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Abstract 

 
One of the most challenging goals in nanoparticle research is to develop successful 

protocols for the large-scale, simple and possibly low-cost preparation of 

morphologically pure nanoparticles with enhanced properties. The work presented in 

this thesis was focused on the synthesis, characterisation and testing of magnetic 

nanoparticles and their potential applications. There are a number of magnetic nano-

materials prepared for specific applications such as metal oxide nanoparticles 

encapsulated with various porous materials including Fe3O4/Fe2O3 coated with soft 

bio-organic materials such as glycol chitosan and bovine serum albumin and hard 

materials such as silica (SiO2) and zinc sulphide (ZnS). The preparation of these 

materials was achieved principally by bottom-up methods with different approaches 

including micro-emulsion, precipitation, electrostatic and thermolysis processes. 

 

The thesis also presents the uses of various analytical techniques for characterising 

different types of nano-materials including Attenuated Total Reflection Fourier 

Transformer Infrared Vibrational Spectroscopy (ATR-FTIR), Ultraviolet Visible- 

Near Infrared (UV-Vis-NIR) Spectroscopy, Zeta Potentiometric Surface Charge 

Analysis, Superconducting Quantum Interference Device (SQUID) and Vibration 

Sample Magnetometry (VSM) for magnetic analysis and powder X-Ray Diffraction 

(XRD) for crystallographic pattern analysis. 

 

There are many applications of magnetic nanoparticles, including nano-carriers for 

biological and catalytic reagents. The magnetic nanoparticles can facilitate separation 

in order to isolate the carriers from solution mixtures as compared to many inefficient 

and expensive classic methods, which include dialysis membrane, electrophoresis, 

ultracentrifugation, precipitation and column separation methods.  

 

There are six key chapters in this thesis: the first chapter introduces the up-to-date 

literature regarding magnetic nano-materials. The uses of magnetic nano-materials in 

drug binding and for protein separation are discussed in the second and third chapters. 

The fourth chapter presents the use of magnetic nanoparticle in conjunction with a 

photo-catalytic porous overlayer for the photo-catalytic reduction of organic 
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molecules. The fifth chapter describes different analytical techniques used for the 

characterisation of nanoparticles and the underlying principles and the experimental 

details are also given. The sixth chapter summarises the results and provides an 

overview of the work in a wider context of future applications of magnetic 

nanoparticles. 
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Abbreviation 
 

ATR-FTIR Attenuated Total Reflection- Fourier Transformer 

Infrared  

BET    Brunauer Emmett Teller 

BSA    Bovine Serum Albumin 

CD    Circular Dichroism 

CTAB    Cetyltrimethylammonium  

EDX    Energy Dispersion X-ray 

FePt    Iron Platinum 

Fcc    Face Centred Cubic 

Fct    Face Centred Tetragonal  

Fe3O4/ Fe2O3   Magnetite/ Maghemite Iron Oxide 

FWHM   Full Width at Half Maximum  

Hc     Coercivity 

HRTEM   High Resolution Transmission Electron Microscope 

IEP    Isoelectric Point  

Igepal CO-520   Polyoxyethylene (5) nonylphenylether 

Ms    Saturation Magnetisation 

ME    Micro-Emulsion 

Mr    Remnant Magnetisation  

SA    Surface Area  

SAED    Selected Area Electron Diffraction 

SAXS    Small Angle X-Ray Diffraction 

SiO2@Fe3O4   Iron Oxide Encapsulated in Silica 

TGA    Thermal Gravimetric Analysis  

TEM    Transmission Electron Microscope 

TEOS    Tetraethyl Orthosilicate  

UV-Vis-NIR   Ultra Violet Visible Near Infrared 

VSM    Vibrating Sample Magnetometer 

WO    Water to Surfactant Ratio  

XRPD    X-Ray Powder Diffraction 
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1.1 Overview 
 

  The use of magnetic nanoparticles has recently been demonstrated to give a wide 

range of technological possibilities. The majority of research has been focused on the 

assembly of magnetic nanoparticles as thin films for applications in optical, electrical 

and magnetic storage systems. Their application as magnetic separable nano-vehicles 

for chemical or biological species is a new area with rather different criteria, and this 

area is the main focus in this thesis.  

 

The facilitated separation of small magnetic particles carrying biologically or 

chemically active species from solution has a potential for many applications. For 

example, in the field of fine chemical manufacture, the expensive catalyst component 

such as noble metal or enzyme, after tagged with a magnetic particle can be captured 

for re-use by magnetic means. However, this technique is not problem-free. This 

includes the intrinsically weak magnetic properties of tagged species, magnetic 

interferences from neighbouring particles in solution, poor stability of small magnetic 

particles and no specific interaction with bio- or chemical species, which remain as 

the key issues.   

 

In this Chapter we now review some synthetic approaches to make magnetic iron 

oxide particles, the methodologies for their surface passivation & functionalisation 

and the relevant literature prior to our studies.(1-5) 
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1.2 Synthesis 

 

1.2.1. Organometallic routes 

 

There are many reported methods for preparing iron oxide based magnetic 

nanoparticles and these methods are also adopted for the preparation of other 

magnetic metallic or alloy nanoparticles. The methods include the polyol process, 

thermolysis decomposition,(6-20) reverse micelles (8,21-24) and sonochemical 

decomposition, etc.(25) Many of them are based on the decomposition of reactive 

organometallic species. For example, using iron pentacarbonyl to form iron 

containing nanoparticle in the presence of oleic acid or polyvinyl pyrrolidone. The 

nano-size iron is then undergone a controlled oxidation in air to iron oxide. The iron 

oxide nanoparticles obtained by these methods were relatively monodispersed. For 

example, Hyeon and co-workers (25) used this route to produce a series of 

monodispersed maghemite (Fe2O3) from 4 to 16 nm (figure 1). His group first 

prepared iron nanoparticles in the presence of oleic/lauric acid and they then carried 

out an oxidation procedure to convert the iron particles to iron oxide using 

trimethylamine oxide in dioctyl ether. No size selective process was required to 

further narrow the size range of the particles. (25)   
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Figure 1: Examples of iron oxide nanoparticles of different sizes (25) 

 

 

1.2.2 Reverse micelle  
 

Commonly an emulsion is made where oil droplets are added to water in a very small 

concentration. In reverse micelle, a small concentration of water is added to an oil 

phase. The dispersions of the water droplets in oil and oil droplets in water are 

successfully achieved by the addition a surfactant and sometimes with a co-surfactant 

(figure 2). When the concentration of the surfactant reaches a critical micelle 

concentration (CMC), surfactant molecules start to aggregate. The shape of these 

micelles is normally spherical but other shapes are possible such as ellipsoidal and 

cylindrical. The shape and size of micelles depend on the type of surfactant used as 

well as the conditions adopted such as concentration, pH, temperature and ionic 
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strength. By templating these micelles of different morphologies nanoparticles of 

different sizes and shapes can be made accordingly, as shown in figure 3. 

 

 
 

Figure 2 shows oil droplets stabilised with surfactant in water solution. The procedure 

involves 1) the addition of cationic surfactant such as CTAB in toluene, 2) addition of 

surfactant CTAB toluene in polar solvent such as deionised water to form 3) oil 

surfactant water system. 

 

Earlier in Oxford it was shown that iron oxide magnetic nanoparticles can be made 

inside a reversed micelle. The water droplet containing Fe2+ and Fe3+ when mixed 

with alkaline solution formed nanosize iron oxide inside the reversed micelle. The 

magnetic particle was then encapsulated with a silica particle with tuneable size from 

4-13 nm by adjusting the water to surfactant ratio.(21, 27-29) Silica is a porous material 

that can entrap various drug molecules for delivery,(30-32) e.g. for tumour therapy(33-35) 

and can host other biological reagents such as antigens and antibodies.(36,37) 
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Figure 3 show different structure of surfactant above critical concentration of 

aggregation including A) inverse micelles, B) micelles, C) liposome, D) cylindrical, 

E) bilayer sheet and F) laminar. 

 

 

1.2.3 Sol-gel method 
 

The chemical solution deposition system called ‘sol-gel’ process can be used to 

prepare porous oxide coatings. The process involves hydrolysis and polycondensation 

reactions at various stages with metal oxide precursors such as metal alkoxides and 

chlorides. During hydrolysis a metal oxide is produced as a result of the metal centres 

becoming interconnected via oxo (M-O-M) or hydroxyl (M-OH-M) bridges. Further 

polymerisation condensation reactions give small particles in solution. Larger sized 

gels are formed at the solid liquid interface when the particles start to aggregate to 

form polymeric oxide network. The interesting aspect of this method is that finely 

divided nanoparticles if present in solution, are entrapped in the sol-gel coating. The 

extent of aggregation of these small nanoparticles can be much reduced as the small 

particles can be quickly encapsulated by the sol-gel material facilitating their 
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separation. The first study of sol-gel process dates from the 1880s in the use of silicon 

alkoxides such as tetraethyloxysilane (TEOS) in water and ammonium hydroxide to 

give porous silica gel (SiO2): the reaction scheme is shown in the figure 4. This 

process was investigated in this thesis in order to synthesise silica protected magnetite 

nanoparticles in a sol-gel matrix while the magnetic particles are formed. 

 

 

(l)O24H   (s)4O3Fe (aq)8OH 3
(aq)2Fe  2

(aq)Fe +→−++++
 

 

(s)4ΟΗSi
(g)34NH(l)OH2CH34CH(l)O2.H34NH 

(l)4O)2CH3Si(CH )( ++ → +

 

(l)O2.H34NH
(s)22SiΟ

(s)4ΟΗ2Si
(g)34NH +→ )( +
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Figure 4 shows the synthetic procedure for the sol-gel process. A) addition of toluene, 

B) addition of aqueous Fe(II) + Fe(III) + CTAB surfactant, C) addition of ammonia 

solution, D) addition of TEOS, E) addition of ammonia solution. The synthetic 

process involves: 1) the addition of water droplet with dissolved Fe(II) + Fe(III) 

stabilised by the CTAB surfactant, 2) addition of ammonia drop wise for the 

preparation of iron oxide by the controlled precipitation method, 3) addition of TEOS 

silica precursor, 4) hydrolysis and condensation of silica encapsulating iron oxide 

nanoparticles. 

 

 

1.2.4 Polyol process 

 

In recent years, reductions of organometallic species are usually carried out in a high 

boiling poly-alcohol solvent at elevated temperature such as ethylene glycol, 

propylene glycol. This process is, known as the ‘Polyol process’, which has been 

applied for the preparation of metallic or semiconductors quantum dots. The Polyol 

Process was utilised in this thesis for the preparation of magnetic nanoparticles which 
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will be described in later chapters. The idea of using the organometallic route to make 

metallic nanoparticles in the high boiling alcohol was originated from Bawendi. (37) 

The employment of appropriate stabiliser in the alcohol was important in preventing 

the nanoparticles or magnetic nanoparticles from agglomeration in solution. (38)  Many 

studies have been carried out in this area for the preparation of a wide range of 

magnetic nanoparticles. The most popular route involves thermal decomposition of 

metal complexes such as iron pentacarbonyl, Fe(CO)5 and dicobaltoctacarbonyl, 

Co2(CO)8 above 200 oC in an inert atmosphere (nitrogen or argon) in the presence of 

different types of stabilisers, yielding monodispersed nanoparticles.(6,39,40) Such 

complexes decomposed rapidly within few minutes at elevated temperature, liberating 

carbon monoxide (figure 5). 
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Figure 5 shows the setup for the Polyol process including: A) oil bubbler, B) 

condenser, C) mercury thermometer, D) nitrogen gas bubbler, E) stirrer and F) heater 

with acquired chemical: I) paraffin oil, II) water cooling bath, III) dioctyl ether + 

metal precursor + surfactant. The nitrogen gas passes out from the oil bubbler through 

1) to ensure that no leak in a properly sealed apparatus. Cold water enters the 

condenser through 2) below and rises and passes out through 3) providing cold jacket 

to condense slightly volatile solvents.  
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It is known that the use of a capping agent can stabilise nanoparticles, which can offer 

a steric barrier to prevent particles from agglomeration in solution. Moreover, the 

capping agent plays an important role in dictating the size of nanoparticles. The early 

study of iron nanoparticles revealed that oleic acid is a good capping agent, possibly 

because the double bond present in this capping agent gives rigidity and stability to 

the surface passivation.(41) Other capping agents such as oleylamine and 

trialkylphosphine gave slower growth of particles. These reagents are labile and 

reversibly bound to the surface of nanoparticles and can come off easily when 

nanoparticles are extensively washed. A strongly binding capping agent inhibits 

growth of particles, while a weak binding agent allows rapid growth. The capping 

agents not only can prevent agglomeration but also reduce surface oxidation.  

 

 

1.3 Surface modification & protection of magnetic nanoparticles 
 

Stabilisation of magnetic nanoparticles in solution for long periods of time without 

agglomeration or precipitation is a key challenge. Although there are many 

developments in the synthesis of magnetic nanoparticles, stability of these particles in 

solution remains to be the most important issue. Pure magnetic nanoparticles such as 

Fe, Co and Ni can be spontaneously oxidised in air. Their susceptibility to air 

oxidation becomes substantially higher as the size of nanoparticle decreases and it is 

vital to develop new methods for the protection of these magnetic nanoparticles. To 

achieve this goal a protective layer that is impenetrable to oxygen molecules is 

required, which often involves chemical bonding by surface atoms on the particle.  

 

As a result, various methods used for the preparation of protective layers on magnetic 

nanoparticles against oxidation and erosion by acid and base have been carefully 

considered. These methods generally involve the formation of core-shell structures 

where the naked magnetic nanoparticles are placed as the core and the protective layer 

as the shell. The core is isolated by the shell from the surrounding environment by 

providing a protective barrier where no direct contact can be made. The protective 

coating can be categorised roughly to two groups, namely organic shells including 
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polymers and surfactants,(42-46) and  inorganic layers, including silica,(44) carbon,(45) 

noble metals such as Ag(47) and Au(48,49).  

 

 

1.3.1 Passivation of magnetic nanoparticles by mild oxidation 

 

A very cheap and relatively easy method for protecting magnetic metallic or alloy 

nanoparticles is by a controlled surface oxidation of the metal nanoparticles. This 

technique is long known for the treatment of air sensitive supported catalysts and can 

be achieved by various methods. For instance, Peng et al. reported a method for 

nanoparticles preparation/passivation using plasma-gas-condensation deposition 

apparatus.(50) Boyen et al. reported the use of an oxygen plasma to oxidise the surface 

of cobalt nanoparticles.(51) Controlling the oxidation of the outer layer can give a 

profound impact in the magnetic exchange-biased systems between ferromagnetic 

core and antiferromagnetic material shell. A mild oxidation method was developed by 

Bönnemann et al who used air to partially oxidise cobalt nanoparticles to give CoO 

outer layer. This layer was shown to stabilise the cobalt nanoparticle from further 

oxidation. (52) 

 

 

1.3.2 Coating magnetic nanoparticles with polymer and surfactant 

 

Surface passivation of magnetic nanoparticles during and after synthesis with 

surfactant and polymer is crucial to avoid agglomeration. The organic based stabiliser 

with functional terminal groups can keep the particles dispersed in solution by the 

introduction of electrostatic or steric repulsions between these organic molecules as 

previously described by Papell in 1965.(53) In fact, the net surface charge (54) and the 

nature of surfactant molecule (55-57) adsorbed on the surface of ferromagnetic 

nanoparticles are the major factors affecting their colloidal stability in solutions. A 

typical example is the ferrofluid (Fe3O4) that can be synthesised by controlled 

precipitation of Fe2+ and Fe3+ in ammonium hydroxide or sodium hydroxide solution. 

The magnetite nanoparticles are only slightly negatively charged in neutral pH (the 

isoelectric point is close to pH7), which can result in highly unstable colloidal 

particles. There are a number of ways to re-disperse these magnetic nanoparticles in 
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solution. The addition of organic or inorganic based surfactants such as aqueous 

tetramethylammonium hydroxide or aqueous perchloric acid can result in the rapid re-

dispersion of the magnetite nanoparticles through surface adsorption.(54) Another 

approach is to redisperse the particles in nitric acid which oxidises them to γ-

Fe2O3.(58) Magnetic nanoparticles can be chemically adsorbed or anchored by 

surfactants or polymers, creating repulsive single or double layers. The forces of van 

der Waals attraction and steric repulsion by the protective layers are balanced, which 

keeps the stabilised particles in a colloidal form. 

 

Polymers containing carboxylate acid, phosphate, or sulphate functional groups can 

bind to the surface of magnetite.(59) Polymers such as  poly(pyrrole), poly(aniline), 

poly(alkylcyanoacrylates), poly(methylidene malonate), or polyesters, such as 

poly(lactic acid), poly (glycolic acid), poly(e-caprolactone), and their copolymers can 

be used.(60-63) Biocompatible polymers coated magnetic nanoparticles were intensively 

studied for drug binding and as contrast agents for magnetic resonance imaging. 

(164,165) Polymer coated magnetite nanoparticles using inverse micro-emulsion in 

organic solvent was recently reported by Chu et al.(66) The magnetite nanoparticle was 

first formed in the reversed aqueous micelle. The polymer was then coated on the 

magnetite particles using an oil soluble mixture of the monomer (methacrylic acid and 

hydroxyethyl methacrylate) together with addition of the crosslinker molecule (N,N'-

methylenebis(acrylamide)) and, finally, an initiator (2,2-azobis(isobutyronitrile)), all 

under a nitrogen atmosphere. The polymerization reaction took place at the oil-water 

interface at 55 oC. The coated magnetite nanoparticles were precipitated in acetone 

methanol mixture in 9:1 volume ratio and then redispersed in toluene. The magnetite 

showed a superparamagnetic behaviour with an average size of 80 nm.  

 

Similarly, ferromagnetic nanoparticles can also be coated with polyaniline in the 

presence of aniline, poly(acrylic acid) and ammonium persulphate.(67) The size 

distribution of nanoparticles was around 20-30 nm with the core-shell structure, as 

reported by Asher et al.(68) The iron nanoparticles with an average size 10 nm can be 

embedded in polystyrene using emulsion polymerization, which can give stable 

superparamagnetic photonic crystals.(69) The same method was used by Zhang et al. to 

coat MnFe2O4 nanoparticles with polystyrene using a radical polymerization method 

to form core-shell nanoparticles with sizes below 15 nm.(70) The MnFe2O4 magnetic 
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nanoparticles were stirred at pH 4 overnight using 3-chloropropionic acid, and dried 

in air after washing to remove excess K2S2O8 initiator. The magnetic MnFe2O4 

nanoparticles were then added to styrene under a nitrogen atmosphere. A xylene 

solution containing CuCl and 4,4-dinonyl-2,2-dipyridyl was added. The solution was 

stirred and kept at 130 oC for 24 h to give the polystyrene coated MnFe2O4 

nanoparticles. The procedure can be used to prepare polystyrene nanoparticles without 

the magnetic core when the metal precursors are not included in the recipe. Magnetic 

nanoparticles with single or double layers of surfactant and polymer are not air-stable 

and are easily corroded by acidic solution.(71) The coatings are not stable especially at 

high temperature and can be degraded by the catalytic effect of the core nanoparticles. 

The development of new methodology for the protection against oxidation still 

remains a challenge. 

 

 

1.3.3 Noble metal coating 

 

The deposition of noble metal on the surface of magnetic nanoparticle by various 

methods including microemulsion,(72,73) redox transmetalation,(74–76) iterative 

hydroxylamine seeding,(77) was purposely established for protection of the magnetic 

particle against oxidation as noble metals are generally easily reduced and difficult to 

oxidize. Coating of cobalt nanoparticles (6 nm diameter) with platinum was reported 

by Cheon et al. (74) The cobalt nanoparticles was refluxed with Pt-

(hexafluoroacetylacetonate)2 for 8 h in nonane in the present of CH3(CH2)11CN 

stabilizer. The coated magnetic nanoparticles were obtained in powder form by 

isolating the particles from ethanol solution using centrifugation. Figure 6 shows the 

TEM images of cobalt nanoparticles coated with platinum. The size of the coated 

magnetic nanoparticles was below 10 nm. 
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Figure 6. Left: TEM images of Co coated with Pt in core-shell structure. The spacing 

of the lattice fringes shown in the high resolution images corresponds to the Pt (111) 

plane. Right: plot of the particle size distribution. The image was taken from 

reference. (74) 

 

 

The coated magnetic nanoparticles were air stable and can be re-dispersed in organic 

solvents. It has been shown that the solution contained Co 

(hexafluoroacetylacetonate)2, indicating the core-shell structure was formed as a result 

of redox reaction between Co0 and Pt2+. Precious metals such as gold can also be used 

as a coating due to its low reactivity. (178-181) 

 

Iron nanoparticle coated with gold with the core size of about 11 nm and 2.5 nm 

thickness of gold shell was reported by O'Connor and co-workers.(66) Under acidic 

and neutral pH the coated iron nanoparticles were found to be stable. The coating was 

successfully achieved in an aprotic polar solvent such as 1-methyl-2-pyrrolidinone 

(NMPO). FeCl3 was dissolved in NMPO containing sodium and naphthalene. The 

solution was stirred vigorously at room temperature. The Fe3+ ions were reduced to 

iron particles by metallic sodium. The sodium chloride by-product was removed by 

centrifugation. The iron nanoparticles were then coated with gold by the addition of 

the capping agent 4-benzylpyridine at elevated temperature and dehydrated HAuCl4 

pre-dissolved in NMPO. A reverse microemulsion method was also employed to 

prepare gold-coated iron nanoparticles successfully. Cetyltrimethylammonium 
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bromide (CTAB) and 1-butanol were used as co-surfactants to form the reverse 

micelles in the octane oil phase. NaBH4 was used to reduce FeSO4, followed by the 

reduction of HAuCl4 for the coating of the magnetic nanoparticles.(48) A new but 

advanced method for the preparation of iron nanoparticles coated with gold was 

recently reported by Zhang et al. using laser irradiation in wet chemistry. The laser 

was used to deposit the gold shell onto the surface of iron magnetic core.(82) The body 

centered cubic (bcc) iron core of 18 nm was coated with fcc gold shell of 3 nm 

thickness. The single domain of iron nanoparticles exhibiting superparamagnetic 

behaviour with a blocking temperature of 170 K was recorded. The Msat value was 

determined to be 210 emu/g approaching 96% of the bulk value. 

 

Cobalt nanoparticles coated with gold were reported by Guo et al. This method was 

based on chemical reduction.(83,84) Lithium triethylhydridoborate was employed as a 

reducing agent to prepare the cobalt nanoparticles and 3-(N,N'-

dimethyldodecylammonio) propanesulfonate was used as a surfactant to prevent their 

agglomeration. The produced cobalt nanoparticles were added to KAuCl4 pre-

dissolved in tetrahydrofuran (THF) under an inert atmosphere. The gold shell was 

formed on the surface of cobalt nanoparticles via the controlled reduction of Au3+ 

using the same lithium triethylhydridoborate solution. Thiol groups can be added to 

the gold coated magnetic nanoparticles for catalytic and optical applications.(85)  

 

 

1.3.4 Silica coating of magnetic nanoparticles 

 

Silica coating on magnetic nanoparticle was reported to reduce unwanted 

interaction(s) with external chemical species.(86) In addition, the silica shell shows 

great stability under a wide pH range, its surface can also be functionalised to carry 

chemical or biochemical species with a controllable shell thickness. For example, 

silica-coated magnetic nanoparticles can be prepared using the Stöber method as 

previously described.(87-91) By varying the concentration of ammonium hydroxide and 

the ratio of tetraethoxysilane (TEOS) to water the thickness of the silica shell can also 

be nicely tailored. Organic additives with various functional groups can easily be 

attached on the silica shell by means of many well established methods.(92) This 

allows additional functionality such as bio-labelling, drug targeting, and drug delivery 
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to be implemented. It was demonstrated that magnetic iron oxides hematite (Fe2O3) 

and magnetite (Fe3O4) can be coated with silica shells.(93-95) The surfaces of the iron 

oxide particles are compatible to those of silica, which make the coating firmly 

attached to these oxides. 

 

Commercially available ferrofluids directly coated with silica shells through 

controlled hydrolysis of TEOS was demonstrated by Xia and co-workers.(89) Various 

amounts of TEOS were added to the ferrofluid and the formation of the coating was 

completed at room temperature within 3 hours, giving controllable thickness of the 

silica coating. Their TEM images clearly showed that each iron oxide nanoparticle 

was encapsulated in a silica particle, as seen in figure 7.  

 

 

 
 

Figure 7. Iron oxide core nanoparticles encapsulated with various thickness of silica 

shells. By changing the amount of TEOS precursor the thickness of silica shell can be 

tailored:  a) 10, at b) 60, and at c) 1000 mg of TEOS was added into 20 mL of 2-

propanol. d) An image showing an iron oxide core nanoparticle in a 6 nm silica shell 

was taken from the reference. (89) 



Introduction 

 25 

The synthesis of magnetic cobalt nanoparticle encapsulated in amorphous silica shell 

was reported by Kobayashi et al. (96) Their method utilized 3-aminopropyl 

trimethoxysilane and TEOS as the silica precursors which were pre-dissolved in 

aqueous ethanolic solution. 

 

It is interesting to note that an uniform magnetic iron core of 270 nm encapsulated in 

mesoporous silica shell was for the first time reported by Shi and co-workers.(97) The 

method involved the use of the Stöber process to prepare the silica coating on 

hematite nanoparticle. The mesoporous silica was produced from the controlled sol-

gel polymerization of TEOS and n-octadecyltrimethoxysilane. Hydrogen was used to 

reduce the iron oxide to metallic iron. 

 

Despite the fact that a considerable progress has been made in the silica encapsulation 

of magnetic nanoparticle, controlling the thickness of silica shell still remains a key 

challenge. Micro-emulsion method was particularly explored,(98) which was claimed 

to give controlled thickness of silica shell from 1.8-30 nm on the surface of Fe2O3 

nanoparticles.(99) The synthesis of monodispersed α-Fe nanoparticles encapsulated in 

silica was reported by Tartaj et al., which was found to be air stable. The 50 nm 

magnetic nanoparticles clearly exhibited superparamagnetic behaviour. The synthetic 

procedure involved the synthesis of iron oxide in silica by the reverse micro-emulsion 

process and then the encapsulated iron oxide was reduced to α-Fe by hydrogen at 450 
oC.(100) Other magnetic nanoparticles including CoFe2O4 and MnFe2O4 were 

successfully coated with silica shells using a similar synthetic approach by the reverse 

micro-emulsion method.(101) 

 

On the other hand, the synthesis of other reactive metal cores encapsulated by silica 

shells by reduction from their respective metal oxides is more challenging. This is due 

to the fact that the reactive metal cores such as cobalt or chromium can sometimes be 

readily oxidized by oxygen present in the solution. As a result, the use of additive(s) 

to provide a “vitreophilic” (glasslike) surface appeared to be crucial.(102) Nevertheless, 

relatively non-reactive precious metal cores such as gold, silver, platinum and 

palladium were demonstrated to be stable in silica shells.(103) Mild oxidation at the 

surface of magnetic cobalt nanoparticles developed by Bönnemann et al. was an 

acceptable strategy to solve this problem.(52) 



Introduction 

 26 

Yttria (Y2O3) has been claimed to be a very effective protective coat for reactive 

magnetic nanoparticles. Needle-like YCo-FeOOH nanoparticles can first be prepared 

by a combination of the carbonate and self-assembly route using electrostatic means. 

The needle-like nanoparticle can then be used as precursor for the synthesis of FeCo 

nanoparticle in yttria.(104) This new oxide coated magnetic alloy material gave a very 

high coercivity value of 1150 Oe. 

 

Although it was fairly easy to synthesise the same alloy core in silica shell using 

established methods, silica is unstable under basic conditions and its porous nature 

also allowed oxygen to gain access to the core. As a result, yttria appears to be a more 

useful coating material to provide protection for the reactive magnetic nanoparticles in 

alkaline solution. 

 

 

1.3.5 Carbon coating magnetic nanoparticles 

 

The use of carbon material to encapsulate magnetic nanoparticles has been receiving 

attention since carbon in particular the graphite structure can give an impermeable 

protective layer to even the di-hydrogen molecule. In addition, carbon coating has 

many potential advantages over polymers and silica materials, offering higher 

thermally and chemically stability and biocompatibility. Also, the discovery of 

fullerenes rapidly fuelled the interests in the preparation of encapsulated magnetic 

nanoparticles in these new carbon structures. Carbon coating of magnetic core 

nanoparticles can be generated by using Kratschmer arc-discharge process.(105) Many 

metal nanoparticles, including Co, Fe, Ni, Cr, Au, etc. were successfully encapsulated 

in carbon nanotubes. There are many reported methods for the preparation of carbon 

coated magnetic particles including arc-discharge, laser ablation, and electron 

irradiation processes, etc.(106–109) The carbon coating apparently provides effective 

protection against oxidation, which is crucial for a number of applications.(110) 

 

Air stable cobalt nanoparticles were produced by a sonochemical procedure, as 

reported by Gedanken and co-workers.(111) The nanoparticles were polydisperse and 

each of them was coated with a carbon shell. Fe and Fe3C nanoparticles encapsulated 

with carbon coating were made by the pyrolysis of iron stearate at 900 oC under an 
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argon atmosphere.(112) Although the carbon encapsulated magnetic nanoparticles were 

reported to be stable up to 400 oC in air, they suffered broad particle size distribution 

ranging from 20-200 nm. In addition, this single-step, direct method in converting salt 

to metal can be scaled up for mass production. On the other hand, a similar method in 

the preparation of highly stable cobalt nanoparticles encapsulated with carbon was 

reported by Lu et al. (108) The 11 nm cobalt nanoparticles were coated with 

poly(furfuryl alcohol). These polymer coated cobalt magnetic nanoparticles was then 

converted to carbon coated particles by pyrolysis. Using CTAB as an alternative 

carbon precursor gave imperfect carbon coatings with hollow shells, which can be 

used as electrodes. The core nanoparticles were leached by rinsing the material in acid 

solution. Using a related method cobalt nanoparticles can be encapsulated with carbon 

by the use of poly(styrene-b-4-vinylphenoxy phthalonitrile). These cobalt magnetic 

nanoparticles gave high saturation magnetic susceptibility value between 95-100 

emu/g under ambient temperature for one year. 

 

Recently, it was shown that ion exchangeable polymer can be used to take up a large 

quantity of cobalt cations. After the thermal treatment of the polymeric material 

carrying the cobalt ions, the final product contained cobalt nanoparticles entrapped in 

mesoporous graphitic carbon. The material displayed air stability and ferromagnetic 

properties for more than 10 months without degradation.(113)  

 

In general, carbon protective layer is prepared from pyrolysis of an organic containing 

coating. During the high temperature treatment, it often induces particle 

agglomeration. Thus, the preparation of carbon coated magnetic nanoparticles still 

remains a major challenge in this field. 
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1.4 Aim and accomplishment in this thesis 
 

The aim of this project was to explore different synthetic methodologies of magnetic 

nanoparticles as vehicles to carry functional proteins and drug molecules for various 

applications.  As a result, a number of synthetic methods for the preparation of 

magnetic nanoparticles or encapsulated magnetic nanoparticles including the uses of 

controlled precipitation, sol-gel process and the polyol process were studied. In 

particular, a new methodology of intercalating porous materials, bio-organic species 

with protein molecules through layer-by-layer deposition was reported. Some of these 

new nano-structures were demonstrated to store a large amount of protein molecules 

while maintaining their biological activity in solid form. Application of this method in 

drug delivery was also studied. 

 

The thesis is structured as follows: 

 

(1) A short review on synthesis, passivation and chemical functionalization of 

magnetic nanoparticles is presented in Chapter 1. 

 

(2) Preparations of iron oxide magnetic nanoparticles using controlled precipitation 

and their encapsulation in porous silica are presented in Chapter 2. A new method of 

placing alternated layers of polyions amine carbohydrate and a blood protein, BSA is 

described in Chapter 3 which also contains the assessment of the biological activity of 

the immobilised protein and the possible uses of this new composite material for drug 

delivery. 

 

(3) Encapsulation of magnetic iron oxide nanoparticles in other porous 

semiconducting materials and their potential uses are presented in Chapter 4. 

 

(4) Characterisation methods for magnetic metal iron oxide nanoparticles and other 

related magnetic alloy materials are presented in Chapter 5. 

 

(5) Final Discussion and conclusions of the research in this thesis are presented in 

Chapter 6. 
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(6) Chapter 7 of this research enlists the details of the chemicals used in this project. 
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2.1 Overview 
 

Colloid stable magnetic iron oxide nanoparticles, which undergo reversible precipitation 

from aqueous solution with external magnetic field, have many potential applications. 

However, one of the key problems has been the lack of generic homogeneous anchoring 

sites on the magnetic nanoparticle’s surface for binding of chemical/biochemical species. 

Here, it is demonstrated that iron oxide nanoparticle encapsulated in a silica shell can 

offer a specific binding site to a protein molecule without severe denaturing of the 

structure. This can be achieved via an electrostatic interaction with the surface silanol 

groups. As a result, a high loading of Bovine Serum Albumin (BSA) can be anchored 

onto the silica encapsulated iron oxide. FTIR, circular dichroism and binding constant 

(using site I and site II drugs) measurements all indicate only a small degree of 

conformational alteration in the BSA upon immobilization onto this magnetic material. A 

partial unfolding of the secondary structure on external sheath of the protein due to 

competitive hydrogen bonding interactions with surface acidic hydroxyl groups is shown 

to take place. This slight structural modification is in a sharp contrast to the severe 

blockage of the drug binding site in anchored BSA by extended silica surface.(1) 

Nevertheless, our results clearly suggests that the internal hydrophobic sites I and II of 

the immobilized BSA on the silica-based magnetic nanoparticle still remain intact and 

functional for specific drug molecule bindings.   

 

 

 

 

 

 

 

 

 

 

 

 



Immobilization of BSA on Silica Coated Magnetic Iron Oxide Nanoparticles 

 40 

 

2.2 Introduction 
 

The application of magnetic nanoparticles is not only taken place in electrical, optical 

and magnetic areas, but also some new areas including magnetic assisted bio-

separation and bio-catalysis. As a result, a number of protein-conjugated magnetic 

nanoparticles have recently been used in some new biotechnology areas.(2-4) In 

biomedicine, magnetic nanoparticles can be used as recoverable labeling or imaging 

reagents when tagged with biological entities.(5) These approaches are attractive to 

industry as the valuable tagged bio-molecules can be magnetically recycled from 

solution, thus minimizing waste production through regeneration.(6) However, the lack 

of generic homogeneous anchoring sites on nanoparticle surface for selective binding 

of chemical/biochemical species, whilst maintaining the native structure under a wide 

range of conditions is one key problem. For example, a clear correlation has been 

found between the affinity of proteins for surface with the extent of their structural 

changes.(7) Most proteins generally show a higher affinity to hydrophobic surfaces 

which could also lead to higher degree of protein denaturation.(8) Also, a nanoparticle 

surface may or may not take up a particular protein, which depends on the match of 

their isoelectric points in a rather narrow pH range. It has also been observed that an 

increase in electrostatic interaction is always accompanied with a certain extent of 

alternation in the native structure.(9) 

 

A single-step solution based method on the synthesis of iron oxide nanoparticle 

encapsulated in a thin coating of silica using micro-emulsion technique has been 

reported.(10) In this chapter, we report for the first time the activity-structure 

evaluation of immobilized bovine serum albumin (BSA) on this nano magnetic body. 

We believe that two important aspects can be obtained from this study. First, the 

interactions between biological species and magnetic supports have not fully 

investigated in the literature and thus the study of BSA immobilization onto silica 

coated magnetic support is regarded to be important as a model. Secondly, the 

pharmaceutical industry has routinely determined the fraction of drug binds to plasma 

albumin, and the binding constant in order to assess the free drug concentration in 

vivo. Equilibrium dialysis is one of the established protocols for this purpose.(11) 
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However, this procedure is slow and inefficient. Therefore, one important aspect of 

studying this present system is to develop an alternative analytical system for binding 

constant evaluation using magnetic separation for the industry. 

 

BSA has been long regarded as the model for human serum albumin. BSA is a major 

protein constituent of bovine blood plasma that can bind to various drug species as 

endogenous and exogenous ligands. Its drug binding properties are rather 

complicated, which include hydrophobic and electrostatic as well as hydrogen 

bonding interactions. In the context of pharmaceutical research, it is generally 

believed that the plasma albumin serves as a depot and transport protein to help the 

distribution of drug in the systemic circulation to the target biological site, while the 

free fraction of drug drives the pharmacological response. As a result, the binding 

ability to albumin critically affects the pharmacokinetic and pharmacological 

behaviours of a particular drug compound.(12-15) The structure of BSA consists of three 

repeating domains, which can be further divided into two sub-domains (named I-III 

with A and B). Hydrophilic moieties are located on the protein surface, where the 

more hydrophobic residues are generally located in the interior of the protein 

molecule.(1) The serum albumin of repeating subdomain IA, IIA, IIIA creating internal 

hydrophobic sites I and II for binding drug compounds have been extensively studied 

by X-ray crystallography.(16,17) Herein, the activity-structure of immobilized bovine 

serum albumin (BSA) protein on this nano magnetic body is investigated by various 

methods. 

 

 

2.3 Experimental Section 
 

2.3.1 Synthesis of silica encapsulated Fe3O4 nanoparticles 

 

According to our reported methodology 7.3 g CTAB, shown in figure 1, was added 

into 180 mL dried toluene in a 250 mL round bottom flask with stirring for 4 h. In 

general, the higher mole ratio of water to surfactant (Wo value) used, the larger of the 

nanoparticles size we observed.(9) In this case, the Wo = [water]/[CTAB] of 20 was 

fixed. Thus, solution containing Fe(II)/Fe(III) salts, 0.3428 g of FeCl2.4H2O (1.724 
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mmol) and 0.9321 g of FeCl3.6H2O (3.448 mmol), pre-dissolved in 7.2 mL deionized 

water was added drop-wise into the bottom flask constantly flushed with nitrogen for 

2h. After four hours, 8 mL of diluted ammonium hydroxide solution (5 % w/w) was 

added dropwise to the same flask with a continuous nitrogen purge. The color was 

gradually changed from light yellow to dark brown but without precipitation. At this 

point, 6.951 g TEOS, as shown in figure 2, was directly added into the micro-

emulsion and the mixture was allowed to age for 5 days to encourage hydrolysis and 

condensation of the silica precursor. After aging, the resulting nanoparticles were 

collected as a precipitate when ethanol was added into the solution. The precipitate 

was then washed with excess ethanol and re-dispersed in toluene. This step was 

repeated for five times in order to remove the surfactant from the precipitate (until the 

FTIR showed no trace of the surfactant). At last, the precipitate was washed with 

acetone and left in air for drying at room temperature overnight. The formation of iron 

oxide nanoparticle from the chemical reaction of ammonium hydroxide with 

Fe(II)/Fe(III) species is shown according to equation (1) and then followed by silica 

encapsulation from controlled hydrolysis of TEOS according to equation (2). Figure 3 

presents a schematic summary of the preparative procedure. 

 

 

 
Figure 1. Shows cetyltrimethylammonium bromide (CTAB). 

 

 

 
Figure 2. Shows tetraethyl orthosilicate (TEOS). 
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(l)O24H   (s)4O3Fe (aq)8OH 3
(aq)2Fe  2

(aq)Fe +→−++++     (1) 

 

(l)
O22H  

(s)2SiO
(s)4Si(OH) 

(l)
O2H 

(l)4Si(OEt) +→→+    (2) 

 

 

 
 

Figure 3. Synthetic procedure for preparing silica-encapsulated iron oxide 

nanoparticles. 

 

 

2.3.2 Experimental procedure for constructing BSA calibration curves 

 

0.0500 grams of BSA was weighed in 50 ml volumetric flask. Approximately 10 ml 

of phosphate buffer at pH 7.4 was added to dissolve the BSA powder into clear 

solution. A further phosphate buffer was added to the 50 ml mark to make up 1 mg/ml 

BSA stock solution. 2.5 ml aliquot of BSA stock solution was transferred to 10 ml 

disposable glass vials, each diluted at different volumes. The absorbance of each 

diluted solution was taken against a reference cell containing phosphate buffer at pH 

7.4. Thus, the BSA absorption peaks at different concentrations are shown in figure 4 

with the straight line plot of the concentration against absorbance in the inset graph. 
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Figure 4. Absorption peak for BSA at 278 nm wavelength at different concentrations, 

the plot of concentration against absorption gives a straight line in the inset graph. 

 
 

2.3.3 Experimental procedure for constructing ibuprofen calibration curves 

 

0.0500 grams of ibuprofen was weighed in 50 ml volumetric flask. Approximately 10 

ml of phosphate buffer at pH 7.4 was added to dissolve the ibuprofen powder into 

clear solution. A further phosphate buffer was added to the 50 ml mark to make up 1 

mg/ ml ibuprofen stock solution. 2.5 ml aliquot of ibuprofen stock solution was 

transferred to 10 ml disposable glass vials, each diluted at different volumes. The 

absorbance of each diluted solution was taken against a reference cell containing 

phosphate buffer at pH 7.4. Thus, the ibuprofen absorption peaks at different 

concentrations are shown in figure 5 with the straight line plot of concentration 

against absorbance in the inset graph 
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Figure 5. Absorption peak for ibuprofen at 273 nm wavelength at different 

concentrations, the plot of concentration against absorption gives a straight line in the 

inset graph. 

 

 

2.3.4 Experimental procedure for constructing warfarin calibration curves 

 

0.0017 grams of warfarin was weighed in 100 ml volumetric flask. Approximately 10 

ml of phosphate buffer at pH 7.4 was added to dissolve the warfarin powder into clear 

solution. A further phosphate buffer was added to the 100 ml mark to make up 0.017 

mg/ml warfarin stock solution. 2.5 ml aliquot of warfarin stock solution was 

transferred to 10 ml disposable glass vials, each diluted at different volumes. The 

absorbance of each diluted solution was taken against a reference cell containing a 

phosphate buffer at pH 7.4. Thus, the warfarin absorption peaks at different 

concentrations are shown in figure 7 with the straight line plot of concentration 

against absorbance in the inset graph. 
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Figure 7. Absorption peak for warfarin at 306 nm wavelength at different 

concentrations, the plot of concentration against absorption gives a straight line in the 

inset graph. 

 

 

2.3.5 Material Characterization 

 

All the synthesized nanoparticles were collected, washed and characterized with 

various techniques, such as BET Surface Area and Pore volume determination using 

nitrogen, Powder X-ray diffraction (XRD), Transmission electron microscopy (TEM), 

Energy Dispersive X-ray Spectrometry (EDS), Fourier Transform Infra-Red 

Spectroscopy (FTIR), Circular Dichroism, CD and Vibration Sample magnetization 

(VSM). The VSM studies were carried out using VSM Model 4500, Princeton 

Applied Research equipped with a 7000 Oe electromagnet and FTIR spectroscopy 

was obtained using the Perkin-Elmer 1720-X. The CD measurements to reflect 

conformations of native and immobilized BSA were carried out using the Jasco J-810 

spectropolarimeter. The XRD patterns were obtained using a Siemens D5000 X-ray 

diffractometer. The data was collected in Debye-Scherrer geometry using a 

monochromated X-ray beam of Cu kα radiation (λ= 1.5406Å). Also, XRD were used 

to estimate the average particle size using the Debye-Scherrer equation:    
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θβ
λ

cos
kl =

        (3) 

 

where l is the thickness of the crystal, k is the Debye-Scherrer constant (0.9), λ is the 

X-ray wavelength and ß is the line broadening in radians obtained from the full width 

at half-maximum. It could be obtained by ß2 = ßM
2 - ßS

2 where ßS is the full width at 

half-maximum of a standard material and ßM is the measured full width at half-

maximum of the material. θ is the Bragg angle. The lower limit of detection occurs 

when the peaks become so broad that they disappear into the background. Normally, 

for those crystals with a thickness of 50 to 500Å, the line broadening is easily 

detected and measured. 

 

The silica coated magnetic nanoparticles were characterized by Transmission Electron 

Microscopy (TEM) using a FEI /Philips CM 20 instrument. The samples were 

prepared by placing a drop of colloidal dispersion of the nanoparticles in isopropanol 

onto a carbon-coated copper grid, followed by natural evaporation of the solvent. 

Native BSA (schematics, shown in figures 8-10) and immobilized BSA on the surface 

of magnetic nanoparticles were investigated by ATR-IR. The spectra were acquired 

using a Nicolet 6700 ATR-IR spectrometer with a liquid-nitrogen-cooled MCT 

detector. A small drop of test sample was placed on smart golden gate-ZeSe/diamond 

crystal surface and evaporated at room temperature. The spectra were obtained by 

averaging 128 scans with a resolution of 4 cm-1 over the wavenumbers ranging from 

650 to 4000 cm-1. The region between 1500- 1900 cm-1 containing Amide I and 

Amide II of BSA were key importance. 

 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used 

to compare the molecular weight of native BSA and immobilised BSA based on a 

standardised procedure, which could reflect the interaction(s) between the BSA and 

the magnetic nanoparticles. The BSA samples were therefore prepared with and 

without the magnetic support: they were mixed with concentrated loading buffer and 

incubated at 95 °C for 5 minutes to ensure denaturation of the BSA. Adequate β-

mercaptoethanol was added to reduce the denature protein. The samples were then 

loaded on a commercial 10% NuPAGE Bis-Tris gel (Invitrogen) and separated by 
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electrophoresis at 200 volts for 35 minutes along with protein markers in MES buffer. 

Coomassie brilliant blue R-250, shown in figure 11, was used to stain the protein. The 

gel was carefully removed by separating the two glass plates and subjected to 100 ml 

staining solution. The staining solution contained 100 mg Coomassie brilliant blue R-

250, 100 mg CuSO4, 15 ml methanol, 10 ml glacial acetic acid and 75 ml deionised 

water. The gel was left to stain overnight with constant agitation. The gel was 

destained to remove excess dyes by immersing the gel in a 100 ml destining solution 

containing 10 ml glacial acetic acid, 50 ml methanol and 40 ml deionised water 

overnight with constant agitation. Blue protein bands were clearly seen against clear 

background and a photograph was taken for analysis. 

 

 
 

Figure 8. Shows the dimension size of BSA (4 nm ×  14 nm) and the location of 

binding sites, (I) site I and (II) site II. 
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Figure 9. Shows the whole molecule of the BSA with repeated identical domains I) 

domain I, II) domain II and III) domain III. Each domain can be further divided to IA) 

and IB) subdomain A and B in domain I, IIA) and IIB) subdomain A and B in domain 

II, and IIIA) and IIIB) subdomain A and B in domain III respectively. 

 

 
 

Figure 10. Shows the schematic structure of one repeated domains of BSA which 

consist of 1-10) principle helices 1-10 separated by I) S-S bond, with A) sub-domain 

A and B) sub-domain B. 
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Figure 11. Coomassie brilliant blue R-250. 

 

 

 

Zeta potential indicates the surface charge of a material at different pH and represents 

the value of electrostatic potential at the interface between Stern and diffuse layers. 

The zeta potential ζ (mV) which expresses the stability of a particle liquid mixture is 

calculated from the electrophoretic mobility εν  

 

 D
επηνζ 4

=
  

(4) 

 

Where η is the liquid viscosity and D is the dimensionless dielectric constant of the 

liquid. 
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Figure 12. (a) X-ray diffraction pattern of Fe3O4 encapsulated in amorphous silica; 

(b) a typical low-resolution transmission electron image of the core-shell spherical 

morphology. 

  

Figure 13. Panels (a) and (b) show high resolution transmission electron micrograph 

of the silica encapsulated iron oxide nanoparticles (fringe separation of 2.5 ± 0.1 Å of 

<311> Fe3O4 can be clearly visible) and corresponding SAED. 

 

 

 

 (b) 
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The zeta potential of silica, BSA and silica encapsulated magnetic materials with and 

without BSA were measured in order to investigate their surface properties. The 

samples were prepared in various buffered pH solutions at around pH = 1.5-11. The 

zeta potentials were measured using a Malvern Zeta Master. The measurement of the 

electrophoretic mobility of the colloidal suspension was used by a helium-neon laser 

light source in the Malvern instrument. Two coherent beams of red light crossed at the 

stationary level in the capillary cell with the sample suspension. The particles 

fluctuated in the applied field. The frequency of the fluctuations of the light scattered 

was related to the speed of the particles. The scattered light passing through the 

photomultiplier was analysed by a digital correlator. The frequency component was 

extracted from the particle mobility.  

 

 

2.4 Results and Discussion 

 

X-ray Diffraction (XRD) pattern of iron oxide in silica displays three strong peaks 

corresponding to lattice spacings of 2.951, 2.509, and 1.475 Å (Figure 12a). The 

peaks matched well with either Fe3O4 or γ-Fe2O3 phases as compared to the literature. 

However, assignment to one of these phases (or both) based entirely on XRD is 

difficult because of similar patterns and peak broadening due to their nano-metric 

dimension. The particle size was calculated at 7.69 nm using Debye-Scherrer equation 

from the full width at half maximum (FWHM) of the strongest peak. This was 

consistent with similar values obtained from TEM (Figure 12b). It was noted that a 

very broad diffraction hump on the XRD from 9-23o (2θ) was assigned to amorphous 

silica. Figure 13a shows a typical high resolution transmission electron microscopic 

(HRTEM) image of the silica encapsulated iron oxide nanoparticles. The images 

suggest their size can be successfully tailored by water/surfactant molar ratio. It was 

observed that the image indeed revealed the highly crystalline structure of the iron 

oxide core (with a lattice spacing of 2.5± 0.1 Å corresponding to the <311> of Fe3O4 

in the highly crystalline structure) in an amorphous coating. The selected area electron 

diffraction patterns (SAED) of the material shown in Figure 13b also agreed with 

those from XRD.  
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Figure 4a displays the elemental analysis (EDS) of the isolated particles of the silica 

encapsulated iron oxide. After taking the correction of the response factor for each 

element into account, the atomic ratios of the particle was found to be Fe : O : Si = 

19.93 : 71.96 : 8.11 with a standard deviation of  ± 0.2 %. (excluding carbon analysis 

because of the use of carbon filmed holder which also affects the oxygen analysis). 

Hence, the percentage of silica content was less than the iron content. A thin silica 

with amorphous matrix was observed to surround each core of iron oxide and most of 

particles were almost spherical (see Figures 12 and 13). Figure 14b showed the porous 

nature of the particles in the nitrogen BET surface area measurement. According to 

the Brunauer’s classification, a typical type II isotherm was observed at 77 K with a 

surface area of 123 m2/g and a pore volume of 0.37 cm3/g.  

 

 

 
 

Figure 14. (a) Elemental analysis of the isolated particles of the silica encapsulated 

iron oxide by EDS. After taking the correction of the response factor for each element 

into account, the atomic ratios of the particle are found to be Fe/O/Si 

19.93:71.96:8.11, with a standard deviation of 0.2%. (excluding carbon)); (b) N2 

adsorption/desorption isothermals. 

 

 

Figures 15a and 15b showed the general and enlarged vibration saturation 

magnetization (VSM) responses of the silica encapsulated iron oxide nanoparticle 

powder upon various external magnetic fluxes. It was evident that the powdered 

material showed no magnetic hysteresis with both the magnetization and 

demagnetization curves passing through the origin, which clearly indicated the super-

 (a)  (b) 
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paramagnetic nature of the material. This means that the magnetic material can only 

be aligned under an applied magnetic field but will not retain any residual magnetism 

upon removal of this field. Thus, this silica coated nanoparticle is suitable for repeated 

magnetic separation purposes. 

 

 

 
 

Figure 15. Left (a) and right (b) showed general and enlarged VSM responses, 

respectively, of the silica-encapsulated iron oxide nanoparticle powder upon 

application of increasing external magnetic flux. The measurements were collected at 

room temperature. 

 

 

The absorption of BSA was studied by placing silica coated iron oxide nanoparticles 

of different quantities into different batches of 4 mL of 47.31µM of BSA solutions at 

pH 7.4. The suspensions were placed on a roller at room temperature for 3 h to reach 

adsorption equilibrium. The amount of BSA adsorbed was expressed in term of 

concentration loss in total volume 4 mL solution (Figure 16a). Different batches of 

silica-coated magnetic particles gave an average of 85 mg BSA/g of carrier as shown 

in Figure 16b, a value is similar to those reported using related nano materials.(18) The 

amount of BSA adsorbed was calculated by means of mass different of excess BSA 

deducted from its initial. The mass of BSA was calculated from its volume and 

concentration, in which these were calculated from its absorbance using its calibration 

curve shown in figure 4. 

 (a)  (b) 
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Figure 16b showed the amount of BSA adsorbed decreases non-linearly with 

increasing amount of silica encapsulated iron oxide nanoparticles. This was due to the 

different orientation of the BSA molecules at different concentrations. At high relative 

concentration of BSA, the molecules adopt end on end orientation where more BSA 

can be adsorbed onto the surface of silica. Upon further addition of silica encapsulated 

nanoparticles, the relative concentration of BSA decreases, where there are few BSA 

molecules remaining for adsorption and so side by side orientation is favoured which 

occupy larger surface area per molecule, allowing less number of BSA molecules to 

be adsorbed for a given surface area. 
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Figure 16a. Adsorption BSA on silica encapsulated iron oxide expressed in terms of 

an excess of BSA retained after treatment with strong correlation coefficient value. 
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Figure 16b. Varying the amount of BSA adsorbed per gram of silica encapsulated 

iron oxide when treated with different amount of silica encapsulated iron oxide before 

equilibration. 

 

 

It is well known that the isoelectric point (IEP) of iron oxide such as γ-Fe2O3 is 

around 8, which exerts little electrostatic interaction with protein (unable to fix 

biological species upon the oxide surface) at neutral pH.(18) On the other hand, 

hydrolytic silica with acidic surface hydroxyl groups, shows IEP between 2-3. The 

zeta potential of the iron oxide in silica shown in Figure 17a indeed confirmed the IEP 

at or below 3, clearly indicates the embracement of iron oxide surface by silica. 

 

Figure 17b shows that IR studies of the silica coated iron oxide nanoparticle with and 

without the BSA attachment. Peaks at 796, 890, 960 and 1074 cm-1 were assigned to 

symmetric and asymmetric stretching vibrations of the terminal group of Si-O-R or 

Si-OH and the peak at 452 cm-1 is assigned to Si-O-Si. Both spectra showed an 

absorption peak near 960 cm-1, which suggests the presence of hydroxyl groups (υ -

OH). Another vibration mode of the hydroxyl group (υ O-H, a broad peak at 3460cm-

1) was also recorded which is thought to facilitate attachment of the protein onto silica 

surface.(19) It is interesting to note that the hydroxyl peaks shifted towards lower 
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wave-numbers without much attenuation upon the surface attachment of the protein. 

This suggests the surface hydroxyl groups interacts with the protein primarily through 

hydrogen bonding and electrostatic interactions. However, the possibility of a small 

degree of hydrogen bonding between the hydroxyl groups with the terminal amine 

moieties of the BSA cannot be discounted.  
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Figure 17a. ξ potential measurements of iron oxide nanoparticle encapsulated in silica 

coating. Figure 17b. IR showing the presence of surface hydroxyl groups (at 960 cm-

1) and 3290 cm-1 on silica-encapsulated iron oxide with (lower curve) and without 

BSA (upper curve). 

 

(a) 

(b) 
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In order to examine the electrostatic interaction between the immobilized BSA and 

the magnetic nanoparticles, a commercial SDS-PAGE electrophoresis gel analysis 

was used to investigate the binding pattern between BSA and the nanoparticles. 

According to Figure 18, the molecular weight of the native BSA of 67kD was clearly 

seen from the gel column together with the presence of larger aggregates of BSA. 

However, it observed the immobilised BSA showed the same molecular weight as the 

native single BSA protein. It is accepted that the mild conditions for the protein 

treatment and gel electrophoresis would not break extensive covalent linkages, but 

can separate species that are interacting electrostatically by protein denaturing. Thus, 

the match of molecular weight between native BSA and immobilised BSA was a 

result of protein separation from silica encapsulated iron oxide particles suggested 

primary interaction was indeed electrostatic in nature. It was noted that there was no 

sign of BSA aggregation from the immobilised BSA, which clearly implied the 

nanoparticles only captured isolated proteins on the surface through the electrostatic 

interactions. 

 

 

 
 

Figure 18. SDS-PAGE analysis of BSA binding to the silica-coated nanomagnet: 

molecular weight in kilo Daltons, kD; M (protein markers); lane 1, free BSA; lane 2, 

extensive washed BSA on the encapsulated magnetic nanoparticles. 

 



Immobilization of BSA on Silica Coated Magnetic Iron Oxide Nanoparticles 

 59 

In proteins, the peptide bonds –CO–NH– have several distinct vibrational modes. 

Amide I (C=O) and amide II (asymmetric υ of COO-) are the most useful modes for 

estimating the conformation (secondary structure, i.e., α-helix and β-sheet) of 

polypeptide backbone chain –CO–NH– in naturally occurring or artificial proteins. 

Thus, IR investigation of amide I and II regions of the native and immobilized BSA 

had taken place. For native BSA, it was noted that the peak at 1653 cm-1 represents 

intra-molecular hydrogen bonding interactions of amide I band and the peak at 1538 

cm-1 corresponding to amide II band. We showed that both peaks in native BSA are 

not sensitive to a pH change from the range of pH 10 to pH 3 (Figure 19).(8,20)  

However, at below pH 3, a new peak at 1600 cm-1 at the expenses of the Amide peaks 

was recorded. The dramatic frequency decrease upon exposure to extreme low pH 

most logically can be explained by the protonation of the protein moieties groups and 

particularly the concomitant decrease in C=O bond strength in Amide I from 1653 to 

1600 cm-1.  

 

 

 
 

Figure 19. IR of native BSA showing virtually no change of amide I and amide II 

peaks from pH 10 to pH 3 (nonbuffered), but a new peak at 1600 cm-1 at the expense 

of the amide peaks is recorded at pH 2.3 and pH 2.0. 
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Upon the protein immobilization it was observed from Figure 20a, that both amide 

peaks are present but clearly attenuated in magnitude owing to some degree of 

unwinding α-helices to β-sheet and turn structure. It was interesting to note that a new 

peak at 1632 cm-1 clearly arises between the two amide peaks, which matched with 

the protonated -C=O (at or below pH 3), despite the fact that the immobilization had 

taken place in buffer solution of pH 7.4. Despite the external buffering ions of 

potassium dihydrogen phosphate it was evident that there are more competitive 

hydrogen bonding interactions of the C=O located on the external sheath of the 

protein structure with the local surface acidic hydroxyl groups on the nano magnetic 

body upon the direct immobilization.(20,21)  

 

 

 
 

Figure 20. IR of BSA-bound silica-encapsulated iron oxide showing amide I (C=O) 

and amide II (-COO-) regions with a new peak at 1632 cm-1 between them at pH 7.40 

(buffered).  

 

 

The interactions of BSA with and without silica encapsulated iron oxide were 

examined by circular dichroism (CD) spectroscopy (Figure 21). The free native BSA 

clearly displayed a sharp absorption at 190 nm and two negative absorption bands: 

one was attributed to carbonyl excitation in polypeptide chains due to π  to ∗π  

parallel to the circular polarized at 209 nm and another one at 222 nm corresponding 

to n to ∗π  transition.(22) The characteristic positive sharp peak at 190nm and negative 
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double humped peaks suggest the high proportion of α-helices of the entire molecular 

population. It was shown that the characteristic CD patterns of α-helix progressively 

fade at lower non-buffered pHs indicative of its conversion to other conformations 

(Figure 22). Again, comparing to the native BSA the CD spectrum of BSA bound 

silica encapsulated iron oxide nanoparticle at buffered pH 7.4 indicates a similar 

degree of attenuation in the α-helical peaks as those of at the extreme low pH (pH 3) 

confirming the partial deformation of α-helical structure upon immobilization. This 

reinforces the fact that the functional groups (C=O and -NH) of α-helices are stretched 

by the local acidic surface hydroxyl group on magnetic body owing to the partial 

impairment or breakage of intra-molecular hydrogen bonds within and between the 

helical structures. 
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Figure 21. Circular dichroism spectra of A) native BSA and B) BSA-bound silica-

encapsulated iron oxide at pH 7.40 (buffered) showing the attenuation in the 

proportion of R-helices of BSA upon immobilization. 

 

 

Thus, there was a clear alteration in α-helical structure on the external sheath of the 

protein in a direct contact with local surface groups on the magnetic particles from 
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both the IR and CD analysis. One key question was that how far the protein denatured 

upon immobilization as some strong linkages between polypeptide chains such as 

disulphide interaction, may be robust enough to retain a degree of protein integrity 

during the attachment of the BSA.(20-22)   In essence, whether the protein still remained 

functional and active upon immobilization on the nano magnet surface is yet to be 

answered.   
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Figure 22. Circular dichroism spectra showing the progressive fading of the 

characteristic peaks (sharp positive peak at around 190 nm and two negative double 

humped peaks at 209 and 222 nm) of R-helices in native BSA at lower non-buffered 

pH’s. 

 

The conformation of immobilized protein the binding constants of typical site I and 

site II drug compounds with anchored BSA were investigated. According to Curry et. 

al., the binding site of warfarin (site I drug), shown in figure 23, is located in sub-

domain II and ibuprofen (site II drugs), shown in figure 24, in site II of sub-domain 

IIIA.(23) Using site I and site II drug molecules, namely warfarin and ibuprofen, we 

may differentiate the functionality of these two sites through the study of their binding 

constants. Since the drug binding property of BSA clearly reflects its biological 
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activity, which is governed by its tertiary structure. The reaction between the drug and 

the protein can be expressed mathematically as follows: 

 

Drug\BSADrugBSA →
←+    (5) 

 

The protein-drug binding affinity is expressed in term of the Log Ka value. The Ka is the 

equilibrium value of association which is expressed mathematically below: 

 

]f[Drug]f[BSA
Drug]\[BSA

×
=

a
K    (6) 

 

Where: 

[BSAf] is free BSA in mol dm-3 

[Drugf] is free Drug in mol dm-3 

[BSA\Drug] is the BSA drug complexe in mol dm-3 

 

 

The drug binding constant between each drug and free BSA was then calculated 

according to previous UV-visible or other spectroscopic studies provided that the 

BSA-drug conjugate can be separated from free drug and BSA using dialysis.(24) It 

should be noted that in our case the slow and inefficient separation step using dialysis 

membrane can be replaced by magnetic precipitation (placing an external magnet of 

with BHmax = 38 MGOe under the container) which allowed the supernatant 

containing free forms of drug molecules to be measured independently from the 

precipitate of BSA-drug on magnetic bodies on the bottom of the container. 

 

Ka 
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Figure 23. The molecular structure warfarin molecule. 

 

 

 
 

Figure 24. The molecular structure of ibuprofen molecule. 

 

 

The measured values are shown in Table 1. As seen from the table, the measured 

binding constants immobilized BSA are close to those values of native BSA implying 

that the sites are remained active and functional as high binding sites (large Log Ka 

values).(24-26) An excellent match in the case of site II drug (ibuprofen). However, 
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there was a small reduction in the binding constant value when using site I drug 

(warfarin), which indicated that the conformation modification of the immobilized 

BSA, even these sites, were deeply buried in the tertiary structure. It was noted that 

Larsericsdotter and his co-workers used NMR to elucidate the structural modifications 

on the binding sites of the BSA. They found that the domain II (site I) of BSA 

significantly lost its binding functionality upon immobilisation on extended silica 

surface. It was postulated that this site was blocked as it directly faces towards the 

silica surface in the adsorption geometry.(15)  

 

Our small deviation from the literature value of the warfarin molecules with free BSA 

with the immobilised BSA on SiO2@Fe3O4, suggests that such silica surface 

blockage of this site on BSA indeed takes place, but must be dependent on the size of 

silica particles. In our case, the use of magnetic core-shell silica nanoparticles instead 

of the extensive silica surface alleviates the errors in measurement. Also, this small 

deviation in log Ka value was much smaller than those effects using different buffer 

concentrations and temperatures.(25) Scheme 1 illustrates the differential binding 

modes of drug molecules at different locations of BSA. With respect to the use of the 

immobilized BSA on nano magnetic carrier for screening of drug candidates, it would 

therefore be desirable to reduce or totally eliminate the blockage of the binding sites 

by using appropriate smaller size carriers (with calibration curve). Further work is 

being carried out in our laboratory and results will be reported in due course. 

 

 

Drug log Ka literature value 

warfarin (site I) 4.26 ± 0.05 4.46(27)
 

ibuprofen (site II) 4.43 ± 0.05 4.51(28)  

 

TABLE 1: Comparison Protein Binding Constants of Immobilized BSA on Silica-

Coated Nano Magnet with Data of Native BSA from the Literature. Log Ka is derived 

from UV-visible determination of the warfarin or ibuprofen concentration in a 

buffered solution of pH 7.41 before and after drug binding with a silica-coated nano-

magnet with magnetic separation (see Figure 3). 
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SCHEME 1: A Schematic Presentation of the Respective Locations of BSA with the 

I) Site I of Silica and Warfarin and the Site II of Ibuprofen and Diazepam, where 1) 

ibuprofen, 2) diazepam, 3) warfarin, 4) BSA, 5) silica porous material, I) site I and II) 

site II. 

 

 

2.5 Drug binding calculations 
 

The drug binding constants for each drug, diazepam, ibuprofen and warfarin were 

calculated from the drug binding constant expressed in the following equations: 

 

 

Drug\BSADrugBSA →
←+    (7) 

 

 

  (8) 

 

 

Ka 

]f[Drug]f[BSA
Drug]\[BSA

×
=

a
K
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The calibration curve was constructed to measure the concentration of the initial and 

the excess drugs and protein. For each drug the calibration curves had shown a 

straight line with strong regression coefficient values between absorbance and 

concentration at characteristic wavelength, which agrees with the Beer-Lambert law.  

 
 

Drug]\[BSA][BSA ][BSA
ft
+=      (9)   

BSA]\[Drug][Drug ][Drug
ft
+=      (10) 

 
Both [BSA\Drug] and [Drug\BSA] are the same complexes and so: 
 

Drug]\[BSA][BSA ][BSA
tf
−=      (11) 

BSA]\[Drug][Drug -][Drug
ft
=      (12) 

 
Substituting (10) in (9) the expression above becomes: 
 

])[Drug]([Drug][BSA ][BSA
fttf

−−=     (13) 
][Drug][Drug][BSA ][BSA

fttf
+−=     (14) 

 
Substituting the expression above in (8) the expression becomes: 
 

])f[Drug]t[Drug]t]([BSAf[Drug

])f[Drug -]t([Drug

+−
=

a
K    (15) 

 

 

Where: 

 

Ka  is the affinity constant in dm3mol-1  

[BSAt]  is total BSA in mol dm-3 

[BSAf]  is free BSA in mol dm-3 

 [Drugt] is total drug mol dm-3 

[Drugf] is free Drug in mol dm-3 

[BSA\Drug] is the BSA drug complexe in mol dm-3 
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According to the Beer-Lambert law: 
 
 

C A ××= lε         (16) 

lε ×
=

A C         (17) 
 
Where: 

 

A is absorbance in arbitrary unit 
ε   is molar absorpitivity in dm3mol-1cm-1 

l  is pathway length in cm 

C is the concentration in moldm-3 

Ab is absorbance before the experiment in arbitrary unit 

Aa is absorbance after the experiment in arbitrary unit 

 

lε ×
= bA

 ][Drug
t

       (18) 

lε ×
= aA

 ][Drug
f

       (19) 

lε ×
= aA

 ][Drug
t        (20) 

 

Drug]\[BSA]f[Drug ]t[Drug =−      (21) 

lεlε ×
−

×
= aAbA

Drug]\[BSA       (22) 

lε ×

−
= aAbA

Drug]\[BSA       (23) 
 
According to equation (11) 
 

Drug]\[BSA][BSA ][BSA
tf
−=  

)
lε

aAbA
(][BSA ][BSA

tf ×

−
−=      (24) 

 
Substituting equation equations (18), (19), and (24) in (15) the expression becomes 
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)aAbA
(]t([BSA)aA

( 

)aAbA
(

lεlε

lεK
a

×

−
−×

×

×

−

=     (25) 

 
The mathematical expression above simplifies to: 
 

)aAbA
(]t([BSA)a(A 

aAb(A

lε

K
a

×

−
−×

−
=

)
    (26) 

 

 

Drug binding constant = -log 
a

K      (27) 

)

)aAbA
(]t([BSA)a(A 

aAb(A
log(constant binding Drug

lε ×

−
−×

−
−=

)
 (28) 
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2.6 Conclusion 
 

It is demonstrated that encapsulation of magnetic iron oxide nanoparticles in a thin 

amorphous silica as a core shell nanostructure, can uptake a high loading of BSA 

protein. The nano carrier covering with silanol groups assists the immobilization of 

BSA as active surface species through primarily electrostatic interaction. However, a 

partial unfolding of secondary structure on the external sheath of the protein is taking 

place due to competitive hydrogen bonding interactions of functional groups of the 

BSA (C=O, -NH) with the local acidic surface hydroxyl groups on the nano magnetic 

body despite the use of buffered pH 7.4 solution. However, the internal hydrophobic 

sites I and II of the protein still remain intact to a high degree for specific drug 

molecule bindings.  
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3.1 Overview 
 

Recently, there is an interest to use inorganic-based magnetic nanoparticles as a 

vehicle to carry biomolecules for various biophysical applications. However, the 

direct attachment of the molecules is known to alter their conformation, leading to 

attenuation in activity. Furthermore, surface immobilization has been limited to 

monolayer coverage. Here, it is shown that alternate depositions of negatively charged 

protein molecules, typically bovine serum albumin (BSA) with a positively charged 

aminocarbohydrate template such as glycol chitosan (GC) on magnetic iron oxide 

nanoparticle surface as a colloid, could be accomplished at pH 7.4. Circular dichroism 

(CD) clearly reveals that the secondary structure of the entrapped BSA sequential 

depositions in this manner remain unaltered, which is in contrast to previous 

literature. Probing the binding properties of the entrapped BSA using small molecules 

(Site I and Site II drug compounds) confirms for the first time the full retention of its 

biological activity as compared with native BSA, implying the ready accessibility of 

the entrapped protein molecules through the porous overlayers. This work suggests a 

new method to immobilize and store protein molecules beyond monolayer adsorption 

on a magnetic nanoparticle surface without structural alteration. This may open 

applications in magnetic recoverable enzymes or protein delivery. 
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3.2 Introduction 
 

Encapsulation of biomolecules within inorganic host materials has been extensively 

investigated due to many potential biotechnological applications.(1) Recent reports on 

surface-functionalized superparamagnetic iron oxides as a nanosize vehicle to carry 

biomolecules have demonstrated their feasibility for use in a variety of biological 

applications, for example in magnetic resonance imaging,(2) bioseparation,(3-5) tissue 

repairing, drug/gene delivery (6-8) and thermal tumor therapy (9). In these applications, 

the biomolecules are first immobilized onto magnetic particle surfaces with high 

loading to allow the magnetic guidance followed by usage of a small amount of 

biologically active sample. Although a large numbers of groups reported the synthesis 

and potential applications of biomolecules tagged on the magnetic vehicles, few have 

focused on the immobilization of biomolecules on their surfaces. In the past decade, a 

variety of experimental methods have been developed to immobilize biomolecules 

(proteins) on bulk solid surfaces, which include noncovalent,(10) covalent,(11,12) and 

bioaffinity(13,14) immobilizations. However the unfolding and/or denaturation of 

proteins under perturbation by an extensive surface are some of the key issues. There 

are advantages as well as drawbacks for the above immobilization methods, 

depending on the affinity of the protein for a particular surface, preparation 

complexity, as well as the extent of structural alteration. For example, most proteins 

adsorb with higher affinity to hydrophobic surfaces may result in a higher degree of 

structural alternation (15,16) whereas excessive affinity with hard acidic/basic sites on 

inorganic surfaces may also be accompanied by a reduction in native structures.(17) It 

is noted that most of the above immobilization techniques can only allow the 

deposition of protein molecules of below monolayer coverage. For the applications 

using magnetic nanovehicles to deliver biomolecules or to support functional proteins 

for catalysis (enzymes), the most important challenge is to retain the conformation 

and activity of the molecules on a particle surface, which has not yet been ascertained 

in many previous studies. Ulman et. al. reported a successful method for immobilizing 

proteins on pure γ-Fe2O3 magnetic nanoparticles for biological use.(18) However, the 

proteins were immobilized directly on these surfaces, their stability and activity were 

affected by the chemical environment in a close proximity. Attachment of proteins on 

silica-based nanoparticles or silica-coated magnetic nanoparticles has been developed 

as an alternative approach,(19-21) However, recent work suggested they could introduce 
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undesirable alteration in protein conformation and blockage of active biological sites 

upon immobilization on the silica surface.(3,17) On the other hand, extensive films 

could be fabricated on the substrate surface by alternating adsorption of oppositely 

charged polyions. Owing to its simplicity and versatility, many polyions have been 

used to fabricate films including synthesized and natural polyelectrolytes.(22,23) In this 

work, we report the immobilization on magnetic iron oxide nanoparticles, which was 

achieved via a simple electrostatic deposition of amino-carbohydrate template 

followed by BSA (figure 1-3) in alternate layers. Chitosan, a linear polysaccharide 

composed of ß-(1-4)- linked glucosamine (figure 4), may be applied as a template, but 

suffers from limited solubility in water. As a result, glycol chitosan (GC) was chosen 

for co-immobilisation with BSA on the magnetic nanoparticle surface. The structure 

and morphology of these magnetic assembly nanoparticles are characterized and 

reported herein. 

 

 
 

Figure 1. Dimension of BSA (14 nm ×  4 nm) and the location of binding sites, (I) site 

I and (II) site II. 
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Figure 2. BSA with repeated identical domains I) domain I, II) domain II and III) 

domain III. Each domain can be further divided to IA) and IB) subdomain A and B in 

domain I, IIA) and IIB) subdomain A and B in domain II, and IIIA) and IIIB) 

subdomain A and B in domain III respectively. 

 
 

Figure 3. Schematic structure of one of the repeated domains of BSA which consist of 

1-10) principle helices 1-10, adjacent helices are bonded by I) S-S bond, and the 

domain is divided to A) sub-domain A and B) sub-domain B. 
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Where n ≥400 

 

Figure 4. Repeated unit structure of glycol chitosan. 

 

 

3.3 Experimental Section 

 

3.3.1 Sources of Chemicals  

 

All chemicals were purchased from Aldrich Sigma. BSA was graded ~99% which 

was γ-globulin free. Iron (II) chloride tetrahydrate and iron (III) chloride hexahydrate 

were used. Ammonia (35%) and concentrated hydrochloric acid solutions were 

purchased from Fisher. Bovine serum albumin (BSA) is a well-characterized protein 

with molar mass of 67 000 Da of isoelectric point of 4.9. Glycol chitin, deacetylated 

(GC) with a degree of polymerization > 400 (average molar mass of 500 000 Da), was 

obtained from Aldrich Sigma. 
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3.3.2 Sample Preparation  

 

The iron oxide nanoparticle as a colloid was prepared via coprecipitation of iron (II) 

and iron (III) chlorides in aqueous solution with the addition of ammonia 

 

(l)O24H   (s)4O3Fe (aq)8OH 3
(aq)2Fe  2

(aq)Fe +→−++++     (1) 

 

The typical procedure for the preparation of iron oxide stock solution was as follows: 

1.7 g of iron (II) salt and 2.7 g of iron (III) salt were dissolved in 200 mL of water at 

50 °C and stirred for 1 h under a nitrogen atmosphere before the addition of 4 mL of 

35% ammonia solution. The ammonium hydroxide solution was added in very small 

proportion (0.1 mL) over a long period of time (approximately 0.05 mL/s) while the 

mixed solution was stirring vigorously. The solution of iron (II) and iron (III) was 

originally yellowish in color, but upon the addition of ammonia, the solution turned 

dark brown indicative of the formation of iron oxide nanoparticles.  

 

The entrapment of BSA by immobilized GC on the iron oxide nanoparticle was 

carried out as follows: 5 mL of 0.1 mg/mL of iron oxide solution (diluted from the 

stock), 5 mL of 1.0 mg/ mL of GC solution, and 5 mL of 1.0 mg/mL BSA solution 

were prepared separately. All the solutions were prepared using double distilled water 

presonicated for 10 min at 25 °C. Solutions of 0.1 M HCl and 0.1 M NaOH were 

prepared for the adjustment of pH values accordingly. Thus, 5 mL of iron oxide 

colloid solution was slowly added to the 5mL GC solution with constant stirring in a 

dropwise manner. It is very important to add the iron oxide particle to the GC and not 

vice versa, to ensure the layer-by-layer growth. The final mixed solution was 

sonicated at 25 °C for 10 min. An external magnet was placed underneath the 

container to induce magnetic precipitation of the iron oxide/GC particles. After 

separation, the excess of supernatant GC solution was decanted. The collected iron 

oxide/GC particle was washed with pH 7.4 solution three times. The solution was then 

sonicated at 25 °C for 10 min to ensure all the colloid particles entered the solution 

phase. Repeated application of external magnetic field to sediment the coated 

particles, washing, and decanting of the particles were carried out. Similarly, the same 
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procedure was applied for the subsequent deposition of the iron oxide/GC particle 

with 5 mL of prepared BSA solution. 

 

 

2.3.2 Experimental procedure for constructing GC calibration curves 

 

0.0500 grams of GC was weighed in 50 ml volumetric flask. Approximately 10 ml of 

phosphate buffer at pH 7.4 was added to dissolve the GC powder into clear solution. 

A further phosphate buffer was added to the 50 ml mark to make up 1 mg/ml GC 

stock solution. 2.5 ml aliquot of GC stock solution was transferred to 10 ml 

disposable glass Vials, each diluted at different volumes. The absorbance of each 

diluted solution was taken against a reference cell containing phosphate buffer at pH 

7.4. Thus, the GC absorption peaks at different concentrations are shown in figure 5 

with the straight line plot of concentration against absorbance in the inset graph. 
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Figure 5. Absorption peak for GC at 190 nm wavelength at different concentrations, 

the plot of concentration against absorption gives a straight line in the inset graph. 
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2.3.3 Experimental procedure for constructing BSA calibration curves 

 

0.0500 grams of BSA was weighed in 50 ml volumetric flask. Approximately 10 ml 

of phosphate buffer at pH 7.4 was added to dissolve the BSA powder into clear 

solution. A further phosphate buffer was added to the 50 ml mark to make up 1 mg/ml 

BSA stock solution. 2.5 ml aliquot of BSA stock solution was transferred to 10 ml 

disposable glass Vials, each diluted at different volumes. The absorbance of each 

diluted solution was taken against a reference cell containing phosphate buffer at pH 

7.4. Thus, the BSA absorption peaks at different concentrations are shown in figure 6 

with the straight line plot of concentration against absorbance in the inset graph. 
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Figure 6. Absorption peak for BSA at 278 nm wavelength at different concentrations, 

the plot of concentration against absorption gives a straight line in the inset graph. 

 
 

2.3.4 Experimental procedure for constructing ibuprofen calibration curves 

 

0.0500 grams of ibuprofen was weighed in 50 ml volumetric flask. Approximately 10 

ml of phosphate buffer at pH 7.4 was added to dissolve the ibuprofen powder into 

clear solution. A further phosphate buffer was added to the 50 ml mark to make up 1 

mg/ml ibuprofen stock solution. 2.5 ml aliquot of ibuprofen stock solution was 
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transferred to 10 ml disposable glass Vials, each diluted at different volumes. The 

absorbance of each diluted solution was taken against a reference cell containing 

phosphate buffer at pH 7.4 using Perkin Elmer Lambda 19. Thus, the ibuprofen 

absorption peaks at different concentrations are shown in figure 7 with the straight 

line plot of concentration against absorbance in the inset graph. 
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Figure 7. Absorption peak for ibuprofen at 273 nm wavelength at different 

concentrations, the plot of concentration against absorption gives a straight line in the 

inset graph. 

 

 

2.3.5 Experimental procedure for constructing diazepam calibration curves 

 

0.0500 grams of diazepam was weighed in 100 ml volumetric flask. Approximately 

10 ml of phosphate buffer at pH 7.4 was added to dissolve the diazepam powder into 

clear solution. A further phosphate buffer was added to the 100 ml mark to make up 

0.05 mg/ml diazepam stock solution. 2.5 ml aliquot of diazepam stock solution was 

transferred to 10 ml disposable glass Vials, each diluted at different volumes. The 

absorbance of each diluted solution was taken against a reference cell containing 

phosphate buffer at pH 7.4. Thus, the diazepam absorption peaks at different 
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concentrations are shown in figure 8 with the straight line plot of concentration 

against absorbance in the inset graph. 
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Figure 8. Absorption peak for diazepam at 311 nm wavelength at different 

concentrations, the plot of concentration against absorption gives a straight line in the 

inset graph. 

 

 

2.3.6 Experimental procedure for constructing warfarin calibration curves 

 

0.0017 grams of warfarin was weighed in 100 ml volumetric flask. Approximately 10 

ml of phosphate buffer at pH 7.4 was added to dissolve the warfarin powder into clear 

solution. A further phosphate buffer was added to the 100 ml mark to make up 0.017 

mg/ml warfarin stock solution. 2.5 ml aliquot of warfarin stock solution was 

transferred to 10 ml disposable glass Vials, each diluted at different volumes. The 

absorbance of each diluted solution was taken against a reference cell containing 

phosphate buffer at pH 7.4. Thus, the warfarin absorption peaks at different 

concentrations are shown in figure 9 with the straight line plot of concentration 

against absorbance in the inset graph 



Electrostatic Entrapment of Protein Molecules 

 85 

0.0

0.2

0.4

0.6

0.8

1.0

270 290 310 330 350 370
Wavelength/ nm

A
bs

or
ba

nc
e/

 A
.U

.
y = 47.485x + 0.0645

R2 = 0.9904

0.00

0.30

0.60

0.90

1.20

0.000 0.005 0.010 0.015 0.020

Concentration/ mg/ml

A
bs

or
ba

nc
e/

 A
. U

.
 

 

Figure 9. Absorption peak for warfarin at 306 nm wavelength at different 

concentrations, the plot of concentration against absorption gives a straight line in the 

inset graph. 

 

 
3.3.3. Material Characterization  

 
X-ray diffraction data were collected using a Philips PW1729 diffractometer, 

operating in Bragg-Brentano focusing geometry and using Cu Kα radiation (λ = 

1.5418 Å) from a generator operating at 40 kV and 30 mA. Samples were prepared by 

placing a drop of nanoparticle suspension on a glass slide and allowing the solvent to 

evaporate naturally at room temperature. This process was repeated many times until 

a smooth layer of material was deposited on the slide surface. The Scherrer equation 

was used to estimate average iron oxide particle size from the mean value derived 

from the (311) peak taking the instrumental line broadening into account. TEM 

images were obtained using a JEOL 3000FX microscope with a high-resolution pole 

piece. The samples were prepared by placing a drop of nanoparticle suspension onto a 

carbon-coated copper grid and allowing the solvent to evaporate naturally at room 

temperature. Vibrating sample magnetometry (VSM) measurements were conducted 

using a VSM instrument (model 4500, Princeton Applied Research equipped with a 
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7000 Oe electromagnet). For all samples, measurements were made using a maximum 

field of 7000 Oe to determine magnetic moments of the samples. For selected samples 

which appear to be superparamagnetic with no coercivity, another round of 

measurements with higher-field resolution were made using a smaller maximum 

applied field (100 or 200 Oe) for more accurate measurements of their coercivities. 

The measurement times varied a lot due to different signal-to-noise ratios for different 

samples (longer measurement times for weaker signals). Zeta potential measurements 

of the unmodified magnetic nanoparticles and GC and BSA coated magnetic materials 

were carried out to determine the surface properties of particles. Samples were 

prepared in various pH value solutions at around pH = 2-11. The zeta potentials were 

performed using a Malvern Zetasizer Nano.  

 

The FTIR measurements were carried out using a Nicolet 6700 ATR-IR spectrometer 

with a liquid-nitrogen-cooled MCT detector. A small drop of the iron oxide sample 

was placed on a smart golden gate-ZeSe/diamond crystal surface and evaporated 

naturally at room temperature. The spectrum was collected over the wavenumbers 

ranging from 650 to 4000 cm-1.  

 

Superconducting quantum interference device (SQUID) measurement was carried out 

as follows: 40 mg of an iron oxide nanoparticle sample was transferred into a plastic 

capsule. The loaded capsule was contained inside a plastic straw. The loaded straw 

was placed inside a magnetometer SQUID, using a Quantum Design MPMS XL dc 

SQUID magnetometer. The magnetization was measured over the temperature range 5 

e T/K e 300 in an applied field of 1000 Oe. Data were collected after cooling the 

sample in both zero field (ZFC) and in the measuring field (FC).  

 

It is well accepted that the conformation change of macromolecules can be monitored 

by circular dichroism (CD) in the far-UV region between 190 and 250 nm. The 

chromophores at these wavelengths are the peptide bonds, with the signals 

corresponding to their folding arrangements. Therefore, structures such as α-Helix, ß-

sheet, and random coil give rise to characteristic shapes and magnitudes in the CD 

spectrum. Thus, the CD measurement was conducted as follows: concentrations of 0.1 

and 0.01 mg/mL for GC and BSA were prepared in deionized water at pH 7.40. The 

secondary structures of GC and BSA and their corresponding immobilized colloids 
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were analyzed by Chirascan & Chirascan-plus CD spectroscopy (Applied 

Photophysics) at room temperature, using a 10 mm optical path length. Data were 

obtained from 170 to 300 nm with a CD measured every 1.0 nm with an integration 

time of 1.0 s, and each experiment was repeated three times. 

 

 

3.4 Evaluation of Binding Constant of Iron Oxide Immobilized GC-BSA 

with Drug Molecules 

 

Diazepam, ibuprofen, and warfarin were each prepared as a diluted solution due to 

their low solubility limit in water. Their concentrations were ca. 0.05, 1, and 0.017 

mg/mL, respectively. All the drugs were prepared in 0.1 M phosphate pH 7.4. The 

amount of drug added to iron oxide/glycol chitosan/bovine serum albumin or iron 

oxide/glycol chitosan/bovine serum albumin/glycol chitosan/bovine serum albumin 

nanocomposites was kept at a 1:1 molar ratio. The reaction mixture was heated to 37 
oC for 3 h at pH 7.4. The unbound drug molecules were separated from the solid 

nanocomposites using a magnet, and their concentration was determined from a 

calibrated curve using UV-visible spectroscopy (Lambda 19 Spectrometer UV-vis 

NIFR Perkin-Elmer). A 10 mm × 10 mm × 45 mm quvette was used. On the basis of 

mass balance, the amount of bound drug can be deduced. The binding reaction 

between the drug and the BSA is as follows  

 

Drug\BSADrugBSA →
←+   (2) 

 

The protein-drug binding affinity can be expressed in terms of log Ka value. Ka is the 

equilibrium value of association which is expressed mathematically below 

 

(3) 

 

 

Where: 

 

Ka  is the affinity constant in dm3mol-1  

Ka 

]f[Drug]f[BSA
Drug]\[BSA

×
=aK
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 [BSAf]  is free BSA in mol dm-3 

 [Drugf] is free Drug in mol dm-3 

[BSA\Drug] is the BSA drug complexe in mol dm-3 

 

 

The drug binding constant between each drug and free BSA was calculated according 

to previous UV-visible or other spectroscopic studies, on the basis that the BSA-drug 

complex can be separated from free drug/ BSA using dialysis(24). It can be seen from 

Table 1 that the protein-drug binding log K values of BSA entrapped in iron oxide/GC 

were very close to the values of the native BSA. This is consistent with the results 

obtained from the CD study where no conformation change in BSA upon entrapment 

by iron oxide/GC is deduced. In contrast, the deviations in binding constants were 

apparent in the case of the direct immobilization of BSA on silica coated iron oxide 

without the GC template at pH 7.4 (BSA was unable to directly attach on iron oxide 

under this pH condition).  

 

 

3.5 Results and Discussion 
 

Figure 10 shows the TEM images of the synthesized nanoparticles. Particle sizes 

ranged from 9 to 15 nm (most particles lying between 8 and 10 nm) were observed in 

Figure 11a. This size range falls in a typical size distribution obtained from the 

precipitation method. An average size of 9.4 nm with fairly narrow size distribution 

(standard deviation: 1.63 nm) was derived by measuring 300 nanoparticles in the 

micrographs. The XRD pattern (Figure 11b) of the particles was also collected, which 

matched the magnetite-based nanoparticles with spinel structure according to the 

literature.(5,25) The selected area high-resolution TEM and electron diffraction 

patterns, SAED, of the material shown in Figure 10 matched with the structure 

derived from the XRD. From the full width at half maximum of the <311> peak in the 

XRD, an average particle size of 9.2 nm (with standard deviation of 2.5 nm) using 

Scherrer equation from XRD was obtained. 
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Figure 10. TEM images of (a) the uniform size of magnetite nanoparticles (average 

9.4 nm); (b) the high magnification of a single magnetite nanoparticle; (c) the high 

resolution image where lattice points along the <200> and <311> crystallographic 

planes are visible; (d) the corresponding SAED pattern and indices. 
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Figure 11. (a) (upper) Size distribution of iron oxide particles from TEM. (b) (lower) 

XRD diffraction pattern of iron oxide nanoparticles (phases labelled) prepared via 

coprecipitation and that of the aluminum sample holder (red non-labelled lines). 
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Magnetic measurements of the particles by vibration saturation magnetization, VSM, 

shown in Figure 12a indicates that the nanoparticles showed no magnetic hysteresis 

with both the magnetization and demagnetization curves passing through the origin. 

This indicates the superparamagnetic nature of the material, such that the magnetic 

material can only be aligned under an applied magnetic field but will not retain any 

residual magnetizm upon removal of the field. Superconducting quantum interference 

device (SQUID) spectra of the iron oxide nanoparticles were taken under an external 

magnetic field of 1000 Orested, where the two sets of repeated measurements 

indicated progressive decrease in magnetic moment at increasing temperatures (Figure 

12b). Thus, both of these techniques confirmed that the iron oxide nanoparticles are 

indeed superparamagnetic, giving a high saturation magnetization value (>35 emu g-1) 

and suitable for repeated magnetic separation. Energy dispersion X-ray analysis, 

EDX, indicated the composition of 47% oxygen and 53% iron, implying a small 

degree of oxidation had taken place from magnetite to maghemite phase during the 

transfer. 
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Figure 12. (a) (upper) VSM spectrum of iron oxide where the magnetization line 

passes through the origin indicative that the sample is superparamagnetic in nature. 

(b) (lower) Superconducting quantum interference device (SQUID) spectra of the iron 

oxide nanoparticles were taken under an external magnetic field of 1000 Orested, 

where the two sets of repeated measurements indicated the progressive decrease in 

magnetic moment at increasing temperature confirming that the sample is indeed 

superparamagnetic in nature. 
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In order to carry out electrostatic deposition of GC and BSA on this magnetic iron 

oxide, the surface potentials of the particles and the macromolecules at different pH 

values have been determined. Figure 13 shows the change in zeta potential at different 

pH values of the iron oxide nanoparticle, GC and BSA, respectively. The isoelectric 

point is defined as the pH value where the surface potential is zero. As shown in 

Figure 13, the isoelectric points of iron oxide, GC and BSA are 6.1, 8.8 and 4.9, 

respectively. These measured values were in agreement with previous reported 

values.(26) This indicates under normal physiological conditions at pH 7.4 the surfaces 

of iron oxide nanoparticle and the BSA are both negatively charged. In contrast, GC is 

positively charged at this pH and therefore, it may be suitable to create alternating 

layers of GC with BSA on the magnetic iron oxide surface. 

 

  

 
 

Figure 13. Zeta potential change as a function of pH for (A) GC, (B) iron oxide, and 

(C) BSA, respectively. 

 

Figure 14 shows dramatic changes in zeta potential of magnetic iron oxide 

nanoparticles after different pretreatments with GC and BSA solutions followed by 

magnetic precipitation and rinsing. The negative charge of the naked particle (-22 

mV) at pH 7.4 switched to +15 mV when treated with GC solution, implying the iron 

oxide is likely to be covered with the GC molecules, thus giving the resulting outer 

surface characteristics of the GC nature. On the other hand, further treatment of the 
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nanocomposite particles with BSA followed by magnetic precipitation followed by 

rinsing showed the surface potential of about -15 mV which is considerably lower 

than that of the naked particle and the BSA surface potentials. This suggests that BSA 

molecules are entrapping within the GC layer giving the external surface with 

intermix feature. Interestingly, subsequent treatment with GC reverted to the surface 

characteristic of the GC layer (+15 mV). The second deposition of BSA again gave 

the external surface with the same intermix surface potential. 
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Figure 14. Change in zeta potential of the magnetic iron oxide nanoparticle after 

different sequential pretreatments with the 1st layer of GC (5.98 × 10-9 mole adsorbed 

per 3 mg of iron oxide); 1st BSA (3.95 × 10-9 mole); 2nd GC (4.49 × 10-9 mole); 2nd 

BSA (4.25 × 10-9 mole); and 3rd GC (4.45 × 10-9 mole).  

 

 

The sequential adsorption values of GC and BSA by 3 mg magnetic iron oxide were 

monitored by UV-visible absorption at 185 and 190 nm, respectively. Apart from the 

larger initial value of GC uptake probably due to unselective binding, the subsequent 

uptakes suggested that the GC and BSA are maintained in nearly 1:1 ratio as shown in 

Figure 15. As a result, the positively charged GC and negatively charged BSA must 

form a stoichiometric complex, and their layer-by-layer depositions beyond 
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monolayer adsorption on a small magnetic vehicle were demonstrated. A separate 

experiment showed that at pH 7.4 the two species when mixed at 1:1 molar ratio 

indeed formed a complex, which lead to a dramatic increase in turbidity, while no 

turbidity change was observed at pH 10.0 and 6.6. 
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Figure 15. Glycol chitosan/ bovine serum albumin titration observed at 400 nm 

wavelength at (A) pH 10.0, (B) pH 7.4, and (C) pH 6.6. 

 

 

Dramatic changes in surface potential of the iron oxide upon adsorptions of GC and 

BSA at a significant quantity clearly suggest the encapsulation of iron oxide by these 

macromolecules must take place at high surface coverage. However, it is not yet 

known whether the encapsulation is homogeneously distributed on the iron oxide 

surface or preferentially taken on certain sites on the nanoparticle (corners, edges, or 

terraces).  
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Figure 16 shows the Fourier transformed infrared spectra of iron oxide immobilized 

GC and BSA. Both free forms of GC and BSA show amide I (1650 cm-1) and amide II 

(1540 cm-1) peaks, but the GC exhibits a unique ether linkage feature (peak at about 

1050 cm-1), while the BSA shows only the two amide linkages. The FTIR spectrum 

for the first layer of immobilized GC on iron oxide showed the ether peak at 1050 cm-

1, accounting for 40.9% of the total area of the three peaks (spectrum A). The 

sequential deposition of first BSA layer reduced the relative ether peak area to 27.4% 

(spectrum B). Depositions of the second layer of GC raised the peak area to 30.6% 

(spectrum C), followed by decreasing to 24.7% upon the second layer BSA deposition 

(spectrum D) and finally 25.7% in the third layer of GC (spectrum E). Although it is 

difficult to correlate the FTIR data with the measured adsorption values (quoted in 

Figure 6) in a quantitative manner, depositions of GC and BSA multilayers reflected 

the sum of the characteristic FTIR peaks of their respective forms. Their relative 

ratios of ether to amide peaks undoubtedly depend on sequential treatments. Therefore 

it is evident that the GC and BSA were successfully encapsulated on the iron oxide 

particle. BSA is a sensitive bovine blood protein can easily subject to a conformation 

change according to a slight change in the environment.(3)  
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Figure 16. FTIR spectra of the encapsulated iron oxide nanoparticle with five 

depositions of alternate GC and BSA at pH 7.4. (A) GC; (B) GC + BSA; (C) GC + 

BSA + GC; (D) GC + BSA + GC + BSA; (E) GC + BSA + GC + BSA + GC. 

 

 

Figure 17a showed the CD spectra which monitor the confirmation of immobilized 

BSA on an iron oxide-GC composite and its native free form. Background of iron 

oxide nanoparticles with and without the GC immobilization is provided. As seen 

from Figure 17b, the free form of BSA clearly displays an α-helix with three 

transitions: π  to ∗π  leads to positive absorption perpendicular to the direction of the 

circular polarized light at 192 nm and transition leads to two negative absorption 

humps due to π  to ∗π  parallel to the circular polarized light at 209 nm and n to π   

transition at 222 nm, respectively. It is interesting to note that the immobilized BSA, 

74.26% 25.74% 

75.26% 24.74% 

69.36% 30.64% 

72.60% 27.40% 

59.11% 40.89% 
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both one- (iron oxide/GC/BSA) and two-layered (iron oxide/GC/BSA/GC/BSA), 

displayed identical negative double humped features as the free BSA, indicative of the 

retention in their conformation at a high degree. In particular, the inner BSA in the 

two-layered nanocomposites did not affect the CD spectra, which suggests its 

coverage by further overlayers (GC/BSA) did not induce much structural alteration. In 

contrast, direct immobilization of BSA either on naked iron oxide at pH 5.5 as shown 

in Figure 17b or on silica-coated iron oxide shown in Figure 18 demonstrates an 

alteration in the BSA conformation.(3) The characteristic three transitions of the α-

helix were diminished due to the immobilization. Notice that the native BSA 

conformation was affected over a wide range of pH. This suggests the present simple 

immobilization is less hostile to the protein than those of direct immobilization on 

inorganic-based magnetic particle surfaces. 
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Figure 17. (a) (upper) Normalized CD spectra at pH 7.4: (A) native BSA, (B) naked 

iron oxide nanoparticles, (C) iron oxide/GC, (D) iron oxide/GC/BSA, and (E) iron 

oxide/GC/BSA/GC/BSA. (b) (lower) Shows CD spectra: (F) native BSA and (G) iron 

oxide/BSA at pH 5.5. 
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Figure 18. Circular dichroism normalized spectra of (A) native BSA and (B) BSA-

bound silica encapsulated iron oxide at pH 7.40 (buffered) showing the smoothing and 

attenuation in the regions of negative absorption of π  to ∗π parallel at 209 nm and at 

189 nm of BSA upon immobilization on silica.(3) 

 

To confirm the retention of the secondary structure conformation of the immobilized 

BSA by this electrostatic entrapment with GC on iron oxide nanoparticles, the binding 

properties of immobilized BSA with small drug molecules compared to native BSA 

were investigated. According to Curry et. al., the BSA protein molecule has two 

clearly defined binding sites for small organic molecules; their binding values were 

highly sensitive to conformation. Accordingly, the binding site of warfarin, shown in 

figure 19, (site I drug) was located in subdomain II and ibuprofen, shown in figure 20, 

and diazepam, shown in figure 21, (site II drugs) in site II of subdomain IIIA.(27) Thus, 

using site I and site II drug molecules, one can differentiate the functionality of these 

two sites by studying their binding constants. The drug binding property of BSA 

clearly reflects its biological activity, which is governed by its tertiary structure. The 

binding affinity between the drug and the protein can be expressed in terms of the log 

K value.(3) The procedure for the measurement of drug binding constant between each 

drug and free BSA was then carried out according to previous reports.(3,30)  
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Figure 19. The molecular structure of warfarin. 

 

 

 
Figure 20. The molecular structure of ibuprofen. 
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Figure 21. The molecular structure of diazepam. 

 

 

As seen from Table 1, the protein-drug binding log K values of one and two BSA 

layers entrapped in iron oxide/GC for all three drug molecules showed almost 

identical log K values to the native BSA within experimental error. This information 

is consistent with the results obtained from CD where no conformation change in 

BSA upon entrapment by iron oxide/GC by this technique was observed. Since the 

quantity of BSA in the two-layer nanocomposites was doubled as compared with the 

single layer, the same drug binding constant obtained clearly implied that the inner 

BSA binds the same way as the single BSA layer without structural alteration (no 

change in CD spectra) and diffusion problem (imposed by the GC). Thus, the 

entrapped proteins within the layers on the composites are still accessible by the small 

drug molecules. In contrast, the deviations in binding constants were apparent in the 

case of the direct immobilization of BSA on silica-coated iron oxide without the GC 

template at pH 7.4, where BSA was unable to attach on iron oxide under this pH 

condition. 
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TABLE 1: Comparison of the Log Binding Constants for Small Drug Molecules of 

One Immobilized Layer of BSA on Iron Oxide (Fe3O4/GC/BSA) and Two 

Immobilized Layers of BSA on Iron Oxide (Fe3O4/GC/BSA/GC/BSA) with Native 

BSA (Literature Values) and BSA with Silica-Coated Iron Oxide.a The protein-drug 

binding affinity is expressed in terms of the log Ka, where Ka is the equilibrium value 

of association at pH 7.4. 

 

 

3.6 Drug binding calculations 
 

The drug binding constants for each drug, diazepam, ibuprofen and warfarin were 

calculated from the drug binding constant expressed in the following equations: 

 

 

Drug\BSADrugBSA →
←+    (7) 

 

 

  (8) 

 

 

A calibration curve was constructed to measure the concentration of the initial and the 

excess drugs and protein. For each drug the calibration curves had shown a straight 

line with strong regression coefficient values between absorbance and concentration 

at characteristic wavelength, which agrees with the Beer-Lambert law.  

 

Name of 

Drug 

Log K 

literature 

value 

Log K 

iron oxide in 

SiOR2 

Log K 

iron oxide 

/GC/BSA 

Log K 

iron oxide 

/GC/BSA/GC/BSA 

Diazepam 4.08P

(28) 4.59 ± 0.05 4.07 ± 0.05 4.05 ± 0.05 

Ibuprofen 4.51P

(29) 3.93 ± 0.05 4.55 ± 0.05 4.53 ± 0.05 

Warfarin 4.46P

(28) 3.91 ± 0.05 4.55 ± 0.05 4.55 ± 0.05 

Ka 

]f[Drug]f[BSA
Drug]\[BSA

×
=

a
K
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Drug]\[BSA][BSA ][BSA

ft
+=      (9)   

BSA]\[Drug][Drug ][Drug
ft
+=      (10) 

 
Both [BSA\Drug] and [Drug\BSA] are the same complexes and so: 
 

Drug]\[BSA][BSA ][BSA
tf
−=      (11) 

BSA]\[Drug][Drug -][Drug
ft
=      (12) 

 
Substituting (10) in (9) the expression above becomes: 
 

])[Drug]([Drug][BSA ][BSA
fttf

−−=     (13) 
][Drug][Drug][BSA ][BSA

fttf
+−=     (14) 

 
Substituting the expression above in (8) the expression becomes: 
 

])f[Drug]t[Drug]t]([BSAf[Drug

])f[Drug -]t([Drug

+−
=

a
K    (15) 

 

 

Where: 

 

Ka  is the affinity constant in dm3mol-1  

[BSAt]  is total BSA in mol dm-3 

[BSAf]  is free BSA in mol dm-3 

[Drugt] is total drug mol dm-3 

[Drugf] is free Drug in mol dm-3 

[BSA\Drug] is the BSA drug complexe in mol dm-3 
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According to the Beer-Lambert law: 
 
 

C A ××= lε         (16) 

lε ×
=

A C         (17) 
 
Where: 

 

A is absorbance in arbitrary unit 
ε   is molar absorptivity in dm3mol-1cm-1 

l  is pathway length in cm 

C is the concentration in moldm-3 

Ab is absorbance before the experiment in arbitrary unit 

Aa is absorbance after the experiment in arbitrary unit 

 

lε ×
= bA

 ][Drug
t

       (18) 

lε ×
= aA

 ][Drug
f

       (19) 

lε ×
= aA

 ][Drug
t        (20) 

 

Drug]\[BSA]f[Drug ]t[Drug =−      (21) 

lεlε ×
−

×
= aAbA

Drug]\[BSA       (22) 

lε ×

−
= aAbA

Drug]\[BSA       (23) 
 
According to equation (11) 
 

Drug]\[BSA][BSA ][BSA
tf
−=  

)
lε

aAbA
(][BSA ][BSA

tf ×

−
−=      (24) 

 
Substituting equation equations (18), (19), and (24) in (15) the expression becomes 
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)aAbA
(]t([BSA)aA

( 

)aAbA
(

lεlε

lεK
a

×

−
−×

×

×

−

=     (25) 

 
The mathematical expression above simplifies to: 
 

)aAbA
(]t([BSA)a(A 

aAb(A

lε

K
a

×

−
−×

−
=

)
    (26) 

 

 

Drug binding constant = -log 
a

K      (27) 

)

)aAbA
(]t([BSA)a(A 

aAb(A
log(constant binding Drug

lε ×

−
−×

−
−=

)
 (28) 
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3.7 Conclusion 
 

In conclusion, it was shown that alternate layer-by-layer depositions of GC and BSA 

can take place on the magnetic iron oxide nanoparticle surface, as evidenced from 

zeta potential, UV-vis adsorption, and FTIR spectroscopy. Thus, the entrapment of the 

protein molecules by aminocarbohydrate polymers through the alternate mild 

electrostatic interactions greater than monolayer adsorption on the magnetic carrier 

was evidenced. The formation of this assembly was pH dependent, a result of which 

the assembled layer could be unstable leading to a cascade release of the protein 

molecules for potential delivery purpose.(31) Preliminary experiment suggested 75% of 

the entrapped BSA molecules can be released from the iron oxide/GC/BSA 

composites to the solution upon acid treatment (pH = 2.5). In addition, circular 

dichroism spectroscopy and binding constant measurements with small molecules 

suggested that the conformation of the entrapped BSA by this new but simple 

immobilization method is still maintained at high integrity. In contrast, direct 

immobilization of BSA on naked inorganic iron oxide or silica-coated iron oxide 

covered with high coverage of strong inorganic oxide or hydroxyl sites (hard Lewis 

and Bronsted groups) altered its secondary structure, which lead to deactivation in 

activity. In terms of potential applications, we present a new strategy to immobilize 

and store protein molecules beyond monolayer adsorption on a magnetic nanoparticle 

surface without much structural alteration. Such immobilization may facilitate the 

transport of protein molecules and maintain biological activity by a nanosize magnetic 

vehicle. 
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4.1 Overview 
 

Here we report, for the first time the synthesis of a magnetic Fe3O4 particle 

encapsulated in porous, photocatalytically active ZnS as a core/ shell structure. The 

average size of the particles is in the nano region with a large surface area to volume 

ratio, giving high catalytic activity. Each particle is stabilised by poly(N-vinyl-2-

pyrrolidone) (PVP) to prevent agglomeration in solution. This synthetic method can 

keep the particles in a highly dispersed colloidal form, which is essential for 

maximizing the UV excitation during photocatalytic reactions. The intrinsic energy 

gap of ZnS between the ground state and excited state is also increased due to the 

synthesised particles in nanometric regime as compared to bulk material. 

Incorporating a magnetic core can clearly facilitate separation, recovery and reuse of 

the composite materials, hence widening the practical applications of ZnS based 

materials. 
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4.2 Introduction 
 

The use of transition metal ZnS based materials in photocatalysis has attracted 

increasing attention over the past few decades. Particularly, the tailoring of size, shape 

and structure of zinc sulphide based materials allows fine-tuning of its 

semiconducting and photocatalytic properties. (1-11) ZnS was one of the most widely 

studied materials for photocatalytic reduction of CO2, (12- 20) photocatalytic reduction 

of toxic halogenoalkanes, photocatalytic production of H2 from water, (21-30) and 

photodegradation of organic pollutants, etc. (31-44) Previous studies clearly indicated 

that the unique photocatalytic effect of ZnS is the result of a rapid and efficient 

generation of electrons and holes over the material upon irradiation than other 

candidates. This photo-catalytic excitation is demonstrated to be more efficient than 

conventional excitation methods such heating or electrical means. Electrons at high 

energy band states of a n-type semiconductor including the ZnS can be generated by 

the photo-excitation in the UV region although the use of visible excitation source is 

mostly preferred. Some studies reported exciting shifts in absorption bands towards 

visible region by doping the ZnS nanoparticle with various metal ions such as Eu3+, 

Ni2+, Mg2+, Cu2+, etc.  (45- 58)  However, the estimated operational cost of using ZnS is 

still very high as the nanosize ZnS is difficult to be recovered, and unprotected ZnS, if 

used is also easily dissolved in solution due to photo-corrosion. Thus, the search for a 

new method in retaining ZnS based nanocatalysts by reversible magnetic precipitation 

in solution could create a major impact in these areas. Furthermore, a porous nature of 

high surface area ZnS layer may be useful to entrap chemicals and biochemicals of 

interests. Such materials and associated technology may find exciting applications in 

chemical and biomedical areas. For example, photo-excitation of radicals over these 

materials to attack target sites i.e. cancer cells in living tissue can be pursued. The 

recovery of ZnS based materials may be achieved by incorporating a 

superparamagnetic centre into the ZnS as a core-shell structure, which is the focus of 

this chapter.  

 

The uses of magnetic nanoparticles in chemical, mechanical and biomedical areas are 

wide ranging. Iron oxide is of particular interests due to its ease availability and have 

been exploited for many applications including ferro-fluids,(59-67) magnetic density 



Synthesis of Fe3O4 in ZnS Nanoparticles 

 114 

storage,(68) magnetic resonance imaging,(69-78) tissue engineering, (79-93) bio-

separation,(94-109) cancer therapy hyperthermia, etc.(110-120) There are two forms of iron 

oxides that can be co-existed at ambient conditions, namely, γ-Fe2O3 (maghemite) the 

most stable form and Fe3O4 (magnetite). Both forms display typical ferromagnetic 

properties, but the maghemite gives a slightly lower magnetic saturation value (Msat) 

when an external magnetic field is applied. As their particle size is synthesised below 

20-30 nm a single magnetic moment exhibiting superparamagnetic behaviour can be 

obtained. This size dependent magnetic behaviour is extensively explored for 

magnetic storage and drug delivery applications. (121, 122)  

 

In this chapter, the study to place iron oxide nanoparticle as a core material in porous 

ZnS is described.  

 

 

4.3 Experimental Section 
 

Preparation of iron oxide nanoparticles: Iron (II) chloride (FeCl2) and iron (III) 

chloride (FeCl3) were purchased from Sigma-Aldrich Chemical Co., USA. Deionised 

water was used in all experiments. Iron oxide nanoparticles were produced by 

precipitation of iron (II) and iron (III) chlorides in aqueous solution with the addition 

of ammonium hydroxide solution following with extensive washings to remove 

impurities prior to their encapsulation in ZnS. The preparation of ZnS nanoparticles 

was carried out using zinc acetate, thiourea, ethylene glycol and poly(N-vinyl-2-

pyrrolidone), see figure 1. PVP (99% purity, MW= 40000) was obtained from Sigma-

Aldrich Chemical Co., USA, without further purification. 

 

The detailed synthesis procedure adopted in this thesis is given as follows: Iron oxide 

nanoparticles were produced by co-precipitation method in aqueous medium 

according to the balanced chemical equation (1). Iron (II) chloride (1.7 g) and iron 

(III) chloride (2.7 g) were dissolved in 200 mL of deionised water at 50 °C and stirred 

for 1 h under a nitrogen atmosphere before the addition of 4 mL of (35% w/w) 

ammonium hydroxide solution. This solution was added in sequential portions (0.1 

mL) over a constant period of time with stirring. The initial yellow/ orange color of 
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the iron (II) and iron (III) solution turned to dark brown precipitate upon the addition 

of 35% ammonium hydroxide solution (4 mL). The solution was allowed to stir for 

further 1 h before it was separated from solution by centrifugation. The nanoparticles 

were washed in deionized water followed by centrifugation three times.  

 

(l)O24H   (s)4O3Fe (aq)8OH 3
(aq)2Fe  2

(aq)Fe +→−++++      (1) 

 

The above experimental procedure was adopted from a published method.(30) ZnS 

nanoparticles were then synthesised by thermolysis of zinc precursor in the presence 

of ethylene glycol. Thus, zinc acetate (6 mmol) and thiourea (12 mmol) were 

dissolved in ethylene glycol (150 mL) and PVP was added as a stabiliser (5.0 g). The 

mixture was stirred until a clear solution was obtained before it was heated to 180 oC. 

The hot solution turned milky white after 5 minutes, indicating the formation of ZnS 

nanoparticles. The temperature of the reaction was kept at 180 ± 3 oC for 7 h. Over 

this time, the colour of the solution became slightly yellow. The mixture was allowed 

to cool to room temperature with stirring and the formed ZnS nanoparticles were 

separated by centrifugation, washed with deionised water and ethanol to remove the 

excess PVP. The ZnS nanoparticles were air dried overnight. 

 

 
Figure 1. Repeated unit structure of poly(N-vinyl-2-pyrrolidone) (PVP). 

  

Nanosize iron oxide in porous ZnS (iron oxide/ZnS) was synthesised by combining 

the two procedures with the first preparation of iron oxide, followed by the 

preparation steps of ZnS. Thus, iron oxide nanoparticles acted as seeds for the 

formation of ZnS material on them as so called ‘seed-mediated growth method’. (123, 

124) The self nucleated ZnS nanoparticle without the iron oxide core can be selectively 
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removed by magnetic means as only the encapsulated iron oxide in ZnS can be 

magnetically precipitated. Diagrammatic representations of the experimental 

procedure are shown in figure 2 and 3. 

 

 
 

Figure 2 shows the first stage in preparation of encapsulated iron oxide in zinc sulphide. The 

step 1) solvent in a round bottom flask A) with ethylene glycol B), step 2) the addition of 

iron oxide nanoparticle C), step 3) the addition of zinc acetate D), step 4) the addition of 

thiourea E) and step 5) the addition of PVP stabiliser. 
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Figure 3 shows the two stage preparation of encapsulated iron oxide in zinc sulphide. The 

step 1) heating the reaction solution in round bottom flask to produce encapsulated iron oxide 

nanoparticle A) and free ZnS nanoparticles B), step 2) separation of encapsulated iron oxide 

nanoparticles from ZnS nanoparticles using a magnet C), step 3) decanting the impure 

solution, step 4) washing the nanoparticles with deionised water and ethanol D) and step 5) 

centrifugation and drying of the sample particles. 

 

A JEOL 3000 XL electron microscope operated at 200 KV and fitted with energy 

dispersive for SAED analysis and X-ray analyzer (Phoenix) for EDX analysis was 

used. The TEM images showed that the average particle size of as-prepared iron oxide 

was 14.4 nm. Similarly, an average 70nm aggregated ZnS and 52.8 nm particles of 

iron oxide in ZnS were also observed. 

 

The samples were also characterised by X-ray powder diffraction (XRD) using the 

Philips XRD diffractometer. Lambda 19 UV-Vis/ NIR spectrophotometer was used to 

collect the UV spectra of all the samples synthesised in this work. 
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4.4 Results and Discussion 
 

The samples of ZnS nanoparticles and iron oxide were synthesised according to the 

methods described. The morphology and structure of the both particles prepared were 

characterised by a TEM technique at both low and high magnifications. The ZnS 

nanpaarticle was prepared by the thermolysis of zinc acetate in the presence of 

poly(N-vinyl-2-pyrrolidone) (PVP). The PVP was added to prevent the aggregation of 

ZnS nanoparticles. The molar ratio of PVP to zinc precursor at 0.06:1 was used 

according to a published study.(30) The iron oxide in ZnS sample was prepared with 

40:1 mass ratio of iron oxide and ZnS. This large ratio was used to ensure the 

homogeneous encapsulation without much self nucleation of the ZnS. 

  

Figure 4a shows the typical TEM image of ZnS nanoparticles and Figure 5a shows the 

corresponding size histogram of ZnS nanoparticles. The average particle size of ZnS 

was 70 nm with a broad size distribution (standard deviation: 11.9 nm). These data 

was based on the measurements of over 300-400 nanoparticles from the 

corresponding TEM images. 
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Figure 4 (a) TEM characterisation of ZnS nanoparticles; (b) iron oxide nanoparticles 

and (c) encapsulated iron oxide in ZnS. 

 

Figure 4b shows the typical TEM image of iron oxide nanoparticles, which indicates 

that the particles were well dispersed with a narrow size distribution. Figure 5b shows 

the particle size histogram of the iron oxide particles. The average size was 14.4 nm 

with a standard deviation of 2.8 nm.  

 

The large differences in size and distribution between these two materials could be 

due to the fact that ZnS is more thermal and photosensitive than iron oxide leading to 

a severe degree of aggregation. It is interesting to note that Figure 4c shows the TEM 

image of encapsulated iron oxide in ZnS as a core/shell structure with the average size 
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of 52.8 nm. Figure 5c reveals that the composite particles are characterised with a 

broader degree of size distribution (standard deviation: 9.05 nm). The average size of 

the ZnS coating on iron oxide appeared to be smaller than those of the ZnS 

nanoparticles. This could be attributed to the introduction of smaller nuclei of iron 

oxide particles to initate the growth of ZnS.  

 

 
 

Figure 5 shows the size distribution of ZnS nanoparticle at a), iron oxide nanoparticle 

at b) and encapsulated iron oxide in ZnS nanoparticle at c). 

 

Selected-area electron diffractions (SAED) of iron oxide and ZnS were presented in 

Figure 6. The SAED concentric rings of ZnS nanoparticles shown in Figure 6a 

indicate a low degree of crystallinity of the highly porous material. The diffraction 

rings were indexed to (100), (002), (110), and (112) planes of ZnS. On the other hand, 

the concentric rings for the iron oxide with some bright spots suggested a highly 

crystalline material, as shown in Figure 6b. The diffraction rings were indexed to 
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(111), (220), (311), (400), (422), (511) and (440) planes of the iron oxides. Figure 6c 

shows the SAED of the encapsulated iron oxide in ZnS, which gives mixed concentric 

rings of the porous ZnS with sharp spots of small crystallites of iron oxide. 

 

 
 

Figure 6 (a) shows the SAED of ZnS nanoparticle; (b) iron oxide nanoparticles and 

(c) encapsulated iron oxide in ZnS. 
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Figure 7, Figure 8a and 8b present XRD patterns for iron oxide, ZnS nanoparticles 

and encapsulated iron oxide in ZnS, respectively. There are seven reflection peaks at 

2θ values of 18.075o, 30.075o, 35.375o, 43.175o, 53.675o, 57.275o and 62.675o in the 

Figure 7 corresponding to (111), (220), (311), (400), (422), (511) and (440) 

diffraction planes of iron oxide, respectively. Theses peaks correspond to the 

magnetite particles with a spinel structure, which is in agreement with the previously 

reported studies.(125- 135) Using the full width at half maximum analysis of the (311) 

peak, the average size of the nanoparticles was calculated to be 15.6 nm from the 

Scherrer equation. This is comparable to the average size of 14.4 nm derived from the 

TEM analysis. Figure 8a presents the XRD pattern peaks of the hexagonal ZnS.(136-145) 

Three major peaks appear at 2θ value of 28.675o, 47.675o and 55.925o corresponding 

to (002), (110) and (112) of the ZnS phase, respectively. Identical XRD patterns for 

iron oxide encapsulated in ZnS were shown in Figure 8b. The XRD peaks for the iron 

oxide were not seen due to the domination of ZnS and the low concentration of iron 

oxide. The size of ZnS particles was estimated from the (002) peak broadening, which 

indicated approximately 2 nm particle size was formed. This value was in agreement 

with those derived from the high resolution TEM images (highlighted as white 

circles) shown in Figure 9a and 9c. The small ZnS nanoparticles with poor 

crystallinity appear to aggregate to form a highly porous of ZnS interconnected 

material.(30) The diffraction patterns of ZnS nanoparticles with and without iron oxide 

core were found to be identical due to the dominant ZnS phase. 
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Figure 7 shows the XRD patterns of iron oxide nanoparticles acquired at room 

temperature. 
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Figure 8 shows the XRD patterns of ZnS acquired at room temperature B) and that of 

encapsulated iron oxide in ZnS at room temperature A). 
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Figure 9 shows the high resolution TEM images of a) ZnS nanoparticle, b) iron oxide 

nanoparticle and c) encapsulated iron oxide in ZnS nanoparticle. 

 

Energy-dispersive X-ray (EDX) analysis of iron oxide showed the presence of the two 

elements, the Fe and O. Similarly, two elements, namely Zn and S were detected in 

the case of ZnS sample. Fe, O, Zn and S were clearly identified in those samples 

containing encapsulated iron oxide in ZnS, as shown in Figure 10. It should be noted 

that C, O and Cu were also present in all samples due to the use of carbon-coated 

copper TEM grid as the sample holder (with oxygen-containing functionalities on the 
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carbon surface). The composition of ZnS particles was estimated to contain 47% to 

53% ratio of sulphur to zinc as compared to the theoretical values of 33.9% to 67.1%.  

The discrepancy was due to the presence of sulphur as a contaminant in the zinc 

acetate starting material that accounted for the higher atomic weight ratio of sulphur 

to zinc. The composition of iron oxide was estimated to contain 63.8% (Fe) to 36.2% 

(O) atomic ratio, as shown in Figure 10b. This ratio of Fe/O was slightly lower 

compared to the theoretical values of Fe3O4 of 72.4% to 27.6%. The higher oxygen 

content in our sample was due to the some degree of air oxidation of magnetite to 

maghemite. Figure 10c shows the EDX spectra of encapsulated iron oxide in ZnS, the 

atomic ratio of iron to oxygen was 50.1% to 49.9% respectively, and that of sulphur to 

zinc was 73.0% to 27.0% respectively as a result of the presence of the sulphur 

contaminant. It was envisaged that the excess S was derived from the use of thiourea.  
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Figure 10 shows the EDX spectra for a) ZnS nanoparticles, b) iron oxide nanoparticle 

and c) encapsulated iron oxide in ZnS nanoparticle. 

 

Further proof of the encapsulation of iron oxide in ZnS was obtained by using the 

attenuated total reflection Fourier transformer infrared spectroscopy (ATR-FTIR). 
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Three major characteristic peaks are shown in Figure 11 A. The broad band located at 

3400 cm-1 can be attributed to the vibration mode of υ (OH) of water adsorbed in the 

porous material. The peaks at 1560 cm-1 and 1450 cm-1 can be attributed to the 

asymmetric and symmetric stretching modes of the carboxylate, which came from the 

use of zinc acetate for the sol-gel synthesis of ZnS. (146) The peaks at 680 cm-1 is 

assigned to the Zn-S bond stretching vibrations, which are in agreement with the 

previously reported value. (147) Figure 11 B shows FTIR spectra of encapsulated iron 

oxide in ZnS, which is similar to that of pure ZnS nanoparticles with relatively lower 

intensity peaks. This shows a successful encapsulation of the iron oxide in ZnS. It is 

noted that iron oxide as a control shows no characteristic peak at the regions of 3400 

and 680 cm-1 in its FTIR spectrum, as shown in Figure 11 C.  
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Figure 11 shows the ATR-FTIR spectra for (A) ZnS nanoparticles, (B) encapsulated 

iron oxide in ZnS, (C) naked iron oxide nanoparticles. 

 

Figure 12 shows the UV spectra of the corresponding three samples. An observed 

peak in Figure 12 a at 190 nm is assigned to the electron transition from HOMO to 

LUMO excitation of nanosize ZnS as compared to the 345 nm of the bulk ZnS due to 

quantum confinement effect in the nano regime.(148) A similar peak also appears but 

with a slight shift to the longer wavenumber for the encapsulated iron oxide in ZnS 

shown in Figure 12 b. On the other hand, pure iron oxide shows no characteristic 



Synthesis of Fe3O4 in ZnS Nanoparticles 

 128 

peaks but a continuous absorption drift due to its opaque optical properties (Figure 12 

c). The characteristic absorption peak of iron oxide in ZnS clearly suggests the 

maintenance of intrinsic optical properties of ZnS in the core/shell structure of iron 

oxide in ZnS. Although we have neither carried out further photocatalytic study for 

this new composite material nor assessing its magnetic recovery due to the time 

constraint of this DPhil work, the novel synthesis is clearly accomplished.   
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Figure 12 shows the UV spectra for (A) naked iron oxide nanoparticle, (B) ZnS 

nanoparticle and (C) encapsulated iron oxide nanoparticle in ZnS. 

 

 

4.5 Conclusions 
 

A simple seed mediated method for the preparation of encapsulated iron oxide in 

porous ZnS is reported in this chapter. The composite nanoparticles are uniform and 

spherical in shape. It is found that such engineered particles can retain the intrinsic 

physiochemical properties of ZnS and can be magnetically separated due to the 

presence of iron oxide. It is anticipated that this new composite can offer a major 

technical advantage over the other ZnS based photocatalysts in recycling the material 

after a photocatalysis reaction by cost effective magnetic means. 
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5.1 BET Surface Area Analysis 
 

5.1.1 Overview 

 

Physisorption of nitrogen was used to determine surface area and pore volume of each 

solid sample at molecular level. The surface area of materials prepared by sol-gel 

methods showed a typical type II isotherm, which was expressed in meter square per 

gram. The data were collected and processed using the Brunauer, Emmett, and Teller 

(BET) technique by Sorptomatic 1990 apparatus and software automatically (1).  

 

5.1.2 Theory 

 

There are two ways that surface adsorption of gas molecules on solid surface can take 

place, namely physisorption and chemisorption. Physisorption takes place at low 

temperature over non specific surface sites with multilayers of adsorbate. Conversely, 

chemisorption of gas molecules on surface is only limited to the maximum of one 

monolayer on specific surface sites, which can take place at high temperatures. 

 

Brunauer, Emmett and Teller in 1938 had developed an extended method based on 

Langmuir theory of multilayer adsorption using nitrogen at 77K. Nitrogen is an inert 

gas suitable for multilayer phsisorption. The equation which presents the BET theory 

is as follows: 
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Where: 

 

P0 Saturation pressure at total pressure of gas absorbed at the experimental 

temperature. 

V Volume of gas absorbed at P 

Vm Volume of gas absorbed monolayer coverage 

C Constant 

 

http://en.wikipedia.org/w/index.php?title=Stephen_Brunauer&action=edit&redlink=1
http://en.wikipedia.org/wiki/Paul_H._Emmett
http://en.wikipedia.org/wiki/Edward_Teller
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Surface area can be derived from the P/P0 values in the range of 0.05- 0.35. However, 

the values of less than 0.05 give a large degree of error in measurement while the 

values above 0.35 reach the multilayer adsorption. The equation above is written in 

form of linear equation y = m x + c. Plot of 
P)V(P

P

0 −
against )

P
P(

0

yields a straight 

line with an intercept of 
CV

1

m

 and a gradient of 
CV
1C

m

− . Both C and VmC can be 

calculated and the surface area of the sample can be deduced using the following 

equation: 

 

22414m

σaNmV
A =  

Where: 

Na is Avogadro constant 

σ is the area of single nitrogen molecules, which is 1.62 nm2 

m is the mass of the absorbent 

 

 

5.1.3 Experimental procedure 

 

Surface area measurement of typical sample in this study was performed by nitrogen 

physisorption to yield the information on pore size and volume of and also the voids 

between the 2D and 3D packed nanoparticles. A typical sample was placed into a 

holder of Sorptomatic 1990 which was operated using N2 at 77 K. About 300 

milligrams of samples was pre-dried under 0.1 torr at 150 oC for 3 hours prior to the 

measurement. 
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5.2 X-Ray Powder Diffraction (XRPD) 
 

5.2.1 Overview 

 

X-ray powder diffraction was used to identify the crystalline phases and estimated the 

average particle size of the sample.  

 

 

5.2.2 Theory 

 

Figure 1 shows a typical X-ray diffractometer for the analysis of crystallographic 

arrangement of a given material. According to Bragg’s law the source of X-ray is 

subject to the solid crystalline material, diffracted waves that are in phase reach the 

detector to give a peak at specific angles. The relative intensity of peaks and the 

specific angles at which these peaks appear are characteristics of the sample when 

compared to database. Highly crystalline materials are suitable for XRPD analysis due 

to the fact that the wavelength of X-ray is comparable to atomic dimension. 

Crystalline materials consist of periodically arranged atoms repeatedly throughout the 

crystal lattices which give mainly a constructive interference with sharp peaks 

illustrated in figure 2. It is assumed that there are no stack faults and point defects in 

the bulk material. Conversely, amorphous materials possess irregular arrangement of 

atoms molecules and ions, which mainly give destructive interference with small 

degree of constructive interference of broad peaks.  
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Figure 1: Schematic representation of powder X-ray diffractometer setup, including 

the parts 1) Tungstun filament, 2) Vacuum, 3) Beryllium window, 4) Copper, 5) Slit, 

6) monochromator, 7) Insident X-ray, 8) Crytal sample, 9) Diffracted X-ray, 10) 

Sample holder disc, 11) Second slit, 12) Secondary monochromator and 13) X-ray 

detector. 
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Figure 2: Illustrates the schematic representation of Bragg equation (not to scale). 

 

Sinθ
OB
AB

=  

OBSinθAB =  

dOB =  

BCAB =  

dSinθAB =  

dSinθBC =  

dSinθdSinθBCAB +=+  

ABCBCAB =+  

2dSinθABC =  

2dSinθnλ =  
ο3604γ4θ =+  
ο360γ)4(θ =+  

ο90γθ =+  
 

The two wave fronts must travel parallel and adjacent to each other, when the two 

wave fronts get diffracted by two adjacent atoms in a line vertically. In order for the 
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two diffracted waves to keep in parallel and in phase one of which must travel an 

extra distance of an integral number of wavelength n. This number n also presents the 

number of adjacent plane of constructive interference and it is taken to be 1. This is 

diagrammatically illustrated in figure 2. Materials such as d-metals are highly 

crystalline materials and amorphous materials such as silica and active carbon, the 

larger the size of the particle the longer the range domains of periodically arranged 

atoms and ions and greater the yield of constructive interference resulting in narrow 

sharp peak. From the broadening of the peak the average size of the weighted particles 

can be calculated using Scherrer equation represented below: 

 

Bθ BCOS
λ 0.9d =  

 

Where: 

λ is the wavelength in Angstrom 

B in the full width at half maximum in radian 

θB Bragg’s angle 

 

Converting degrees to radians can be calculated very easily by the following equation: 

 
ο3602π =  

π
1801

ο
r =  

οr 57.31 =  

57.3
11

r
ο =  

rο 0.01741 =  

 

1rone radian is equal to 57.3 degrees and 1οone degree is equal 0.0174 radians. 
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5.2.3 Experimental procedure 

 

A powder sample was placed to the XRD sample holder of the Phillips FX3000. 

Copper Kα radiation of wavelength 1.54056 Å was used. The angle of scan was from 

3o to 70o with 0.050o increment of a datum collection. The phases were identified 

using the database of the Joint Committee on Powder Diffraction Standards (JCPDS). 

This database contained over 500,000 compounds or materials with their relative peak 

positions and intensities presented. The average size of the crystallite can be 

calculated from a selected peak broadening using Debye-Scherrer equation. 

Instrumental broadening due to electronic and mechanical fluctuations on the 

wavelength generation was taken into account.  Potassium bromide was chosen as a 

reference material. (2, 3) 

 

 

5.3 Ultraviolet and Visible Spectroscopy (UV/ Vis) 
 

5.3.1 Overview 

 

UV Visible spectroscopy is an important technique that is widely used for quantitative 

analysis of chemical specie (solute) in dilute solution. The Beer-Lambert’s law is 

applied to derive the concentration of the solute from absorption value. In this project, 

drug binding constants and the amounts of GC and BSA required to encapsulate iron 

oxide particles were derived (Chapter 3) using the UV/ Vis spectroscopy. 

 

 

5.3.2 Theory (4) 

 

Figure 3 shows the UV-Vis spectrometer setup with all vital parts of the machine. The 

Beer Lambert Law is expressed mathematically as: 

 

lCεA ××=  

ε
lC

A
=

×
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Where: 

ε is the molar absorption coefficient ((Mol L-1)-1cm-1) or ((g/cm3)-1cm-1 

A is the absorption no units 

C is the concentration of the solution Mol L-1 is the path length of the light beam 

through sample cell in cm 

 

 
Figure 3 shows UV and Visible spectroscopy setup including: 1) Deuterium lamp for 

Ultra Violet light source, 2) Tungsten lamp for visible light source, 3) Mirror for 

reflecting lights, 4) Slit 1, 5) Toroidal grating rotate allowing for specific wavelength 

to be selected, 6) Slit 2 allowing specific single monochromatic wavelength to pass 

through, 7) Filter removes higher order of diffracted light beam, 8) Mirror for 

reflecting lights, 9) Half silvered mirror allowing half of the light to pass through and 

reflect the other half, 10) Mirror for reflecting light beam to reference cell, 11) 

Reference cell containing solvent only, 12) Lens for focusing light beam, 13) 

Detector, 14) Mirror to reflect the other half of light beam to sample cell containing 

the solvent and the analyte solute, 16) Sample cell and 17) Detector. 
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5.3.3 Experimental procedure 

 

A drug solution with known concentration was placed into a quartz cuvette and the 

absorbance was measured using the Lambda 19 UV/Vis NIR Spectrometer. The 

buffer solution and the distilled water used in this work were established as blank runs 

in order to minimise the background absorption. The change in drug concentration 

after the treatment with immobilized BSA as described in Chapter 3 was derived. 

 

 

5.4 Attenuated Total Reflection Fourier Transformer Infrared 

Spectrometry FTIR (ATR-FTIR) 
 

5.4.1 Overview 

 

Qualitative and quantitative analyses of organic and biochemical species can be 

determined using infrared spectroscopy in the region of 400 to 4000 cm-1. This 

technique is widely used to identify the presence of amide I and amide II groups in 

protein molecules, aldehydes and ketones in carbohydrates and silanol in silica, etc. 

 

 

5.4.2 Theory 

 

The functional groups of a compound can generate characteristic IR absorption peaks. 

The model of a bond between two atoms can be analogues to a spring connected to 

two spheres at each end. The bond or the spring vibrates at different energy depending 

on the mass of the bonded atoms (masses of the spheres) and the strength of the bond 

(the stiffness spring) is related to the following mathematical equation: 
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μ
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1υ =  
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=  
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Where: 

υ is the frequency of vibration in Hertz or s-1 

c in the speed of light in m/s 

µ is the reduced mass Kg 

π is the pie constant 

k is the spring constant of the bond N/m 

ma is the mass of the a bonded atom 

mb is the mass of the b bonded atom 

F is the restoring force of the spring in N 

x is the displacement of spring from on end to its equilibrium position m 

 

Each bond vibrates at a particular frequency, which allows it to be identified and for 

historical reasons the frequency of vibration is expressed in terms of wavenumber in 

cm-1 and it is proportional to frequency.  

 

An IR beam passes through the pathway to interferometer consisting of beam splitter 

and two mirrors that are right angles to each another. This produces interferogram that 

gives the intensity of the infrared radiation at different frequencies simultaneously 

before it passes through the sample and into the detector. The signal from the 

interferogram is decoded mathematically using Fourier transformation technique that 

gives the log of the relative intensity of initial intensity to the transmitted for the 

individual frequencies, which produces a plot of absorbance against wavenumber. 

Some frequencies are absorbed more than others depending on what bonding present 

in the molecules. The sample holder is made of diamond, which protects the zinc 

selenide layer below. The zinc selenide layer is used to amplify the infrared signal and 

also acted as a medium with high refractive index to achieve attenuated total 

reflection. This allows the sample to be analysed in solid or liquid state without 



Analytical Techniques 

 149 

further preparation. The laser beam is reflected to the surface of the sample before 

being reflected by the upper mirror and guided to the detector by a second mirror, as 

shown in figure 5.5. A blank run is performed before the sample run, this is to reduce 

if not eliminated background absorbance of air and other media used to dissolve the 

sample solute. There are different types of sample holders for different types of solid 

crystals and liquid samples. A cover is provided for liquid sample to prevent any 

possible evaporation. Figure 4 shows a diagrammatic representation of the Fourier 

transformed infrared radiation and the attenuated total reflection sample cell holder, as 

shown in figure 5. 

 

 

 
Figure 4  shows Fourier transformer infrared including, 1) Electric heater and 

reflective capsule for infrared source, 2) Mirror for reflecting beam, 3) Half silvered 

mirror for beam splitting, 4) Fixed mirror, 5) moveable mirror, 6) Reflecting mirror 1, 

7) Reflecting mirror 2, 8) Sample holder, 9) Infrared detector, 10) Filter panel 

removing dust and moisture and 11) Interferogram. 
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Figure 5 shows Attenuated Total Reflection (ATR) sample holder section, 1) 

Reflecting mirror 1 bending the infrared beam, 2) Reflecting mirror 2 for bending 

beam to surface, 3) Diamond window to protect zinc selenide window 6), 4) Sample 

drop to analyse, 5) Sample holder compressor, 6) Zinc Selenide window, 7) 

Attenuated total reflection optical pathway, 8) Reflecting mirror 3 to bend infrared 

beam back to the instrument 9) Reflecting window bending infrared back to it original 

path. 

 

 

5.4.3 Experimental procedure 

 

In this study, a selected sample prepared for the ATR-FTIR spectroscopy was 

dispersed in water at 1 mg/ mL concentration. A homogeneous solution was ensured 

with sonication treatment at 50 Hz for 15 minutes at room temperature. The FTIR 

instrument was connected to a heated regulator called the Golden Gate. The sample 

was pre-heated at 70 oC and dried after placing few drops of the solution onto the 

diamond window. Blank run was collected under the same conditions but without the 

sample. The sample was analysed from 600 to 4000 cm-1 at 4 cm-1 resolution for 110 
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scans. The same number of scans was performed for the blank run in order to obtain 

meaningful and reliable spectra for each sample. 

 

 

5.5 High Resolution Transmission Electron Microscopy (HRTEM) 
 

5.5.1 Overview 

 

The particle shape, size and distribution in a typical sample can be visualised using 

high resolution transmission electron microscopy (HRTEM). The obtained lattice 

fringe distances and inter-planar angles can also allow phase identification. Materials 

with high electron density are suitable for this microscopic technique and low electron 

density amorphous material can be seen as they appear with light shades. 

 

 

5.5.2 Theory 
 

Similar to optical microscopy electron microscopy works under a very similar 

principle, which are shown in figure 5.2. Instead of using visible light in the case of 

the optical microscope high energetic electron beam is used in the electron 

microscope. The highly intense electron beam is produced by passing a high voltage 

to a heated filament. The energy of electron is in the range of 100-200 keV under high 

vacuum closed system of 10-6 mbar and the point to point resolution of the electron 

microscope can reach below 1.94 Å. (5) The interior part of an electron microscope 

can be seen in figure 6. (6) As the electron beam hits on a sample, back scattering of 

electrons at an angle can take place as result of mutual repulsion between the 

negatively charged electrons with the electron dense material of the sample.  

Secondary electron scattering could also take place. X-ray radiation can occur due to 

electron ionization to the higher energy level as a result of electron collision, leaving a 

vacant positive hole for electrons in the subsequent higher energy to occupy. The 

energy difference between the two energy levels librates X-ray or electrons could 

penetrate the sample with sufficient energy in area where there are voids and gaps. 

This is shown diagrammatically in figure 7. (7) HRTEM allows high resolution 
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imaging of individual nanoparticle where their crystallographic phases can be 

identified and the distance between layers within single crystal phase called fringes 

can be measured and closely compared with that given by the X-ray crystallography. 

 
Figure 6 shows optical microscope, A, closely compared with electronic microscope 

B. The diagram shows the parts inside each microscope including: 1 high voltage 

input, 2 electron gun LaB6 for electron source in electron microscope, 3 light bulb for 

light source in optical microscope, 4 aperture in both microscope, 5 condensers in 

both microscope, 6 specimen compartment to contain the analysed sample in both 

microscope, 7 objective lens in both microscope, 8 aperture in electron microscope, 9 

intermediate electron lens in electron microscope, 10 projector in optical microscope, 

11 aperture in electron microscope and 12 electron projector lens in electron 

microscope. 
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Figure 7 shows the possible interaction between primary electron beam 1) and sample 

carbon/copper grid 2) in electron microscope. A) Electron back scattering, B) Angular 

electron scattering, C) Secondary electron scattering, D) Electron beam penetration 

and X-ray radiation E).   

 

 

5.5.3 Experimental procedure 

 

Both the JEOL2000FX and JEOL 2010 electron microscopes operated at 200-300 kV 

with point to point resolution of about 1.94 Å were used to analyse the samples in this 

project. A suspension (0.1 mg in 1mL organic solvent) for each sample was prepared 

and sonicated at 50- 60 Hz for 15 minutes, followed by placing 2-3 drops of the 
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sample suspension onto a copper grid. The grid was made up of 300 copper grid bars 

covered with a holy thin carbon film as support. The solvent was allowed to evaporate 

before the dried sample on the Cu grid was loaded into the chamber of the microscope 

under a high vacuum. 

 

 

5.6 Thermal Gravimetric Analysis (TGA) 
 

The TGA technique can provide qualitative and quantitative assessment of the thermal 

stability of a solid sample under specified conditions. The change of sample weight 

with respect to programmable increase in temperature is recorded. 

A sample typically, 10- 20 mg was placed in a nitrogen atmosphere. The flow of 

nitrogen gas was set in two directions, one projected vertically down at 40 mL/min 

and the other projected horizontally out at 60 mL/min. The horizontal flow of nitrogen 

must be sufficiently higher than the vertical flow to prevent extra weight applied to 

the sample crucible introducing artefacts to the result, damage to the weighing string 

and to ensure the removal of volatile chemical that are corrosive to the instrument to 

escape. A diagrammatic illustrating a thermal gravimetric analyser with all vital parts 

is shown in figure 8 and with sample furnace shown in figure 9. This technique is 

often used to adsorbed organic molecules on the surface of metal nanoparticle such as 

carboxyl, amine and hydroxyl groups, etc. 
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Figure 8 shows a typical thermal gravimetric analysis setup inside out. The picture 

was taken from thermal analysis (TA) instrument. 
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Figure 9 shows a typical thermal gravimetric furnace setup inside out containing the 

sample crucible. A) Balance purge, B) Furnace housing, C) Furnace, D) Furnace 

Purge and E) Sample pan.  

 

 

5.7 Vibrating Sample Magnetometry (VSM) 
 

5.7.1 Overview 

 

This technique used for a wide verity of materials that respond differently under the 

change of external magnetic field including diamagnetic, paramagnetic, 

ferromagnetic, ferrimagnetic, anti-ferromagnetic and super-paramagnetic materials. 

The instrument was first designed by Simon Foner in 1956. (8) 
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Our samples were tested at the Centre for Nanodestructive Evaluation and Ames 

Laboratory in Iowa State University, USA. 

 

5.7.2 Theory 

 

A magnetic moment can be induced to a sample upon application of a constant 

external magnetic field. The sample is magnetised by the magnetic field which in turn 

by the magnetic domain’s alignment with the field. The induced magnetic domain is 

created due to the alignment of individual magnetic spins in solid with the external 

magnetic field. The stronger the external magnetic field the larger the magnetisation. 

Piezoelectric vibrator attached to the sample causes it to vibrate in sinusoidal motion. 

This generates sinusoidal electric signals, which are detected by coils. The amplitude 

of this signal is equivalent to the frequency of vibration in motion and its magnitude.  

A diagrammatic VSM setup is shown in Figure 10. 

 

 
Figure 10 shows VSM setup with essential parts including: 1) piezoelectric vibration 

unit, 2) pick up coils, 3) external magnet and 4) sample holder.  
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5.7.3 Experimental Procedure 

 

A typical sample in powder form was placed in a plastic tube in a secure fixed place, 

which was to prevent the displacement or the realignment of individual dipole 

moment with respect to the coil. The sample holder was weighed and filled with 

sample particles and reweighed to work out the weight of sample inserted. The VSM 

model 4500 Princeton Applied Research with 7000 Oersted external applied magnetic 

field was employed.  

 

 

5.8 Superconduction Quantum Interference Device (SQUID) 
 

This instrument is used to measure the magnetic moment of materials with the highest 

sensitivity operated at very low current to voltage ratio and nearly absolute zero 

temperature. The equipment can adopt two modes of measurements, direct current 

(DC) and alternating current (AC). Using a very small quantity of sample for the 

measurement there is almost no interference from the heat change due to the electron 

interaction with the vibrating crystal lattice. But, this can be significant in VSM where 

larger amount of sample is needed due to its intrinsic low sensitivity. A uniform 

magnetic field in the range of 5- 18 Tesla is produced in the SQUID by a 

programmable bipolar power supply. The uniform magnetic field is set to align with 

an axial cylindrical bore of a superconducting detection coil, which is an essential 

component of the SQUID. When an external magnetic field is applied to the sample, 

an induced magnetic field from the sample is created and measured. Figure 11 shows 

the schematic of a SQUID with a superconducting loop immersed in liquid helium 

around a sample capsule.  
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Figure 11 shows superconducting loop in superconducting quantum interference 

devices (SQUID) with the following parts, 1) Sample straw, 2) Sample capsule, 3) 

Sample coil, 4) Superconducting loop, 5) Josephson junction, 6) Liquid helium, 7) 

Magnetic field direction, and 8) Direction of electric current. 
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5.9 Zeta Potential 
 

Zeta potential is the potential created at the interface of double charged layers on a 

colloid surface. Charged particles in colloidal systems possess double charged layers. 

Between the doubly charged interfaces there are two types of layers, a fixed plane 

called Stern layer and a dynamic layer entitled Nernst diffused layer. At the first 

surface of the particle, the charge is the strongest to hold the oppositely charged 

species in a fixed position. However as this charge propagates to outer layers, this 

becomes weaken with a higher surface area as a result of extended volume. The 

electrostatic interaction is relatively weak, which results in weakly held oppositely 

charged species. Figure 12 illustrates the fixed Stern layer and the diffused Nernst 

layer. 

  

 
Figure 12 shows the A) colloidal particle such as iron oxide, B) Stern fixed layer 

surrounding the iron oxide particle, C) Nernst diffused layer, D) layer boundary 

between Stern layer and Nernst layer, E) solvent (water) molecules and F) layer 

boundary between Stern layer and the surrounding water molecules. 



Analytical Techniques 

 161 

The magnitude of zeta potential of particle depends critically on the external pH 

value. At lower pH the colloid surface is covered with excess of positive charge and at 

higher pH there are excess negative charged hydroxyl groups. By varying the pH 

values the colloid particle passes through a neutral point called isoelectric point (IE) 

where the kinetic mobility of the particle is almost zero. This isoelectric point is very 

difficult, near to the impossible, to define experimentally and can only be derived by 

extrapolating from either positive point to negative point or the vice versa. 

 

The zeta potential of colloidal particles can be calculated theoretically from the 

mathematical expression given below: 

 

D
ν4π

ζ εη
=  

 

Where: 

η is the viscosity of solvent in Pa.s or kg/(m.s) 

νε is the electrophoresis mobility of colloidal particle C² N−1 m−2  

ζ is the zeta potential of particle in mV 

D is the dielectric constant of solvent in no units 

 

Figure 13 shows the schematic equipment for the zeta potential measurement where a 

typical sample is placed in a special sample holder. Measuring electrophoresis 

mobility of a particle, viscosity and dielectric constant of a solvent system allow the 

zeta potential to be evaluated. The dielectric constant or permittivity is a constant that 

indicates how easily a material can be polarized by electric field compared to vacuum 

as insulating material; this is mathematically expressed as the ratio of permittivity of 

the material to that of vacuum in the equation below 
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o

s

ε
ε

D =  

Where: 

D is the dielectric constant in no unit 

εs is the static permittivity of the material in J-1C2m-1 

ε0 is vacuum permittivity in J-1C2m-1 

 

A Malvern instrument, the Malvern Zeta Master is equipped with a helium-neon laser 

light source to measure the electrophoresis mobility of colloidal particles. In this 

instrument, two coherent waves of red light are sent across the capillary cell at 

stationary level. Electric field is applied to the sample in suspension. The sample 

particles migrate as a result of attraction by the opposite charge applied by the electric 

field. This induces frequency of fluctuation, which depends on the mobility of the 

particle. The sample scatters the red laser beam as it passes across. When the scattered 

beam reaches the photomultiplier detector, the signal can then be processed by digital 

collector. (9) Figure 14 shows the Malvern instrument with the built-in zeta 

potentiometer.  
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Figure 13 shows the sample cell with important parts including: A) Cap cell, B) 

Sample inlet, C) Anode electrode, D) Cathode electrode, E) Positively charge ion, F) 

Negatively charge ion, 1) Positively charged ion migrate to negatively charged 

electrode cathode and 2) Negatively charged ion migrate to positively charged 

electrode anode. 
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Figure 14 shows the zeta-sizer potentiometer with following vital component: A) 

Laser at high energy of 1015 Hz, B) Beam splitter, C) Attenuator, D) Sample cell, E) 

Reflecting mirror, F) Compensating optics, G) Reflecting mirror, H) Combining 

optics, I) Detector and J) Sample compartment.   

  

 

Zeta potentials were measured in this thesis including iron oxide, silica, GC, BSA and 

encapsulated GC and BSA using the Malvern Zeta Master. (10) The samples were 

placed at different pH valued solutions ranging from 3.0-11.0 and the zeta potential 

values were measured for each pH value when sufficient equilibrium time (5 mins) 

was given. 
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6.1 Conclusion 
 

There are a number of conclusions I would like to make after the completion of my 

DPhil research. First, it has been long known that nano size iron oxide particles can be 

used as magnetic vehicles for chemicals or bio-chemicals for a wide range of new 

applications but it is challenging to ensure that the immobilisations can be done 

effectively. In this DPhil study, I demonstrate some simple and cost effective methods 

for the preparations of encapsulated iron oxide with biological species and materials 

with catalytic and optical interests using sol-gel, layer by layer and Ostwald ripening 

techniques, etc.  

 

It is well accepted that magnetic nanoparticles can have many exciting applications in 

biomedical and electronic areas. In this thesis, it is however, clearly shown that 

extensive interaction of small magnetic particles with the biological molecules could 

partially or completely denature the attached biological materials. Thus, it is not 

recommended to mix the two materials directly. As a result, magnetic iron oxide 

nanoparticle encapsulated in porous SiO2 is therefore developed to entrap the 

biological and organic materials for the applications in the areas of cancer treatments 

and toxic pollutant degradation treatments, respectively. Also, in this work, I 

demonstrate the encapsulation of magnetic material in soft organic based materials 

GC and BSA. Using these composites there is no attenuation in the binding values of 

the water soluble drug molecules such as diazepam, ibuprofen and warfarin, etc. with 

the immobilised BSA. This method may open up the materials to be used as contrast 

enhancement agents in MRI. In addition, using the same methodology it is possible to 

encapsulate other biological or non-biological materials for the fine tune of specific 

applications. This technique should allow wider scopes for bioinorganic 

nanotechnology applications. 

  

Another new method to encapsulate magnetic materials in porous ZnS via Ostwald 

ripening using thermal decomposition method is also developed in this DPhil 

research. It is shown that iron oxide nanoparticles as ‘seed nuclei’ can be used to 

initiate the growth of ZnS over-layer. It has been well documented that the use of ZnS 



Conclusion 

 169 

photocatalytic materials in waste treatment is expensive and offers low efficiency due 

to the difficulty in their separation from product solutions. I show in this thesis that 

incorporation of a magnetic core into the ZnS can ensure regeneration of the 

composite material by magnetic separation for a longer life span. The combination of 

magnetic and photocatalytic properties was never exploited before this work and this 

approach may extend the application of magnetic nanoparticles to the area of energy 

research using photoactive ZnS based materials. Using this method different types of 

semiconducting and photocatalytic materials to encapsulate magnetic core materials 

can also be envisaged. 
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Appendix 1= List of chemical 
 

Name of chemical Name of 

company 

Purity of chemical Quantity 

Iron (II) chloride Sigma-Aldrich 99% 250 g 

Iron (III) chloride Sigma-Aldrich 97% 1  kg 

Ammonia solution Fisher Scientific 35% 2.5 l g 

Zinc acetate Aldrich 99.99% 25 g 

Glycol chitosan Sigma ≥ 60% 1 g 

Bovine serum albumin Sigma 99% 25 g 

Cetyltrimethyl 

ammonium bromide 

Sigma ≥99% 100 g 

Tetraethyl ortho 

silicate 

Aldrich ≥99.0% 250 ml 

Dipotassium hydrogen 

phosphate trihydrate  

Sigma-Aldrich ≥99.0% 500 g 

Potassium dihydrogen 

phosphate 

Sigma ≥99.0% 500 g 

Diethylene glycol Sigma ≥99.0% 500 ml 

Toluene Sigma-Aldrich ≥99.9% 1 l 

Thiourea Sigma-Aldrich ≥99.0% 500 g 

Polyvinylpyrrolidone 

(Mw= 40000)  

Sigma-Aldrich 99.% 100 g 

Diazepam Sigma - 100 mg 

Ibuprofen Aldrich 99% 1 g 

Warfarin Fluka - 10 g 

Ethanol Fisher Scientific - 500 ml 

Hydrochloric acid Fisher Scientific 32% 2.5 l 

Sodium hydroxide Sigma-Aldrich 99.99% 100 g 
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