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 Heteroaggregation is the aggregation in a mixed particle system where 

particles differ in size, chemical composition and charge. This heteroaggregation 

phenomenon has great importance in the natural environment as well as in 

industrial processes. The heteroaggregates have a wide range of applications such 

as particle stabilization, drug delivery and encapsulation. Previous studies of 

heteroaggregates have involved rigid spherical particles. In this work, we have 

used hydrophilic hydrogel particles which are oppositely charged and soft. These 

hydrogel particles, in particular, chitosan and alginate, have gained interest due 

to their biodegradability and nontoxicity as well as multiple delivery mechanisms. 

This study focuses on understanding the heteroaggregation behavior of chitosan 
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nanoparticles and alginate microparticles and several factors affecting their 

interaction.  

Fluorescence spectroscopy was used to characterize and identify 

boundaries between several heteroaggregate morphologies, or “phases,” in the 

system of chitosan nanoparticles and alginate microparticles. Optical microscopy 

was used to observe the aggregate phases formed by fluorescently tagged chitosan 

nanoparticles mixed with alginate microparticles. The effect of the concentration 

ratio of alginate microparticles and chitosan nanoparticles was also explored. 

Next, the interaction between these particles was studied for varying pH of 

the system as pH is an important factor where micro- and nanoparticles are used 

as a drug delivery system. The interaction behavior was examined regarding the 

changes in solution ionic strength. Furthermore, fluorescence anisotropy, which 

is correlated to mobility, was used to observe aggregates’ formation with varying 

concentration and pH. Finally, fluorescence spectroscopy was performed in situ 

in a vial containing an alginate-chitosan system.  
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1.1 Motivation 

 

Aggregation in colloidal dispersions, suspensions and emulsions is 

important for several natural phenomena as well as industrial processes. Particles 

suspended in a medium tend to collide, and as a result of these collisions, 

particles aggregate or rebound off one another [1]. Aggregation can be classified 

into two broad categories as homo-aggregation or hetero-aggregation, depending 

on the similarity of particles [2]. Hetero-aggregation is aggregation of dissimilar 

particles, where colloidal particles may differ in size, charge and chemical 

composition [3]. If there is a large difference in particle size, smaller particles 

tend to adsorb on to the surface of larger particles. When the whole surface is 

covered, the surface properties of larger particles become similar to those of 

smaller ones [2].  

 

Figure 1-1 A schematic representation of various heteroaggregates: A: Dissimilar 
particles with a large size ratio; B: Dissimilar particles of the same size. [2] 

 

Recently, heteroaggregates in which microparticles are coated with 

nanoparticles have gained renewed interest [4]. This microparticles coated with 



3 
 

  
 

nanoparticles assembly has several important applications. These structures can 

be used as flocculating agents in water purification or encapsulating harmful 

toxins [5]. They can also be used as particle stabilizers [6]. Another application 

involves their use in the pharmaceutical industry as a drug delivery system [7]. 

The study of heteroaggregation is more complex than that of homoaggregation, 

due to complexities resulting from mixing of different particulates, which makes 

its investigation in routine applications difficult. 

Since the early 1990s, heteroaggregation studies have been carried out on 

systems containing oppositely charged particles [3]. Former studies of 

heteroaggregates have involved rigid spherical particles where at least one type is 

hydrophobic. In contrast, the model system used in this study consists of 

hydrophilic hydrogel particles which are soft, and there has not been much study 

of aggregation involving hydrogel microparticles and nanoparticles. The 

electrostatic interaction between chitosan nanoparticles and alginate 

microparticles is large compared to van der Waals interactions, which is the 

opposite of the usual case where hydrophobic particles are present. Chitosan and 

alginate are both biocompatible polymers and are naturally abundant with 

potential applications in food, environmental and pharmaceutical systems.  

The aim of this thesis is to understand the heteroaggregation behavior of 

chitosan nanoparticles and alginate microparticles and the influence of several 

factors on their interaction. Transitions between distinct heteroaggregate 

morphologies were determined. The factors studied were the concentration of 

microparticles, solution pH and ionic strength of the solution. Fluorescence 
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spectroscopy and optical imaging were used to perform experimental 

measurements.  

The following section in Chapter 1 provides background information 

regarding the study. In Chapter 2, experimental procedures have been explained 

in detail. Fluorescence spectroscopy has been used to identify interactions 

between chitosan nanoparticles and alginate microparticles. Fluorescence 

anisotropy has been used to identify aggregates of the chitosan-alginate system.  

Chapter 3 consists of results and discussion followed by Chapter 4, which 

discusses future work and conclusions.  

 1.2 Background 

 

Previously, in an effort to create stable multicomponent aggregates, 

interaction between several kinds of dissimilar particles, such as amphoteric latex 

particles, silica, and polystyrene particles, has been studied. In one study, the 

effect of zeta potential, particle size ratio and electrolyte concentration on silica 

and latex particles was investigated [8].  Another study investigated 

heteroaggregation of negatively charged polystyrene particles with positively 

charged poly (2-vinylpyridine) PVP microgel particles [9].  

Recent heteroaggregation work mainly focuses on microparticles coated 

with nanoparticles, which is described by the term “nanoparticle halo.” In one 

such work, experiments were conducted with silica microspheres mixed with 

hydrous zirconia nanoparticles. It was found, using neutral charge silica, that the 

interaction with the zirconia can be tuned based only on the concentration and 
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that the nanoparticle halos can be used as a stabilizing mechanism [6]. Further 

studies involved a system of silica microspheres and polystyrene nanoparticles. 

This system also exhibited stability using nanoparticle haloing. It was observed 

that the different interaction regimes existed as aggregation and haloing (full 

surface coating) [10]. Through further investigation, it was found that there 

exists a middle regime where aggregation occurs and above and below that 

regime particles are stable [11]. Simulation work also supported the presence of 

three possible regimes with interacting nanoparticles and microparticles [12]. 

The following sections provide background information on the materials and the 

principles of experimental techniques utilized in this study. 

1.2.1 Encapsulation Using Chitosan and Alginate 

 

Encapsulation of compounds is a process of entrapping a compound by 

forming a particle around that compound. Micro- and nanoencapsulating 

particles have variety of applications which include drug and flavor delivery, 

waste and toxin removal, and protection of active ingredients from the outer 

environment [13] [14] [15]. Alginate and chitosan are two commonly used 

materials in encapsulation technology.   

Chitosan, Poly [(1, 4)-D-glucose-2-amine)], is a cationic polymer obtained 

from partial deacetylation of chitin, an abundant polysaccharide found in 

crustacean shells. Chitosan is positively charged due to the prevalence of amine 

groups that are protonated at low pH. The degree of deacetylation (DD) and 

molecular weight are two fundamental parameters that can affect the properties 
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and functionality of chitosan [16]. These properties include solubility, viscosity, 

reactivity and loading properties [17] [18] [19]. 

 

Figure 1-2 Chemical structure of chitosan [20] 

 

With an apparent pKa value of amino group of about 6.5, chitosan is only 

soluble in aqueous acidic solutions and insoluble in water and alkaline solutions 

[21]. When dissolved, the amino groups (-NH2) of glucosamine are protonated to 

–NH3
+. The cationic electrolyte readily interacts electrostatically with anionic 

groups. The cationic chitosan molecule interacts with negatively charged surfaces 

and anionic systems leading to modification of the physicochemical properties of 

these systems [22].  

Chitosan has been investigated previously as a material for drug delivery 

and biomedical applications [23] [24]. Furthermore, due to its biocompatibility 

and flocculation characteristics, it is being used in food industry as an 

antimicrobial agent [25]. It has also been used for water purification to remove 

heavy metals [5].  

There are various methods to produce chitosan nanoparticles which 

include emulsion cross linking, coacervation, spray drying, reverse micelles and 
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ionic gelation [7] [26].  A few reports have demonstrated water in oil 

microemulsion synthesis of covalently cross linked chitosan nanoparticles using 

glutaraldehyde as crosslinker in the size range between 30 and 150 nm [27] [28] 

[29].  

Chitosan nanoparticles are usually produced by the ionic gelation method 

using sodium tripolyphosphate (TPP) as the ionic crosslinker. Resulting particles 

are over 100 nm diameter [7].    

 

Figure 1-3 Cross-linking of chitosan with tripolyphosphate (TPP) [20] 

 

 Fluorescein isothiocyanate (FITC) is widely used to attach a fluorescent 

label to proteins via the amine group. The isothiocyanate group reacts with amino 
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terminal and primary amines in proteins. In the case of chitosan, the 

isothiocyanate group reacts with a D-glucosamine residue. In a previous study, 

FITC was used to label chitosan, and fluorescence polarization measurements of 

FITC-labeled chitosan were made to measure the association between chitosan 

and mucin [30]. In the present research, FITC has been used to label chitosan, 

and fluorescence spectroscopy measurements have been performed. 

 

Figure 1-4 Structure of fluorescein isothiocyanate, FITC [30] 

 



9 
 

  
 

 

Figure 1-5 Schematic illustration of the chemical synthesis of FITC-labeled 
chitosan [30] 

 

Alginate is a linear copolymer formed from mannuronic acid (M) and 

guluronic acid (G) subunits and is produced widely in algae. Due to its favorable 

properties such as biocompatibility [31], non-toxicity, biodegradability [32], it 

has been used in drug delivery [33], water purification [5], and food applications 

[34].  
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Figure 1-6 Chemical structure of alginate [35] 

 

Alginate microparticles are produced by crosslinking with divalent ions 

such as Ca2+. Several divalent ions like Ca2+, Sr2+ and Ba2+can be used [36]. 

However, Ca2+ provides the most stability to alginate beads [37]. The gelation 

and cross-linking of the polymers are mainly achieved by the exchange of sodium 

ions from the guluronic acids with the divalent cations and the stacking of these 

guluronic groups to form the characteristic egg-box structure [38] as shown in 

Figure 1-7. 

 

 

 

Figure 1-7 Egg-box structure of an alginate gel formed by chelation of Ca2+ ions 
[38] 
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 1.2.2 Fluorescence spectroscopy 

 

Fluorescence is the emission of light from a substance and occurs from 

electronically excited states. Fluorescence occurs in three stages, first excitation, 

then the excited state lifetime followed by fluorescence emission. Fluorescence 

spectroscopy is a technique to measure the intensity of emitted light [39].  

There are two main types of fluorescence measurements: steady state and 

time resolved. The most commonly used type is the steady state measurement 

where the sample is illuminated with a continuous beam of light and an emission 

spectrum is recorded. Because of the nanosecond timescale of fluorescence 

phenomena, most measurements are steady state [39] [40]. A fluorescence 

emission spectrum is a plot of the fluorescence intensity versus wavelength 

(nanometers) or wavenumber (cm-1). Fluorescence is measured by a 

spectrofluorometer.  
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Figure 1-8 Schematic diagram of spectrofluorometer [39] 

 

Figure 1-8 shows a schematic diagram of a general purpose 

spectrofluorometer.  It has a xenon lamp as a source of light. Xenon lamps are 

useful because of their high intensity at all wavelengths from 250 nm. In this 

instrument, monochromators are present which allow selection of excitation and 

emission wavelengths. The excitation monochromators has two gratings to 

reduce stray light, that is, light with wavelengths different from the chosen one. 

For automatic scanning of wavelengths, both monochromators are motorized. 

The photomultiplier tubes detect fluorescence and it is quantified with 

appropriate electronic devices. The output is presented in graphical form and 

stored digitally.   
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Monochromators are used to disperse polychromatic or white light into 

the various colors or wavelengths. To achieve this dispersion, prisms or 

diffraction gratings are used. The monochromators in most spectrofluorometers 

use diffraction gratings [39].  

There are various sources of light that are used in spectrofluorometers. 

The most versatile light source for steady state spectrofluorometer is high 

pressure xenon (Xe) arc lamp. These lamps provide continuous light output from 

250 to 700 nm. Xenon flash lamps are used in compact fluorometers. The output 

is more structured than the continuous lamp. Other types include high pressure 

mercury (Hg) lamps, Xe-Hg arc lamp, Quartz-Tungsten Halogen (QTH) lamps 

and LED light sources [39].  

Optical filters are used in addition to monochromators, to compensate for 

the inadequacy of monochromators. Often, the major source of error in all 

fluorescence measurements is interference due to scattered light, stray light or 

sample impurities. These problems can be minimized by using proper filters 

[39].   

Spectra generated from fluorescence spectroscopy are highly dependent 

on the properties of fluorescing molecules or fluorophores [40]. Fluorophores 

are fluorescent chemical substances which emit light upon excitation by light 

absorption. The information available from experiments is determined by the 

properties of fluorophores. There are two main classes: intrinsic and extrinsic 

[39]. Intrinsic fluorophores are naturally occurring and include aromatic amino 

acids, NADH and flavins. Extrinsic fluorophores are added to give fluorescence to 
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samples which do not employ molecules that are inherently fluorescent [41]. 

Examples include dansyl, fluorescein and rhodamine [39] [41]. Fluoresceins are 

widely used as extrinsic fluorophores. Factors that should be considered when 

choosing extrinsic fluorophores are the labeling efficiency, behavior in 

surrounding medium and stokes shift.  

Fluorescence spectroscopy has been mainly used for biological 

applications. Other applications include food [42] and pharmaceutical 

applications [43]. Fluorescence spectroscopy has been used to study interactions 

between DNA and metal ions [44] as well as interaction between drug and serum 

albumin [45]. Cell uptake of Gd (III) encapsulated chitosan nanoparticles has 

been studied using fluorescence spectroscopy [46]. Thus, fluorescence 

spectroscopy has already been used for chitosan nanoparticles. Recently, our 

group member developed fluorescence spectroscopy for studying particle 

interactions involving chitosan nanoparticles [47]. This thesis is a continuation 

of the previous research. 

 1.2.3 Fluorescence Anisotropy 

 

Fluorescence anisotropy is an important tool for biochemical and medical 

applications. Anisotropy measurements provide information regarding molecular 

shape and size and viscosity of a fluorophore’s environment. If there is a 

rotational freedom, the system exhibits lower anisotropy, while for rigid 

environments, anisotropy values are high. Anisotropy measurements give an 

insight into changes in molecular sizes of polymers and other macromolecules 

[39].  
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Polarized light striking a fluorescent molecule results in polarized 

fluorescence. The term anisotropy (r) is used to describe the extent of 

polarization of emitted light. Anisotropy is the ratio of the polarized light 

component to the total light intensity. In a homogenous solution, the ground 

state fluorophores are randomly oriented. When exposed to polarized light, 

fluorophores which have their absorption transition moments orientated along 

the electric field vector of the incident light are preferentially excited. Therefore 

the excited state population is partially oriented. Anisotropy measurements 

reveal the average angular displacement of the fluorophore that occurs between 

absorption and subsequent emission of photons. This angular displacement 

depends on the rate and extent of rotational diffusion during the lifetime of the 

excited state. The rate of rotational diffusion depends on the viscosity of the 

solvent and shape and size of the rotating molecule. The rotational rate of 

fluorophores in solution is dependent upon the viscous drag imposed by the 

solvent. Hence if the solvent viscosity is changed, it will result in a change in 

fluorescence anisotropy. For example, a small fluorophore in a low viscosity 

solvent will exhibit anisotropy close to zero as the rate of rotational diffusion will 

be faster than the rate of emission.  A typical setup for measurement of 

anisotropy is shown in Figure 1-9. 
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Figure 1-9 Schematic diagram for measurement of fluorescence anisotropy [39]  

 

In fluorescence anisotropy experiments, the sample is excited with 

vertically polarized light. The electric field vector of the excitation light is 

oriented parallel to the vertical or z axis. The intensity of the emission is 

measured through a polarizer. When the emission polarizer is oriented parallel 

(∥) to the direction of polarized excitation, the observed intensity is called  ∥ and 

similarly, when the polarizer is perpendicular (⊥) to the excitation the intensity is 

called   .  From these intensity values, anisotropy (r) is calculated by following 

equation: 

   
 ∥     
 ∥      

 

 

The anisotropy is dimensionless quantity that is independent of the total 

intensity of the sample. 



17 
 

  
 

Fluorescence anisotropy has been widely used in clinical and biomedical 

fields. In the past, an application of fluorescence anisotropy to study antigen-

antibody interactions was developed by Dandliker. For the experiments 

ovalbumin was labeled with fluorescein isothiocyanate and then antibodies were 

raised to the fluorescein-ovalbumin adduct. Then binding of this antibody-

antigen system was studied using anisotropy and intensity measurements [48].  

Fluorescence polarization measurements of FITC-labeled chitosan were 

performed to gain better understanding of the association between chitosan and 

mucin in different pH and ionic conditions [30].  Recently, fluorescence 

anisotropy has been used for nanoparticle sizing where a particle sizing method 

has been developed based on analysis of rotational motion [49]. Also, it has been 

used for studying micellar aggregation of nonionic Brij surfactants [50].   In this 

study, fluorescence anisotropy has been used to study aggregation of chitosan 

nanoparticles and alginate microparticles. 

 1.2.4 Laser Diffraction Scattering 

 

Laser diffraction scattering is a technique used for obtaining particle size 

distribution. Unlike other optical techniques, LDS does not require single 

particles to be measured successively in order to get the size distribution [51]. 

The method involves the analysis of the patterns of scattered light produced when 

particles of different sizes are exposed to a beam of light. . This technique is 

particularly useful for studying aggregation and dispersion phenomena. In the 

present study, LDS has been used to obtain the particle size distribution for 

mixed alginate-chitosan systems. 



18 
 

  
 

 

 

 

 

 

 

 

Chapter 2                                                                                             

ANALYSIS OF INTERACTIONS BETWEEN CHITOSAN 

NANOPARTICLES AND ALGINATE MICROPARTICLES 

USING FLUORESCENCE SPECTROSCOPY AND 

ANISOTROPY 
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 2.1 Introduction 

 

When oppositely charged microparticles and nanoparticles are mixed 

together, aggregation tends to occur and resulting aggregate morphology that 

occurs is dependent on particle concentration, holding other factors constant. 

The different regimes of particle interactions can be distinguished at boundaries 

according to concentration ratios. Previous studies have used optical microscopy 

to determine particle interaction regime boundaries. Ultra-small-angle X-ray 

scattering, which is not widely available, has also been used to observe aggregate 

morphologies [11]. However, optical microscopy has limitations as it cannot be 

performed in situ or in real time in vial or in a flow. Also, the sample, which has 

to be extracted and placed on a microscope slide for observation, may not 

accurately represent the particulate suspension. These limitations may result in a 

different morphology being observed compared to that present in a particulate 

suspension. Fluorescence spectroscopy, not having such restrictions, was used by 

our group member to observe interaction regime boundaries. In the present 

study, we have used fluorescence spectroscopy in conjunction with optical 

microscopy to determine interaction regime boundaries for chitosan alginate 

systems.  

 2.2 Materials  

 

Chitosan (low molecular weight) (CAS #9072-76-4) and Sodium tri-

polyphosphate (TPP) (CAS #7758-29-4, technical grade 85%) were obtained from 

Sigma Aldrich (St. Louis, MO). The chitosan had a deacetylation fraction of 



20 
 

  
 

90.85% and molecular weight range of 50-190 kDa. More specifically, the 

acquired batch had a viscosity of 185 cP (for a concentration of 1 w/w in 1 w/w 

acetic acid solution) (all data provided by supplier). Fluorescein isothiocyanate 

(FITC) was also acquired from Sigma Aldrich, titled- Fluorescein 5(6)-

isothiocyanate BioReagent, suitable for fluorescence, mixture of two components. 

Sodium Alginate (alginic acid, sodium salt, CAS #9005-38-3) was 

obtained from Acros Organics (Morris Plains, NJ). It had a molecular weight 

range of 450-550 kDa and a viscosity of 485 cP (for a 1% w/w solution) (all data 

provided by supplier). Furthermore, the sodium alginate contained 65-75% 

guluronic acid (G) subunits and 25-35% mannuronic acid (M) subunits. 1,6 

dibromohexane (CAS #629-03-8, 96% purity) and Span-80 (CAS #1338-43-8) 

were purchased from Sigma Aldrich. Calcium chloride dihydrate FCC/USP (CAS 

#10035-04-8) and iso-octane (CAS #540-84-1, HPLC grade) were obtained from 

Fischer Scientific (Fair Lawn, NJ).  

Water used for all experiments was obtained from a Milli-Q water System. 

2.3 Experimental Procedure 

 

2.3.1 Preparation of FITC-labeled and plain Chitosan nanoparticles 

 

Chitosan was tagged with fluorescein isothiocyanate (FITC) according to 

the procedure outlined in Huang et al. [52]. 100 mL of chitosan solution (1% in 

0.1M acetic acid) was mixed with 50 ml of solution of FITC dissolved in methanol 

(2.0 mg/mL) in the dark at ambient temperature followed by addition of 100 mL 

methanol. The solution was stirred for 3 hours to complete the tagging. After 3 h, 
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tagged polymer was precipitated out by adding 0.1 M NaOH solution and 

centrifuged at 20,000 rpm for 10 min followed by washing with methanol: water 

(70:30, v/v). The tagged chitosan was then redissolved in 400 mL of 0.06M 

Acetic acid.  

FITC-labeled chitosan nanoparticles were prepared by an ionic gelation 

method using sodium tripolyphosphate (TPP). 0.7 mL of TPP solution (0.2 wt% 

in water) was added drop wise to 5 mL of tagged chitosan solution   under 

magnetic stirring. 0.3 mL of water was then added to create a mixture of 5:1 

volume ratio of chitosan and TPP. The mixture was stirred for 30 min before 

leaving it overnight to reach equilibrium. It was then centrifuged at 48,400 xg 

(20,000 rpm) for 30 min (Avanti J-E, Beckman Coulter, Brea, CA). Collected 

particles were suspended in water and redispersed by probe sonication (Misonix 

Sonicator 3000) for approximately 30 s.   

For preparing plain chitosan nanoparticles, chitosan was dissolved in 

water with acetic acid 1.75 times the mass of chitosan to obtain a 2.0 mg/ml 

chitosan solution. Using this solution, plain chitosan nanoparticles were prepared 

by following the same ionic gelation procedure mentioned above. 

2.3.2 Preparation of Alginate beads  

 

 In order to prepare alginate beads, three different solutions were 

prepared: Alginate solution, oil solution and calcium chloride solution. Alginate 

solution (2 wt%) was prepared by adding alginic acid gradually to sucrose 

solution in water. Oil solution consisted of 69.5% (v/v) isooctane, 29.5% (v/v) 1,6 
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dibromohexane, and 1 wt% span 80 surfactant. Calcium chloride solution was 

prepared by adding dihydrate calcium chloride (1 wt%) and sucrose (16 wt%) in 

water. Then equal amounts of alginate solution and oil solution were blended for 

10 min at 20000 rpm (Ultra-Turrax T-25 blender, IKA works, Staufen, Germany) 

to form an emulsion. Cold water was used to immerse flask containing mixture to 

prevent overheating. The emulsified alginate was then cross-linked with calcium 

chloride by drop wise addition of calcium chloride solution to emulsion using fan 

mixer. The emulsions were then washed with acetone and separated in a 

separation funnel. The alginate suspension was then extracted and centrifuged at 

6000 rpm at 4 0C for 10 min. Supernatant was discarded. Alginate beads thus 

obtained were sieved down to below 38 μm diameter and then filtered using 

vacuum filtration with a 25 μm pore size filter paper to get particles having 

diameter between 25-38 μm. These beads were stored in water. 

2.3.3 Measuring Labeling Efficiency  

 

The labeling efficiency of FITC to chitosan was determined as per the 

following procedure. First, the tagged chitosan solution was diluted with 

deionized water until a final concentration of 0.25 μg/mL was measured. Then 

fluorescence intensity of that solution was measured. The calibration curve was 

obtained by measuring the fluorescence intensities of FITC solutions having 

concentration from 0.002 μg/mL to 0.08 μg/mL. These FITC solutions were 

prepared by diluting methanolic solutions of FITC with deionized water. Labeling 

efficiency was then calculated as percent weight of FITC to weight of FITC-

chitosan.  
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2.3.4 Preparation of Samples 

 

Samples were prepared by mixing alginate beads with tagged chitosan 

particles in water. Each sample contained different amounts of alginate by weight 

and amount of the chitosan was kept constant (by volume). For preparing each 

sample, water volume was first measured out. It was kept constant at 8 ml for 

each sample. After that, the proper amount of alginate microparticles was added 

to the water. To obtain alginate beads from their storage suspension, they were 

centrifuged at 6000 rpm for 10 minutes in a Beckman Coulter centrifuge with the 

rotor. After addition of alginate to the water, all the samples were sonicated at 

low power (9-12 W) for 30 seconds in a probe sonicator (Misonix 3000). This was 

done to ensure resuspension of alginate microparticles. The next step was to add 

chitosan suspension to the water by measuring out the desired volume. After 

adding chitosan, all the samples were again sonicated at the same power. Then 

the samples were stirred on a stir plate using microstirbars for one hour allowing 

samples to cool down and reach equilibrium.  

The amount of chitosan used was kept constant at 25 μL (1.22×1011 

particles). The amounts of alginate microparticles used for each sample and 

corresponding pH values are shown in Table 1.  
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Table 1 Levels of alginate, chitosan and water along with the pH values for each 
sample 

Sample 

Chitosan  

Suspension 

Volume 

Water 
Alginate 

(g) 

Number 

of 

Alginate 

Particles 

Alginate 

Volume 

Fraction 

 

Sample 

pH 

1 

 

       25 μL 

 

7.975 

mL 

0 0 0 5.79 

2 0.003125 1.45×105 3.72×10-4 5.8 

3 0.00625 2.89×105 7.44×10-4 5.7 

4 0.0125 5.78×105 1.49×10-3 5.6 

5 0.025 1.16×106 2.97×10-3 5.5 

6 0.05 2.31×106 5.95×10-3 5.4 

7 0.1 4.63×106 1.19×10-2 5.17 

8 0.2 9.26×106 2.38×10-2 4.97 

9 0.4 1.85×107 4.76×10-2 4.83 

 

 

The amount of alginate is doubled in each successive sample, while the 

chitosan volume is held constant. 
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2.3.5 Preparation of Blanks 

 

 For each sample, a blank was prepared. The blank is the same as the 

sample except it does not have the fluorophore. Blanks were prepared using plain 

chitosan suspension instead of FITC-tagged chitosan suspension. The 

preparation method of blanks is identical to the method for preparing the 

samples. For blank preparation, water volume was measured out first. Alginate 

was then added to the water followed by sonication. Then the required amount of 

chitosan was added to the vial. The blanks were then sonicated again and stirred 

for one hour before being tested with the fluorescence spectrometer.  The total 

volume was kept constant at 8 mL for the blanks. The amount of chitosan and 

alginate used were the same as in Table 1. 

2.3.6 Fluorescence Spectroscopy  

 

 A Horiba Jobin Vyon Fluoromax spectrophotometer was used to measure 

the fluorescence intensity of the samples. The instrument was calibrated before 

every run. For calibration, the instrument is set to excitation mode first and a 

reading is taken with an empty sample holder.  The peak should be observed at a 

wavelength of 467 nm. Then emission mode is selected and signal from HPLC 

grade, triple distilled water is measured. The peak should occur at a wavelength 

of 397 nm. For measuring the intensity readings, 3 mL of each sample was taken 

into 4 sided clear plastic cuvettes and put inside the sample holder. Spectra were 

obtained by exciting the samples with incident light having wavelength of 490 
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nm. Emission spectra were obtained for range of 500-650 nm. Slit lengths of 5 

nm and 2 nm were chosen for the experiments and a 495 nm filter was used. 

 Similarly, fluorescence readings were taken for blanks for each sample. 

These blank or non- fluorescent readings were then subtracted from sample or 

fluorescent chitosan readings to obtain accurate intensity reading given 

exclusively by the fluorophore. For each sample, three replicates were done. 

2.3.7 Microscopy 

 

 Optical microscopy was performed for each sample using a Zeiss Axio Lab 

A1 microscope. Approximately 50 μL of sample was spread out on a concavity 

slide. The image was taken using Axiovision software under 50 x magnifications.   

2.3.8 Fluorescence Anisotropy 

 

 Fluorescence anisotropy was measured using a Cary Fluoromax 

instrument. For measurement, 3 mL of sample was taken into a cuvette and 

placed inside the sample holder. The sample was excited at 490 nm and the 

emission wavelength was set at 518 nm. A filter of 495 nm wavelength was used 

for the experiment. A sample with zero alginate and 25 μL chitosan was used as a 

reference. For each sample, three trials were accomplished.  

2.3.9 Laser Diffraction Spectroscopy  

 

 The particle size distribution was obtained by using a Beckman Coulter LS 

13 320 laser diffraction particle size analyzer. The universal liquid module (ULM) 

was used for size measurements. The ULM measures the entire sample 
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introduced to the instrument by re-circulating the sample. Samples were 

prepared by measuring out the amount of water followed by addition of alginate. 

Chitosan was added after that and samples were tested immediately without 

sonication. The ratios of alginate to chitosan particles were kept same as 

mentioned in Table 1. Additional samples with similar ratios were tested to get 

better understanding of the size distribution. For measurements, the sample was 

gradually pipetted into the module until an obscuration level of eight percent was 

reached. Data was obtained on the basis of volume percent. The module was auto 

rinsed and aligned between each measurement. Samples were run for combined 

obscuration and polarization intensity differential scattering (PIDS) analysis. 

Since the laser diffraction spectroscopy measurements require dilution of the 

sample with large amounts of deionized water in a flow loop, they were only 

attempted for the standard samples with compositions listed in Table 1, without 

any intentional pH or ionic strength modifications.  

2.4 pH Variation Study 

 

2.4.1 Introduction 

 

 In the biomedical and biomaterials field, stimulus responsive hydrogels 

have found novel applications in drug delivery [53], tissue engineering [54] and 

biosensors [55]. The stimuli include changes in a physical property of the system 

such as temperature [56] [57] as well as changes in chemical properties such as 

pH and ionic strength of the system [58]. In particular, pH sensitive hydrogels 

are used in drug delivery for controlled oral administration because of the large 
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changes that occur in pH along the digestive track [53]. Alginate and chitosan 

particles have been used for drug delivery with pH tunable release. They release 

their payloads when pH is lowered [7] [36]. Hence it is necessary to study 

interaction between chitosan and alginate as pH is lowered.  Interaction regime 

boundaries may change with pH, as zeta potential changes when pH is changed. 

Thus the concentration ratio of chitosan to alginate required to maintain particle 

stability as pH is lowered can be established by determining interaction regime 

boundaries. Fluorescence spectroscopy has been used to study particle 

interactions at different pH values. By undertaking a pH study, the applicability 

of fluorescence spectroscopy in different environments can be tested.  

In the standard sample mixtures listed in Table 1, the resulting pH values 

range from 4.8 to 5.8. In the pH variation study, two comparison pH values of 

2.3 and 7.0 were selected in order to vary systematically the colloidal 

interactions between the alginate and chitosan particles. At both pH values of 

2.3 and 7.0, one of the polymers is beyond its pKa value and therefore only 

slightly charged and near precipitation, while the other is highly charged. A pH 

value of 2.3 represents a strongly acidic environment which is close to but below 

the pKa value of alginate (~3.5) and significantly below the pKa value of chitosan 

(~6.5). Therefore, we expect the alginate microparticles to be only weakly 

charged and the chitosan nanoparticles to be highly charged. In contrast, at pH 

7.0, the system is above the pKa value of the chitosan and significantly above the 

alginate pKa value, so accordingly we expect highly charged alginate 

microparticles and weakly charged chitosan nanoparticles. At each comparison 
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pH, electrostatic attraction between dissimilar particles is reduced and 

electrostatic repulsion between similar particles of one type is enhanced, which 

results in a contrasting balance of colloidal forces compared to the standard 

samples, where both electrostatic attraction between dissimilar particles and 

electrostatic repulsion between similar particles are substantial. 

2.4.2 Sample preparation  

 

 For the pH modified samples, 0.2M hydrochloric acid (HCl) was used. 

Amounts of alginate and chitosan used were the same as those mentioned in 

Table 1. Samples were prepared in a similar fashion mentioned in section 2.3.4. 

First, 6 mL of water was taken into a vial.  Then an appropriate amount of 

alginate obtained from centrifuging an alginate suspension was added to the 

water. The sample was sonicated and then 25 μL of chitosan was added to the 

sample. The sample was sonicated again and 0.2M HCl was added gradually until 

the desired pH was reached. To monitor pH value, a pH meter was used. Finally, 

the sample volume was made up to 8 mL by adding the required amount of DI 

water. For each set of modified samples, the pH was held constant at a value of 

either 2.3 or 7.0. For pH 7.0, 0.2M sodium hydroxide (NaOH) was used. Samples 

were stirred on a stir plate with microstirbars for one hour before running the 

fluorescence spectroscopy experiment. Blanks were prepared in exactly same way 

using plain chitosan nanoparticles instead of tagged ones. Blanks had same pH 

values as that of respective samples. Each sample was then tested with the Horiba 

Fluoromax spectrometer using 490 nm excitation wavelength and 495 nm filter. 

Emission spectra were obtained over range of 500-650 nm. A slit length of 2 nm 
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was used for all the experiments. Respective blank or non-fluorescent readings 

were subtracted from corresponding sample or fluorescent readings to get an 

accurate reading obtained exclusively from the fluorophore FITC. A Zeiss Axio 

lab A.1 microscope with 50x magnification was used to photograph samples. For 

each sample, three trials were performed.  

 2.5 Ionic Strength Study  

 

For the ionic strength study, samples were prepared using sodium chloride 

(NaCl) solution. Three different salt concentrations of 0.01M, 0.1M and 0.5M 

were studied. The goal was to investigate the shifts in particle interaction regime 

boundaries due to the presence of varied concentrations of ions, which may 

shield electrostatic interactions between particles. NaCl solutions were prepared 

by mixing the appropriate amount of NaCl into DI water. For sample preparation, 

the appropriate volume of NaCl solution was measured out first. Alginate was 

centrifuged from its suspension solution and was then added to the NaCl 

solution.  The sample was sonicated for 30 seconds before adding 25 μL chitosan 

suspension to it. After adding chitosan, the sample was sonicated again at the 

same power. All the samples were then stirred for one hour before testing with 

the Horiba Fluoromax spectrofluorometer. Respective blanks were prepared by 

adding plain chitosan nanoparticles in place of tagged chitosan nanoparticles. 

Samples were excited at a wavelength of 490 nm and emission spectra were 

recorded from 500 nm to 650 nm. Each experiment was done using a 495 nm 

filter and a 2 nm slit length. For each sample, the blank reading was subtracted to 
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get an accurate reading. The amount of chitosan was kept constant at 25 μL and 

alginate amount varied as per Table 1. 

 2.6 In Situ measurements 

 

Samples were prepared in glass vials for the in situ measurements. The 

amount of alginate and chitosan was kept the same as mentioned in Table 1. For 

sample preparation, first water volume was measured out which was kept 

constant at 8 mL. The appropriate amount of alginate was then added to the 

water. Samples were sonicated at low power for 30 s. Then chitosan was added to 

the samples and again samples were sonicated to re-disperse the particles. 

Measurements were performed using a fiber optics probe and the Cary Eclipse 

fluorometer after stirring the samples for one hour. Blank samples were prepared 

in a similar way using plain chitosan instead of the fluorescent chitosan. 

Readings were also taken for the blank samples. 
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Chapter 3                                                                                            

RESULTS AND DISCUSSION 
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In this chapter, results for the experiments are discussed. Section 3.1 

presents the results for standard samples with no HCl added. First, the 

microscope images and fluorescence spectroscopy results have been discussed 

followed by fluorescence anisotropy and laser diffraction spectroscopy results. 

Each section is followed by detailed discussion of the results obtained. In sections 

3.2 and 3.3, results for pH 2.3 and pH 7.0 respectively, are presented. Optical 

microscope results have been compared with fluorescence spectroscopy results 

and fluorescence anisotropy results.  Finally, results and discussions for ionic 

strength study and in situ measurements are presented in sections 3.5 and 3.6 

respectively. At the end, section 3.7 gives the summary of all the experiments. 

3.1 Results for standard samples with no HCl added 

 

Several optical measurement techniques were applied to standard 

samples, which had the compositions listed in Table 1 without any HCl added for 

pH modification. The complementary measurements include optical microscope 

imaging, fluorescence spectroscopy, fluorescence anisotropy and laser diffraction 

spectroscopy. The results acquired from the standard samples are presented in 

this section along with relevant controls and data analysis.  

3.1.1 Boundaries between interaction phases of chitosan and alginate 

 

Optical microscope imaging was used to observe different phases of 

interaction between chitosan nanoparticles and alginate microparticles. 

Microscope images were used to determine location of boundaries between the 

different interaction regimes. There are three different regimes as observed from 
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the images. The first one is dispersed coated regime where alginate 

microparticles are coated with chitosan nanoparticles. Amount of alginate is very 

less so that chitosan completely covers the surface of alginate particles and these 

particles start repelling each other to form discrete particle suspension. The 

second regime is agglomerated, where several alginate particles are loosely 

connected by many chitosan particles to form a cluster. The third regime is 

dispersed uncoated regime. In this regime, number of alginate particles is large 

compared to chitosan particles and hence there is not enough chitosan to fully 

cover surface of alginate particles. Alginate particles are partially coated with 

chitosan and there is not sufficient chitosan to form a loose connection between 

alginate particles leading to a cluster. 

For imaging, the first alginate level tested was 1.45×105 (0.003125 g) 

particles. As shown in Figure 3-1, at a level of 1.22×1011 (25 μL) chitosan particles, 

the alginate particles are clearly dispersed. As the amount of alginate is too low, 

chitosan sufficiently covers the surface of alginate particles to avoid any 

aggregation.  
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Figure 3-1 Microscope image of a sample mixture of 1.45×105 (0.003125 g) 
alginate particles and 1.22×1011 (25 µL) chitosan particles 

 

At a alginate level of 2.89×105 (0.00625 g) particles, first sign of 

borderline aggregation can be seen Figure 3-2. This level marks the boundary 

between dispersed, coated and agglomerated regime.  
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Figure 3-2 Microscope image of a sample mixture of 2.89×105 (0.00625 g) 
alginate particles and 1.22×1011 (25 µL) chitosan particles 

 

At alginate levels of 5.78×105 (0.0125 g) particles (Figure 3-3) and 

1.16×106 (0.025 g) particles (Figure 3-4), we can see definite agglomeration. 
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Figure 3-3 Microscope image of a sample mixture of 5.78×105 (0.0125 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles 

 

 

Figure 3-4 Microscope image of a sample mixture of 1.16×106 (0.025 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles 
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Figure 3-5 Microscope image of a sample mixture of 2.31×106 (0.05 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles 

 

At 2.31×106 (0.05 g) particles, we see that the particles are starting to 

disperse again (Figure 3-5). This level marks the regime boundary between 

agglomerated and dispersed, uncoated. 

The dispersed, uncoated regime continues through the alginate levels of 

4.63×106 (0.1 g) and 9.26×106 (0.2 g) to 1.85×107 (0.4 g) alginate particles as 

seen in Figure 3-6, Figure 3-7 and Figure 3-8 respectively.  
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Figure 3-6 Microscope image of a sample mixture of 4.63×106 (0.1 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles 

 

 

Figure 3-7 Microscope image of a sample mixture of 9.26×106 (0.2 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles 
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Figure 3-8 Microscope image of a sample mixture of 1.85×107 (0.4 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles 

 

As seen in Figure 3-8, the number of alginate particles is very large 

compared to that of chitosan nanoparticles and there are not enough chitosan 

particles to cover alginate surface or to form loosely connected alginate particle 

clusters. Alginate particles push each other to remain dispersed in the 

suspension. 

3.1.2 Fluorescence Spectroscopy Results 

 

The samples were tested with Horiba Jobin Vyon fluorescence 

spectrometer. Emission spectra were collected from 500 nm to 650 nm. Figure 

3-9 shows an example of a generated spectrum. 
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Figure 3-9 Raw spectrum for 2.31×106 (0.05 g) alginate particles and 1.22×1011  
(25 µL) chitosan particles 

 

Fluorescence intensity is directly proportional to the concentration, 

typically at low concentrations. As the concentration is increased, different 

factors affect intensity such as the inner filter effect or collision quenching. At 

intermediate concentrations, the sample material at the surface of the cuvette 

near the light source absorbs most of the light so there is not much light available 

for the rest of the sample. Thus readings will not be linear. When the 

concentration is too high, light cannot pass through the sample to cause 

excitation which results in reduced intensity. Also, self-quenching may occur at 

high concentrations causing reduction in intensity.   

Hence to determine if the concentration of tagged chitosan used was in 

linear range or not, fluorescence spectroscopy of samples containing different 

amounts of tagged chitosan only was performed.  
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Figure 3-10 Spectrum generated for different amounts of tagged chitosan  

(0-50 μL) with no alginate 

 

From Figure 3-10, it is clear that the concentration of chitosan used (25 

μL) was in the linear range.  

To minimize the interference caused by scattered light, optical filter of 

wavelength 495 nm was used. This filter selectively transmits light below 495 nm 

which is then absorbed by the fluorophore. Figure 3-11 shows an example of 

fluorescence spectrum obtained with filter and without filter.  
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Figure 3-11 Comparison of spectra data obtained with filter and without filter for 
2.31×106  (0.05 g) alginate particles mixed with 1.22×1011  (25 µL) tagged 

chitosan particles 

 

It can be clearly seen from the figure that the scattering is substantially 

reduced with the help of the filter.  

In order to get intensity values within the limit of the Fluoromax 

instrument, measurements were performed at different slit lengths. Figure 3-12 

shows example of spectra obtained at different slit lengths.  
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Figure 3-12 Comparison of spectra data obtained at two different slit width for 
4.63×106  (0.1 g) alginate particles and 1.22×1011  (25 µL) chitosan particles 

 

The intensity of the light passing through the monochromators is 

proportional to square of slit width. The slit acts like volume control for the light 

intensity. Large slit width means higher signal levels and smaller slit width yields 

better resolution. In the Figure 3-12, it can be clearly seen that at slit width of 5 

nm we obtained very high intensity as compared to that obtained with slit width 

of 2 nm. For Fluoromax spectrometer, the upper detection limit for the intensity 

is around ten million. The operating range should be within three percent of this 
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limit. As we can see, for slit width of 5 nm, the observed intensity is near the 

upper limit. Hence it was not used as it may damage the spectrometer. Hence for 

all the experiments, slit width of 2 nm was used. 

In order to confirm that the fluorescence signal was obtained from only 

the FITC fluorophore and not the alginate particles, samples containing alginate 

particles only were tested with spectrofluorometer. As shown in Figure 3-13, 

fluorescence intensity observed for alginate particles is negligible in comparison 

with the samples containing alginate particles with fluorescent chitosan particles. 

Hence it was confirmed that the alginate particles are not contributing to the 

observed fluorescence intensities. 

 

 

Figure 3-13 Comparison of spectra obtained with sample containing 2.31×106  
(0.05 g) alginate particles mixed with 1.22×1011 (25 µL) tagged chitosan particles 

and the one with 2.31×106  (0.05 g) alginate particles only 
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Fluorescence spectroscopy measurements were performed for both the 

samples and blanks. In order to obtain accurate readings, blank or non-

fluorescent readings were subtracted from sample or fluorescent readings. An 

example of fluorescent and non-fluorescent readings is shown in Figure 3-14. 

 

Figure 3-14 Spectra for 5.78×105 (0.0125 g) alginate particles mixed with 
1.22×1011 (25 µL) tagged chitosan particles and 1.22×1011 (25 µL) plain chitosan 

particles. A corrected spectrum is obtained by subtracting non-fluorescent 
readings from fluorescent readings. 

 

For each spectrum, maximum intensity values were calculated and these 

intensities were averaged over 3 trials for each level of chitosan and alginate. The 

results for constant chitosan and varying alginate are shown in Figure 3-15. 
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Figure 3-15 Average maximum intensity plotted against the ratio of alginate to 
chitosan particles with points for the interaction regime transitions from 
dispersed, coated to agglomerated (solid) and agglomerated to dispersed, 

uncoated (dashed) circled. 

 

The intensity values of alginate in all the three regimes: dispersed coated, 

agglomerated and dispersed uncoated are lower than that of the control with zero 

alginate. The transition of interaction regime from dispersed coated to 

agglomerated is indicated by a significant drop in signal intensity at a low 

number of alginate particles. However, the transition from agglomerated to 

dispersed uncoated is not as definitive from the plot. This transition is denoted by 

a smooth curve which decreases first and then nearly plateaus. The signal 

intensity continues to drop as the number of alginate particles increases and 

reaches a plateau near the end. The fact that the intensity keeps on decreasing 

from the control value indicates that fluorescence quenching or scattering from 

alginate particles is responsible for the decrease in the intensity.  
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As observed from the microscope images, the transition from the 

dispersed coated regime to the agglomerated regime is quite abrupt. 

Fluorescence spectroscopy results corroborate this observation. In the control 

sample, only tagged chitosan is present. As soon as we start adding alginate 

microparticles, fluorescence intensity goes down. One of the possible reasons for 

this reduction is a local pH effect. pH is known to change in close proximity to a 

charged surface and the extent of the change is proportional to the surface 

potential [59]. Negative surface potentials induce a lower surface pH compared 

to the bulk pH, while positive surface potentials induce higher surface pH.  

In the case of standard samples, alginate is highly negatively charged, 

which results in lower values of local pH compared to the bulk pH, which in turn 

results in reduced intensity as fluorescence intensity decreases with pH. Initially, 

in the dispersed coated phase, there are very few alginate particles and hence 

tagged chitosan nanoparticles will be sufficient to coat the alginate particles. Only 

a small fraction of the chitosan nanoparticles that contain the fluorophores will 

be located in close proximity to the reduced pH alginate surfaces. Most of the 

tagged chitosan nanoparticles are in free suspension and therefore produce a full 

intensity signal. As more and more alginate particles are added to the system, an 

increasing fraction of the tagged chitosan nanoparticles are found in close 

proximity to the reduced pH alginate surfaces, leading to reduction in the 

fluorescence signal intensity. In the agglomerated regime, there is significant 

coating of alginate particles but also the formation of large clusters of tagged 

chitosan nanoparticles that are not all in direct contact with alginate, as well as 
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another portion of tagged chitosan nanoparticles in free suspension. At the 

highest levels of alginate particles identified with the dispersed uncoated regime, 

chitosan is not at all sufficient to coat the alginate particles or to form clusters. 

Accordingly, virtually all of the tagged chitosan nanoparticles are directly 

adsorbed on to the reduced pH alginate surfaces. In addition, because the 

negatively charged alginate surfaces are only partially coated, the mostly 

unshielded alginate particles may induce lower local pH values than those of the 

dispersed coated phase and agglomerated phase. As the pH value at the surface is 

lower, the fluorescence intensity is less. Hence, the intensity values from the 

dispersed uncoated phase are lower than that of the dispersed coated phase or 

agglomerated phase.  

Another possible reason for the reduction in fluorescence intensity with 

increasing alginate concentration is self-quenching. Self-quenching takes place 

when two or more fluorophores are in close proximity of each other [59]. In the 

agglomerated phase, there are free chitosan particles inside the aggregates which 

are close to each other. This results in self-quenching causing reduction in the 

intensity. In the dispersed uncoated phase, the chitosan particles are attached to 

alginate particles which are very close to each other causing more self-quenching. 

However, in the dispersed coated phase, there are many free chitosan particles 

repelling each other because of the positive charge. Accordingly, self-quenching is 

present to a lower extent than in the other regimes. 

To gain understanding, and quantify the interaction regime boundaries, 

the slope of the normalized average intensity was calculated. For calculations, the 
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change in the normalized average intensity was divided by change in the 

concentration of alginate particles. A plot of these values was created to 

determine the slope where the interaction regime boundary is indicated.  

 

 

Figure 3-16 Plot of the slope of the average maximum intensity curve from 
alginate/chitosan ratio to alginate/chitosan ratio 

 

From this plot, it can be observed that the interaction regime change from 

dispersed coated to agglomerated regime is indicated by sharp drop in the slope 

value from -15 to -5. However, there is no clear indication of regime change from 

the agglomerated to the dispersed uncoated regime, as the slope values are 

almost identical. Thus the interaction boundary regime threshold for the switch 

from dispersed coated to agglomerated phase is marked by the slope value of -15. 

The meaning of this value is that significant local pH changes or self-quenching 
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are evident in the changing intensity values. The fluorescent chitosan particles 

come into closer contact with alginate particles and with each other as the 

transition to the agglomerated regime occurs. 

3.1.3 Fluorescence Anisotropy 

 

In order to further understand the mechanisms causing intensity 

reduction, samples were subjected to fluorescence anisotropy measurements. 

Fluorescence anisotropy uses polarized light to excite the sample and the fraction 

of incident light polarized by the sample is detected as the emission. Anisotropy 

is given as a ratio of the polarized light component to the total light intensity. 

The anisotropy value, denoted by r, was obtained for each sample. A plot 

of anisotropy values, averaged over 3 trials, is shown in the figure below. As 

observed from the graph of anisotropy vs. ratio of alginate particles and chitosan 

particles, anisotropy stays nearly constant for small amounts of alginate particles. 

It increases rapidly when the number of alginate particles is more than 2.31×106 

which corresponds to the boundary of regime transition from the agglomerated 

to the dispersed uncoated regime. In general, there is an upward trend in 

anisotropy as alginate concentration is increased.  
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Figure 3-17 Average anisotropy values plotted against alginate/chitosan particle 
ratio 

 

The trend in the anisotropy can be explained in terms of rotational 

diffusion. Most fluorophores in a solution rotate extensively during 50-100 

picoseconds. Hence molecules can rotate many times during 1-10 nanosecond 

excited state lifetime and the polarized emission is randomly oriented. Due to this 

reason, many fluorophores in non-viscous solutions display anisotropy values 

near zero [39]. To put it another way, if the molecule is free to rotate during the 

lifetime of a fluorophore, that is, between absorption and emission, then the 

anisotropy values are near zero. In most cases, the rotational correlation times 

are comparable to the fluorescence lifetimes. As a result, measurements of 

fluorescence anisotropy are sensitive to any factor that changes the rotational 

correlational times.  
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In the present case, anisotropy values are near zero for the lower amounts 

of alginate particles and increase when the amount of alginate is higher. This 

phenomenon is due to the size difference between the fluorescent chitosan and 

alginate particles. For instance, when fluorescent chitosan is adsorbed on the 

alginate, the rotation is slow due to the micron sized alginate. This adsorption 

effectively alters the rotational correlational time and observed values of 

anisotropy are high. In the dispersed coated phase, the number of fluorescent 

chitosan particles per alginate particle is quite high as compared to that of the 

alginate. Hence alginate particles are coated with chitosan and still there are 

many free fluorescent chitosan particles in the solution. These particles, not being 

bound to the alginate, are free to rotate and result in near zero anisotropy values. 

For the agglomerated regime, most of the chitosan particles are inside the 

agglomerates or on the surface of the alginate.  The remaining fluorescent 

particles in the solution are free to rotate and observed anisotropy values are 

similar to those obtained for dispersed coated phase. In case of the dispersed 

uncoated phase, all the chitosan particles are adsorbed onto the alginate surface 

leading to slower rotation which then leads to the high anisotropy values.  

To understand how fluorescence anisotropy results compare with 

fluorescence spectroscopy measurements, the normalized intensity and 

anisotropy are plotted on the same graph. Figure 3-18 shows variation in 

normalized intensity and anisotropy with ratio of alginate to chitosan particles.  
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Figure 3-18 Normalized maximum intensity and averaged anisotropy values 
plotted against the alginate/chitosan particle ratio 

 

From the figure, it is clear that the trend in anisotropy is exactly opposite 

to that of the intensity. The transition from the dispersed coated to the 

agglomerated regime is not clear from the anisotropy results. However, the rapid 

change in anisotropy for higher amounts of alginate clearly indicates a regime 

change. This regime change corresponds to the transition from the agglomerated 

to dispersed uncoated phase. Putting the two measurement methods together, we 

can detect both interaction regime transitions that were observed by optical 

microscopy.  
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3.1.4 Laser Diffraction Spectroscopy 

 

Laser diffraction particle size analysis was done to improve understanding 

of the heteroaggregate size distribution across the regimes and to support 

fluorescence spectroscopy and fluorescence anisotropy results. Ideally, one 

should expect similar sizes for dispersed coated and dispersed uncoated regimes. 

Due to the presence of aggregates, particles in the agglomerated regime should be 

larger than the alginate particles. Also, the size range of the particles in the 

dispersed coated and dispersed uncoated regime is expected to be similar to that 

of the alginate particles.  Laser diffraction spectroscopy was performed with the 

samples having similar ratios of alginate and chitosan particles. The particle size 

distribution was obtained as the change in the volume percent with respect to the 

particle diameter. Figure 3-19 shows an example of the particle size distribution 

results. 
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Figure 3-19 Particle size distribution for sample mixture of 9.26×106 (0.2 g) 
alginate particles and 1.22×1011 (25 µL) chitosan particles 

 

With the help of particle size distribution results, the shift in the regimes 

can be readily observed. For the lower amount of the alginate particles as 

compared to the chitosan particles, a shift can be observed from the dispersed 

coated to the agglomerated regime. The three different regimes can be clearly 

seen in the Figure 3-20. 
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Figure 3-20 Particle size distribution for different levels of alginate particles and 
chitosan particles corresponding to three different interaction regimes 

 

As observed from the Figure 3-20, the particles in the agglomerated 

regime are larger than those in the dispersed coated and the dispersed uncoated 

regimes. Also, the particles are similar in size for the dispersed coated and 

dispersed uncoated regimes. To get boundaries at which the interaction regime 

changes, the particle diameter was plotted against the ratio of the alginate and 

chitosan particles.  
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Figure 3-21 Mean particle diameter plotted against the ratio of alginate to 
chitosan particles with points for the interaction regime transitions from 

dispersed coated to agglomerated (dotted) and agglomerated to dispersed 
uncoated (dashed) marked with rectangles 

 

From Figure 3-21, it is clear that the interaction regime change from the 

agglomerated to dispersed uncoated regime is marked by the particle ratio of 

1.89×10-5. The change from the dispersed coated to agglomerated regime is 

marked by particle ratio of 2.37×10-6. This result corroborates the interaction 

regime boundaries indicated by optical imaging. Thus laser diffraction 

spectroscopy is able to provide a clear picture of all the three regime transitions.  

3.1.5 Particle Interaction Calculations 

 

In order to understand why the regime boundaries were located at the 

designated particle ratios, several calculations using established particle 

interaction theory  in its simplest form were done. First, the number of chitosan 
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particles required to neutralize the surface charge of an alginate particle was 

calculated. The surface charge densities of the chitosan and alginate particles 

were calculated using the equation, 

         (
 

 
  ) 

where    is the dielectric constant of the medium,    is the vacuum permittivity, 

8.85x10-12 Fm-1,  ζ is the zeta potential, a is the radius of the particle, and  is the 

inverse Debye length [60]. At room temperature, Debye parameter is given by 

the expression   √      ⁄   nm-1 where   refers to the ionic strength of the 

solution [60]. Debye length is an inverse of Debye parameter. For the standard 

samples with no HCl added, the ionic strength of the solution was approximated 

as 10-5 M, which corresponds to pH value of 5 for the chitosan suspensions. The 

expression for   yields a Debye length of 96 nm.  

 For calculating the surface charge density of alginate, zeta potential is -46 

mV [61] and average particle radius is 17 μm.  For chitosan particles, zeta 

potential is 40 mV and average radius is 125 nm. The medium is water for both 

the alginate and chitosan and hence the same Debye length and dielectric 

constants are used. The dielectric constant of 80.1 is used for the calculations. 

The surface charge density was then multiplied by the surface area of the 

particles to get total charge of the particles. Since only one side of the chitosan 

particles adsorbs onto the surface of the alginate, the alginate particle is assumed 

to interact with only half of the surface charge of the chitosan particle. The other 

side of the chitosan particles is neutralized by the solution counterions. Hence 
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half of the total chitosan surface charge is divided by total surface charge of the 

alginate particles. This quotient yields an alginate to chitosan ratio of 4.14 × 10-5. 

This surface neutralization ratio is very close to the experimentally determined 

ratios of 1.89 × 10-5 and 3.79 × 10-5 which marked the transition from dispersed 

uncoated to agglomerated regime. Thus the particle ratio calculations suggest 

that the mechanism for the transition from agglomerated to dispersed uncoated 

regime is charge neutralization. If the electrostatic interactions are eliminated by 

surface charge neutralization, then only van Der Waals forces remain, driving the 

particles together towards aggregation, considering the effect of other factors to 

be negligible.  

 For understanding the interactions between the particles, the total 

interaction potential energy was approximated by DLVO calculations. The total 

energy is the summation of the electrostatic repulsion energy and van Der Waals 

attraction energy. The electrostatic repulsion energy was calculated using the 

equation outlined in Israelachvili [62]  for 1:1 electrolytes, 

                  
           J 

where        
  

   
 

Zeta potential (ζ) is used in place of surface potential (ψ) for simplicity since 

surface potential cannot be measured directly and cannot be accurately 

calculated. R is the radius of the particle, D is the distance between the particles 

and κ is Debye parameter.  
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 The van der Waals attraction energy is calculated using the simple 

attraction of two spheres model [62], 

    
  

   
 

where, A is Hamaker constant having typical value of 10-19 J, R is the radius of 

particle and D is separation between the particles. This equation is valid for 

interacting alginate microparticles but less accurate for chitosan nanoparticles 

interacting with each other.  

 Next, in order to calculate the maximum number of particles that can fit 

into the control volume while still experiencing attractive interactions, the 

minimum stable separation distance between the particles was determined.  The 

total interaction energy was calculated by adding electrostatic repulsion energy 

and van der Waals energy. The total energy was plotted as a function of distance 

between particles. The minimum separation distance was determined where the 

interaction energy changes from causing repulsion to causing attraction, that is 

from positive values to negative values. 
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Figure 3-22 DLVO curves for A: two interacting alginate particles and B: two 
interacting chitosan particles 

 

 The minimum stable separation distance represents the minimum 

distance of attraction, while particles repel if they are placed in close proximity. 

For two interacting alginate particles, the minimum stable separation distance is 

-1E-19
0 200 400 600 800 1000 1200

In
te

ra
ct

io
n

 E
n

e
rg

y 
(J

) 

Distance (nm) 

-3E-21

0 200 400 600 800 1000

In
te

ra
ct

io
n

 E
n

e
rg

y 
(J

) 

Distance (nm) 

B 

A 



63 
 

  
 

350 nm. For two chitosan particles, the minimum stable separation distance is 

320 nm.  

 In order to calculate the ratio of alginate to chitosan particles in 

agglomerates, the maximum number of particles that can fit in a control volume 

of a 2 mm by 2 mm box was determined. For the calculations, a simple cubic 

arrangement of particles was assumed. Then, the maximum number of alginate 

particles that can fit in the control volume was determined using the minimum 

separation distance between the alginate particles. Then, the number of chitosan 

particles that can adsorb onto the alginate surface was determined by assuming 

that each chitosan particle occupies an area of     of the alginate surface area, 

where r is the radius of the chitosan particle. A packing factor of 0.9 (hexagonal 

close packing of monodispersed particles on a plane) was considered for this 

calculation. This number was multiplied by the total number of alginate particles 

to get the number of chitosan particles adsorbed on to the alginate particles. 

Afterwards, empty space in the control volume was calculated assuming a 

monolayer of adsorbed chitosan on the alginate. Finally, it was assumed that the 

chitosan fills up the empty space in a cubic lattice and the number of free 

chitosan particles was determined using the chitosan minimum stable separation 

distance from DLVO calculations. The ratio of alginate particles to chitosan 

particles in the control volume is the number of alginate particles divided by the 

summation of free and adsorbed chitosan particles. The calculated ratio was 

3.75×10-6. This ratio lies in between the experimentally determined particle ratios 
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of 2.37×10-6 and 4.73×10-6 that marked the transition from dispersed coated to 

agglomerated regime.  

 The estimated values of the ratio of alginate and chitosan particles suggest 

that there is accumulation of a large amount of unadsorbed chitosan inside the 

agglomerates. The ratio of unadsorbed to adsorbed chitosan particles in the 

control volume is 3:1. This can explain the reduced fluorescence intensity as more 

and more fluorescent chitosan particles are inside the agglomerate leading to 

fluorescence quenching.  

 The assumption of a chitosan monolayer on each alginate particle is very 

simple and does not take into account the complex nature of the interactions 

between the chitosan and alginate particles. For this reason, the calculated ratio 

is slightly higher than the experimental values. Also, the alginate and chitosan are 

not hard spheres but very porous hydrogels. The chitosan particles might get 

adsorbed completely in the alginate particle, exposing more surface area leading 

to higher zeta potential values which would then increase the minimum stable 

separation distance. A greater separation distance between alginate particles 

would lead to fewer number of alginate particles that can fit in the control volume 

which would result into lower, more accurate ratios, closer to the experimental 

values.   

 These simple approximate calculations for standard samples provide 

possible mechanisms for the shifting of interaction regime boundaries. For the 

dispersed uncoated regime, alginate particles stay dispersed as electrostatic 

repulsion is higher than van der Waals attraction. For the agglomerated regime, 
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the surface charge of alginate is neutralized resulting in lower electrostatic 

repulsion which is then overcome by van der Waals attraction leading to 

aggregates. In the dispersed coated regime, chitosan particles cannot get closer to 

the alginate or chitosan particles than the minimum separation distance. Hence 

they are unable to pack into the agglomerate, leading to the formation of 

dispersed coated phase. 
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3.2 Results for pH 2.3 

 

This section contains results obtained from samples with a pH value of 2.3 

by using the same experimental techniques described earlier. Microscope images 

of the samples and fluorescence spectroscopy and anisotropy measurements are 

presented.  The goal of the pH variation study is to determine the shifts that 

occur in the particle interaction regime boundaries when the balance of colloidal 

interaction forces is altered.  

3.2.1 Optical Microscope Imaging 

 

Microscope images of the samples with the pH value of 2.3 were taken for 

the same levels of alginate and chitosan used in standard sample (no HCl) case 

(Table 1). The images show no clear interaction regime change over the 

concentration range studied. For the alginate levels of 1.45×105 (0.003125 g) and 

2.89×105 (0.00625 g), the particles are well dispersed as seen in the Figure 3-23 

and Figure 3-24 respectively. 
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Figure 3-23 Microscope image of a sample mixture of 1.45×105 (0.003125 g) 
alginate particles and 1.22×1011 (25 µL) chitosan particles for pH 2.3 

 

 

Figure 3-24 Microscope image of a sample mixture of 2.89×105 (0.00625 g) 
alginate particles and 1.22×1011 (25 µL) chitosan particles for pH 2.3 
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For the alginate levels of 5.78×105 (0.0125 g) and 1.16×106 (0.025 g), again 

particles are in dispersed state which can be clearly observed from the Figure 

3-25 and Figure 3-26 respectively. This observation is in contrast with that of the 

no HCl case. In the standard sample (no HCl) case, these two points were in the 

agglomerated regime.  

 

 

Figure 3-25 Microscope image of a sample mixture of 5.78×105 (0.0125 g) 
alginate particles and 1.22×1011 (25 µL) chitosan particles for pH 2.3 

 



69 
 

  
 

 

Figure 3-26 Microscope image of a sample mixture of 1.16×106 (0.025 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for pH 2.3 

 

 The Figure 3-27 shows the microscope image for the alginate level of 

2.31×106 (0.05 g). This point corresponded to the regime change from the 

agglomerated phase to the dispersed uncoated phase for the standard samples 

with no HCl added. Here the particles are clearly dispersed and there is no sign of 

any aggregation. The image for alginate level of 4.63×106 (0.1 g) also indicate that 

the particles are in dispersed uncoated phase (Figure 3-28). 
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Figure 3-27 Microscope image of a sample mixture of 2.31×106 (0.05 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for pH 2.3 

 

 

Figure 3-28 Microscope image of a sample mixture of 4.63×106 (0.1 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for pH 2.3 
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As the alginate concentration is further increased to the level of 9.26×106 

(0.2 g), the particles continue to remain in the dispersed phase (Figure 3-29). The 

dispersed phase continues to the next level of alginate. Figure 3-30 shows that 

the particles stay dispersed for the alginate level of 1.85×107 (0.4 g). These two 

points correspond to the dispersed uncoated phase. 

 

 

Figure 3-29 Microscope image of a sample mixture of 9.26×106 (0.2 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for pH 2.3 
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Figure 3-30 Microscope image of a sample mixture of 1.85×107 (0.4 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for pH 2.3 

 

3.2.2 Fluorescence Spectroscopy 

 

For each spectrum generated for samples with pH 2.3, the maximum 

intensity was obtained. The intensity values were averaged over three trials and 

plotted against the ratio of alginate to chitosan particles (Figure 3-31). 
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Figure 3-31 Average maximum intensity plotted against alginate/chitosan 
particle ratio for pH 2.3 

 

 From Figure 3-31, it can be clearly observed that the intensity doesn’t vary 

much with increasing particle ratio. It shows nearly constant behavior. There is 

no clear indication of any transition between different regimes. From this graph, 

it is clear that the particles are in the dispersed phase. This result is similar to 

that obtained from microscope imaging, where dispersed coated and dispersed 

uncoated phases are observed.  

3.2.3 Fluorescence Anisotropy 

 

Fluorescence anisotropy was performed for the samples with pH 2.3 over 

the same concentration range of alginate as that of the standard sample (no HCl 

added) case. Sample with pH 2.3 and no alginate was used as a reference for the 

anisotropy measurements. Figure 3-32 shows anisotropy values averaged over 

three trials.  
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Figure 3-32 Average anisotropy values plotted against the alginate/chitosan 
particle ratio 

 

 The observed trend in the anisotropy values for pH 2.3 is similar to that of 

the standard samples (no HCl case). The anisotropy values are lower for the 

lower levels of alginate. As the alginate amount increases, anisotropy goes on 

increasing, displaying highest value for the highest amount of the alginate. One 

thing to note here is that, the initial values of the anisotropy for pH 2.3 are higher 

than that of the standard samples (no HCl case). The higher values of anisotropy 

at higher concentrations of alginate can be attributed to increased viscosity. The 

effect of viscosity and pH on the anisotropy will be discussed in a later section.  

The anisotropy results suggest that there may be some association between 

chitosan and alginate particles present in the system, though any clear regime 
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boundaries cannot be observed from the figure. This result is different than that 

of the fluorescence intensity results, where no regime change is observed.  

To compare anisotropy results with the fluorescence spectroscopy results, 

both the anisotropy and normalized intensities were plotted against the ratio of 

alginate and chitosan particles. (Figure 3-33) 

 

 

Figure 3-33 Average anisotropy and normalized intensity values plotted against 
the alginate /chitosan particle ratio 
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alginate particles interact with the chitosan particles. One of the main factors is 

the mechanism by which fluorophore behavior is affected in an acidic 

environment. The fluorescence properties of fluorescein dramatically change in a 

low pH environment. Free fluorescein has a pKa value of 6.5 and at low pH it 

shifts to the protonated form, which is poorly fluorescent. This explains why the 

observed values of the intensities in case of pH 2.3 are significantly lower than 

those observed in standard samples (no HCl case).  Another reason for the 

observed increase in anisotropy might be steric hindrance caused by alginate 

particles resulting in the restricted movement. Also chitosan at low pH gets 

protonated resulting in chain repulsion which might cause steric hindrance 

resulting in the increased anisotropy. However, from anisotropy and 

spectroscopy results, one cannot clearly draw any definite conclusions and there 

might be several reasons as to why we got such results.  
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3.3 Results for pH 7 

 

3.3.1 Microscope imaging 

 

Samples with pH 7 were observed under the microscope to see the 

different phases or interaction regimes. The first three levels of alginate tested 

showed clear dispersion with distinct particles in the solution. The Figure 3-34, 

Figure 3-35, and Figure 3-36 show microscope images for the 1.45×105 (0.003125 

g), 2.89×105 (0.00625 g) and 5.78×105 (0.0125 g) of the alginate particles 

respectively. 

 

 

Figure 3-34 Microscope image of a sample mixture of 1.45×105 (0.003125 g) 
alginate particles and 1.22×1011 (25 µL) chitosan particles for pH 7 
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Figure 3-35 Microscope image of a sample mixture of 2.89×105 (0.00625 g) 
alginate particles and 1.22×1011 (25 µL) chitosan particles for pH 7 

 

 

Figure 3-36 Microscope image of a sample mixture of 5.78×105 (0.0125 g) 
alginate particles and 1.22×1011 (25 µL) chitosan particles for pH 7 
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When the alginate concentration is increased further, the particles 

continue to stay in the dispersed phase. Figure 3-37 shows microscope image for 

1.16×106 (0.025 g) alginate.  Here we can see little assemblies of the particles 

which appear like an aggregate. Other than that it is mostly in the dispersed 

phase.  

 

 

Figure 3-37 Microscope image of a sample mixture of 1.16×106 (0.025 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for pH 7 

 

The dispersed phase continues through the next levels of alginate, that is, 

from 2.31×106 (0.05 g) alginate particles to 1.85×107 (0.4 g) alginate particles. 

These four concentrations correspond to dispersed phase. 
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Figure 3-38 Microscope image of a sample mixture of 2.31×106 (0.05 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for pH 7 

 

 

Figure 3-39 Microscope image of a sample mixture of 4.63×106 (0.1 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for pH 7 
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Figure 3-40 Microscope image of a sample mixture of 9.26×106 (0.2 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for pH 7 

 

 

 

Figure 3-41 Microscope image of a sample mixture of 1.85×107 (0.4 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for pH 7 
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Here again, there is no apparent regime transition and the particles are 

clearly in the dispersed phase.  

3.3.2 Fluorescence spectroscopy 

 

For the samples with pH 7, maximum intensity values were obtained for 

each spectrum. These maximum intensity values were averaged over three trials 

and plotted against the ratio of the alginate and the chitosan particles.  

 

 

Figure 3-42 Average maximum intensity plotted against alginate/chitosan 
particles 

 

As observed from the Figure 3-42, there is a lot of variability in the 

maximum intensity values. There is not a clear trend in the intensity with 

increasing ratio of alginate and chitosan particles, except perhaps at the lowest 
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intensity values are generally quite high, as fluorescein has higher fluorescence at 

higher pH. As the fluorescence spectroscopy did not give clear trend, fluorescence 

anisotropy was performed to get better understanding of the interaction.  

3.3.3 Fluorescence Anisotropy 

 

Fluorescence anisotropy measurements were performed for the samples 

with pH 7. Figure 3-43 shows the variation in anisotropy values with respect to 

the ratio of alginate and chitosan particles.  

 

 

Figure 3-43 Anisotropy for pH 7 plotted against alginate/chitosan particle ratio 

 

 It can be clearly seen from the figure that the anisotropy values are near 

zero and do not change much with the increase in the particle ratio. As alginate is 

highly charged at pH 7.0, it swells and the structure becomes loose. This results 

in less rigid environments where chitosan particles are free to move. Hence the 
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anisotropy values are very low. Thus, for pH 7.0, both intensity and anisotropy 

measurements do not provide as clear indications of the interaction regimes as 

they do at other pH values.  

 

Figure 3-44 Average anisotropy and normalized intensity values plotted against 
the alginate /chitosan particle ratio 

 

3.4 Comparison of Fluorescence Anisotropy and Intensity among the 

three pH Systems  

 

To better understand the anisotropy results and determine the 

mechanisms behind the results, anisotropy values for all the three cases are 

plotted on the same graph.  
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Figure 3-45 Anisotropy values for pH 2.3, No HCl and pH 7.0 samples plotted 
against the alginate/chitosan particle ratio 

 

 The alginate and chitosan, both being pH sensitive, behave differently in 

different pH environments. At lower pH values, such as pH 2.3, the environment 

is strongly acidic which is well below the pKa value of chitosan (6.5). At such low 

pH, chitosan has high positive charge which leads to the protonation of chitosan 

chains. These chains repel each other leading them to move as far apart as 

possible from each other. Due to these repulsions, chitosan chains have lower 

mobility as compared to that in the standard sample environment. As the 

fluorophore is attached to the chitosan, it becomes less mobile which results in 

the increased anisotropy values even at the lowest alginate/chitosan ratios.  

 In an acidic environment, the viscosity of the alginate solution increases 

due to the lower solubility of free acid [63]. pH 2.3 is below the pKa value of 

alginate (3.5), so that alginate polymer chains are only weakly charged at pH 2.3 

and accordingly alginate hydrogel particles tend to shrink and effectively form a 
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denser network of cross-links, which can lead to an apparently higher viscosity 

environment. As mentioned earlier, anisotropy values are high when viscosity 

increases. Hence it can be argued that, for pH 2.3, as alginate concentration 

increases, the viscosity also increases to some extent resulting in the higher 

anisotropy values. At lower concentrations of alginate, swelling of chitosan and 

thereby increasing repulsion between the chains is mainly responsible for higher 

anisotropy values than that of the standard samples (no HCl) and pH 7.0 

samples.  

 At higher pH, such as pH 7.0, alginate is strongly negatively charged 

leading to swelling of alginate particles. Due to swelling, the structure of alginate 

becomes loose and less rigid. Chitosan is too weakly charged at this pH to cause 

any significant changes in the behavior of the system. Due to this reduced rigidity 

in both the alginate and the chitosan particles, the fluorophores on the tagged 

chitosan nanoparticles are highly mobile and the observed anisotropy values are 

lower and near zero.  

 To validate the argument, the percent dissociation was calculated for each 

case using the Henderson-Hasselbalch equation. The obtained values are 

summarized in Table 2. 
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Table 2 Values of percentage dissociation and protonation for all the three cases 

 Chitosan Alginate 

pH % protonated % Dissociated 

2.3 99.99 5.93 

5 96.93 96.93 

7 24.02 99.96 

 

 From these calculations, it is clear that at lower pH, chitosan is highly 

protonated leading to chain repulsion. At higher pH, alginate is completely 

dissociated leading to high negative charge and loose structure. At intermediate 

pH, both chitosan and alginate are ionized, and equally contribute to the 

interactions. 

 Another possible explanation can be given in terms of ordering of chitosan 

particles. For pH 2.3 chitosan will be highly charged leading to a highly ordered 

structure which can be rigid, leading to higher anisotropy values. For standard 

samples, the ordering effect is present to a lesser extent. In case of pH 7.0, 

chitosan is only slightly charged and at the same time chitosan chains should be 

much more flexible leading to more mobility of the fluorophore which gives lower 

anisotropy values. H-bonding and hydrophobic interactions can also affect the 

anisotropy values of the samples [30]. 

 Next, fluorescence spectroscopy results for each case are plotted on the 

same graph. 
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Figure 3-46 Average maximum intensity values for pH 2.3, no HCl and pH 7.0 
plotted against the alginate/chitosan particle ratio 

 

 From Figure 3-46, the decreasing trend for the standard sample (no HCl) 

case at all concentrations of alginate can be clearly observed. The decreasing 

trend is also present for the pH 7.0 case at lower concentrations of alginate. In 

case of pH 2.3, the intensities are too low to observe any clear trend and the 

values appear to be roughly constant. From the results obtained, it is clear that 

effects such as pH and or self-quenching can be certainly the main cause for the 

intensity decay. pH is known to change in the close proximity of a charged 

surface and the extent of it is proportional to the surface potential. Negative 

surface potentials induce a lower surface pH compared to the bulk pH, while 

positive surface potentials induce higher surface pH [59]. Hence, for the pH 7.0 

case, alginate is negatively charged inducing lower pH than 7.0. As fluorescence 

intensity goes down with pH, the decay can be observed at the dilute, lower 

0.0E+00

5.0E+05

1.0E+06

1.5E+06

2.0E+06

2.5E+06

3.0E+06

3.5E+06

4.0E+06

1.0E-06 1.0E-05 1.0E-04 1.0E-03

M
ax

im
u

m
 In

te
n

si
ty

 

Alginate/Chitosan particle ratio 

pH 7.0

No HCl

pH 2.3



89 
 

  
 

concentrations of alginate. For higher concentrations of alginate, several 

mechanisms might be working together and we do not see the decay in the 

intensity.  

 For the standard sample (no HCl) case, factors such as local pH and self-

quenching are both dominant and there is a corresponding decay in the intensity 

at all the concentrations of alginate.  

 Another possible reason for the observed intensity decay can be possible 

electric field effects on the fluorophore [64]. For standard samples, both alginate 

and chitosan are highly charged. When they are in close proximity, there can be 

very high values of local electric fields, that is, large changes in the potential. This 

effect can lead to reduced fluorescence intensity. The electric field effects would 

be stronger for the dispersed uncoated than for the dispersed coated phase as all 

the chitosan particles are adjacent to the alginate surface, whereas for the 

dispersed coated phase, there may be multiple layers of chitosan. Thus we would 

expect to see lower intensity signals for the dispersed uncoated regime. In case of 

the pH 2.3 and pH 7.0, only one of the particles is charged leading to lower 

electric field impacts. This situation could explain the absence of continuous 

decay in the pH study results.  

3.5 Results for ionic strength studies 

 

To further understand how the interaction of alginate and chitosan 

particles changes when the ionic strength of the solution is changed, fluorescence 
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spectroscopy of the samples prepared in sodium chloride solutions of different 

molarity was performed.  

 

Figure 3-47 Normalized intensity plotted against alginate/chitosan particle ratio 
for different conditions 

 

 Figure 3-47 shows the comparison of the intensities obtained in case of the 

no HCl case to those obtained in solutions of different ionic strength. As observed 

from the figure, the intensities decrease significantly in cases of NaCl solutions, 

and the drop in intensity at low alginate/chitosan ratio becomes steeper as the 

NaCl concentration increases. The trend observed in the intensities is similar to 

that of the standard sample (no HCl) case and rough estimation of the regime 

boundaries can be made from this result. When the ionic strength of the solution 

is quite low, that is, 0.01 M, the regimes can be differentiated at the similar levels 

of the alginate particles obtained from standard sample (no HCl) studies. Further 

increase in the salt concentration to 0.1 M produce results similar to the 0.01 M 
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salt concentration. When the salt concentration is further increased to 0.5 M, 

there is fluctuation in the intensities for the lower levels of the alginate. However, 

for the rest of the alginate levels, the trend is very similar to that of the 0.01 M 

and 0.1 M salt concentrations.  

 Addition of salt results in charge shielding which in turn may reduce 

electrostatic repulsion between the particles. This reduced repulsion causes 

particles to come closer together and the agglomerated phase is observed at lower 

concentrations of alginate. Another possible reason for the observed intensity 

decay is the quenching of FITC fluorophore by chlorine ions.  

Microscope images of the samples for all the three different salt 

concentrations were taken and compared to spectroscopy results to make sure 

that the interaction regime transitions were observed with microscopy.  

From Figure 3-48 and Figure 3-49 it is clear that the alginates levels of 

1.45×105 (0.003125 g) and 2.89×105 (0.00625 g) were in the dispersed coated 

phase for ionic strength of 0.01 M. 
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Figure 3-48 Microscope image of a sample mixture of 1.45×105 (0.003125 g) 
alginate particles and 1.22×1011 (25 µL) chitosan particles for 0.01 M NaCl  

 

 

Figure 3-49 Microscope image of a sample mixture of 2.89×105 (0.00625 g) 
alginate particles and 1.22×1011 (25 µL) chitosan particles for 0.01 M NaCl 
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The alginate levels of 5.78×105 (0.0125 g) and 1.16×106 (0.025 g), both are 

in the agglomerated regime as seen in Figure 3-50 and Figure 3-51 respectively. 

 

 

Figure 3-50 Microscope image of a sample mixture of 5.78×105 (0.0125 g) 
alginate particles and 1.22×1011 (25 µL) chitosan particles for 0.01 M NaCl 
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Figure 3-51 Microscope image of a sample mixture of 1.16×106 (0.025 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for 0.01 M NaCl 

 

 Next four levels of alginate represent the dispersed uncoated regime. The 

dispersed uncoated regime continues from 2.31×106 (0.05 g) to 1.85×107 (0.4 g) 

alginate particles. (Figure 3-52 - Figure 3-55) 
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Figure 3-52 Microscope image of a sample mixture of 2.31×106 (0.05 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for 0.01 M NaCl 

 

 

Figure 3-53 Microscope image of a sample mixture of 4.63×106 (0.1 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for 0.01 M NaCl 
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Figure 3-54 Microscope image of a sample mixture of 9.26×106 (0.2 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for 0.01 M NaCl 

 

 

Figure 3-55 Microscope image of a sample mixture of 1.85×107 (0.4 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for 0.01 M NaCl 
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Microscope images for the samples with 0.1 M and 0.5 M ionic strength 

were taken. However, it was hard to see the particles for almost all the levels of 

the alginate in both the cases. Images were obtained for only higher levels of 

alginate. Figure 3-56 shows the image for the alginate level of 1.85×107 (0.4 g) for 

0.1 M ionic strength. 

 

 

Figure 3-56 Microscope image of a sample mixture of 1.85×107 (0.4 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for 0.1 M NaCl 

 

The image is not clear and very cloudy to make out any clear estimate of 

the interaction regime.  Figure 3-57 shows the image for alginate level of 1.85×107 
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(0.4 g) for 0.5 M ionic strength and this image is also cloudy to make any guess 

about the interaction regime.  

 

 

 

Figure 3-57 Microscope image of a sample mixture of 1.85×107 (0.4 g) alginate 
particles and 1.22×1011 (25 µL) chitosan particles for 0.5 M NaCl 

 

There might be matching of the refractive index to make the alginate 

particles hard to see or the alginate particles’ cross-linking was disrupted. If it is 

the former case, then fluorescence spectroscopy results have a chance of being 

accurate, but if it is the latter case, then there is no chance of the spectroscopy 

results being accurate. Hence, except for the case of 0.01 M salt concentration, it 
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cannot be said definitely that the fluorescence spectroscopy provided better 

results than the microscopy.  

3.6 In Situ measurements 

 

In order to check the applicability of the fluorescence spectroscopy for in 

situ measurements, experiments using fiber optics probe were performed. The 

alginate levels were the same as that of the standard sample (no HCl) case. The 

sample is directly excited by light passing through the fiber optics probe which is 

in contact with the vial surface. Readings were taken for both the sample and 

blanks. Blank values were subtracted from sample values to get accurate intensity 

readings.  

 

 

Figure 3-58 Normalized intensity plotted against the alginate/chitosan particle 
ratio for the in situ measurements 
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From Figure 3-58 it is clear that the trend observed from in situ 

measurements is similar to the one observed from the standard sample (no HCl) 

case. Here the regime transition from the agglomerated to the dispersed 

uncoated phase is more obvious than the one in the standard sample (no HCl) 

results. These results indicate distinct boundaries between the dispersed coated 

to agglomerated and agglomerated to the dispersed uncoated phase.  

3.7 Summary 

 

In this study, fluorescence spectroscopy coupled with fluorescence 

anisotropy has proven to be a viable method to determine particle interaction 

regimes between alginate microparticles and fluorescent chitosan nanoparticles 

suspended in deionized water. Initially, interaction regime boundaries were 

determined with optical microscope imaging for such “standard samples.” Using 

fluorescence spectroscopy, the regime change boundary between the dispersed 

coated regime and the agglomerated regime was detected, most likely due to large 

increases in local pH effects and possibly self-quenching as a sharply increased 

fraction of the tagged chitosan particles is located in close proximity to alginate 

particle surfaces. The boundary between the agglomerated phase and the 

dispersed uncoated phase was obtained from fluorescence anisotropy 

measurements, due to the restriction in rotation and movement when chitosan 

particles are near or adsorbed on the alginate particles. To gain understanding of 

the shifting of the interaction regime boundaries, laser diffraction particle size 

analysis was performed. Laser diffraction spectroscopy successfully determined 

the interaction regime boundaries between the dispersed coated, agglomerated 
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and dispersed uncoated phases. Simple particle calculations based on DLVO 

theory were performed in order to understand why the boundaries were observed 

at the particular particle ratios. 

For the pH variation study, microscope images showed that the particles 

were dispersed for all of the concentrations of the alginate. Fluorescence 

spectroscopy and fluorescence anisotropy results for the pH variation study 

indicate that the local pH effect is likely to be the main cause of the intensity 

decay. The observed anisotropy values were most probably caused by changes in 

the local viscosity of the system.  

For varying ionic strength studies, fluorescence spectroscopy indicated 

regime boundaries which corroborated microscope imaging results for the case of 

0.01 M salt concentration. In the cases of 0.1 M and 0.5 M salt concentrations, 

particles were not clearly visible under the microscope, and may have been 

refractive index matched with the fluid. Finally, fluorescence spectroscopy 

measurements were acquired in situ. The results successfully indicated the 

transitions between interaction regime boundaries.  
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CONCLUSIONS AND FUTURE WORK 
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4.1 Conclusions 

 

This work has investigated interactions between hydrogel colloidal 

particles. Various techniques such as optical imaging, fluorescence spectroscopy, 

fluorescence anisotropy, and laser diffraction spectroscopy were applied to study 

the system. The main objective behind this study was to enhance understanding 

of the observed phenomena in order to better create nanoparticle coated 

microparticles.  

First, fluorescence spectroscopy was applied to study the interaction 

between negatively charged alginate microparticles and positively charged 

chitosan nanoparticles. Optical microscopy was used to determine the interaction 

regime boundaries between the dispersed coated and the agglomerated and 

between the agglomerated and the dispersed uncoated regimes. Then, 

fluorescence spectroscopy was used to determine if the interaction regime 

boundaries can be seen in the variations of the intensity readings. It was found 

that the boundary between the dispersed coated and agglomerated regimes was 

indicated by a sharp decrease in the slope of the normalized average intensity 

plotted against ratio of alginate and chitosan particles. The agglomerated and 

dispersed uncoated regime boundary was not clearly detected. At higher 

concentrations of alginate, the intensity was found to have lower values due to a 

combination of different factors such as local pH effects and self-quenching.  For 

better understanding of the regime change, fluorescence anisotropy 

measurements were performed. Anisotropy values were found to increase with 

the amount of alginate particles due to restriction in movement and 
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corresponding hindered rotation of the fluorophore. Laser diffraction particle 

size analysis was performed to get the particles’ size in different regimes. Laser 

diffraction accurately provided the regime boundaries for all of the three regimes.  

It was found to be a suitable alternative to optical microscope imaging, not 

having the typical limitations of microscopy. Moreover, from simple particle 

calculations based on the DLVO theory, it was concluded that the surface charge 

neutralization and packing limitation on chitosan particles were the main 

mechanisms for the transition between the dispersed uncoated to agglomerated 

regimes and the agglomerated to dispersed coated regimes respectively.  

Next, a study of the interaction regime boundaries while varying pH and 

ionic strength was done. This study was performed to study the effect of pH and 

ionic strength on interaction regime boundaries and also to test the viability of 

fluorescence techniques in different environments for detecting interaction 

regime boundaries. The fluorescence spectroscopy and anisotropy results were 

compared to microscope images. Results for the pH study gave clear indications 

that the local pH effect was likely the main mechanism for the reduction in the 

intensity and the viscosity effect was probably mainly responsible for the 

observed trends in the anisotropy values. For the case of varying ionic strength, 

fluorescence spectroscopy detected accurate regime boundaries matching the 

microscope images. For higher values of salt concentrations, though, microscopy 

did not provide clear images and nothing conclusive could be deduced from the 

fluorescence spectroscopy results.  
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Finally, fluorescence spectroscopy was tested as in situ characterization 

method. It accurately determined interaction regime boundaries which matched 

the results obtained in case of the standard samples. 

4.2 Future Work 

 

In this study, both the particles studied were hydrophilic hydrogels. For 

future work, fluorescence spectroscopy can be further explored by using a 

combination of hydrophobic and hydrophilic particles. It would be interesting to 

see how changing the particles affects the interactions and the effectiveness of 

fluorescence spectroscopy.  

Alginate and chitosan particles are encapsulation agents. Assemblies 

containing material encapsulated by alginate and chitosan can be studied using 

fluorescence spectroscopy.  

Use of another fluorophore for tagging and its applicability to find the 

regime boundaries can be studied. FITC is a toxic fluorophore and cannot be used 

in oral drug delivery applications. Instead, a nontoxic fluorophore can be used.  

There is a need for more research on how fluorescence spectroscopy can be 

effectively used for the low pH conditions. This investigation would be beneficial 

for pH controlled drug delivery. Another factor affecting the fluorescence 

intensity is temperature which was not considered in this study. It can be useful 

to study how temperature affects the performance of fluorescence spectroscopy in 

determining interaction regime boundaries.  
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Finally, a more in depth study can be done on how fluorescence techniques 

can be used for on-line or in situ detection of aggregation or characterization.  
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