobility of p(NIPAM  -co-5% LY) in 1 x 10-4 M 
NaCl at 25°C   

  

  

4.3.3 Fluorescence spectroscopy   

The fluorescence spectra of 0.01 µg/mL LY, 0.2 µg/mL p(NIPAM) and 0.2 µg/mL 

p(NIPAM-co-5% LY) excited at 430 nm at 25˚C and 45°C at pH 3 and 7 are shown in 

Figures 4.8 and 4.9.   

  

4.3.3.1 Effect of addition of lucifer yellow  

The concentration of LY used for the fluorescence spectra in Figures 4.8 and 4.9 (0.01 

µg/mL) is the theoretical concentration of LY incorporated in 0.2 µg/mL p(NIPAM-co-5% 

LY) (5%), in other words, it is the concentration of LY added during the synthesis of 

p(NIPAM-co-5% LY), and was selected to give a qualitative comparison of the emission 

spectrum intensity. However, the fluorescence intensity of LY is significantly higher than 

that of p(NIPAM-co-5% LY) which suggests that either not all the LY added during the 

synthesis reaction is incorporated in the new particle, or the quantum yield of LY was 

quenched by the p(NIPAM) particles, or other environmental conditions such as solvent 

polarity (17).   

  

The second suggestion is supported by Furstenberg et al. (17) who studied the excited state 

dynamics of lucifer yellow and concluded that LY is an environment sensitive probe whose 
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fluorescence dynamics change in the presence of proteins and by changing the solvent. They 

also concluded that the fluorescence of LY is quenched by amino acids. Given the fact that 

both proteins and polymer particles are considered as large complex molecules/particles, it 

is a possibility that polymer particles might have similar quenching effect on the 

fluorescence of LY.   

  

p(NIPAM) does not show an emission peak in a similar region or of a similar intensity to 

that of LY and p(NIPAM-co-5% LY). On the other hand, it shows some fluorescence 

intensity (of much lower magnitude than p(NIPAM-co-5% LY)  which is thought to be due 

to light scattering) (33). This is a common characteristic of colloidal dispersions that is 

related to particle size. The turbidity of colloidal dispersions is due to the intense light 

scattering by its particles. The size and shape of the scattering particles are the main factors 

affecting the intensity of the scattered light. If a colloidal microgel sample is placed in a UV 

spectrophotometer and a beam of light is passed through it, a fraction of the light will be 

scattered as it passes through the sample. While measuring fluorescence of p(NIPAM) and 

p(NIPAM-co-5% LY), the scattered light from the particles can partially interfere with the 

fluorescence emission.   
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LY 
25˚Cp(NIPAM) 5% LY 25˚Cp(NIPAM) 25˚C 

Figure 4.7 Fluorescence spectra of 0.01 µg/mL LY, 0.2 µg/mL p(NIPAM-co-5% LY) and 0.2 µg/mL 
p(NIPAM) excited at 430 nm at pH 7 at temperatures 25°C and 45°C   
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Figure 4.8 Fluorescence spectra of 0.01 µg/mL LY, 0.2 µg/mL p(NIPAM-co-5% LY) and 0.2 µg/mL 
p(NIPAM) excited at 430 nm at 25°C at pH 3 and 7   
4.3.3.2 Effect of temperature  

The effect of temperature on the fluorescence of LY, p(NIPAM-co-5% LY) and p(NIPAM) 

can be compared using Figure 4.7. In 1852, Sir G. G. Stokes observed that fluorescence 

emission generally occurs at lower energies and longer wavelengths than that of absorption 

(34). In the case of LY, the emission peak at the same pH (pH 7) and different temperatures 

(25°C and 45°C) show similar λmax, peak shape and intensity.  This indicates that the effect 

of internal conversion (due to temperature change) on Stokes shift is minimal. In terms of 

fluorescence intensity, no significant difference between the fluorescence at temperatures of 

25°C and 45°C is shown (Figure 4.7). The percentage change between both temperatures is 

4% at pH 3 and 1.6% at pH 7.   
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In the case of p(NIPAM-co-5% LY), the emission peaks at 25°C and 45°C (both at pH 7) 

show similar λmax and peak shape. On the other hand, a change in the fluorescence intensity 

is observed by changing the temperature (Figure 4.7). The percentage change in the 

fluorescence intensity was 11.7% at pH 3 (3 times higher than that of LY) (data not shown) 

and 14.6% at pH 7 (9 times higher than that of LY). This can be attributed to different factors 

such as the change in particle size by changing the temperature from below to above the 

VPTT (Figure 4.3) which changes the fluorophore density and accordingly the fluorescence 

intensity. It is worth mentioning that the particle size of p(NIPAM-co-5% LY) decrease by 

43% when the temperature increases from 25˚C to 45˚C at pH 3 and 7. The change in 

temperature can also cause a change in the quantum yield of fluorescence due to change in 

solvent properties such as solvent polarity (17, 35). For p(NIPAM), the particles deswell 

when the temperature exceeds the VPTT (35°C), thus at 45°C, they acquire a de-swollen 

configuration and the dispersion is more turbid. This boosts the light scattering effect which 

is shown here as higher fluorescence intensity.   

  

4.3.3.3 Effect of pH   

Lucifer yellow is a pH insensitive fluorescent probe (36). This agrees with the results shown 

in Figure 4.8 where the emission peaks of LY at same temperature (25°C) and different pH 

values (3 and 7) are similar (same λem). The same result is also shown for p(NIPAM-co-5% 

LY).   

  

The fluorescence intensity of LY is affected by the change in pH (Figure 4.8). This can be 

due to different factors that affect the quantum yield of the fluorophore Lucifer yellow.  

These include the change of the polarity of the surrounding polymer (p(NIPAM)) and its 

electrophoretic mobility which affects the polarity of the solvent (17). Changing the solvent 

polarity highly affects the fluorescence lifetime which in return affects the quantum yield 

(17, 37, 38). In the case of p(NIPAM-co-5% LY), no change in the fluorescence intensity is 

observed. This is can be attributed to the incorporation of a small percentage of LY in the 

particles. Accordingly, the effect of pH on the fluorescence of the particles is not 

pronounced.    

  

4.3.4 Infrared spectroscopy   

Figure 4.9 shows the FT-IR spectra of p(NIPAM), p(NIPAM-co-5% LY) and LY in the mid 

IR region (3800-1200 cm-1) while Figure 4.10 shows the spectra in the range 1300750 cm-1. 
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The spectrum of p(NIPAM) is comparable to those in the literature (39, 40). Table 4.2 lists 

the main bands of p(NIPAM) and p(NIPAM-co-5% LY) and their assignments while Table 

4.3 list the bands of LY and their assignments.   

  

  
Table 4.2 FT-IR bands values of p(NIPAM) and p(NIPAM-co-5% LY)   
  

  Wavenumber (cm-1)  Assignment (41)  
a  3292  secondary amide N-H stretching  
b  3065  Amide B stretching  
c  2970  -CH3 asymmetric stretching  
d  2929  -CH2 asymmetric stretching  
e  2874  -CH3 symmetric stretching  
f  1650  amide I band stretching  
g  1550  amide II band stretching  
h  1469  -CH3 asymmetric deformation  
i  1387  -CH3 symmetric deformation  
j  1368  -CH2 symmetric   
k  1173  -CH3 skeletal  
l  1132  -CH3 rocking  

  
    
   
 Table 4.3 FT-IR bands values of LY   

  Wavenumber (cm-1)  Assignment (41)  
1  3450   -NH2 primary amide stretching  
2  3065  C-H stretching  
3  1700  overtone and combination bands  
4  1650  NH2 primary amide deformation  
5  1585  

Aromatic ring (stretching)  
6  1519  
7  1477  
8  1430  
9  1190  S=O stretching   
10  1140  SO2 symmetrical in sulfones stretching  
11  1050  

SO3H in sulfonic acids stretching  
12  1026  
13  1000  CH=CH2 in vinyl compounds out of plane  
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14  976  
15  890  aromatic C-C (stretching)  
16  802  R-NH2 in primary amines NH2 wag  
17  770  m-disubstituted benzene (CH out of plane)  

  

  

The IR spectrum of p(NIPAM-co-5% LY) is comparable to that of p(NIPAM) (Figures 4.10 

and 4.11). On the other hand, the incorporation of lucifer yellow is indicated by the band at 

1054 cm-1 for LY and 1046 for p(NIPAM-co-5% LY) (indicating the sulphoxides in lucifer 

yellow). At 994 cm-1, p(NIPAM) show a small band indicating vinyl group (41) (also present 

in LY at 1000 cm-1), the absence of this group in the p(NIPAM-co-5% LY) spectrum suggest 

the absence of free vinyl groups since they were polymerized during the synthesis of the 

microgel. It is also worth mentioning that none of the spectra of p(NIPAM), p(NIPAM-co-

5% LY) and LY show the C=C (of the vinyl group) stretch band in the range of 1690 - 1670 

cm-1 (Tables 4.2 and 4.3 and Figure 4.9) (41). This can be attributed to the presence of the 

strong amide band at 1650 cm-1 and in case of LY the overtone and combination bands at 

1700 (Table 4.3 and Figure 4.9). The presence of these bands in a close range to that of C=C 

stretch band might have shifted or masked it.    
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Figure 4.9 FT-IR spectra of p(NIPAM) (red), p(NIPAM-co-5% LY) (black) and LY (green) in the region (3800-1400 cm-1)  
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Figure 4.10 FT-IR spectra of p(NIPAM) (red), p(NIPAM-co-5% LY) (black) and LY (green) in the region (1300-750 cm-1)  
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4.3.5 Microscopy  

The novel microgel particles were examined using SEM (Figure 4.11) and fluorescence 

microscopy (Figure 4.12). Figure 4.11 show that the particles are spherical, monodispersed 

and their average size is 120 nm which is comparable to that shown by DLS at deswollen 

state (Figure 4.3). In few occasions, the dehydration of the sample causes some of the 

particles to be associated (Figure 4.11).  The fluorescence microscopy (Figure 4.12) also 

confirms the results of SEM where the particles are shown to be spherical, roughly of the 

same size and fluorescent.  Figure 4.12 supports the suggestion that LY is incorporated in 

the novel p(NIPAM-co-5% LY) microgel particles and that they are fluorescent. 

Accordingly, it can be suggested that these particles can be traced in the human body (given 

their fluorescence) which can serve as a diagnostic tool. Researches have tried incorporating 

fluorescent dyes into microgels (42, 43), on the other hand, there are no upto-date data 

showing fluorescence microscopy images of fluorescent microgels.    

  

4.3.5.1 Scanning electron microscopy   

  

 

 
Figure 4.11 SEM pictures of p(NIPAM-co-5% LY) at pH 3 (х 45,000)  
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4.3.5.2 Fluorescence microscopy  

  

  
Figure 4.12 Fluorescence microscopy pictures of 2 µg/mL p(NIPAM-co-5% LY) (х 100)  
  

4.3.6 Toxicity studies   

p(NIPAM) based microgels have been studied for a number of years (44-48). Many 

applications have been suggested for this polymer due to its ability to change its 

physicochemical properties according to the change in environmental conditions (1, 2). 

Considering that the VPTT of p(NIPAM) particles is 33-35˚C (1) which is very close to the 

human body temperature, many researchers investigated the possible use of p(NIPAM) 

microgel particles in drug delivery (7, 49-51), delivery of stem cells (52) and other 

biomedical applications such as tissue engineering (27), biomedical implants (53), treatment 

of dentinal hypersensitivity (1) and wound dressings (54, 55). A very important point to 

consider in this case is the toxicity of NIPAM based microgels; on the other hand, not many 

data are available in this context in literature up to date.  
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(a)   
  1 3 5 7 1 3 5 7 

Days 
Days 

  
Figure 4.13 Growth curves of (a) HeLa cells and (b) Vero cells  

  

The growth curve of both HeLa and Vero cells are shown in Figure 4.13. Both curves are 

comparable to those reported in literature (56, 57). The growth of both cells passes though 

different phases. Phase 1 is the lag phase when the cells do not divide but adapt to the culture 

conditions. The seeding density and the kind of cell line define the length of this phase. 

Phase 2 is the lag phase when the cells proliferate actively and the cell density exponentially 

increases. The cell proliferation kinetics varies from one cell line to another. Phase 3 is the 

plateau or stationary phase when the cell proliferation slows down and the cells are 

susceptible to injury. Phase 4 and the last is the decline phase when cell death dominates 

and the number of viable cells decreases dramatically (58).    
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Figure 4.14 
Percentage 
cell viability 
(after 72 
hours) 
versus log 

concentration (across conc. range of 0.03 µg/mL to 3000 µg/mL) of dextran, NIPAM monomer, 
p(NIPAM), p(NIPAM-co-5% LY) and PEI on 1 x  
104 HeLa cell/mL  

  
Dextran 
NIPAM monomer 

p(NIPAM) 

p(NIPAM) 5% LY 

 -2 -1 0 1 2 3 4 
Log conc. (µg/mL) 

  
Figure 4.15 percentage cell viability (after 72 hours) versus log concentration (across conc. range of  
  
0.03 µg/mL to 3000 µg/mL) of dextran, NIPAM monomer, p(NIPAM), p(NIPAM-co-5% LY) and  
PEI on 1 x 104 Vero cell/mL  
  

  
Table 4.4 LC50 of dextran, NIPAM monomer, p(NIPAM), p(NIPAM-co-5% LY) and PEI on HeLa  

  
and Vero cells (std error values are presented in brackets)  

  
LC50 on HeLa cells  

(µg/mL)  

LC50 on Vero cells  

(µg/mL)  

Dextran  ≥ 3000  

NIPAM monomer  700 (6)   700 (6)  
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p(NIPAM)  ≥ 3000  

p(NIPAM) 5% LY  ≥ 3000  

PEI  0.7 (0.2)  3 (0.9)  

  

In 2010, Naha et al., (59) studied the cyto- and geno-toxicity of p(NIPAM) particles (within 

a concentration range of 25-1000 mg/L) on two different mammalian cell lines, SW480 

(colon) and HaCaT (dermal cell line). The viability of cells (both cell lines) after 24, 48, 72 

and 96 hours were shown to be 100%. Also, the geno- and eco-toxicity (60) data confirmed 

the results of the cytotoxicity suggesting that p(NIPAM) particles have an excellent 

bioavailability profile in vitro. Naha et al. (59) have further studied p(NIPAM) based 

microgel particles inside cells and concluded that the particles enter the cells and are localized 

in the lysosomes.   

  

The cytotoxicity and uptake of p(NIPAM) based microgel particles with incorporated 

hyperbranched polyglycerol (HPG) was investigated by Cuggino et al., (61). The cytotoxic 

effect of p(NIPAM-co-HPG) particles on epithelial human lung cancer cell line A549, 

human hematopoietic cells U-937, and human epidermoid carcinoma cells A431. Results 

suggest that doses above 0.5 mg/mL are required to cause adverse effects on the cells. It is 

also worth mentioning that the particles could penetrate the cell membrane of lung cancer 

cells A549 incubated at 37°C and were distributed in the perinuclear region (61).    

  

Herein, the effect of dextran, NIPAM monomer, p(NIPAM), p(NIPAM-co-5% LY) and PEI 

on the cell viability of both HeLa and Vero cell lines is reported. HeLa cells are human 

epithelial cells of a strain maintained in tissue culture since 1951 and used in research, 

especially in virology. The original cells were provided by cervical carcinoma of Henrietta 

Lacks (62). Vero cells are taken from the kidneys of the African green monkey,  

Cercopithecus aethiops sabaeus, and used to grow certain viruses for vaccine production  

(63).    

  

Figure 4.14 shows the effect of different concentrations (concentration range between 0.03 

µg/mL to 3 mg/mL) of dextran, NIPAM monomer, p(NIPAM), p(NIPAM) 5% LY and  

PEI on the cell viability of HeLa cells. The figure shows that the effect of dextran (used as 

a negative control) on the cell viability was minimal as the cells showed over 90% viability 
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across the whole range of concentrations. On the other hand, PEI (used a positive control) 

shows cell viability above 80 % at concentrations less than 0.003 mg/mL. When the 

concentration further increases, the cell viability significantly decreases till it reaches 20% 

at a concentration of 0.03 mg/mL. In spite of its reported toxicity (64, 65), PEI is widely 

researched as one of the main non-viral vectors for gene therapy (66).  These results are 

comparable to those of Zhizhong et al. (67) who studied the cytotoxicity of linear 25 kD PEI 

(known to be less toxic than branched PEI (64, 66, 68)) on OS-RC-2 cell line and reported 

that cell viability under 30 μg/mL of 25 kD PEI was 50%. For 2 kD PEI, half of the cells 

were viable when the concentration was 200-300 μg/mL. Similar results were also shown 

by Thomas et al. (69) who reported that less than 50 % of COS-7 cells were viable when the 

concentration of 25 kD PEI was more than 20 μg/mL while less than 5 % of the cells were 

viable when its concentration was above 35 μg/mL.   

  

Despite its reported cytotoxicity (64, 66-70), the use of PEI has been studied for biological 

applications such as gene delivery (65, 67, 71, 72), nucleic acid delivery (68, 69, 73-75), 

drug delivery (70), cosmetics (76) and tissue engineering (77). In 2012, Wegmann et al.  

(78) claimed that PEI is a potent mucosal adjuvant for human use and suggested that further 

investigation for improvement of potency and safety of PEI as an adjuvant suggests 

promising results. Many attempts to decrease the cytotoxicity of PEI by conjugation with 

other molecules have been varied out. These aim at turning PEI into a bioequivalent delivery 

system (67-69, 74, 75). Similarly, it can be suggested that the conjugation of acrylamide and 

its derivative NIPAM into p(NIPAM) based particles can yield particles with significantly 

lower toxicity. It is also worth mentioning that PEI is currently commercially available (in 

the form of PEI-HCl) in a drug in the German market known as ‘Epipak’ used for mouth 

disorders (79).  

  

The main challenge for the use of NIPAM based particles as drug delivery systems is its 

toxicity. The fact that the main monomer NIPAM includes acrylamide group which is 

known for its toxicity (80), suggests that the polymerized particle and/or its metabolic 

products (such as NIPAM monomer and/or acrylamide) might acquire the same properties. 

Accordingly, the toxicity of the novel particle p(NIPAM-co-5% LY), p(NIPAM) and the 

monomer was tested. In Figure 4.14 p(NIPAM) shows cell viability over 80 % up to a 

concentration 3 mg/mL while NIPAM monomer showed a high cell viability (over 80 %) 

for concentration equal to, or less than, 0.3 mg/mL. Above this concentration, NIPAM 
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monomer shows considerably less viability untill it reaches 10 % at a dosing concentration 

of 3 mg/mL.  

  

For the novel p(NIPAM-co-5% LY) particles, the results show that the cell viability is 

around 80% or higher up to 3 mg/mL. This suggests that p(NIPAM-co-5% LY) is suitable 

for medical and/or pharmaceutical use when used  within the specified concentrations. 

Similar results for the effect of the same concentrations of dextran, NIPAM monomer, 

p(NIPAM), p(NIPAM-co-5% LY) and PEI on the cell viability of Vero cells. Figure 4.15 

shows that dextran showed cell viability over 80% across all the dosing concentrations.  

PEI showed cell viability over 80% at concentrations equal to, or less than, 0.001 mg/mL. 

Increasing the dosing concentration decreased the cell viability till it reached 15 % at 0.01 

mg/mL. NIPAM monomer showed high cell viability (between 80 and 100%) at 

concentrations equal to, or less than, 0.3 mg/mL. Both p(NIPAM) and p(NIPAM) 5% LY 

showed cell viability around 80% or more for all the dosing concentrations used.   

Comparing the cytotoxicity (for both HeLa and Vero cells) of p(NIPAM) 5% LY and 

p(NIPAM) to that of PEI shows that the former particles show a safer toxicity profile. While 

a concentration of (0.7 µg/mL for HeLa and 3 µg/mL for Vero) of PEI killed half of the cells 

(Table 4.4), 3 mg/mL of the NIPAM based particles kept more than 80 % of the cells alive 

(Figures 4.15 and 4.16). Furthermore, NIPAM monomer which is expected to be one of the 

metabolic products of p(NIPAM) based particles has an LC50 of 700 µg/mL (for both HeLa 

and Vero cells) which is considerably higher than that of PEI. Thus, the results show that 

p(NIPAM) based particles as well as NIPAM monomer (at the specified concentrations) 

have a safer toxicity profile when compared to PEI. Considering the ongoing research and 

use of PEI in biological and pharmaceutical applications (previously discussed) and the 

properties of p(NIPAM) based particles such as temperature, pH, ionic strength 

responsiveness, it is suggested that further research of the toxicity of p(NIPAM) based 

particles as well as modification of the particles can yield very useful and promising systems 

for biological and pharmaceutical applications such as drug delivery, gene therapy and 

treatment of dentinal hypersensitivity.  

  

The biocompatibility of p(NIPAM), p(NIPAM-co-AA) and p(NIPAM-co-BA) with skin has 

been studied by Abu Samah et al. (81). The effects of the three particles on the expression 

of cyclooxygenase-2 (COX-2) was determined using western blotting which showed that 

the particles have penetrated the skin and the keratinocytes of the vital epidermis. p(NIPAM-
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co-BA) showed 67% higher COX-2 expression than the control group which indicates a pro-

inflammatory response. For p(NIPAM-co-AA), no significant modulation in the expression 

of COX-2 was shown, indicating the compatibility of the particles with skin. Comparable 

results were obtained for microgel particles loaded with citric acid solution. Accordingly, the 

authors support the use of the multiresponsive p(NIPAM-co-AA) as a triggered or controlled 

topical drug delivery system.  

  
For in vivo testing, Aslam et al. (82) tested the effect of different concentrations (0, 0.2, 0.4, 

0.6, 0.8 and 1 mg/mL) of 150 nm p(NIPAM) on Swiss Albino mice (Mus musculus). Oral 

p(NIPAM) dispersions (with the previously mentioned concentrations) were given to the 

mice daily for 30 days. The results suggest that lower doses (0.2 mg/mL) had no lethal effect 

on the mice. Increasing the dose of p(NIPAM) (0.4, 0.6 and 0.8 mg/mL), half the mice died 

in 20-25 days. For 1 mg/mL p(NIPAM) dispersions, half the mice died in 28 days. The 

authors suggest that p(NIPAM) is tolerable at low doses, on the other hand, the accumulation 

of high doses of the particles (by daily administration of 1 mg/mL/kg) has a lethal effect in 

an average of 18 days.      

  

In 1981, Tanii et al. claimed that the metabolic product of NIPAM is acrylamide (83), 

accordingly, it is very important to consider its toxicity while studying the toxicity of 

NIPAM based particles. Many researchers have claimed that acrylamide is toxic (84), some 

mention its neurotoxicity (84), others mention its genotoxicity (84) as well as other serious 

effects such as testicular degeneration, necrosis of the liver, congestion of the lungs.  

Acrylamides are formed when some foods including certain nutrients are cooked at certain 

temperatures during grilling, frying and baking (79, 85). A review studying the dose-

response relationship of acrylamide was carried out by Shipp et al. (85), the study states that 

the reference dose (RfD) (safe dose) of acrylamide is 0.83 µg/kg/day (considering 

reproductive effects and genotoxicity) and 1.2 µg/kg/day (considering neurotoxicity). The 

review also claims that most of the reports of acrylamide toxicity did not consider very 

important factors such as the smoking state of the patients which is extremely important 

(85).  Considering the RfD mentioned by Shipp et al. (85), an adult of average weight 70 kg 

can safely have 58 µg/day of acrylamide.   

  

In 1992, an occupational safety and health guideline for acrylamide was produced by the US 

Department of health and human services and the US Department of Labor (84). The 
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toxicology results in this report states that the lethal dose 50 (LD50) (the dose that kills half 

of the animals) of orally administered acrylamide in rabbits is 150 - 180 mg/kg while for 

dermally applied acrylamide it is 2250 mg/kg. In rats, the report states that the LD50 was 

565 mg/kg and 490 mg/kg for males and females, respectively (84). Only when continuously 

exposed to an acrylamide dose of 1 mg/kg/day did cats, rats and monkeys develop 

neuropathies (84). In theory, if we apply this to humans, an adult human being of average 

weight 70 kg needs to orally administer 70 mg/day to develop neuropathy.   

  

An example of polyacrylamide containing drug that have been available in the German 

market for years is a drug commercially known as ‘Geliperm’ gel and wound dressing (86) 

for the treatment of wounds. The active ingredient of this drug is poly(acrylamide-

N,N´methylenediacrylamide) (79).  The drug is produced by two companies; Geistlich 

Pharma and Yamanouchi Pharma GmbH (86). In spite of being an acrylamide polymer, the 

drug has been used in the European market for years which suggests no major problems 

were reported concerning its toxicity. In 1988, the U.S. Naval research office in London 

mentioned Geliperm as one of the drugs commonly used in treatment of wounds (87). In 

2006, the medical uses of Geliperm were further extended to be used as a hydrogel wound 

dressing for protecting the eyes of anaesthetized patients during surgery and in the intensive 

care unit (88). It was also used as a sterile, solid gel interface between ultrasound probe and 

skin for producing ultrasound images (88). Such an example, suggests that the medical and 

pharmaceutical use of p(NIPAM) particles can be applicable if well studied and applied.  

  

Very important questions arise on this occasion. If used as a drug delivery system, how much 

acrylamide would the metabolism of p(NIPAM) based particles yield? How much 

p(NIPAM) based particles would be required for drug delivery? Does p(NIPAM) 

metabolism yield any other metabolites? Can the metabolic pathways of p(NIPAM) be 

altered? Would the route of administration of p(NIPAM) particles highly affect the toxicity 

profile? Would the synthesis method of p(NIPAM) particles make much difference in its 

toxicity? Does anionic p(NIPAM) have a different toxicity than cationic one? Considering 

late cases of cancer or other serious diseases, is there a study that compares the advantages 

and the disadvantages of using p(NIPAM) particles as a delivery system (in case of late 

stages of fatal diseases such as cancer)?  Some of these questions are being addressed (59, 

81, 89). Yet, a lot more research is needed to find out if p(NIPAM) based particles can be a 

promising non-toxic drug delivery system, some of which will be targeted in the future 
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research plan. This will include more in vitro toxicity studies with different environmental 

conditions, more animal testing with different doses to define a dose response curve of 

p(NIPAM) and its metabolites. According to the results obtained, the decision will be made 

whether or not proceed to human testing.   

  

Most of the drugs currently available in the market can cause different kind of toxicities and 

can even be lethal if administered at the wrong dose. It is worth mentioning at this point, 

that p(NIPAM) based particles (if pharmaceutically used) are intended to be used as a drug 

delivery system and not a drug, this might be important while calculating the required dose.    

  

4.4 Conclusions and future work   

4.4.1 Conclusions   

A novel fluorescent negatively charged temperature/pH-sensitive particle (p(NIPAM-co5% 

LY)) was successfully synthesized and characterized using different techniques. At pH 7 

and 15ºC (the particle is swollen), the particle size is 250 nm. When the temperature exceeds 

the VPTT (35ºC) the particle de-swells to reach 130 nm. These particle sizes are 

approximately half that of p(NIPAM) at similar conditions. The PdI and the intensity peaks 

of the novel microgel dispersion indicate a uniform particle size across the dispersion. The 

particle shows pH sensitivity where the particle size increases around pH 5 which is the 

calculated pKa of LY. The fluorescence emission intensity is affected by the change in 

temperature. Increasing the temperature causes an increase in the fluorescence emission 

intensity. The microscopy experiments show that the particles are spherical, monodispersed 

and fluorescent.   

  

This study only provides initial evidence of the biocompatibility of NIPAM based particles 

and its metabolite at the specified concentrations. However, it can be concluded that NIPAM 

monomer is more toxic than both p(NIPAM) and p(NIPAM-co-5% LY). The two microgel 

particles show cell viability over 80% (for both cell lines HeLa and Vero) up to a 

concentration of 3 mg/mL while NIPAM monomer show cell viability over 80% equal to or 

less than 0.3 mg/mL. At concentration of 3 mg/mL, NIPAM monomer shows 10% cell 

viability. These data add to the few existing reports on the toxicity of NIPAM based particles 

and provide some encouragement around their biocompatibility and possible use for drug 

delivery applications.  
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4.4.2 Future work  

Further improvement of p(NIPAM-co-5% LY) particle will be carried out to support its 

suggested use as a combined diagnostic and drug delivery system that specifically targets 

cancer cells. This will include the incorporation of other co-monomers to improve the pH 

sensitivity of the particle. To further improve the tracing and diagnostic abilities of the 

particle, the incorporation of other fluorescent molecules that can change the colour of their 

fluorescence by the change in pH can be investigated. Also, the incorporation of 

comonomers with specific groups that bind with specific receptors of the cell membrane of 

cancer cells will be carried out.  

  

To determine if p(NIPAM) based particles are biocompatible, more studies considering all 

the factors that can affect toxicity should be conducted. These studies will investigate the 

pharmacology and pharmaco-kinteics of p(NIPAM) based particles. These studies are not 

only required to further investigate the in vitro toxicity on different cell lines but also test 

the in vivo toxicity (animal and human testing), determine the metabolic products of NIPAM 

based microgel particles and study their effect on the human body. Based upon these studies, 

it is to be decided whether or not these particles shall be used in medical and pharmaceutical 

applications such as drug, gene and nucleic acid delivery. Future experiments will also 

include the localization of p(NIPAM-co-5% LY) inside cells to understand its behaviour in 

vivo. The uptake and release of different drugs from p(NIPAM-co-5% LY) and the factors 

affecting them will also be investigated.   
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Chapter Five  Synthesis, characterization and emulsification properties of poly(N-

isopropylacrylamide-co-acrylic acid)-hexenol  

  

5.1 Introduction  

Emulsions can be defined as “an opaque, heterogeneous system of two immiscible liquid 

phases, where one of the phases is dispersed in the other as drops of microscopic or colloidal 

size” (1). A surfactant is a substance which lowers the surface tension of the medium in which 

it is dissolved and/or the interfacial tension with other phases and accordingly is positively 

adsorbed at the interface between two phases (2). Colloidal particles are able to act similar 

to surfactants by being held at liquid-liquid interfaces without aggregating. Emulsions that 

are stabilized by particles are called “Pickering emulsions”. The surfactant effect of colloidal 

particles is achieved by one of two mechanisms; first is that the colloidal particles (acting as 

a surfactant) provide steric hindrance to droplet-droplet coalescence (of the liquid) and the 

second is that the particles change the rheological properties of the emulsion at the interface 

(3). In Pickering emulsions, the particles irreversibly adsorb at the oil-water interface. 

Accordingly, the desorption of these particles requires high energy (much higher than that 

required for the desorption of conventional emulsifiers). Different studies have investigated 

the emulsion stabilizing effects of microgel particles (3-9) where some of them were water-

in-oil emulsions (9) and others were oil-in-water (8). Using environmentally responsive 

particles can make it possible to control the stability of Pickering emulsions (6, 10, 11).  

  

Different factors are thought to affect the ability of microgel particles to act as a surfactant. 

For example, when the particles are more hydrophobic they can spread more into the oil 

phase and thus lower the interfacial tension between the two phases. Also, the wettability of 

the particles that enable them to hold the aqueous phase (5, 7) is an important factor. Other 

factors include the surface charge of the particles and the interaction between them (5).  

  

The advantages of Pickering emulsions over conventional ones include their ability to reduce 

tissue irritation and that their viscosity can be easily changed by changing the nature and 

content of the solid material (6) as well as the environmental conditions around them (12). 

In their review about microgel particles at the liquid-liquid interface, Li et al.  

(5) suggested that microgel stabilized systems are more stable than surfactant stabilized ones. 

On the other hand, some challenges still face the use of microgel particles as emulsion 

stabilizers (5). These include the synthetic approach where most of the particles prepared by 
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precipitation polymerization are inhomogeneous. This affects the physical properties of the 

particles such as the particle surface charge, elasticity and swelling which highly affects the 

behaviour of the particle at the interface. Also, the protrusion of the particles in the oil phase 

is limited and the mechanism of adsorption of the microgel particles and their molecular 

arrangement at the oil-water interface is poorly understood.  

  

The novel particles synthesized in this work address the challenges pointed out by Ngai et al. 

(5) who suggest that the synthetic approach to microgels has a big influence on their physical 

properties. Microgels prepared using precipitation polymerization are often characterized by 

inhomogeneous spatial distribution of the different functional groups used during synthesis. 

This causes a lack of control of the behaviour of the particles in terms of the swelling time, 

charge distribution and particle elasticity (5). The synthetic approach used in this work 

(surfactant free emulsion polymerization (SFEP) technique followed by carbodiimide 

coupling) yielded mono-dispersed particles as proven by the DLS and SEM data (Figures 5.2 

and 5.7 respectively). The advantages of SFEP are its high product yield (around 95%) of 

monodispersed particles and the regularity in both size and composition of the resultant 

particles. This is achieved without the need to use surfactants which are not easily removed 

after the synthesis.   

  

The NIPAM monomer has a hydrophobic group (isopropyl) and a hydrophilic one (amide). 

During the microgel synthesis, the monomer molecules are arranged so that the hydrophobic 

groups are at the centre and the hydrophilic ones are at the periphery. Accordingly, 

p(NIPAM) particles are characterized by having a hydrophobic core and a hydrophilic shell 

(13). Increasing the number of hydrophobic groups used in a microgel would allow the 

particles to penetrate more in the hydrophobic phase while increasing the number of 

hydrophilic groups would allow the particles to penetrate into the aqueous one.  This is 

supposed to play an important role in lowering the interfacial tension between the two phases 

and thus allow them to act as an emulsifying agent. In this work, hexenol which has a 

hydrophobic hydrocarbon chain, is attached to p(NIPAM-co-5% acrylic acid).   

This approach suggests an improvement in the second challenge mentioned by Ngai et al.  
(5) who claim that the microgel particles appear to be flattened at the interface and 

protruded only a little into the oil phase. Moreover, the presence of a pendant vinyl group at 

the end of the hexenol chain makes it possible to further polymerize the particles to form 
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bigger structures referred to in this work as “microgellosomes”. These are new structures 

that are suggested to act as emulsifying agents as well as delivery vehicles.   

  

5.2  Materials and methods:  

  

5.2.1 Materials  

For the particle synthesis: N-isopropylacrylamide (NIPAM) 97% (Aldrich), N, 
N'methylenebisacrylamide 99% (Aldrich), potassium persulphate 98% (BDH Laboratory 

Suppliers), 5-hexen-1-ol (Aldrich), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were obtained from commercial 
suppliers and used without further purification. For the emulsification: glyceryl trioctanoate 
(tricaprylin), hexadecane and rhodamine 6G were all purchased from SigmaAldrich, UK. A 
solution of rhodamine 6G was prepared by dissolving the dye at a concentration of 1x10-3 
mol/L in an ultra-pure Milli-Q water.   

  

5.2.2 Methods  

5.2.2.1 Synthesis of p(NIPAM-co-5% AA)-hexenol  

Step 1: Synthesis of p(NIPAM-co-5% AA) (w/v)  

In a 1 L reaction vessel, 0.5 g of potassium persulphate was dissolved in 800 mL of distilled 

water. A three-necked lid was clamped to the reaction vessel, which was then heated to 70°C 

with continuous stirring. 4.75 g NIPAM, 0.25 g acrylic acid (AA) and 0.5 g N,N’-

methylenebisacrylamide were stirred in distilled water (200 ml) and transferred into the 

reaction vessel containing the initiator (potassium persulphate) and continuously stirred at 

70°C for six hours under an inert atmosphere of nitrogen. When the reaction was complete, 

the microgel dispersion was allowed to cool to room temperature. The microgel was dialyzed 

in fresh de-ionized water for a week (changed daily), centrifuged to decrease the water 

content then freeze dried.    

  

  

  
Step 2: Esterification of  p(NIPAM-co-5% AA) with 5-hexen-1-ol   

The carboxylic acid of AA is coupled with the hydroxyl of 5-hexen-1-ol using N-

(3dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and 
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Nhydroxysuccinimide. In beaker A, 0.4 g of p(NIPAM-co-5% AA) were dissolved in 
preprepared 100 mL of MES buffer prepared from 0.1 M 2-(N-Morpholino) ethanesulfonic 
acid hydrate, 4-morpholineethanesulfonic acid (MES) adjusted at pH 5.5. In beaker B, 0.005 
g of 5-hexen-1-ol were dissolved in isopropanol. The contents of beaker B were added to 
beaker A, then 0.4 g of N-hydroxysulfosuccinimide sodium salt (NHS) and 0.4 g of N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) were added and were all 

left stirring overnight at 300 rpm then dialysed for a week in fresh de-ionized water which 
was changed daily.  

  

5.2.2.2 Dynamic light scattering   

Dynamic light scattering (DLS) measurements were carried out for p(NIPAM-co-5% 

AA)hex using a Malvern Zetasizer Nano ZS. In addition, the pH of different samples was 

adjusted to different pH values using HCl and NaOH to test for the effect of changing pH 

upon the size and electrophoretic mobility of the particles.   

  

The hydrodynamic diameter of the particles was measured in response to temperature change 

from 15 to 60°C). Samples were diluted with deionized water (1 mL of dialysed microgel 

dispersion was diluted with 2 mL of water) before measurements. A quartz cuvette with two 

polished windows (Starna Type 1) was used for all the measurements and the temperature of 

the dispersion was controlled by a Peltier thermocouple. Data were collected every 1°C and 

the samples were equilibrated for 2 minutes before each data collection point. Three 

measurements, each consisting of 13 subruns, were taken at each temperature to obtain an 

average and standard deviation of the hydrodynamic diameter. The data presented are the 

average of the three measurements and the error bars are the standard deviation data.   

  

Samples (p(NIPAM-co-5% AA)-hexenol) were diluted with sodium chloride (NaCl) 

solutions (1 mL of dialysed particle dispersion was diluted with 2 mL of NaCl solution) to 

reach a concentration of 1 x 10-4 M NaCl before measurements. The electrophoretic mobility 

of p(NIPAM-co-5% AA)-hexenol was then measured in response to temperature change 

across the range of 15-60ºC using a disposable folded capillary cell.   

5.2.2.3 Infrared spectroscopy   

A Shimadzu Fourier transform infrared (FT-IR) spectrophotometer with a KBr beam splitter 

and diamond attenuated total reflection (ATR) crystal was used to carry out the IR 

experiment in this work. Sixty-four scans for each sample were carried out. Microgel 
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dispersions were dialysed and freeze-dried then the solid samples were used for IR 

experiments. To record the spectrum of hexenol, liquid hexenol was used as purchased from 

the commercial supplier (Sigma Aldrich) without any further modification.   

  

5.2.2.4 Scanning electron microscopy  

A Hitachi SU8030 cold cathode filled emission gun scanning electron microscope was used 
to obtain micrographs of p(NIPAM-co-5% AA)-hex particles. The accelerating voltage used  

was 30 kV, the magnification  was х25000 and х35000 and the working distance was 8.4 

mm.  

  

 5.2.2.5 Emulsification   

The emulsions were prepared by mixing glyceryl trioctanoate (tricaprylin) with (0-0.3 wt %) 

p(NIPAM-co-5% AA)-hexenol suspended in ultra-pure Milli-Q water. The pH was adjusted 

to 1.8 using HCl then all the components were mixed using an Ultra Turrax T25 basic 

dispersing instrument at 16000 rpm for 5 minutes. The above procedure was repeated using 

hexadecane as an oil phase at concentrations from 0-0.45 wt%.   

  

5.2.2.6 Synthesis of microgellosomes   

Emulsions were prepared by mixing hexadecane with p(NIPAM-co-5% AA)-hexenol (4% 

v/v and 8.6% v/v, respectively in relation to the final emulsion volume) in Milli-Q water. The 

pH was adjusted to 1.8 using HCl and then mixed using an Ultra Turrax T25 basic at 16000 

rpm for 5 minutes at 55-60°C. An initiator (potassium persulphate) with concentration of 2.5 

% w/v (in respect to the total emulsion volume) was dissolved in the water phase before the 

homogenization.   

  

The emulsion was then transferred to a 3-necked round-bottom flask equipped with a 

magnetic stirrer and a condenser, and was kept under nitrogen gas atmosphere for at least 15 

minutes. The flask was then immersed in hot oil bath to maintain the temperature at 75°C 

and the reaction was continued for 6 hours.   

  
5.2.2.7 Optical microscopy  

The mixtures before and after the emulsification reaction were observed using an optical 

microscope (Olympus DP70).   
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5.2.2.8 Fluorescence microscopy    

The bright field and fluorescence images of the emulsions were captured using a BX-51 

fluorescence microscope equipped with a DP70 digital camera. The different objectives used 

were 4x, 20x and 50x. The Hg-arc lamp, housed in a U-RFL-T power supply was used as an 

excitation light source for fluorescence microscopy. All filters and equipment above were 

manufactured by Olympus, Japan. Fluorescein diacetate treated samples required a MWIBA2 

filter set (λexcitation = 460-490 nm, λemision = 510-550 nm). Image analysis software package 

Image Pro Plus 6 was used to capture and process the microscope images from the DP70 

digital camera.  

  

5.2.2.9 Scanning electron microscopy  

After emulsification, the reaction mixture was centrifuged at 1400 rpm for 15 minutes in an 

Eppendorf mini spin plus in acetone to get rid of the oil in the samples. The aliquot was air 

dried, crushed using a spatula and observed under a Hitachi TM 3000 bench top scanning 

electron microscope operating in transmission mode with an accelerating voltage of 30 kV. 

The samples were fixed on aluminium SEM stubs 15 mm x 6 mm mounted with carbon tabs 

12 mm diameter all purchased from Agar Scientific, UK.   

  

5.3. Results and discussion  

The suggested structure of p(NIPAM-co-5% AA)-hexenol particles is shown in Figure 5.1. 

The novel particles are expected to maintain the matrix structure of p(NIPAM). Several 

charged groups affect the surface charge on the particle, these are; the SO4
- arising from the 

initiator used during the synthesis of p(NIPAM-co-5% AA) and the unreacted carboxylic 

acid groups of acrylic acid. The figure also shows the expected presence of long hairy 

structures formed by the esterification of the carboxylic acid (arising from acrylic acid) with 

the hydroxyl group of 5-hexen-1-ol. These end with a vinyl group that will be further used 

to polymerize particles together.   

  

The use of 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) as a coupling agent between 

the carboxylic acid groups and amines to form amide groups (14, 15) or alcohols to form 

corresponding esters (16-18) has been previously reported. This is due to its ability to activate 

COOH groups which allow reactions involving nucleophilic attacks (19). It is sometimes used in 

combination of N-hydroxysuccinimide (NHS) which helps activating the COOH groups leading to 
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more efficient cross-linking reactions (19). One of the advantages of using this technique is that the 

unreacted starting materials are water soluble and can be easily removed after the reaction (19).  

  

Using EDC/NHS coupling methods made it possible to design particles with different 

attached side chains with specific properties.  Wu et al. have used EDC to catalyse the 

coupling of the carboxylic acid of acrylic acid units in p(NIPAM-co-AA) particles to 

2aminomethyl-5-fluorophenylboronic acid (FPBA) which is a glucose recognition moiety to 

yield a microgel capable of sensing the glucose concentration in blood and releasing insulin 

accordingly (20). Other studies have used EDC catalysis to couple carboxylic acid containing 

microgels with antibodies and DNA (21), graphene (22), 3-aminophenylboronic acid 

(APBA) (23), amine functionalized poly ethylene glycols (24), adipic acid dihydrozide (15).  

  

  

 

Figure 5.1 The suggested structure of p(NIPAM-co-5% AA)-hexenol  
5.3.1 Characterization of p(NIPAM-co-5% AA)-hexenol particle  

5.3.1.1 Particle size  

5.3.1.1.1 Effect of temperature   

Figure 5.2 shows that the initial hydrodynamic diameter of p(NIPAM-co-5% AA)-hexenol 

is approximately 680 nm. This size is larger than that of p(NIPAM-co-5% AA)  (550 nm) 

(12) due to the incorporation of a hydrophilic group (carboxylic acid group from acrylic acid). 

Also, the attachment of hexenol to the AA extends the hairy layer of the particle (Figure 5.1) 

and accordingly, the particle size. When the temperature exceeds the VPTT (35°C), the 

particles deswell and at 45°C, the size is approximately 280 nm. This confirms that the 

particles still show temperature responsiveness even after the attachment of the side chain. 
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The change in particle size is reversible; when the heated sample is cooled, the particle swells 

again (data not shown) and the particle size at 15°C is comparable to the initial value (before 

heating).   

  

The uniformity of the particles can be determined using the Poly Dispersity Index (PdI). This 

is a dimensionless parameter that represents the size distribution at every measurement. PdI 

is scaled such that values close to zero are thought to be highly monodispersed.  Meanwhile, 

values greater than 0.7 indicate that the sample has a very broad size distribution and is 

probably not suitable for the dynamic light scattering (DLS) technique. The PdI of all the 

measurements of p(NIPAM-co-5% AA)-hexenol is 0.05-0.2 (across the temperature range 

studied) which suggests a mono-dispersed particle size distribution.   

  

5.3.1.1.2 Effect of pH  

The presence of unreacted carboxylic acid groups in the structure of p(NIPAM-co-5% AA)-

hexenol suggests that it is pH sensitive. When the pH is below the pKa of AA (4.7) (12), the 

COOH groups of AA are protonated and accordingly neutral (does not add surface charge to 

the particle). When the pH exceeds the pKa of AA, the COOH groups are deprotonated into 

COO- which increases the repulsion forces between the negatively charged groups on the 

particle leading to a larger particle size (Figure 5.3). Accordingly, Figure 5.3 shows that the 

major change in the particle size takes place around pH 5. This behaviour compares to that 

of p(NIPAM-co-5% AA) (33).   
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Temp. (°C)  

Figure 5.2 The hydrodynamic diameter of p(NIPAM-co-5% AA)-hexenol at pH 7 in response to increasing 

the temperature (15-60°C)  

 
Figure 5.3 The hydrodynamic diameter of p(NIPAM-co-5% AA)-hexenol at 25°C in response to pH change  
5.3.1.2 Electrophoretic mobility  

5.3.1.2.1 Effect of temperature   

The negative charges on the surface of the novel particles originate from the unreacted 

carboxylic groups (from the AA) that are ionized into COO- and also because of the SO4
- 
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from the initiator. Figure 5.4 shows that the initial electrophoretic mobility of p(NIPAMco-

5% AA)-hexenol at 15°C is -1.78 µmcm/Vs. Increasing the temperature causes the particle 

to deswell and hence increase the surface charge density and the electrophoretic mobility. 

The electrophoretic mobility goes down to -2.8 µmcm/Vs at 45°C. Cooling the heated 

dispersion to 15°C, the electrophoretic mobility increases to -1.68 µmcm/Vs (comparable to 

the initial value). This shows that the effect of temperature on the mobility is reversible.   

  

  

 
  

  
 Figure 5.4 The electrophoretic mobility of p(NIPAM-co-5% AA)-hexenol in response to temperature change  
(15-55°C) at pH 7  

  

  

  
5.3.1.2.2 Effect of pH  

The effect of changing pH on the electrophoretic mobility of p(NIPAM-co-5% AA)- hexenol 

particles is shown in Figure 5.5. As previously explained, increasing the pH above the pKa 

of acrylic acid (4.7) causes the COOH groups to deprotonate into COO- and thus highly 

increasing the particle surface charge and its electrophoretic mobility. The data in Figure 5.5 
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compare to the size ones in Figure 5.3. The major change in the electrophoretic mobility is 

seen around pH 5 which is close to the pKa of AA.    

  

  

 

 Figure 5.5 The electrophoretic mobility of p(NIPAM-co-5% AA)-hexenol  at 25°C in response to pH change   

  

  

5.3.1.3 Infrared spectroscopy   

Tables 5.1 and 5.2 as well as Figure 5.6 show the FT-IR spectra of p(NIPAM-co-5% AA), 

p(NIPAM-co-5% AA)-hexenol and 5-hexen-1-ol respectively. The spectra of p(NIPAMco-

5% AA) compares well with the literature (25-28) and so does hexenol (29). The spectrum 

of p(NIPAM-co-5% AA)-hexenol show similarity to that of p(NIPAM-co-5% AA) (Table 

5.1 and Figure 5.6).  Areas that show shifts in the band or new bands are coloured in grey 

(Figure 5.6). These are the areas between 1200 cm-1 and 1100 cm-1 and is between 630 cm-

1 and 450 cm-1.  The spectrum of p(NIPAM-co-5% AA)-hexenol shows an extra band that is 

not shown in p(NIPAM-co-5% AA), this is at 1200 cm-1 (Table 5.1 and Figure 5.6). This 

band is thought to signify an ester linkage (30) referring to the esterification of the COOH of 

acrylic acid and the OH of hexenol. This suggests the attachment of the hexenol to the 

particle.  

  
Table  5.1 FT-IR bands of p(NIPAM-co-5% AA) and p(NIPAM-co-5% AA) hexenol  
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Peak 

number  

  

Wavenumber  

(cm-1)  

(p(NIPAM-co- 

5% AA))  

Wavenumber  

(cm-1)  

(p(NIPAM-co-5% 
AA)-hex)  

Assignment  References  

1  3271  3263  N-H stretch  (25, 28, 30)  

2  2960  2954  -CH3 asymmetric 
and symmetric 
stretch  

(25, 30)  

3  2908  2899  

4  1622  1625  C=O stretch (amide I 
bond)  

(25-28, 30)  

5  1525  1537  N-H deformation 
(amide II bond)  

(27, 28, 30)  

6  1448  1454  -CH3 asymmetric 
deformation   

(30)  

7  1375  1375  -CH2 symmetric 
deformation  

(28, 30)  

8  1363  1361  

9  -  1200  C-O-C anti-sym 
stretch (ester)  

(30)  

10  1163  -  C-C-N bending in 
amines  

(25)  

11  -  1145  C-O-C anti-sym 
stretch (ester)  

(30)  

12  -  623  O-C-O bending in 
esters  

(30)  

13  -  615  

14  -  545  =CH2 in vinyl 
compounds  

(30)  

  
  

Table 5.2 FT-IR bands of 5-hexen-1-ol  
  

  Wavenumber (cm )  Assignment (30)  

1  3305  OH stretch in alcohols  

2  3070  =CH stretch in aromatic and unsaturated hydrocarbons  
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3  2926  CH3 and CH2 (sym and asym stretch) in aliphatic compounds   

4  2856  

5  1639  C=C stretch in alkenes  

6  1452  C-OH in-plane bend  

7  1433  

8  1411  

9  1249  

10  1055  CH2- O-H stretch in primary alcohols (C-O)  

11  1031  

12  991  CH=CH2 out of plane wag in vinyl compounds   

13  906  

14  817  CH=CH2 out of plane wag  

15  729  (CH2)n rocking in hydrocarbons  

16  628  C-OH bending in alcohols  

17  549  CH=CH2 twisting in vinyl compounds  
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Figure 5.6 The FT-IR spectra of  p(NIPAM-co-5% AA)-hexenol and p(NIPAM-co-5% AA) and 5-hexen-1-ol  

131  
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5.3.1.4 Scanning electron microscopy   

Figure 5.7 show the SEM pictures of p(NIPAM-co-5% AA)-hexenol. The Figures show that 

the particles are spherical in shape and monodispersed. The particle size shown in Figure 

5.7 b compares to that shown by the DLS results (Figure 5.2).   

  

  
   (a)  

 
  

    (b)  

 

Figure 5.7 SEM pictures of p(NIPAM-co-5% AA)-hexenol at 25°C with a magnification of (a) х25,000 and  
(b) х35,000   
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5.3.2 Characterization of the emulsion stabilized by p(NIPAM-co-5% AA)-hexenol particles  

The effect of microgel particles as an emulsifying agent was tested using two oils (tricaprylin 

and hexadecane). These oils were chosen because their density was close to that of water 

where the density of water, tricaprylin and hexadecane are 0.99 g/mL, 0.95 g/mL and 0.77 

g/mL, respectively (31, 32). In both cases (using the two different oils), the use of the 

microgel with a suitable concentration showed a significant effect on the emulsion 

stabilization (Figures 5.8 and 5.9). Furthermore, the effect was shown to be consistent for a 

week (Figures 5.8 and 5.9). At low microgel concentrations, it is clear that there are two 

different phases (oily and aqueous) and an opaque top layer was observed due to the 

creaming of the droplets. Increasing the microgel concentration caused a significant 

decrease in the rate of creaming (Figures 5.8 and 5.9). Also, the number of emulsion droplets 

increased with the increase in microgel concentration (as shown in Figures 5.10 and 5.11) 

hence it can be concluded that the microgel was successfully adsorbed at the oil water 

interface and caused the emulsion to be more stable.  

  

The comparison between Figures 5.8 and 5.9 show that there is a difference in the 

emulsifying properties of the particles for tricaprylin-in-water (Figure 5.8) and hexadecane-

in-water (Figure 5.9) emulsions. In the case of tricaprylin-in-water (Figure 5.8) emulsions, 

a concentration of 0.3% (w/v) completely emulsifies the two phases. For the hexadecane-

in-water emulsion (Figure 5.9), the same concentration (0.3% w/v) shows two distinct layers 

of liquid. Increasing the concentration of the particles to 0.45% (w/v) shows a more 

homogenous phase than that at particle concentrations below 0.45% w/v. The difference in 

the emulsification effect of the particles in the two different emulsions (at particle 

concentrations of 0.3% w/v) can be attributed to the difference in the physical and chemical 

properties of the two oils (tricaprylin and hexadecane). The difference in the densities of 

both oils is an important factor. The density of tricaprylin (0.95 g/mL) is close to that of 

water (0.99 g/mL) while hexadecane shows a lower density (0.77 g/mL) (31, 32).   
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Figure 5.8 Emulsions of tricaprylin/water mixtures in 
 
the presence of different concentrations of p(NIPAMco-

5% AA)-hexenol  (a) Different concentrations (w/v) of microgel dispersions before emulsification (b)   
Samples just after emulsification (c) Samples after 1 week of emulsification  
    

  

  

  

  

  
  

A 

C 
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 Figure 5.9 Emulsions of hexadecane/water mixtures in the presence of different concentrations of  p(NIPAM-
co-5% AA)-hexenol, samples after emulsification  

  

Also, the molecular structures of the two oils may be an important factor. The molecular 

structure of tricaprylin has three ester groups (six oxygen atoms) and a branched 

hydrocarbon chain. This suggests an increase in the ability of the oil to protrude in the 

aqueous phase. In the case of hexadecane, the molecular structure only consists of a 

hydrocarbon chain which suggests less protrusion in the aqueous phase than tricaprylin.   

  

The microscopy images of both tricaprylin-in-water and hexadecane-in-water emulsions 

(Figures 5.10 and 5.11, respectively) show some differences between the two emulsions. At 

the same particle concentration, the tricaprylin-in-water emulsion (Figure 5.10) has more 

droplets than the hexadecane-in-water and of smaller size. This difference in behaviour is 

attributed to the difference of the densities of the two oils in comparison to water.   

  

  

    
  

  

0.1 % 0.2 % 0.3 % 0.4 % 0.45 % 
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Figure  5.10 Optical (left) and fluorescent (right) microscopy images of tricaprylin/water emulsion in 
presence of 0.1, 0.2, 0.25 and 0.3% w/v of p(NIPAM    -co-5% AA)-hexenol. All scale bars are 100 µm in 
size 
  
  

0.1 % 

0.2 % 

0.25 % 

0.3 % 
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Figure 5.11 Optical (left) and fluorescent (right) microscopy images of hexadecane/water emulsion in  

sizepresence of 0.2, 0.3, 0.4 and 0.45% w/v of p(NIPAM -co-5% AA)-hexenol. All scale bars are 100 µm in  

  

   

5.3.3 Microgellosomes  

The presence of a pendant vinyl group at the side chain of p(NIPAM-co-5% AA)-hexenol 

particles made it possible to further crosslink the particles to form bigger structures referred 

0.2 % 

0.3 % 

0.4 % 

0.45 % 
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to as microgellosomes. Figure 5.12 shows a representation of the suggested molecular 

structure of microgellosomes. The size and morphology of the particles are important factors 

that affect the stabilization of Pickering emulsions (33). Microgellosomes can be 

synthesized in situ at the interface of oil and water and thus entrap the oil droplets inside its 

hollow matrix and stabilize the emulsion.  Since the building blocks of these microstructures 

are p(NIPAM-co-5% AA)-hexenol particles, it is thought that the emulsions stabilized by 

microgellosomes can be switched on/off by changing the environmental conditions such as 

temperature and pH of the emulsion. These microstructures can be used in surfactant-free 

formulations in cosmetics and personal care products. Other possible uses can include drug 

delivery and industrial applications.   

  

5.3.3.1 Characterization of microgellosomes  

The SEM imaging of microgellosomes (Figure 5.13) shows that they are hollow structures, 

15 – 20 µm in size.  This compares with an original microgel size of 670 nm. The implication 

therefore is that each microgellosome consists of 20 – 30 microgel particles. Also, there are 

some smaller particles in the background, these can be smaller microgellosomes or some 

unreacted singlet particles.  The image in Figure 5.13 is consistent with what might be 

expected from a “gel globule” formed as a result of an addition reaction between the pendant 

vinyl groups as proposed in Figure 5.12.  
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 Figure 5.13 SEM image of microgellosomes formed by polymerizing p(NIPAM-co-5% AA)-hexenol  

  

5.3.4 Characterization of emulsions stabilized by microgellosomes  

The microgellosomes were used to stabilize a hexadecane-in-water emulsion. Figure 5.14 

shows the formation of large droplets with average size of 20-30 µm. Both larger and smaller 

species (microgellosomes and/or particles) shown in Figure 5.13 may well be making a 

contribution towards the formation of emulsion droplets shown in Figure 5.14. It is not 

suggested that one species is more important than the other.   

  

  
    

Figure 5.14 Optical microscopy image of microgellosomes (0.1 w/v) stabilized emulsion  

20   µ m   
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5.4 Conclusions and future work  

5.4.1 Conclusions  

A novel particle p(NIPAM-co-5% AA)-hexenol was synthesized, characterized and tested 

for its ability to stabilize emulsions (using two different oils). The new particles are spherical 

in shape, negatively charged and show a larger size than p (NIPAM-co-5% AA). 

Furthermore, they still show temperature/pH sensitivity and mono-dispersity. The IR 

spectroscopy experiments suggest the chemical attachment of hexenol to the particles.   

  

Oil-in-water emulsions (hexadecane or tricaprylin in water) could be stabilized by addition 

of p(NIPAM-co-5% AA)-hexenol. The stability of the emulsions increased with increasing 

the concentration of the microgel. The emulsions were stabilized by the formation of a layer 

of microgel at the oil-water interface. The emulsions were poly-dispersed, though droplet 

size of the dispersed phase was found to decrease with the increase in microgel concentration 

and the number of droplets increased with the increase in the concentration of the microgel. 

For the tricaprylin-in-water emulsion, a concentration of 0.3% w/v of the novel microgel 

particles managed to stabilize the emulsion for a week. In case of the hexadecane emulsion 

in water, 0.45% w/v microgel particles could show an increase in the emulsion stability and 

a decrease in the creaming. Higher concentrations are thought to further improve the 

emulsion stability.   

  

The novel (p(NIPAM-co-5% AA)-hexenol) particles with a pendant vinyl group were also 

further polymerized in the oil-water interface of emulsion droplets to synthesize a new 

structure referred to as “microgellosomes”. The SEM images of washed polymerized 

particles showed hollow capsules, which is typical for polymers produced for the interface 

of emulsion droplets. Since the novel particles have a hairy structure and their size is 

influenced by the temperature and pH change, we expect that the microgel capsules 

produced will inherit these properties and have a semi-permeable membrane. These 

enhanced properties would allow such particles to be used as pH and heat-responsive drug 

carriers.   

  

5.4.2 Future work  

Further research is required to tune the ability of the novel microgel particles and 

microgellosomes to turn the emulsifying properties on and off in response to environmental 

triggers such as temperature and pH. More oils and concentrations can also be tried to 
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optimize the amounts and concentrations needed to obtain a stable emulsion. These 

concentrations are expected to vary according to the type and concentration of the oil used.   

  

Also, further tests to investigate the potential applications of microgellosomes will be 

conducted.  These include testing the encapsulation, loading and release capabilities of them 

(the microgellosomes). The ability of microgellosomes to deliver a loaded drug to a specific 

site will also be tested. This can be applied to the release of drug molecules in specific sites 

in the body.   
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Chapter Six Conclusions and Future work  

  

6.1 Conclusions  

Four novel NIPAM based particles have been designed, synthesized and characterized.  

These are p(NIPAM)-co-5% VC, p(NIPAM)-co-5% AA-EDA-RhB, p(NIPAM)-co-5% LY 

and p(NIPAM)-co-5% AA-hex. This work aims at designing and synthesizing particles that 

have practical application in different fields that have been theoretically studied for years 

such as drug delivery (1-5), biomedical applications (6-9) and responsive surfaces (10-12).    

  

Different synthesis techniques have been undertaken in this work; for incorporating 

comonomers with a pendant vinyl group (VC and LY), direct polymerization was used. For 

incorporating hexenol using the alcoholic OH (to synthesize a particle with a pendant vinyl 

group), a two-step procedure was used. Acrylic acid (AA) was directly incorporated in the 

NIPAM based particle and then the COOH of AA was esterified with the OH of hexenol 

using click chemistry. For incorporating RhB, a three-step procedure was used, where 

p(NIPAM)-co-5% AA was synthesized, COOH of AA was coupled to one of the amino 

groups of EDA and then the other amino group was coupled to the COOH of RhB using 

click chemistry. Comparing the PdI of the four particles suggest that using a one-step direct 

polymerization technique yields more uniform and mono-dispersed particles with PdI very 

close to zero. Increasing the number of synthesis steps and elongating the hairy layer around 

the particle yields less uniform and poly-dispersed particles with higher PdI values.   

  

In the first results chapter, a novel fluorescent temperature-sensitive microgel particle 

(p(NIPAM)-co-5% VC) with a VPTT of 32-35°C was synthesized and characterized using  

DLS and fluorescence spectroscopy. At 15˚C (below the VPTT), the particle size is 290 nm 

and deswells to 160 nm when the temperature exceeds the VPTT. The emission spectra of 

the novel microgel dispersion excited at 300 nm show a similar emission wavelength to that 

reported for VC (13).  The emission (at 350 nm) of a known particle concentration (w/v) 

excited at 300 nm increases by increasing the temperature above the VPTT. This shows that 

both the size and fluorescence of the novel particle are temperature sensitive.  

  

p(NIPAM)-co-5% VC was used to quantify the mass of microgel particles deposited on 

different solid surfaces, these are stainless steel, glass pre-treated with base, glass pretreated 
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with acid, quartz, gold, Teflon (the composition of the surfaces was determined using EDX).  

The results show that at 25°C, the highest net mass of microgel particles (adsorbed minus 

desorbed) was adsorbed on stainless steel, followed by glass pre-treated with base, glass pre-

treated with acid, quartz, gold then Teflon. At 45°C, the mass of adsorbed microgel particles 

on all the previously mentioned surfaces increased. The order from the surface of highest 

net adsorbed mass of microgel particles is: stainless steel, glass pre-treated with base, gold, 

glass pre-treated with acid, quartz then Teflon.   

  

The factors affecting the adsorption/desorption of cationic microgel particles on/from the 

solid surfaces were studied. These include the effect of solid surface charge, surface 

roughness (studied using AFM), temperature and hydrophilicity/hydrophobicity of the 

surface. Results show that the effect of the solid (substrate) surface charge is the most 

significant followed by that of surface roughness then temperature. On the other hand, the 

effect of hydrophilicity/hydrophobicity of the surface showed to be the least significant of 

the studied factors.    

  

In the second results chapter, a fluorescent temperature/pH responsive particles (p(NIPAM)-

co-5%AA-EDA-RhB) was presented. The synthesis of this particle was carried out using a 

three-step procedure. Step one was the synthesis of p(NIPAM)-co-5% AA. Step two was the 

coupling of the COOH of AA to one of the amino groups of EDA. Step three was coupling 

the second amino group of EDA to RhB using coupling chemistry. The particle is 

zwitterionic due to the presence of both negative (due to initiator and AA) and positive (due 

to EDA) charges on its surface. At 15°C, the particle size is 500 nm and deswells to 250 nm 

when the temperature exceeds the VPTT. The particles are more stable in highly alkaline 

pH media (pH 11.5). At lower pH values the particles tend to aggregate. This can be 

attributed to the presence of opposite charges due to unreacted moieties of AA and EDA. 

Changing the pH of the media changes the protonation state of these moieties which affects 

their reactivity and hence particle stability. The particles are negatively charged with an 

initial electrophoretic mobility of -2 µmcm/Vs at 15°C. The microscopy images show that 

the particles are spherical in shape. It is also apparent from the pictures that there are bridges 

between the particles. This can be attributed to the long hairy structures on the surface of the 

particles due to the conjugation of two molecules (EDA and RhB).  The suggested 

applications of the novel particles include the stabilization of emulsions and drug delivery.  
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In the third results chapter, p(NIPAM)-co-5% LY particle was synthesized, characterized 

and its toxicity on HeLa and Vero cells was studied in vitro. The fluorescent probe LY was 

chosen to be incorporated in p(NIPAM) particles due to the presence of a pendant vinyl 

group in its molecular structure which makes it easy to polymerize. Negatively charged 

fluorescent temperature/pH sensitive particles were produced. At 15°C and pH 7, the size of 

the particle was 250 nm particle size is smaller than p(NIPAM) due to incorporating a 

hydrophobic co-monomer), increasing the temperature to above the VPTT, the particle 

deswells to 100 nm. The electrophoretic mobility of the particles at 15°C is -0.3 µmcm/Vs 

and increases to -3.7 µmcm/Vs when the temperature exceeds the VPTT. The fluorescence 

spectroscopy data of the novel particles suggest the successful incorporation of LY. The 

fluorescence emission spectra of the new particles compares to that of LY (with a slight blue 

shift of the emission peak due to the change of the environment surrounding the fluorescent 

probe LY). The data also show that the fluorescence of the particles is affected by the change 

in temperature and pH. This can be due to the change in particle size and/or the change in 

LY properties with the environmental change.  The microscopy studies show that the 

particles are fluorescent, spherical, mono-dispersed and their average size is 120 nm which 

is comparable to that shown by DLS at deswollen state.   

  

A fluorescent temperature/pH sensitive system such as the one presented in this work 

(p(NIPAM)-co-5% LY) can be very useful in various biological applications such as 

diagnosis and drug delivery or both combined together. The use of these particles in 

biological applications have been frequently challenged because of their suggested toxicity 

problems especially that they include acrylamide. Also very few data have been reported in 

literature about this topic. Accordingly, the study hereby provides some data that aim to 

assess the toxicity of NIPAM based particles in vitro.   

  
The toxicity of different concentrations of the novel particles (p(NIPAM)-co-5% LY, as well 

as the 100% p(NIPAM) and the main monomer NIPAM was tested on two cell lines (HeLa 

and Vero). The toxicity was tested in comparison to a positive control (dextran) and a 

negative one (poly(ethylenimine)) (PEI). The results show that the two particles show cell 

viability over 80% (for both cell lines HeLa and Vero) up to a concentration of 3 mg/mL 

while NIPAM monomer showed cell viability over 80% at a concentration equal to or less 

than 0.3 mg/mL. The comparison between the results of this study as well as some reported 



Conclusions and future work                             Chapter Six  

  

160  
  

data from the literature with some existing drugs in the market, suggests the need for further 

work to establish the viability of utilizing particles of this type for pharmaceutical 

applications.   

  

The fourth chapter is about p(NIPAM)-co-5% AA-hex particle with a pendant vinyl group 

that enables further crosslinking of the particles to produce bigger structures referred to as 

“microgellosomes”. Both the particles and the microgellosomes (including hydrophilic and 

hydrophobic moieties) were used to stabilize oil-in-water emulsions. To polymerize hexenol 

and keep its vinyl group free (unreacted), a new synthesis method was carried out. This was 

the synthesis of p(NIPAM)-co-5% AA using surfactant free emulsion polymerization and 

then esterifying the COOH of AA to the alcoholic OH of hexenol.    

  

The novel particle (p(NIPAM)-co-5% AA-hex) is negatively charged and is responsive to 

both temperature and pH having an initial particle size (at 15°C) of 680 nm. Increasing the 

temperature to above the VPTT, the particle deswells to 280 nm. At 15°C, the 

electrophoretic mobility of the particles is -1.7 µmcm/Vs while above the VPTT it increases 

to reach -3.3 µmcm/Vs. The microscopy images show that the particles are spherical and 

mono-dispersed.  

  

The new particles with a hydrophilic co-monomer (AA) as well as a hydrophobic one  

(hexenol) were used to stabilize emulsions. Oil-in-water emulsions using two different oils 

(tricaprylin and hexadecane) and different concentrations of the new particles were prepared. 

At lower concentrations of the particles (0.1% w/v), two different phases were observed. 

Increasing the particle concentration (to about 0.3% w/v for tricaprylin and  

0.45% w/v for hexadecane) showed a significant increase in the emulsion stability (persistent 

for a week) suggesting that the particles were successfully adsorbed at the oil/water 

interface.   

  

6.2 Future work  

Research in the field of environmentally responsive colloidal polymeric particles is growing. 

This is because of the possibility of using these particles in different fields such as medical, 

pharmaceutical, industrial and environmental applications. Also, there are various factors 

that affect the synthesis, properties and applications of the particles. There are more than 
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one suggested area of research for future work to further understand the properties and 

possible applications of different colloidal particles such as the NIPAM based ones. These 

include:  

  

- New fluorescent environmentally responsive NIPAM based particles may be 

designed by incorporating different kinds and concentrations of co-monomers. These 

can be temperature sensitive or other triggers such as pH and photosensitivity can 

also be added (synthesizing particles with more than one comonomer). Different 

fluorescent probes with different excitation and emission wavelengths as well as 

fluorescence intensities will also be tried as co-monomers, examples of suggested 

fluorescent probes can include fluorescein isothiocyanate. The use of the new 

particles in diagnostics, drug delivery as well as industrial applications will be 

studied.   

  

- The deposition of new NIPAM based particles on different solid surfaces such as 

glass, gold, stainless steel and Teflon in response to different stimuli may be carried 

out. Surfaces responsive to different environmental triggers such as pH and light will 

be produced and studied. Such surfaces can have a lot of applications in the industrial 

field as well as diagnostics and biotechnology (control of protein and cell adhesion 

and bio-separation).  

  

- The improvement of the pH sensitivity of p(NIPAM)-co-5% LY particles (chapter 

three), particles with more than one co-monomer (p(NIPAM) co-polymerized with 

both lucifer yellow and acrylic acid or other ionisable co-monomers) can be 

designed. This aims at improving the ability of the particles to differentiate between 

acidic and alkaline media and accordingly differentiate between the cancer cells 

(which normally have low pH) and the the normal cells.  

  

- To support the suggestion of using NIPAM based particles in drug delivery and other 

biomedical applications, further toxicity studies should be carried out. This could 

include more in vitro testing than the ones presented in chapter three (p(NIPAM)-

co-5% LY) and in vivo animal testing. Toxicity studies including other NIPAM 
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based particles such as p(NIPAM), p(NIPAM)-co-vinyl cinnamate and p(NIPAM)-

co-acrylic acid might also be conducted.   

  

- The uptake and release profiles of different drugs from NIPAM based particles will 

be studied. Drugs with different hydrophilicities/hydrophobicities will be tried. This 

will include the quantification (stoichiometric studies) of the weights of drugs 

absorbed and/or released by a specific weight of particles.    

  
- The effect of time on the stability of NIPAM based particles should be studied. This 

includes the identification and quantification of degradation products of these 

particles.   

  
- Study the possibility of attaching different co-monomers to NIPAM particles using 

different techniques such as coupling chemistry. This may make it more likely to 

increase the use of a wider range of co-monomers which can lead to the synthesis of 

particles responsive to different triggers. Accordingly, more applications to 

environmentally responsive microgel particles such as NIPAM based ones may then 

emerge.  
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