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1 Introduction 

The demanding needs coupled with a rapidly changing lifestyle and curiosities of the 

society have been the driving forces for developing novel materials with advanced 

functional properties. The rapid technological advancement in several fields is a direct 

consequence of such driving forces. One such field that is exponentially improving trends 

and gaining prominence is the nanotechnology; owing to the size-dependent properties, 

high surface area, and applicability of the nanoscaled materials.  

The urge for developing new nanoscaled materials is paralleled by attempts to 

develop new techniques to produce them. Nature has ever been an inspiration for mankind 

to design and develop new materials and novel methods. It has been serving as a treasure-

trove of concepts and ideas which has been jubilantly enjoyed and exploited by 

researchers of all disciplines. 

Some of the creations in nature have fascinated mankind owing to their functional 

values paired with aesthetic values. One such creation are the biominerals which are 

abundantly found in nature with fascinating shapes and colors and have been optimized by 

the evolutionary process to perform unique functions. The complex yet intriguing 

architectures over several hierarchy levels in combination with superior functional 

properties and how nature builds them are very often far from imagination of mankind. 

These are the principle reasons that these objects are looked upon as inspiration by 

researchers from various fields of interests. The field of “biomineralization” has been the 

focus of interest for several decades to unravel the mysteries entangling these fascinating 

objects. To learn the underlying concepts of the natural processes and applying these 

concepts to produce advanced functional materials as well as mimicking the process itself 

to synthesize some of these biological architectures are the driving forces for the rapidly 

developing field called “biomimetic or bio-inspired materials syntheses”.[1, 2] 

The main aim of the present work is to conceptually mimic the biomineralization 

process to synthesize polymer/hydroxyapatite (bone mineral) nanoparticles for tissue 

engineering applications. A very important lesson that is learnt from nature is that nature 

prefers the easiest path in constructing complex structures involving several hierarchical 

levels by adapting some physico-chemical construction principle (explained in the second 

chapter). Several synthetic strategies aimed to implement the lessons learnt from nature 
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into the in vitro syntheses has led to the use of interesting approaches such as employing 

templates for mineralization, soluble additives as crystal growth modifiers, etc. The use of 

templates for mineralization is a very fruitful strategy as it not only allows the synthesis of 

interesting materials but also sheds some light for a better understanding of the underlying 

biomineralization concepts. For these reasons, templates based on supramolecular 

assemblies such as micelles, self assembled monolayers (SAMs), Langmuir monolayers, 

and polymeric nanoparticles have been exploited. 

Although the concept of using polymeric nanoparticles as template for synthesizing 

inorganic materials [3, 4] is very much enticing and promising, it is still in its infancy with 

respect to several terms and conditions. To start with, it critically demands a technique that 

can produce stable nanoparticles with well defined properties and is versatile enough to 

tailor the template nanoparticles with respect to applications, for instance tuning of the 

nanoparticle size and flexibility of choice of materials being used. One such technique 

which facilitates the synthesis of nanoparticle in a simple straight forward route taking into 

account the above mentioned criterions along with other advantages is the miniemulsion 

technique. 

The miniemulsion technique is thoroughly enjoying a fortified position in the 

synthesis of nanoparticles and nanoparticle hybrids.[5] Briefly, the miniemulsion technique 

involves the use of high shear devices to generate small, homogeneously stable droplets of 

monomers or precursor materials. The latter can be transformed to polymer latexes via 

different types of polymer reactions, with the particular identity being retained without any 

serious exchange kinetics being involved. In principle, each of the miniemulsion droplets 

can be treated as an individual entity or a nanoreactor which practically opens the door for 

the fabrication of novel materials for a wide range of applications. The versatility of the 

technique can be evidenced from the possibilities offered by this technique to perform 

reactions which are pragmatically limited by other heterophase polymerizations.[6] 

In this work, nanoparticles synthesized via the miniemulsion process are employed as 

template for the biomimetic mineralization of hydroxyapatite. The versatile technique 

allows the fabrication of polymeric nanoparticles by the polymerization of respective 

monomers as well as by using the preformed polymers (natural as well as synthetic 

polymers). While gelatin, a natural polymer and aliphatic polyesters as biodegradable 

synthetic polymers were exploited as preformed polymers, a biocompatible copolymer 
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comprising of poly(styrene-co-acrylic acid) obtained by the copolymerization of the 

respective monomers was used for the formulation of nanoparticles. Subsequently, all 

these formulated polymeric nanoparticles were used as templates for the calcium 

phosphate mineralization in the aqueous phase. The resulting hybrid nanoparticles have a 

high potential in the field of tissue engineering. They could be applied as scaffolds for the 

nucleation and subsequent growth of new bone material or as regenerative fillers for bone 

defects or as coatings on implants to reduce immune response. They could be applied 

directly into the damaged part or administered intravenously. The concept of using gelatin 

nanoparticles for the growth of hydroxyapatite nanocrystals was initiated by preliminary 

experiments few years ago.[7] 

The structure of this dissertation work is organized as follows. In chapter 2, an 

introduction to the miniemulsion technique is given followed by an overview about 

biomineralization and biomimetic mineralization in relevance to this work. In chapter 3, 

the analytical techniques that were mainly used in this study are briefly introduced 

followed by the experimental section. The major part dealing with results and discussions 

is presented in chapter 5 which is subdivided into four subchapters. The first subchapter 

involves the syntheses and optimization of gelatin nanoparticles which are subsequently 

exploited as templates for the biomimetic mineralization of calcium phosphate. The third 

and the fourth subchapters involve the use of surface-functionalized and biodegradable 

polymeric nanoparticles as templates, respectively. The conclusions are presented in 

chapter 6.  
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2 Theoretical section 

2.1 Heterogeneous system 

A heterogeneous system comprises of distinct components or phases coexisting 

together with phases being separated by boundaries. A two component system can be 

viewed as the one consisting of two immiscible phases where one is the continuous phase 

or dispersion medium and the other is the dispersed phase. The dispersed phase demands 

an immiscibility or insolubility in the continuous phase. Several familiar colloidal systems 

such as fog, mist and smoke (dispersions of fine liquid droplets or solid particles in a gas-

aerosols), milk (a dispersion of fine droplets of fat in an aqueous phase-emulsions), jellies 

(dispersion of macromolecules in liquid-gels), paints and slurries (dispersion of fine solid 

particles in a liquid medium-sols or suspensions) are well known examples of simple two 

component system colloids. Polymer dispersions are such two component systems where 

the polymer in the form of stable individual particle is finely distributed in a liquid 

dispersion medium. Irrespective of the physical state of the polymer (being solid or highly 

viscous liquid), it is necessary that the polymer is insoluble in the liquid forming 

continuous phase. 

Heterophase polymerization can be a generic term used to describe several techniques 

such as suspension, emulsion, and dispersion polymerization to produce polymer 

dispersions. 

The surfactants play a significant role in the heterophase polymerization. A surfactant 

(surface-active agent) is a substance that when present at low concentration in a system, 

can adsorb to the surfaces or interfaces of the system and has the ability to alter the  

surface or interfacial free energies of those surfaces (or interfaces) considerably.[8] While 

the term “interface” indicates a boundary between two immiscible phases, the term 

“surface” denotes an interface where one phase is a gas, usually air. The surfactants are 

amphiphilic in structure consisting of two parts: one part is strongly solvent attractive-

lyophilic (hydrophilic in aqueous phase) and the other part is lyophobic (hydrophobic in 

aqueous phase). The hydrophobic group is usually a long chain hydrocarbon residue and 

the hydrophilic group is an ionic or highly polar group. The hydrophilic surfactants are 

further classified into ionic and non-ionic surfactants. In the case of ionic surfactants, the 
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surface-active portion can either bear a negative (anionic), positive (cationic) or both the 

charges (zwitterionic). While the ionic surfactants offer electrostatic stability, the non-

ionic surfactants offer steric stability. 

Emulsions are seen as dispersed systems with liquid droplets (dispersed phase) in a 

liquid (continuous phase). Depending on the continuous phase being aqueous or organic 

solvent, emulsions are classified as direct (oil in water-O/W) in the former and inverse 

(water in oil-W/O) emulsions in the latter. Emulsions can be further classified as 

macroemulsions, miniemulsions, and microemulsions based on the stability, interfacial 

tension, and size of the droplets (dispersed phase). The amount of surfactants used also 

varies depending upon the systems. 

Macroemulsions are kinetically stabilized systems, containing large monomer 

droplets in the size range of 1-10 µm in diameter stabilized by surfactants along with 

empty or monomer swollen micelles coexisting in the initial state. During the 

polymerization process, the oligoradicals formed from the slightly water soluble monomer 

units by the water soluble initiator enter the micelles to form particles. The growth of the 

polymeric particles is sustained by the further diffusion of monomer from the large 

droplets to the micelles through the water phase. Particles of 100 nm in diameter are 

formed. Due to the increase of the interfacial area, the surfactant adsorbs in the formed 

interfaces and the surface tension of the latex increases with polymerization. Here, the 

final latex particle does not correspond to the primary emulsion droplet. 

Microemulsions are spontaneously formed and thermodynamically stable systems. 

They demand very high amounts of surfactant or surfactant mixtures and possess a very 

low interfacial tension at the o/w interface (close to zero). The resulting final size of the 

droplets varies from 10-100 nm. The polymerization starts from a thermodynamically 

stable state. Usually the radical enters the monomer swollen micelle, and reacts with the 

monomer to form a polymer chain. The monomer diffuses from the other monomer 

swollen micelles, which serve as monomer reservoirs for the growth process. As the 

initiation cannot be achieved simultaneously in all the droplets, the formation of polymer 

chains does not take place in all the droplets at the same time. This discrepancy leads to a 

thermodynamic non-equilibrium state resulting in a broad particle size distribution in the 

latexes. The high amounts of surfactant lead to a complete coverage of particles and there 

coexists lot of empty micelles at the end of the polymerization process. The interfacial 
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region in case of microemulsions is highly flexible either to permit the large curvatures 

required to surround exceedingly small droplets or to allow the switch between oil-

continuous to water-continuous structures which is a characteristic of microemulsions.[8] 

Also, the fragile microemulsions are usually destabilized during the polymerization 

process on account of the osmotic and elastic influence of the chains and this can influence 

the particle size, the formation of empty micelles, and secondary nucleation. 

In miniemulsions[9], the droplets are critically stabilized and require high shear rate to 

reach a steady state. The droplet size can be conveniently tuned from 50-500 nm. The o/w 

interface energy in a miniemulsion is significantly larger than zero and the effective 

concentration of the surfactant in the continuous phase is below critical micelle 

concentration (cmc). The surface coverage of droplets by surfactant molecules is 

incomplete. The droplet size before and the particle size after polymerization are preserved 

as it is ideally a 1:1 copying process and the droplets are the primary locus of initiation of 

the polymer reaction. The identity in size before and after polymerization has been proven 

by SANS measurements.[10] In terms of stability of the emulsions and size of the resulting 

particles, miniemulsions are in between macroemulsions and microemulsions. As the 

miniemulsion technique forms the basis for production of nanoparticles in this work, an 

overview will be given in the coming sections. 

2.1.1 Miniemulsions 

The general concept of miniemulsions can be viewed as a process in which a 

heterophase system containing oil, water, a surfactant, and a hydrophobe, is subjected to 

constant fusion and fission processes by application of high shear in order to generate 

small, homogeneous, and stable droplets of precursor materials. The latter can be 

transformed to final polymer latexes via polymer reactions, keeping the droplet’s 

particular identity without any serious exchange kinetics being involved. The versatility of 

this technique can be realized considering the possibilities offered to synthesize different 

kinds of polymeric and inorganic nanoparticles for different applications.[5, 6] 

The emulsification process includes firstly the droplet deformation and disruption, 

which increase the specific surface area of the emulsion and secondly the stabilization of 

these newly formed interfaces by surfactants. The formation of the submicron droplets is 

accomplished by placing a coarse binary emulsion containing the continuous phase, the 
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dispersed phase, and the surfactant in a high shear field offered by high-force-dispersion 

devices such as ultrasonication (for small quantities) or high pressure homogenizers (for 

large quantities).  Such homogenization devices are used in order to achieve a high energy, 

significantly higher than the difference in surface energy γ∆A (where γ is the surface or 

interfacial tension and ∆A the area of the newly formed interface), since the viscous 

resistance during agitation absorbs most of the energy and creates heat.[11, 12] 

The polydispersity of the droplets is quite high in the beginning of the 

homogenization. Due to the constant fusion and fission processes, the polydispersity 

decreases and the miniemulsion reaches a steady state.[13]. The droplet’s surfaces are 

incompletely covered by surfactant molecules, and as a result of this, no micelle formation 

in the continuous phase occurs. Hence the miniemulsions soon after the homogenization 

are called “critically stabilized”.[13, 14] 

Miniemulsions depending on the continuous phase being aqueous solvent or organic 

solvent can be classified as “direct miniemulsions” in the former and “inverse 

miniemulsions” in the latter case. The scheme illustrating the principle of the 

miniemulsion process for direct miniemulsion is presented in Figure 2.1-1. 

Surfactant
Aqueous phase
Oil phase (+ ultrahydrophobe)

Two phase system Macroemulsion Miniemulsion

stirring ultrasonication

Surfactant
Aqueous phase
Oil phase (+ ultrahydrophobe)

Surfactant
Aqueous phase
Oil phase (+ ultrahydrophobe)

Two phase system Macroemulsion Miniemulsion

stirring ultrasonication

 

Figure 2.1-1. Principle of the miniemulsion process. 

2.1.2 Stability of miniemulsions 

For a stable miniemulsion, it is necessary that the Ostwald ripening and coalescence 

are suppressed. 
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An emulsion created by mechanical agitation of a heterogeneous mixture containing 

surfactants results in a droplet size distribution. Although the surfactant provides colloidal 

stability of droplets against collision, the different droplet or Laplace pressure, which 

increases with decreasing droplet size, results in a net mass flux by molecular diffusion of 

the dispersed phase through the continuous phase. This necessitates the stabilization of the 

droplets against diffusional degradation-Ostwald ripening (which is the growing of the 

larger particles at the expense of smaller ones).[15] Köhler[16] was the first to report the 

stabilization of fogs and aerosols by the presence of a non-volatile third component while 

La Mer[17] presented the thermodynamic description of this phenomenon. Later Higushi 

and Misra in 1962, proposed the use of a small amount of a third component in the 

dispersed phase in order to inhibit Ostwald ripening.[18] The theoretical description by 

Webster and Cates describes this stabilization effect.[19] Davis and coworkers[20] suggested 

that the added material reduces the total vapor pressure as defined by Raoult’s law. All 

these pioneering works have shed light on this problem and it could be concluded that an 

efficient way to suppress molecular diffusion of the dispersed phase is the addition of an 

osmotic control agent to the dispersed phase. Due to the very low solubility of the osmotic 

control agent in the continuous phase, it cannot diffuse from one droplet to another and 

provides an osmotic pressure inside the droplets which counteracts the Laplace pressure. 

The osmotic control agent is termed as “hydrophobe” in direct miniemulsions and 

“lipophobe” in case of inverse miniemulsions. 

The coalescence of the droplets can be handled by the addition of either electrostatic 

or steric stabilizers. Sodium dodecylsulfate (SDS) was used as a model surfactant in 

several studies and serves as an efficient anionic surfactant.[6, 13, 14] Cationic surfactant like 

cetyltrimethyl ammonium bromide and non-ionic surfactant like poly(ethylene oxide) 

derivatives are also used for the preparation of miniemulsions.[21] In the latter case, 

relatively larger amounts of surfactants are required for well-defined latexes. The scheme 

illustrating the suppression of the above mentioned detrimental factors for the emulsion 

stability is depicted in Figure 2.1-2. 
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Figure 2.1-2. Stability of miniemulsions against coalescence and Ostwald ripening. 

2.1.3 Inverse miniemulsion 

The concept of miniemulsion can be very well extended from oil-in-water to water-in-

oil systems and a scheme depicting the principle is shown in Figure 2.1-3. Here, a 

compound insoluble in the continuous “oil” phase referred to as “lipophobe” is used for 

building the osmotic pressure. Usual compounds of lipophobe include simple sugars and 

salts which have low solubility in organic solvents.[22] A proper choice of a surfactant with 

a low hydrophilic-lipophilic balance (HLB) value is required for inverse systems. Several 

surfactants including C18EO10, sodium bis(2-ethylhexyl)-sulfosuccinate (AOT), sorbitan 

monooleate (Span 80) and the non-ionic block copolymer stabilizer poly[(ethylene-co-

butylene)-b-(ethylene oxide)] were screened. It turned out that the amphiphilic block 

copolymer P(B/E-b-EO) is a very efficient stabilizer owing to its polymeric and sterically 
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demanding nature, providing maximum steric hindrance, which is the predominant 

stabilization mechanism in inverse systems.  

Surfactant
Oil Phase

Aqueous phase (+ lipophobe)

stirring ultrasonication

Two phase system Macroemulsion Miniemulsion

Surfactant
Oil Phase

Aqueous phase (+ lipophobe)

Surfactant
Oil Phase

Aqueous phase (+ lipophobe)

stirring ultrasonication

Two phase system Macroemulsion Miniemulsion

 

Figure 2.1-3. Principle of the inverse miniemulsion process. 

Inverse miniemulsions exhibit extraordinary stability against exchange kinetics. The 

droplet size throughout the miniemulsification process runs into an equilibrium state 

(steady state miniemulsion) which is characterized by dynamic rate equilibrium between 

fusion and fission of the droplets. Nonetheless, the stability of the droplets after shearing 

relies on the osmotic agent.[22] While the type of lipophobe has no influence on the 

stability of the miniemulsion, the amount of the osmotic agent influences the droplet 

size.[23] With the increasing amounts of surfactant, the particle size tends to decrease; 

smaller particles with a higher surface area demand higher amounts of surfactant for 

surface coverage. However, in all cases the surface coverage of the inverse minidroplets is 

incomplete and no empty micelles are present. It seems that in inverse miniemulsions, the 

droplets experience a real zero effective pressure (osmotic pressure counterbalances the 

Laplace pressure), which renders them the stability. The basis for such a speculation is 

attributed to the different stabilization mechanism and mutual particle potentials, which 

allows a pressure equilibration directly after ultrasonication. 

2.1.4 Artificial latex 

The polymeric dispersions can be prepared either by a heterophase polymerization of 

monomers in macroemulsion, microemulsion, miniemulsion, and suspension 

polymerization or by using natural or synthetic preformed polymers to form particles. The 
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latter process of producing latexes is called “secondary dispersions” which for example 

includes the solvent evaporation technique and the coacervation process among others. 

Several biomedical applications involving natural and biodegradable/biocompatible 

synthetic polymers in the form of polymeric dispersions can be produced using this 

process. There are several driving forces behind the development of artificial latexes.[24] It 

allows an economical transportation of polymers as dry solid materials sparing the 

dispersion medium which constitutes about 50% by weight. Also the fabrication of 

composite particles combining different materials for potential applications is possible. 

Polymeric materials for applications necessitating high purity (e.g. for optical and 

semiconducting applications) and several polymers with excellent material properties in 

the form of polymeric dispersions which are not viable via conventional heterophase 

polymerization can be prepared using this approach. 

The miniemulsion technique has found its niche in the synthesis of nanoparticles and 

nanoparticle hybrids. The miniemulsion in combination with the emulsion/solvent 

evaporation technique to produce polymeric dispersions has been already reported.[25] The 

preparation of artificial latex via miniemulsion has been successfully demonstrated for 

preparing blends of polymers and very recently for biodegradable polymers for biomedical 

applications. [7, 26, 27] 

In general, the process is based on the emulsification of an organic phase containing 

water immiscible solvent (like chloroform) and dissolved polymer with an aqueous 

solution containing a hydrophilic surfactant. The preparation of miniemulsion by 

application of high shear results in the formation of nanodroplets containing the 

homogeneously distributed polymer (in solution). The subsequent removal of the solvent 

by evaporation at a suitable temperature resulting in the precipitation of the polymer 

within the droplet geometry leads to the formation of solid particles. The polymer amount 

constituting the solid particle could be varied over a wide range and the nanodroplets 

could be formulated with low or high viscous solutions. As the polymer itself serves the 

purpose of a hydrophobe, no additional osmotic agents are required. 
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2.2 Biomineralization and biomimetics 

Biominerals are naturally occurring materials, usually composites of inorganic and 

organic materials in a highly organized form with fascinating shapes, structures, and 

functional properties. Biomineralization is the process by which living organisms secrete 

these composite materials. Sea urchin spine, ivory, oyster shells, corals, human bones, and 

teeth are typical examples of such biological materials produced by living organisms. The 

biogenic minerals despite their aesthetic value possess a remarkable level of molecular 

control of the particle size, structure, morphology, aggregation, and crystallographic 

orientation.[1, 28, 29] The evolutionary optimization process of nature in biological systems 

involving the design and creation of superstructures with optimized structural integrity, 

durability, and functional properties have always served as an inspiration for mankind to 

design and develop new functional materials. 

The study of biomineralization offers valuable insights into the scope and nature of 

materials chemistry at the organic-inorganic interface.[30, 31] There are two fundamental 

processes of mineral deposition in organisms: (i) the biologically induced mineralization 

which is characterized by bulk extracellular and/or intercellular adventitious precipitation 

without the elaboration of organic matrices[1, 32] and (ii) the biologically controlled 

mineralization which is characterized by specialized regulation of mineral deposition 

(organic matrix- mediated process). In the former case, the biologically induced minerals 

have crystal habits similar to their inorganic counterparts produced by laboratory 

precipitation reactions. As a consequence of no strict cellular control, the size, shape, 

structure and composition, and organization in mineral particles are heterogeneous and not 

well defined. In the later case, the biominerals are characterized by well defined structure, 

size, composition with preferential crystallographic orientation, and complex 

morphologies. The functional materials such as bones, teeth, and shells with species 

specific properties are good examples for such biominerals. They possess a high level of 

spatial organization and higher order assembly into hierarchical structures. The concepts 

and underlying principles of biologically controlled mineralization are focused intensively 

as these biominerals serve as an attractive archetype for materials chemists to develop 

advanced materials. 
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Bioinspired (or biomimetic) chemistry has evolved into a rapidly developing research 

field wherein concepts learnt from biological systems are implemented into in vitro 

syntheses. The biomineralization process itself cannot be mimicked owing to the 

complexity of the process. The regulation of chemical (solubility, supersaturation, 

nucleation and crystal growth), spatial (confined reaction environment), structural 

(preferential nucleation of a specific crystal face or axis), morphological and 

constructional (hierarchical architectures) factors are the key controlling mechanisms 

involved in the biomineralization process.[33-35] The complex interplay between the 

structural/insoluble matrix (confined reaction environment) like collagen in the case of 

bone mineralization and the soluble/functional matrix (soluble species at various hierarchy 

levels) which influences the nucleation, growth, polymorphism and orientation makes the 

biomineralization process complicated yet intriguing. A salient example to illustrate the 

role of soluble macromolecules is the CaCO3 precipitation. It was found that the soluble 

proteins extracted from respective layers of mollusc shell can dictate the polymorphism of 

the precipitate formed (being aragonite/calcite) when used as a crystallization additive.[36, 

37] Extensive studies on this intriguing field are available in the literature giving a deep 

insight in to this vast field addressing some fundamental aspects along with state of the art 

experiments (to mention some recent ones).[2, 38, 39] The basic understanding of the 

concepts in biomineralization and application of the concepts with some very good 

examples will be discussed in the forth coming segments aiming to give a concise 

overview about the topic. 

2.2.1 Crystallization in relevance to biomineralization and biomimetic 

mineralization 

 The physical processes of nucleation and crystal growth are inherent to the biological 

process of mineralization. Decoding the control mechanisms exerted by organisms over 

nucleation and growth is one of the central challenges that need to be addressed in order to 

understand the formation of biominerals. The fundamental aspects of nucleation and 

growth in relevance to biomineralization and biomimetic mineralization are described in 

the following section. 
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2.2.1.1 Nucleation 

Homogeneous nucleation occurs when the nuclei forms spontaneously within a 

supersaturated solution while heterogeneous nucleation occurs when the nuclei forms with 

the aid of an additional surface or substrate. As the biomineralization involves the 

presence of an organic matrix, it is heterogeneous nucleation that occurs in this process. In 

order to understand the process of nucleation at the surface of an organic matrix, it is 

necessary to understand the background of homogeneous nucleation. 

It was Gibbs[40, 41] who first realized that the stability of a phase is related to the work 

that has to be done in order to create a critical nucleus of the new phase. Later several 

pioneering works[42-45] laid to the foundation of the so called “classical nucleation theory”. 

The driving force for the nucleation is derived from the (negative) Gibbs free energy 

difference (ΔGV) for a liquid–solid phase transformation where ΔGV = GS-GL. As the 

nucleus grows, an interface develops between the solid and its liquid environment. A 

stable nucleus is attained, only when the interfacial energy (positive) is compensated by 

the energy released in the formation of solid nuclei. The positive interfacial energy is 

dependent on the surface area and ΔGV is negative and is a function of volume. 

For the classical case of a spherical nucleus, the Gibbs free energy of formation of a 

nucleus ΔGN is given by: 
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where, γ is the surface free energy or surface tension which is positive and has units 

energy per unit area and ΔGV represents Gibbs free energy per mole associated with solid-

liquid phase change and Vm is the molar volume. 

The contributions to the free energy change associated with homogeneous nucleation 

of a solid spherical nucleus in liquid are shown in Figure 2.2-1. 
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Figure 2.2-1. Contributions to the free energy change related to the formation of a solid 
spherical nucleus.[46] 

It can be seen that ΔGN initially increases with r, reaching a maximum ΔGN*, and 

then decreases. Thus, solving for r (dΔGN/dr = 0), the critical radius of the stable nucleus 

(r*) is given as: 
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Beyond r*, the growth of the nucleus leads to lowering of the free energy. 

Substituting for r* in the equation yields the critical value of the net free energy, i.e., the 

activation energy for homogeneous nucleation which is given as: 
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or it could be written as:[1]  
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where, SR is the supersaturation. 
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The nucleation rate JN is given by: 

 )*exp( kTGAJ NN Δ−=  2.2-5 

where, A is a pre-exponential factor. Measurable nucleation rates (number of nuclei 

formed in a unit volume per second) can be very high around 106 to 109 m-3⋅ s-1, with 

values of A of the order of 1036 m-3⋅ s-1.[1] 

As it could be seen before, the barrier height (ΔGN*) which separates the stable (state 

with nuclei) from metastable (supersaturated) phase depends critically on the surface free 

energy (γ) and free energy difference (ΔGV). The latter is related to supersaturation (SR).  

The presence of foreign substrates or heterogeneities (e.g. impurities, scratches in the 

reaction vessel, or dust) for nucleation leads to a significant reduction in the interfacial 

energy. The heterogeneous formation of a hemispherical nucleus at a foreign substrate is 

illustrated in Figure 2.2-2. 

 

Figure 2.2-2. Heterogeneous nucleation of a cluster of radius r on a substrate. 

The activation energy barrier for heterogeneous nucleation (ΔGN*(het)) is given by: 

 )(** (hom))( θSGG NhetN Δ=Δ  2.2-6

where, S(θ) is the shape factor given by: 

 2)cos1)(cos2(
4
1)( θθθ −+=S  2.2-7  

 

where, θ is the wetting angle. For any (θ) ≠ 180°, the nucleation barrier is reduced 

leading to an increased nucleation rate. 
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From the context of biomineralization from these equations one could infer the 

influencing factors which the biological systems need to regulate for the nucleation 

process. It can be seen from equations (2.2-4) and (2.2-5) that both ΔGN* and JN are 

influenced by the supersaturation (SR); the increase of supersaturation decreases the former 

and increases the latter, respectively. Thus, a fine tuning of the supersaturation within a 

relatively narrow window of ionic concentration is required in the biological systems to 

regulate the mineralization process. Also, the dependence of ΔGN* on the interfacial 

energy (γ), clearly states that a small change in γ can have a remarkable effect on the 

nucleation rates. 

The presence of external surface/substrate (heterogeneities) can significantly reduce γ 

and hence increase the rate of nucleation at a given level of supersaturation. Thus, the 

heterogeneous nucleation occurs at lower supersaturation levels compared to 

homogeneous nucleation as the nuclei are stabilized by the interaction with a foreign 

surface. As the interfacial energy and the level of supersaturation both influences the 

activation energy ΔGN*, the nucleation rates are very well controlled in the 

biomineralization process through the evolutionary design of organic matrices and the 

membrane regulation of ion concentration gradients.[1]  

2.2.1.2 Crystal growth 

The growth of inorganic crystals from pure solution requires the continuous addition 

of ions, atom, molecules to their surface and their subsequent incorporation in to lattice 

sites. 

Crystal growth from pure solution involves mass transport, surface adsorption, and 

integration at active sites (steps, kinks, screw dislocations). The growth rate is influenced 

by the supersaturation and the number and type of active sites. The thermodynamic and 

kinetic factors influencing the crystal growth will be discussed in the upcoming section.  

2.2.1.3 Thermodynamic and kinetic driving forces 

The diverse morphologies exhibited by an inorganic crystal have always been a 

fascination although one often thinks that the shape of the inorganic crystal is often related 

to the intrinsic unit cell structure. From a thermodynamic stand point, the crystal 

morphology depends on the differences of the crystal faces in surface energy and the 

external growth environment. Wulff’s rule[47] defines the equilibrium morphology of a 
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crystal as being given by the minimum energy resulting from the sum of the products of 

the surface area of all exposed faces and the relative surface energies. Crystal faces with 

high surface energies exhibit the fastest growth rate and are minimized or even disappear 

in the final morphology. However, this is from a thermodynamic view point and cannot 

predict the crystal morphology as the crystallization and the resulting morphology also 

relies on kinetic effects and defect structures (kinks, screw dislocations) which forms the 

basis for the additive mediated crystal morphology changes. The additives adsorbed on the 

different crystal faces can induce changes in the surface energies in different crystal 

phases and hence influence the crystallization process and final morphologies. For 

example, the specific adsorption of Li+ ions on to the planes inhibits the growth of those 

crystal faces and changes the rhombohedral habit of calcite (CaCO3) into a tabular 

form.[48] 

A remarkable feature in biominerals is that they are produced in heterogeneous 

environments at ambient pressure and temperature and pH value close to neutral unlike the 

materials synthesis demanding extreme conditions. The boundary conditions in the 

biological process pose strict control over the number and types of minerals that can be 

deposited from aqueous solution. The key to the controlled fabrication of superior 

structures by shifting the reaction profile from thermodynamic to kinetic driving forces is 

one of the fundamental lessons that could be learnt from such biological processes. The 

underlying principle for a kinetically controlled crystallization process is based on the 

modification of the activation energy barriers of nucleation, growth, and phase 

transformation. In such cases, the crystallization proceeds via a multi-step pathway where 

a sequential process involving structural and compositional modifications of amorphous 

precursors and crystalline intermediates are preferred over a single step thermodynamic 

pathway.[1, 49, 50] The extent of the phase transformations proceeding via the formation of a 

series of increasingly stable intermediates is dictated by the solubilities of the minerals 

formed and on the free energies of activation of their interconversions, all of which are 

strongly influenced by additives. The basic principle that predicts the sequence of 

polymorphs produced in crystal growth is based on the empirical observation called the 

“Ostwald-Lussac law of stages” (or Ostwald’s step rule), which states that under 

conditions of sequential precipitation, the initial phase is the one with the high solubility 

followed by hydrated polymorphs and then a succession of crystalline phases in the order 

of decreasing solubility and increasing thermodynamic stability. The phase transformation 
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process in calcium phosphate mineralization is a very good example where several 

intermediates with significantly different solubilities that are pH dependent are 

involved.[51-54]  

It is already known that in an organic matrix mediated deposition, the structured 

organic surfaces play a crucial role in reducing the activation energy of nucleation of 

specific crystal faces and polymorphs through the interfacial recognition.[31] The soluble 

additives can have a significant kinetic effect on the crystallization with respect to 

polymorph selectivity, morphology, and crystal growth inhibition.[36, 37, 48, 55, 56] To 

understand this better, the calcium carbonate deposits in nature can be considered. Usually 

amorphous calcium carbonate (ACC) is highly soluble and rapidly transforms into calcite, 

vaterite, or aragonite unless kinetically stabilized. However, a significant number of 

stabilized ACC biominerals have been reported.[57-62] The studies have shown the stability 

in biomineralization process is achieved by ions such as Mg2+ and PO4
3-, or by enclosing 

the amorphous phase in an impermeable sheath of organic molecules.[57, 63] On the 

contrary to the stabilization of a metastable phase, in the sea urchin larvae, a controlled 

phase transformation of ACC leads to the deposition of  calcite spicules.[64, 65]  

The remarkable control over the stability of the intermediate phases (phase 

transformations) as mentioned above along with control over size, texture, composition, 

and morphology in the biomineralization process is the driving force for the bio-inspired 

mineralization which will be discussed in the next section. 

2.2.2 Strategies for biomimetic mineralization - Applying concepts in 

biomineralization 

Of the many challenges striving towards the development of new strategies for 

crystallization processes, the synthesis of biominerals with complex architectures and 

functional properties in biological systems serves as an inspiration. As already well 

accepted, the central tenet in the biomineralization process is that the formation of 

biominerals involve fine tuning at the molecular level by organized assemblies of 

specialized organic molecules.[1, 28, 34] The basis for biomimetic mineralization is laid by 

the fundamental principles and concept in the biomineralization process and can be 

summarized as follows: The crystal nucleation is templated by membranes in the form of 

vesicles and cells which work in combination with specialized biomacromolecules and the 
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crystal orientation and polymorph of nascent biomineral are dictated by the molecular 

recognition at the interface.[33] The biomimetic approach based on this principle involves 

the use of simplified molecular assemblies as nucleation templates such as surfactant 

aggregates,[66] Langmuir monolayers,[67, 68] SAMs,[69] biological macromolecules,[37] and 

synthetic polymers.[55] The usage of such supramolecular templates offers a certain level 

of control over the crystal orientation and the polymorph specificity. In the 

biomineralization process, the presence of ionic and soluble organic growth modifiers 

from solution influences the crystal size, texture, and morphology. The application of this 

principle, for example in the CaCO3 precipitation in solution using various additives have 

resulted in the selective formation of different polymorphs of CaCO3 (calcite, aragonite, or 

vaterite) and also the stabilization of the unstable ACC precursor phase was achieved.[36, 37, 

63, 70] Numerous other studies showing the interaction of the various additives with the 

growing crystals resulting in different morphologies and shapes have been reported.[48, 71]  

A striking feature in the biological crystallization is the well organized control over 

the micro- and nano-environment where crystal nucleation and growth occurs. The 

biominerals nucleate at well defined, spatially delineated, organically modified 

intracellular sites and grow inside organic frameworks that confine the mineral deposition 

within the predefined spatial patterns.[1, 28] Also very often the formation of a transient 

amorphous phase is included in the generation of complicated architectures.[64, 65] It is 

worth to mention that several studies focused on considering the issues such as oriented 

nucleation, polymorph specificity, and morphology either individually or in some 

combinations only. From the material scientist’s point of view, the challenge lies in 

combining all the above mentioned issues using biomineralization principles. One 

outstanding example for combining the above mentioned principles was demonstrated for 

a patterned crystal growth.[72] 

2.2.2.1 Templating and confining the reaction environment 

The analogous strategies in biomimetic mineralization to synthesize inorganic 

materials is based on the concepts of “spatial confinement“ of chemical reactions 

(supramolecular assemblies) and “template directed” (functional organic matrix) control of 

nucleation and architecture of various length scales. While the synthesis in confined 

spaces include boundary organized reaction spaces such as reverse micelles, 

microemulsions, vesicles, ferritin as well as internally organized extended structures such 
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as polymer sponges and collagen gels, the template-directed synthesis for example 

includes Langmuir monolayers and SAMs. An interesting approach where the 

hydrophobic matrix associated with a biomineralized structure was extracted without the 

disruption of the 3-D architecture and was further exploited as a framework (template) for 

inorganic deposition has also been reported.[73]  

The use of soft organic structures is not only limited to serve as a template in 

synthesizing inorganic structures but also to shed light on the understanding of the 

interaction of organic matrix with the developing inorganic crystals. It also helps to 

deduce the factors influencing the crystallographic orientation and polymorph selectivity 

which is often observed in the biomineralization process. Langmuir monolayers and 

SAMs for instance play an important role in this aspect due to the advantages offered in 

regulating the template structures. For a long time it was conceived that the monolayers 

give rise to an overgrowth of CaCO3 crystals due to the geometrical and stereochemical 

complementarities between the arrangement of charged head groups in the monolayer and 

the position of calcium ions in the crystal plane that attaches to the monolayer. Recently, 

an important contribution from Volkmer, et al. could show that it is more the charge 

density of the Langmuir monolayer, that determines the crystal orientation and polymorph 

under the monolayers, instead of the geometrical arrangement of ionic groups on the 

monolayer.[74] In addition, by using Langmuir monolayers the nucleation of different 

crystal faces can be achieved depending on the ability of the template to adapt to the 

structure of the inorganic phase; thereby emphasizing the role of flexibility of the 

template.[75] 

The use of SAMs in mineralization also has elucidated the influence of functional 

groups and other parameters on the mineral deposition and orientation.[69] Experiments 

where SAMs were used as mimic systems for structural matrix and polymers as soluble 

matrix have explained the role of structural and functional matrices in 

biomineralization.[76] 

The conception of mineralization in a confined reaction environment can be 

conceived to serve as a template as well as a confined reaction environment-

“nanoreactor”. For example the mineralization of ACC as reported by Meldrum, et al.[77] 

in the pores of track etch membrane, results in calcite single crystals with the morphology 

defined by the template environment. The synthesis of minerals like magnetite, iron 
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sulfide, or copper in the inner cavity of robust protein involves the concept of 

nanoreactor.[78-80] Viruses were also found to serve as a useful confined environment for 

the synthesis of defined nanoparticles.[81] 

The concept of using nanoparticles as nanoreactors to produce inorganic structures is 

still in its infancy. The use of polymer microgels as reactors to synthesize inorganic 

nanoparticles have been reported.[3] But the complete exploitation of this concept still 

remains unexplored. Also a suitable technique which allows the fine tuning of the 

properties of the template nanoparticle is required to achieve the final defined inorganic 

nanoparticles. 

As the thesis involves the synthesis of hydroxyapatite inside gelatin nanoparticles as 

matrix, well documented studies based on gelatin-apatite composite which are reported as 

mesocrystals will be discussed. The mesocrystal formation is categorized under non-

classical pathway. 

2.2.2.2 Non classical crystallization 

There have been increasing evidences in the recent years that crystallization does not 

necessarily proceed along the classical pathway, which postulates an ion-by-ion or single-

molecule attachment to a critical crystal nucleus. Instead the crystallization proceeds via 

particle-based reaction channels and involves a mesoscopic transformation process.[50] 

Such a particle-mediated crystallization pathway involving a mesoscopic transformation of 

self assembled metastable or amorphous precursor particles into nanoparticulate 

superstructures is generally categorized under “non-classical crystallization” routes.[82] 

Intensive research on biomineralization processes clearly points out that several 

biominerals are formed via non-classical pathways. The mesoscale transformation does 

not only produce single crystals with complex morphologies, but also superstructures 

consisting of nanoparticles interspaced by organic additives or more generally by a second 

phase such as amorphous matter. In general, mesocrystals (mesoscopically structured 

crystals) consists of highly oriented building units that are formed solely through a self-

assembly approach. The fusion of building blocks leads to single crystalline structures 

with included organic additives as defects. Such a view point is supported by the existence 

of several biominerals, which, although single crystalline, often contain minor amounts of 

included biopolymers. Such an inclusion is not that clear from a classical crystallization 

view point, as additives are generally considered to adsorb at edges and kinks of 
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developing crystal surface inhibiting further growth.[83] Interestingly, the mesocrystal 

formation is not restricted to biominerals such as sea urchin spikes [84] or aragonite tablets 

in nacre [85] but is also observed for various other systems such as kinetically metastable 

species or as intermediates in a crystallization reaction, leading to single crystals with 

typical defects and inclusions.[82] A detailed description of this fascinating topic has been 

extensively reviewed recently by Cölfen and Antonietti.[86] 

2.2.2.3 Mesocrystals 

Mesocrystals are colloidal crystals composed of individual nanocrystals that are 

aligned in a common crystallographic register, exhibiting scattering properties similar to a 

single crystal. Several results direct the attention towards the belief that mesocrystals are 

much more common than it has been thought so far and apparently it is a question of 

detecting them that matters. As very often their single crystal-like scattering properties 

allow room for misinterpretation as single crystals on one hand, they are very often 

characterized by a well facetted appearance on the other hand. In addition, the 

transformation of a mesocrystal to a single crystal by an oriented attachment and fusion is 

favored when the surface of the nanocrystals is not sufficiently stabilized. As the 

nanoparticles are already crystallographically aligned, the crystal fusion is 

thermodynamically favored under the displacement of polymers, eventually including 

parts of the organic coating in the single crystal. Mesocrystals in this aspect serve as an 

intermediate in the single crystal formation. 

Although there are several indications for the existence of mesocrystals in the 

biomineralization process, only recently detailed and targeted research on this topic has 

commenced. The mesocrystal concept has been developed for minerals grown by 

bioinspired mineralization processes [82] and its relevance in biomineralization processes 

has been the research interest of several pioneers as a result of several contradicting 

results. One good example is the sea urchin spine where contradicting results were 

published debating, if it was a single crystal or not.[87]  

Usually, in classical crystallization, the gels are used to form large, high quality and 

often defect-free single crystals.[88, 89] The structure of the gel comprises of networks with 

variable pore sizes dictated by the crosslinking density. Unlike in free solution, the gel 

structure allows the slow diffusion of ions favoring a reduction and controlling of the 

nucleation rates. In addition the suppression of the convection (thereby allowing 
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concentration gradients) leads to large defect-free single crystals. The crosslinking degree 

and the supply of reactants can very well influence the supersaturation in gels. If the 

nucleation is not controlled, instead of large single crystals, the nucleation of small 

nanoparticles is favored, which are basically the building units of mesocrystals. 

Thus, for the generation of mesocrystals the gels are suitable media as crystal growth 

takes place under high supersaturation[90] leading to an increased nucleation of small 

clusters. As the convection or turbulence during crystallization can be suppressed there is 

room for mutual interaction potentials between the particles to dominate the mutual 

alignment of the particles. Another reason for the observation for mesocrystals in gels is 

the slow growth process owing to the significant reduction of the diffusion of the 

mesocrystal diffusion units (which are far slower than the diffusion of ion), thereby 

allowing time dependent structure formation investigations. 

One of the highly studied and investigated mesocrystal was reported by Busch and 

Kniep in the form of an elongated, hexagonal-prismatic fluorapatite crystal formed in the 

double diffusion experiment at ambient temperature in a gelatin gel which further grows to 

spherical particles via dumbbell intermediates.[91, 92] This system serves as very good 

example to illustrate the basic properties of a mesocrystal and simultaneously the problem 

associated in identifying it. The well facetted single crystal-like morphology of the 

hexagonal seed crystal could not be directly recognized as a mesocrystal. The XRD 

studies showed features of fluorapatite crystal oriented along the c-axis[93] as a result of a 

very high vectorial order of the nanoparticulate building units. However, Kniep and 

coworkers[91] could disprove the existence of classical single crystal by revealing the radial 

inner structure by a hexagonal cross-section perpendicular to the seed axis. 

It was concluded that the hexagonal seed crystal with single crystalline appearance 

and scattering behavior is a hierarchically ordered inorganic-organic composite 

superstructure with periodic orientation of hexagonal primary apatite nanocrystals[94] or in 

other words a mesocrystal. 

2.2.3 Biominerals 

The biominerals based on calcium phosphate are very much relevant to this work. 

Therefore, bones and teeth which comprise of calcium phosphate as their inorganic 

component will be discussed here. 
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2.2.3.1 Bone 

Bone is a classical example of a hierarchically structured organic-inorganic composite 

material. It has been well studied by material scientists owing to its unique structure which 

has been optimized to perform several functions.[95] The complex structure of bone 

exhibiting levels of hierarchy in different length scales have been well discussed.[95, 96] The 

organic matrix of bone predominantly consists of collagen (type-I) in association with a 

wide range of non-collagenous proteins. The mineral phase present in the bone is 

comprised of non-stoichiometric hydroxyapatite (calcium deficient hydroxyapatite with 

ionic substitutions). In general, it is well accepted that collagen fibrils are constructed from 

a staggered periodic arrangement of crosslinked tropocollagen filaments that contain 

regularly spaced holezones and grooves in which plate-like crystals of hydroxyapatite 

(HAP) nucleate and grow.[1, 97-99] This is well evidenced through the fact that in early bone 

and tendon mineralization, mineral nuclei are located in these hole zones.[100] Numerous 

studies have been performed using collagen in calcium phosphate (CaP) 

mineralization.[101-104]  

Whether collagen is a good candidate for templating and directing the nucleation of 

HAP is an interesting question from fundamental research as well as application aspects.  

The conception that collagen functions as an insoluble structural matrix has directed 

the considerations towards the role of non-collagenous proteins (NCP) such as 

glycoproteins (osteonectin, phosphoproteins) and γ-carboxyglutamic acid (Gla) proteins 

(osteocalcin), which are observed in close association with the mineralization front.[105-108] 

The precise role of non-collagenous protein is not yet completely understood. These 

proteins with a large number of anionic groups, possessing high affinities for collagen and 

Ca2+ bindings are believed to be localizing within the holezone[105] and favoring the 

nucleation of HAP. Stupp and coworkers have successfully simulated the lowest level of 

hierarchical organization of bone by designing fibrous peptide amphiphiles with periodic, 

highly charged surfaces. By doing so they could mimic the charged surface of a non-

collagenous proteins/collagen assembly in bone and favor the growth of HAP crystals 

which were oriented with respect to the long axis of the peptide-amphiphile assembly.[109] 

Recently Gower and coworkers have thrown some light to the structure of bone and the 

mechanism of bone formation based on an in vitro model using polymer-induced liquid-

precursor (PILP) process.[96] They were able to demonstrate that an amorphous precursor 
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mineral phase can be used to create a highly loaded mineral/organic composite with 25-

100 nm long platy hydroxyapatite crystals oriented along in the [001] direction along the 

long axis of the collagen fibril. They could also prove that a highly-specific, epitaxial-type 

interaction with NCP is not required to stimulate crystal nucleation and regulate crystal 

orientation. In addition, they were successful to mimic the nano-architecture of bone. They 

proposed that collagen primarily acts as a highly organized “container” (template) which 

shapes the amorphous precursor phase prior to crystallization. 

Although, it is understood that the net product of intrafibrillar mineralization leads to 

bone with oriented plate like crystals with the c-axes of the crystals roughly parallel to the 

type-I collagen fibrils within which they are embedded, the initial phase of mineralization 

is debated with respect to the presence of precursor phases[52, 110-113] (amorphous CaP, 

OCP, DCPD). All these findings and discussions are based on the Ostwald’s step rule. 

Various in vitro studies revealed that the precipitation of calcium deficient hydroxyapatite 

and HAP proceeds via intermediate “precursor phases”; the same precursors are 

considered in the in vivo bone formation. This concept that bone mineralization occurring 

via metastable precursor phases that undergo subsequent phase transformations to stable 

crystalline phases is one of the basis for the research work pertinent to this dissertation. 

2.2.3.2 Teeth 

The structure of teeth is even more complicated than that of bone as teeth consists of 

different types of biominerals: enamel (exterior) and dentine (interior). The structure and 

organization of tooth enamel and dentine derive from a highly complex system designed to 

serve specific types of mechanical stresses. Enamel, which forms the crown of the tooth, is 

much less tougher than bone. It comprises about 95 wt% HAP in comparison to an 

average of 65 wt% in human bone, but it gains some structural resistance by interweaving 

long ribbon-like crystals in to an inorganic fabric. The core of the teeth consists of pulp 

surrounded by mineralized type-I collagen layer-dentine. 

Enamel contains only small amounts of organic macromolecules. The matrix is 

secreted by specialized cells-ameloblasts. The macromolecules in enamel comprise of both 

hydrophobic (amelogenins) and acidic (enamelins) fractions. The hydrophobic proteins, 

amelogenins, although present in large amounts in early stages of enamel deposition, are 

progressively degraded and removed as the HAP crystals develop to yield the high mineral 

volume fraction of the erupted tooth. Although the individual protein molecules are 
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relatively small, they self-assemble into uniform size nanospheres (20 nm) that spatially 

control the crystal growth process.[1] It is believed that they direct the growth by binding to 

certain crystallographic planes, allowing the growth along the c-axis of the crystal. The 

acidic proteins, enamelins form a sheath or tubule around the growing HAP crystallites.[1]  

On the other hand, dentine, which resides within the central region of tooth containing 

mineralized collagenous matrix, is more similar in structure and composition to bone. 

Dentine and enamel share a unique starting point, the dentin-enamel junction.[114, 115] The 

enamel crystal grows toward the chewing surface, while the dentine mineralizes inwards 

toward the pulp from the junction. Due to the mineral nature of both phases, the nature of 

crystal growth at the junction is under debate. It has been shown on one hand that enamel 

crystals grow epitaxially on the preexisting dentine crystals because of a high continuality 

between dentine and enamel crystals.[116-118] On the other hand, it has been shown that 

enamel crystals are formed at a given distance from the dentine surface.[115, 119] While 

Takano et al.[120] could show that enamel crystal so formed could come in contact with the 

dentine by a subsequent growth, the absence of direct contact between the two kinds of 

crystals and the presence of amorphous areas at the junction were shown by Bodier-

Houlle, et al.[115]  

When enamel is etched (for example, by acidic foods, beverages, etc.), then the 

calcium deficient HAP is dissolved. As the saliva in the mouth is supersaturated with 

respect to Ca-deficient HAP deposition (as in blood serum), the restoration of the surface 

layer is possible. The use of fluoride in drinking water and numerous toothpastes is a 

direct consequence of general dental health care. The fluoride (F-) ions are readily 

incorporated into the HAP lattice replacing some hydroxyl (OH-) ions where it stabilizes 

the lattice and reduces the solubility of the mineral phase, thereby increasing acid 

resistance. 

2.2.4 Hydroxyapatite mineralization 

The biocompatibility and osteoconductive properties of hydroxyapatite (HAP) have 

made this material enticing for its applicability as bio-implants and drug delivery systems. 

The necessity to mimic the bone structure on a macroscopic and mesoscopic level[33, 35] 

has led to the development of several synthetic strategies to develop materials, which have 

compositional and partly structural analogy to the natural bone. Interesting studies 
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describing the collagen/HAP mineralization mechanism in the bone formation and 

synthesis of bone-like HAP/collagen nanocomposite have been already reported 

(mentioned before). Several routes have been proposed to produce nano-HAP, like wet 

chemistry techniques such as direct precipitation in aqueous solutions,[121, 122] 

electrochemical depositions,[123] sol-gel procedures,[124] and hydrothermal synthesis.[125, 126] 

The resulting suspensions, however, could only be used as surface coatings or as bulk 

materials after drying or by fine spraying HAP powders of different morphologies. 

Strategies like the incorporation of preformed inorganic materials into a polymeric matrix 

by blending and grinding and the in-situ fabrication in polymer matrix have also been 

reported.[127] However, they are often limited in scope with respect to the organic-

inorganic interface integrity, spatial dimensions, and practical applicability. 

Synthesis using Langmuir monolayers[128] and SAMs[129] as templates for HAP were 

successfully demonstrated. Other conceptual approaches where hybrid calcium phosphate 

nanoparticles were synthesized employing organic additives or templates such as 

surfactants,[130-132] liposomes,[133, 134] block copolymers,[135, 136] self associated 

nanogels,[137] supramolecular hydrogels,[138] emulsions, and microemulsions[139-141] have 

also been reported. Due to the feasibility to control shape, size, crystal structure, and 

orientation, the organization of inorganic colloids in polymeric matrices has made 

biomimetic approaches being intensively explored. The matrix mediation and the 

molecular templating for mineralization have shed light on the interfacial chemistry 

between the organic and inorganic components as well as the mechanisms of 

crystallization in association with the co-reactants.[55, 142] Extensive studies on organized 

assemblies of amphiphilic molecules have shown to provide a suitable environment for the 

synthesis of controlled nanoscale assemblies of biologically relevant inorganic materials. 

Mesoscale transformations lead to involving cooperative reorganization of inorganic and 

organic building blocks and emergence of higher order complex architectures.[2, 50, 143] 

Gelatin, an intriguing candidate for drug delivery, has been a promising candidate for 

such template-based syntheses due to its intrinsic biocompatibility, ability to interact with 

HAP surfaces, and its low cost. Gelatin as a matrix for biomimetic mineralization has been 

studied under various conditions.[93, 144-146] Although the encapsulation of preformed HAP 

in gelatin matrix and co-precipitation or precipitation of HAP in gelatin solution or gels 

are interesting, the composite scaffolds in these cases are either lacking an organic-

inorganic interface integrity due to direct blending in the matrix or they are very large and 
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thus pragmatically limited. Crosslinked gelatin nanoparticles as microgel particles would 

ideally serve as the spatially restricted nano-environment and molecular template for 

inorganic mineralization. 

The use of polymeric nanoparticles synthesized via miniemulsion process as 

templates for HAP mineralization is the main objective of this dissertation. The 

significance of the using different nanoparticles is discussed in the next section. 

2.2.5 Polymeric nanoparticles as templates 

The concept of using nanoparticles as templates is very interesting with respect to 

fundamental research aspects as well as to applications. As such nanoparticles have 

already found their niche in the research community owing to their size-dependent 

properties e.g., optical, electrical, and magnetic properties for several interesting 

applications.[147, 148] The emerging importance of nanoparticles in the biomedical fields 

and the demanding needs of materials with biocompatibility, biodegradability, and non-

toxicity have catapulted the efforts for developing and optimizing new materials and new 

synthetic strategies. Several synthetic polymers like poly(ethylene glycol), 

poly(alkylcyanoacrylate), or polyesters such as poly(lactic acid), poly(glycolic acid), 

poly(ε-caprolactone), and poly(D,L-lactide-co-glycolide) have been highly focused for the 

preparation of nanoparticles for biological and drug delivery applications owing to their 

biocompatibility and biodegradability.[26, 149-153] Likewise the natural polymers such as 

chitosan,[154-156] dextran,[157] hyaluronic acid,[158, 159] and gelatin[160, 161] are being 

extensively explored owing to their natural origin in consideration of their non-toxicity 

and biodegradability. In the recent past, several advances have been made to synthesize 

nanoparticles from natural polymers. 

As already mentioned crosslinked gelatin nanoparticles could serve as an ideal 

template for mineralization of HAP and this forms the major part of this work. Other 

polymeric nanoparticles which were used in this thesis will also be discussed. As the 

synthesis of gelatin nanoparticles using miniemulsion is itself novel and as these 

nanoparticles themselves have a high potential to be used in the pharmaceutical field, the 

advantages of using the miniemulsion technique with respect to other techniques in the 

literature and the importance of gelatin nanoparticles will be elaborated in the next section.  
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2.2.5.1 Gelatin nanoparticles 

Of all the natural polymers, gelatin forms a versatile class of naturally occurring 

biopolymers as it could be seen from numerous household food products in our daily life. 

Gelatin is indispensable in modern pharmaceuticals. A well established application being 

pharmaceutical dosage forms. The thermo-reversible property of gelatin has made it vital 

in several applications such as gelling agent and thickener. It has also been used as an 

emulsifier, stabilizer, and foaming/whipping agent. Gelatin is basically a proteinaceous 

polyampolytic gel obtained by the partial hydrolysis (acidic or basic) of collagen. 

Depending on the process used, gelatin is produced as type-A or type-B gelatin. While the 

acidic treatment yields type-A gelatin with an isoelectric point (pI) around 9 and a broad 

molecular weight profile, the alkaline hydrolysis yields type-B gelatin with a pI around 

5.[160, 162] 

Gelatin has been exploited as a drug carrier system owing to its chemical and physical 

nature. The influence of pH and temperature on the phase behavior of gelatin in solution 

makes it an interesting candidate for drug delivery applications. The abundant functional 

groups offer the advantage of incorporating more functionalities and introducing 

modifications via chemical derivatization. Poly(ethylene glycol)-modified gelatin,[163, 164] 

thiolated derivatives of gelatin,[165, 166]chitosan conjugated gelatin,[167] and poly(D,L-

lactide) grafted gelatin[168] have already been reported as gelatin based derivatives for 

potential pharmaceutical applications. Gelatin-DNA nanospheres as gene delivery vehicles 

have also been reported.[169] 

Several techniques have been used to synthesize gelatin nanoparticles from gelatin 

and gelatin derivatives. A well established technique is the desolvation technique.[170-174] 

Coacervation[175-177] and water-in-oil emulsion techniques[178-180] are also well documented 

synthetic strategies. Although these techniques have several advantages, the flexibility 

offered by these techniques in tailoring the properties of the nanoparticles are limited with 

respect to one or more of the following reasons. With increasing gelatin concentration and 

by using a gelatin having a broad molecular weight distribution, it is not possible to 

effectively and uniformly achieve high gelatin content within the particles. In the 

desolvation technique, the final particle yield constitutes about only 70-75% of the original 

amount of gelatin used. About 40% of free gelatin chains were present irrespective of the 

amount of crosslinker used.[172] The coacervation and desolvation techniques are both 
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based on phase separation during the preparation step; the crosslinking step is performed 

after phase separation, where the nanoparticles are already formed and gelatin chains are 

no longer in the dissolved state. Since the crosslinker molecules cannot access easily the 

interior of the nanoparticles, crosslinking can occur only at the surface and chains in the 

interior are not crosslinked resulting in inhomogeneous crosslinking of the nanoparticles 

with free polymer chains. In w/o emulsion techniques, the emulsifier-free w/o approach 

yields relatively large particles with an average size range of 840 nm.[180] The use of the 

w/o microemulsion approach in order to obtain smaller particles however demands a large 

excess of surfactant; the ratio of gelatin to surfactant amount can be as high 1:1600.[179] 

The degree of crosslinking with increasing gelatin concentration and scalability to 

industrial production are often limited. 

A convenient synthetic route based on the concept of nanoreactors (individual 

nanosized homogeneous entities) using the miniemulsion technique[5] to overcome the 

aforementioned problems in producing uniformly crosslinked gelatin nanoparticles also 

with high crosslinking degrees is presented in this work.[181] The optimized gelatin 

particles have been used as templates for mineralization in this work. 

The use of crosslinked gelatin nanoparticles as a template has also the advantage that 

the size of the pores for the diffusion of ions and the ratio of organic-inorganic 

components can be tailored. The possibility to incorporate drug molecules accompanied 

by the volume transition induced by temperature as external stimulus and the presence of 

amino and carboxyl functional groups which in turn offer the possibility of 

functionalization with fluorescent and bone markers makes gelatin nanoparticles an ideal 

candidate for biomedical applications. 

The synthesis of hydroxyapatite/gelatin hybrid nanoparticles [182] has great potential to 

be used as a regenerative filler or as a scaffold for nucleation and growth of new bone 

materials. These hybrid nanoparticles offer the feasibility of being injected directly into 

the damaged part or applied as coatings on implants to reduce the immune response or 

administered intravenously with functionalization. Although there are only few reports 

where microspheres comprising of apatite-gelatin composites have been accounted,[183, 184] 

the materials were developed using the water-in-oil technique and the size of the resulting 

composites were ranging from few to several micrometers (10-100 µm). So far in the 
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literature no reports with hybrid nanoparticles comprising nano hydroxyapatite grown in 

gelatin nanoparticles as template in aqueous dispersion have been documented.  

2.2.5.2 Synthetic polymeric templates 

2.2.5.2.1 Functionalized polymeric particles 

Surface-functionalized nanoparticles are very good candidates to serve as templates 

owing to their monodisperse size and large surface area. The usage of such nanoparticles 

for HAP deposition is very interesting for applications involving bioimplants. For 

example, titanium and its alloys owing to their high strength, biocompatibility, relatively 

low elastic modulus, and light weight makes them an ideal candidate for implants.[185] 

Nevertheless, they suffer from poor osteoconductive properties[186]-the metal surface does 

not bond directly to the living bone resulting in a long term failure of the implant. As 

coatings of HAP had already proven to achieve high osteointegration and bonding 

between implant and bone[187], several methods (as mentioned before in the previous 

section) have been handled to achieve good coatings. The usage of HAP coated 

nanoparticles is one of the excellent options to enhance the surface coating possibilities. 

Tamai and Yasuda[188] have reported HAP coated polymer particles by employing Pd° 

immobilized poly(styrene-co-acrylic acid) copolymer particles synthesized using the 

emulsifier-free emulsion polymerization. Later the formation of HAP nanocrystals on the 

surface of β-diketone functionalized polymeric nanoparticles employing styrene and 

acetoacetoxylethyl methacrylate (AAEM) obtained by emulsifier-free emulsion 

polymerization have been reported.[189] The synthesis of functionalized polystyrene 

particles by miniemulsion polymerization has been well studied and documented.[190, 191] 

Such particles were previously exploited for cell uptake experiments by incorporating a 

fluorescent dye as a marker molecule.[190] The miniemulsion technique allows the 

synthesis of carboxyl-functionalized polystyrene particles with different amounts of bound 

surface charge groups by varying the amount of comonomer acrylic acid. It has been 

already proven with studies using SAMs with several functional groups (-OH, -SO3H, -

PO4H2, -COOH) on Ti wafers, that the –COOH functional group is the optimal end group 

for producing highly crystalline and thick layers of HAP.[129]  

Thus, the usage of carboxyl-functionalized polystyrene particles as shown in Figure 

2.2-3 synthesized via the miniemulsion polymerization as templates seem to be a practical 
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way to achieve highly crystalline HAP which could be finally used for coating on implants 

in order to make them more osteoconductive. 

 

Figure 2.2-3.Carboxyl-functionalized polystyrene particle. 

2.2.5.2.2 Biodegradable polymeric nanoparticles 

The most investigated biodegradable synthetic polymers for tissue engineering are 

based on saturated polyesters like poly(lactic acid), poly(glycolic acid), poly(ε-

caprolactone), and poly(D,L-lactide-co-glycolide). As these polyesters possess 

biodegradability, biocompatibility, and low toxicity in vivo, they have found a fortified 

position in the biomedical field as for instance, long-circulating carriers for the controlled 

release of drugs.[192, 193] The chemical properties of these polymers allow hydrolytic 

degradation through de-esterification. The degradation occurs by uptake of water followed 

by the hydrolysis of the ester bonds. Several factors play role in the degradation kinetics of 

these polymers like the chemical composition, the molar mass, environmental conditions, 

the crystallinity, the hydrophobicity, etc.[194-199] Several ways of incorporating HAP in 

these resorbable polyester matrix have been reported. For example, blending of preformed 

HAP in the polymeric matrix,[200]encapsulation within microspheres,[201] fabrication of 

PLGA/HAP composite scaffolds using gas forming and particulate leaching method for 

bone tissue engineering [202] have been reported. Surface grafting of degradable polymer 

onto the nano-HAP surface by using the radio-frequency plasma polymerization in order 

to improve the adhesion within PLGA matrix for better mechanical properties has also 

been performed.[203] Several other interesting methods for fabricating porous composite 

scaffolds using biodegradable polymers have also been reported.[127] 
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Biomimetic approaches have also been postulated to mineralize polymeric scaffolds. 

The hydrolytic degradation properties of these polymers could be exploited for the 

mineralization of scaffolds. The cleavage of the ester bonds (saponification) by strong 

alkali (NaOH) leads to the generation of carboxylate groups which can be subsequently 

used to bind calcium and phosphate ions. It has been already shown that the NaOH 

hydrolysis of poly(ε-caprolactone), poly(lactide-co-glycolide), and poly(L-lactic acid) 

leads to an increased mineralization of polymer surfaces compared to identical non-

hydrolyzed polymers.[204-206]  

Hence, using nanoparticles synthesized from these polymers for such a template 

approach could be thought of as an excellent biomimetic strategy to produce composite 

particles for tissue engineering applications. The synthesis of nanoparticles from these 

biodegradable polymers by combining the solvent evaporation and the miniemulsion 

technique has been recently reported.[26] Such nanoparticles not only serve as templates 

but simultaneously could also be used to incorporate biomolecules and drugs. 
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3 Analytical techniques 

3.1 Electron microscopy 

Electron microscopy takes advantage of the wave nature of rapidly moving electrons. 

The shorter wavelength compared to light allows a higher resolution in imaging and fine 

probes for the analysis of specimens. When an electron beam hits a specimen, a wide 

variety of interactions can take place. The various electron beam-specimen interactions are 

shown in the Figure 3.1-1. 

 

Figure 3.1-1. Scheme illustrating various electron beam-specimen interactions. 

An electron microscope utilizes these interactions for different imaging and 

diffraction modes to characterize the material down to atomic scale. An electron 

microscope is an electron accelerator that focuses an electron beam with the aid of 

electromagnetic lenses. The lenses and the specimen stage are mounted in a vertical, lead-

lined cylindrical column that allows the interior to be maintained under vacuum. The 

vacuum is needed so that the electrons do not collide with air molecules and get knocked 

off-course before they reach the specimen. A good vacuum is required (<10-6 mbar) since 

the mean free path of an electron is about 1 m in a vacuum of 10-4 mbar. In simple words, 

a transmission electron microscope (TEM) uses electron beam transmitted through the 

sample to produce an image, while a scanning electron microscope (SEM) uses the 

electrons that are scattered of the sample surface to produce an image. Both SEM and 



Analytical techniques 

 36

TEM can be used for energy dispersive X-ray spectroscopy (EDX) for the compositional 

analysis of the material by collecting the characteristic X-rays that are generated from the 

sample. In this work, high resolution scanning electron microscopy (HRSEM) and high 

resolution transmission electron microscopy (HRTEM) have been used for characterizing 

the nanoparticles. Hence, a brief introduction about these techniques will be outlined in 

this chapter. 

3.1.1 Scanning electron microscopy (SEM) 

In a SEM, a beam of accelerated electrons is used to image surface features of 

specimens. The beam of electrons in vacuum is collimated by electromagnetic condenser 

lenses, focused by an objective lens, and scanned across the surface of the sample by 

electromagnetic deflection coils. While the surface topography of a specimen is generated 

by the secondary electrons, the chemical composition of a specimen can be revealed by 

backscattered electrons. The secondary as well as backscattered electrons were used for 

imaging in this work.  

3.1.2 Transmission electron microscopy (TEM) 

The principle of TEM is entirely analogous to optical microscopy. The accelerated 

electron beam is collimated with the aid of the electromagnetic lenses. The electron beam 

is transmitted through the specimen. Depending on the density of the material present, 

some of the electrons are scattered and disappear from the beam. The unscattered electrons 

leaving the sample hit a fluorescent screen, which gives rise to a "shadow image" of the 

specimen with its different parts displayed in varied darkness according to their density. 

TEM can reveal the structure by imaging (the size, shape, and the distribution of the 

phases that make up the material), the composition by EDX spectroscopy (the distribution 

of the elements), and the crystallography by diffraction (the crystal structure of the phases 

and the character of the crystal defects). 

One of the powerful features of electron microscopes is their ability to display 

diffraction patterns of the sample. In this case the wave-like nature of the electrons is 

utilized to diffract the incident beam from the atomic structure within the sample. This can 

provide information on the crystal structure of the sample and is particularly useful when 

the atomic arrangement is periodic, as in a crystal.  
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The images are formed in TEM either using the transmitted beam (bright field mode), 

or using part of scattered beams (dark field mode). The way in which electrons form the 

image is chosen by inserting an aperture into the back focal plane of the objective lens, 

thus blocking out most of the diffraction pattern except that which is visible through the 

aperture. The external drives are used to move the aperture so that either the direct 

electrons or some scattered electrons go through it. If the direct beam is selected then the 

resultant image is a bright-field image, and if scattered electrons of any form are selected, 

the resultant image is a dark-field image. The schematic comparison of the use of 

objective aperture to produce dark and bright field images is shown in the Figure 3.1-2. 

 

Figure 3.1-2 Schematic comparison of the use of an objective aperture in TEM to select 
(left) the direct or (right) the scattered electrons to form bright and dark field images 
respectively. 

The possibility for high magnifications and various modes available for different 

applications renders this technique its versatility and has made the TEM a valuable tool in 

many different fields like medical, biological, or materials research. 

3.2 X-ray diffraction 

X-rays are electromagnetic radiations of shorter wavelength, in the range of few 

angstroms, and they occupy the region between the ultraviolet and gamma rays in the 

complete electromagnetic spectrum. The X-rays used in diffraction have wavelengths 

lying approximately in the range of 0.5-2.5 Å. X-rays are generated when high energy 

electron bombards a solid target. As electrons collide with the target either they are 

decelerated continuously or they hit the core electrons of the target material and thus 
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causing an internal ionization of atoms in the latter. With the deceleration of electrons, 

continuous spectra of X-rays are emitted (Bremsstrahlung radiation), while with the 

ionized atoms the incomplete inner shells are filled with outer atomic shells. These 

electronic transitions within atoms, lead to the emission of characteristic X-rays with well 

defined energies (characteristic of the target material). 

As the wavelength of X-rays is comparable to the size of the atoms, they are ideally 

suited for probing the structural arrangement of atoms and molecules in a wide range of 

materials. X-rays primarily interact with electrons in atoms. When X-ray photons of 

wavelength λ interact with electrons, some of them are scattered/deflected from their 

incident beam direction under the same angle (θ). The scattered waves can interfere 

constructively if the path difference between the path of rays I and II as shown in the 

Figure 3.2-1 equals the integer multiple (n) of wavelength (λ). For a given set of lattice 

planes with an inter-plane distance d, the condition for a diffraction peak/constructive 

interference to occur is given by the following Bragg equation: 

 θλ sin2dn =  3.2-1

where, n represents the order of the diffraction peak and θ, the scattering angle . 

 

Figure 3.2-1 Schematic showing Bragg’s reflection. 

It is important to note that Bragg’s law applies to scattering centers consisting of any 

periodic distribution of electron density, which implies that the law holds true if the atoms 

are replaced by molecules, collection of molecules such as polymers, colloids, proteins, 

etc. 
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X-ray diffraction is a very valuable tool in determining the crystal structures. The 

crystallite size (tcs) can be determined from the full width at half maximum (B) of the 

diffraction peaks by using the Scherrer equation as follows: 

 
θ

λ
cosB
Ktcs =  3.2-2 

where, K is the shape factor. 

3.3 Dynamic light scattering 

The dynamic light scattering is a well established technique for measuring particle 

sizes and their distribution. The concept of this technique is based on the Doppler shift 

caused by the random Brownian motion of the particles. The frequency of the incident 

light is displaced after scattering depending upon the moving particle. As the small 

particles possess higher average velocities than the larger ones, the shift in the frequency is 

higher in the former than in the latter. As the difference in the scattered frequency is 

associated with the particle size, this technique is valuable in describing the dynamics of 

particle motions and determining the particle size distribution by measuring the diffusion 

coefficient and using the autocorrelation function. 

In the classical theory of light scattering, when light impinges on matter, the incident 

electromagnetic field exerts a force on the charges in the scattering volume. These 

accelerating charges then radiate (scatter) light. The frequency shifts, the angular 

distribution, the polarization, and the intensity of the scattered light are determined by the 

size, shape, and the molecular interactions in the scattering material. The information 

about the structure and the molecular dynamics of the scattering medium can be obtained 

from the light scattering characteristics of a given system applying electrodynamics and 

the theory of time dependent statistical mechanics. 

The light passing through a colloidal dispersion is scattered by the droplets or 

particles in all directions. When the light source is a laser (coherent and monochromatic), 

a time dependent fluctuations in the scattered intensity can be obtained using a suitable 

detector. These fluctuations arise due to the thermal motion of the scattering particles 

(variation of the distance between the scatterers in the solution). The intensity fluctuation 

in the detector is the consequence of the scattered light from the surrounding particles 
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undergoing constructive and destructive interference. The information about the time scale 

motion of the scatterers is contained in the intensity fluctuations. Thus by analyzing the 

time dependence of intensity fluctuation, the diffusion coefficient of the particles can be 

determined. The hydrodynamic radius, assuming a spherical symmetry, can be obtained 

directly from the diffusion coefficient by means of the Stokes-Einstein equation: 

 
D
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3.3-1 

where, η0 is the viscosity of the medium, kB is the Boltzmann constant, and T is the 

absolute temperature. 
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4 Experimental section 

4.1 Synthesis of gelatin nanoparticles 

4.1.1 Materials 

Gelita pharmaceutical grade porcine skin type-A gelatin (260 bloom) - GelA, bovine 

bone type- A gelatin (195 bloom) - GelB, bovine bone type-B gelatin (195 bloom) - GelC, 

porcine bone type-B gelatin (160 bloom) - GelD kindly supplied by Gelita Deutschland 

GMbH were used. The amphiphilic block copolymer poly[(butylene-co-ethylene)-b-

(ethylene oxide)] P(B/E-b-EO) (Mw of the B-E block: 3700 g·mol-1 and of the EO block: 

3600 g·mol-1) was synthesized[207, 208] and used as emulsifier. p-Xylene, synthetic grade 

from Merck, glutardialdehyde (50% solution in water) for synthesis from Merck, BCATM 

Protein Assay Reagent A from Pierce, and copper(II)sulfate from Sigma-Aldrich were 

used as received. For the nanoparticles containing amino acids, L-aspartic acid and L-

glutamic acid from Merck and poly(amino acids), Poly(L-aspartic acid sodium salt) with 

Mw=5000-15000 g·mol-1) from Sigma and Poly(L-Glutamic acid) with Mw=2000-15000 

g·mol-1 from Fluka were used. 

4.1.2 Synthesis using inverse miniemulsion 

Glutardialdehyde crosslinked gelatin nanoparticles were produced using the inverse 

miniemulsion technique. As a synthetic strategy, two inverse miniemulsions A and B, 

where A contains the gelatin droplets, while B contains the glutardialdehyde crosslinker 

droplets, were combined. For the inverse miniemulsion A, 1 g gelatin was dissolved in 9 g 

of water by heating to 55 °C and 1 g of this solution was added to 10 g p-xylene 

containing 50 mg of the amphiphilic block copolymer P(B/E-b-EO) as emulsifier. After 

stirring the system for 1 h, it was ultrasonicated to obtain a stable miniemulsion using a 

Branson sonifier W450 Digital with a 1/4" tip at 90% amplitude for 3 min under ice 

cooling. Similarly, the second miniemulsion B, containing droplets of 500 mg 

glutardialdehyde (25 wt% in water) as crosslinking agent in 5 g p-xylene stabilized by 25 

mg of the same P(B/E-b-EO) block copolymer as before was prepared by stirring the 

system for 1 h and ultrasonicating it for 2 min at 90% amplitude (Branson sonifier W450 
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Digital, 1/8" tip). Immediately after this, a certain amount (for details see Table 5.1.1-

5.1.4) of the inverse miniemulsion B containing the crosslinker, which is varied from 

sample to sample, was added to the inverse miniemulsion A. The mixture was again 

ultrasonicated for 2 min under ice cooling at 70% amplitude (Branson sonifier W450 

Digital, 1/4" tip) in order to fuse the droplets to produce crosslinked gelatin particles by a 

process which have already been explained by the concept of the fusion and fission 

process.[209] After 8 min of stirring at room temperature, particle size measurements of the 

samples in the organic phase were obtained after dilution using dynamic light scattering 

(DLS). Then the mixture was poured into 70 mL of ice cooled acetone and left for stirring 

for 8 min followed by centrifugation at 2500 rpm for 30 min. After that, acetone was 

decanted, and 40 mL fresh ice cooled acetone was added and centrifuged again for 30 min. 

The decanted sample was then dried at room temperature for one day. The dried samples 

were redispersed in water by sonicating using a Branson sonifier W450 Digital (1/8" tip) 

for 1 min at 20% amplitude (30 s pulse and 10 s pause) under ice cooling. The redispersed 

samples were analyzed for their particle size using DLS. The kind of gelatin and the exact 

amounts of crosslinker used in different samples are given in Tables 5.1.1-5.1.4. 

For synthesizing larger quantities of gelatin nanoparticles (for example, 1 g) for HAP 

mineralization, the synthesis was slightly modified. p-Xylene and water were directly 

removed by freeze drying. By doing so, the addition of large excess of acetone can be 

prevented. The use of appropriate shear device and the procedure is presented in the next 

section. The recipe is shown in Table 4.1.1. All the concentrations represented here as 

percentage corresponds to w/w%. 
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Table 4.1.1.Recipe for up scaling the synthesis of gelatin nanoparticles. 

Inverse miniemulsion A (g) 

10%(w/w) Gelatin solution 10 

P(B/E-b-EO) 0.03 

p-Xylene  30 

Inverse miniemulsion B 

50% Glutaraldehyde 0.1 

H20 0.5 

P(B/E-b-EO) 0.07 

p-Xylene  30 

4.2 Biomimetic mineralization of hydroxyapatite using gelatin 

nanoparticles 

4.2.1 Materials 

Gelita pharmaceutical grade porcine skin gelatin, 260 bloom (GelA) from Gelita 

Deutschland GMbH was used. Amphiphilic block copolymer poly[(butylene-co-ethylene)-

b-(ethyleneoxide)] P(B/E-b-EO) (Mw of the B-E block: 3700 g·mol-1 and of the EO block: 

3600 g·mol-1) was synthesized and used as emulsifier. p-Xylene, synthetic grade from 

Merck, CaCl2·2H2O from Aldrich, Na2HPO4·2H2O from Merck, glutardialdehyde (50% 

solution in water) for synthesis from Merck, 0.01 M NaOH (Merck), resorcinol (98%) 

from Aldrich and Ca10(OH)2(PO4)6 from Aldrich were used. 

4.2.2 Synthesis 

Glutaraldehyde crosslinked gelatin nanoparticles, produced using the inverse 

miniemulsion technique, were employed to synthesize the hybrid gelatin/hydroxyapatite 

nanoparticles in aqueous phase. 1 g gelatin was dissolved in 10 g of water by heating to 55 

°C and added to 30 g p-xylene containing 30 mg of amphiphilic block copolymer P(B/E-b-

EO) as emulsifier. This system is stirred for 1 h and then ultrasonicated to obtain a stable 

miniemulsion using a Branson sonifier W450 Digital (1/2" tip) at 90% amplitude for 3 min 



Experimental section 

 44

under ice cooling. Similarly, another miniemulsion system containing droplets of 100 mg 

glutardialdehyde (50 wt% in water) as crosslinking agent, 10 mg resorcinol as antibacterial 

agent, and 500 mg water in p-xylene stabilized by the same P(B/E-b-EO) block copolymer 

as before was prepared by stirring the system for 1 h and ultrasonicating it for 2 min at 

90% amplitude (Branson sonifier W450 Digital, 1/2" tip). Then the two systems were 

combined and ultrasonicated for 2 min at 90% amplitude (Branson sonifier W450 Digital, 

1/2" tip) in order to fuse the droplets to produce crosslinked gelatin particles. After further 

10 min of stirring at room temperature, the organic phase was removed by freeze drying. 

About 40 mg of freeze dried gelatin nanoparticles were redispersed in 8 g 

demineralized water by ultrasonication using a Branson sonifier W450 Digital, inverse 

cup. The pH of the solution was adjusted using 0.01 M NaOH to 10.3. About 8 mL of 

freshly prepared 0.05 M CaCl2 was added to the gelatin nanoparticle solution stirring at 37 

°C for 1.5 h. To this, 8 mL of freshly prepared 0.03 M Na2HPO4 corresponding to the 

stoichiometric Ca2+:PO43- ratio for hydroxyapatite (Ca10(PO4)6(OH)2) was added dropwise 

for about 1 h. The solution was allowed to stir at 37 °C for different periods of time. 

For the iron oxide deposition, a stock solution containing 0.582 g of FeCl3 (Merck) 

and 0.48 g of FeCl2·4H2O (Merck) in 16 mL of water (Fe3+/Fe2+ ratio being 3:2) was 

prepared. About 40 mg of freeze dried gelatin nanoparticles were redispersed in 8 g 

demineralized water by ultrasonication using a Branson sonifier W450 Digital, inverse 

cup. About 8 mL of freshly prepared stock solution was added to the gelatin nanoparticle 

solution stirring at 40 °C for 1.5 h. To this excess NaOH and in another experiment excess 

26% ammonia solution was added rapidly. After overnight stirring, the samples were 

washed and then freeze dried for further characterization. 

4.3 Functionalized polymeric nanoparticles for mineralization 

4.3.1 Materials 

Styrene (Merck) and acrylic acid (Aldrich) were freshly distilled under reduced 

pressure and stored at -20 °C before use. All other chemicals were used without further 

purification: the hydrophobic monomer soluble initiator 2,2’-azobis(2-methylbutyronitrile) 

(V-59) from Wako Chemicals, Japan, the hydrophobe hexadecane (Aldrich, 99%), the 

non-ionic surfactant Lutensol AT-50 (a poly(ethylene oxide)-hexadecyl ether with an EO 
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block length of about 50 units) from BASF and the ionic surfactant sodium dodecyl sulfate 

(SDS) from Merck. For the loading of the particles calcium nitrate tetrahydrate (Aldrich, 

99%) and di-ammonium hydrogen phosphate (Merck) were used. Demineralized water 

was used during the experiments. 

4.3.2 Synthesis using direct miniemulsion 

Carboxyl-functionalized polystyrene nanoparticles with ionic as well non-ionic 

surfactants were prepared by the miniemulsion copolymerization of styrene with varying 

amounts of the comonomer, acrylic acid. The quantities are given in Table 4.3.1. For the 

preparation of poly(styrene-co-acrylic acid) latex particles, the given amount of styrene 

and acrylic acid, 250 mg of the hydrophobe hexadecane, and 100 mg of the initiator V-59 

were added to 24 g of water containing 200 mg of Lutensol AT-50 (or 72 mg of SDS). 

After 1 h of stirring for pre-emulsification, the miniemulsion was prepared by 

ultrasonicating the mixture for 120 s at 90% amplitude (Branson sonifier W450 Digital, 

1/2" tip) at 0 °C in order to prevent polymerization. The copolymerization was performed 

at 72 °C for about 20 h. 

Table 4.3.1. Recipe for miniemulsion polymerization of functionalized latexes. 

With ionic 

surfactant 

With non-ionic 

surfactant 

Ingriedients 

amount (g) amount (g) 

Styrene 6-5.82 6-5.1 

Acrylic acid 0-0.18 0-0.9 

Initiator (V-59) 0.1 0.1 

Hexadecane 0.25 0.25 

SDS 0.072 - 

Lutensol AT-50 - 0.2 

Water 24 24 
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The latexes synthesized with non-ionic surfactants were washed in order to remove 

free chains of poly(acrylic acid) if any, while the latexes prepared with the ionic 

surfactant, SDS were washed extensively to remove SDS as much as possible 

(conductivity < 6 µS/cm) in addition to poly(acrylic acid) in the aqueous phase. In the 

latter case, the stability to the latexes was provided by adding about 0.8 % non-ionic 

surfactant Lutensol AT-50 containing aqueous solution by multiple centrifugation and 

redispersion. 

For all the latexes, the amount of calcium and phosphate ions added for the formation 

of HAP was always the same. The loading of the particles was carried out by first 

adjusting the pH to 10 by using 26 % ammonia solution. The samples were stirred at 37 °C 

and then loaded with calcium ions followed by addition of phosphate ions as follows. For 

about 0.1 g polymer, about 0.499 mmol Ca(NO3)2 was added and then the samples were 

stirred for 2 h to allow binding of calcium ions. The subsequent addition of phosphate ions 

(0.298 mmol of (NH4)2HPO4) were made dropwise for about 1 h. The molar ratio of 

calcium to phosphate was maintained 5:3 in all loadings. The samples were stirred after 

loadings for about 24 h. The pH was maintained at pH=10 throughout the experiment. The 

samples were later washed and freeze dried for further characterization.  

4.4 Biodegradable polymeric nanoparticles for mineralization 

4.4.1 Materials 

The polymers used were PLLA of two different molecular weights (Mw=101700 

g·mol-1 and Mw=67400 g·mol-1, further in the text denoted as PLLAH and PLLAL, 

respectively) which were supplied from Fluka; PCL of two different molecular weights 

(Mw=115000 g·mol-1 and Mw=65000 g·mol-1, in the text denoted as PCLH and PCLL, 

respectively) were supplied from Aldrich, and PLGA (50:50) was a gift from Boehringer 

Ingelheim (Ingelheim, Germany) (Resomer RG 502 S, i.v.¼0.2 and Mw=15000 g·mol-1). 

Sodium dodecyl sulfate (SDS, Merck), Lutensol AT-50 (BASF were used as surfactants. 

N-(2,6-Diisopropylphenyl)-perylene-3,4-dicarbonacidimide (PMI; BASF) was used as a 

fluorescent marker. The HPLC-grade organic solvent chloroform (Merck) was used 

without further purification. Demineralized water was used during the experiments. 
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4.4.2 Synthesis of polymeric nanoparticles 

Polymer particles were prepared by combining the emulsion/solvent evaporation technique 

with the miniemulsion technique. The particles used in this work were already reported [26] 

and were used directly without further treatment. The particles used were synthesized as 

follows. A given amount of polymer and fluorescent agent was dissolved in 10 g of 

chloroform. The macroemulsion was prepared by adding the aqueous phase consisting of 

dissolved surfactant (SDS) in 24 g water to the organic phase, and subsequent magnetic 

stirring of the mixture at high speed for 60 min. Afterwards, the macroemulsion was 

subjected to ultrasonication under ice cooling for 180 s at 70% amplitude in a pulse regime 

(30 s sonication, 10 s pause) using a Branson 450 W sonifier (1/4" tip). The obtained 

miniemulsion was transferred into a 50 mL reaction flask with a wide neck and left 

overnight at 40 °C for a complete evaporation of the organic solvent. 

For further loading of the particles with salt solutions, after the particle formulation, the 

ionic surfactant SDS was exchanged by the non-ionic surfactant Lutensol AT-50 by 

multiple centrifugation/ redispersion in Lutensol AT-50 (0.8 wt.-%/wt.-%) aqueous 

solution. 

The loading of the particles was carried out by first adjusting the pH to pH=10 by 

using 0.1 M NaOH. The samples were stirred at 37 °C for an extended period of 2 h (for 

hydrolysis) and then loaded with calcium ions followed by addition of phosphate ions as 

follows. For the dispersion containing 0.5% polymer, about 3 mL of 0.05 M CaCl2 was 

added and stirred for 2h to allow binding of calcium ions. To this, 3 mL of freshly 

prepared 0.03 M Na2HPO4 was added dropwise for about 1 h. The molar ratio of calcium 

to phosphate was maintained 5:3 in all loadings. The samples were stirred for 24 h and 

then freeze dried. 

4.5 Encapsulation of hydroxyapatite 

4.5.1 Materials 

Calcium hydroxide (p.a.) from Merck; phosphoric acid, 85 wt% solution in water 

(A.C.S. reagent); and cetyltrimethyl ammonium chloride (CTMA-Cl) from Aldrich were 

used. Demineralized water was used during the experiments. 
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4.5.2 Synthesis of nanoapatite 

The synthesis of nanoapatite was performed according to the procedure reported 

earlier.[210] About 3.7 g of Ca(OH)2 was added to 250 mL of demin. water in a round-

bottom 3-neck flask and was stirred for 1 h at 100 °C. To this, about 3.38 g of 85 wt% 

H3PO4 which was diluted to 250 mL by adding demin. water was added drop wise for 

about 2.5 h. After the completion of the addition, the reactant mixture was stirred for about 

2 h at 100 °C. The suspension was left for settling for about 18 h followed by filtering of 

the precipitate and subsequent drying at 60 °C overnight. 

4.5.3 Encapsulation of nanoapatite in poly(L-lactide) nanoparticles 

About 10 mg of nanoapatite and 0.02 g of P(B/E-b-EO) block copolymer were dispersed 

together in 1 g chloroform by ultrasonication for 180 s (10 s pulse, 5 s pause) at 50% 

amplitude using a Branson sonifier W450 Digital, inverse cup. About 300 mg of the 

polymer PLLA was dissolved in 9 g chloroform at 40 °C. Dispersions of nanoapatite and 

PLLA solution were combined together and mixed afterwards with a solution consisting of 

24 g water and 15 mg CTMA-Cl. After stirring for 1 h at 500 rpm, the miniemulsion was 

prepared by ultrasonication for 180 s (30 s pulse, 10 s pause) at 70% amplitude using a 

Branson sonifier W450 Digital, 1/4" tip under ice cooling. The miniemulsion was 

transferred into a round bottom flask with a wide neck and heated at 40 °C under stirring 

over night to evaporate the chloroform. To remove the non-encapsulated inorganic 

material, the sample was first centrifuged at 2000 rpm for 20 min and then the upper phase 

was transferred into another tube and centrifuged for a second time at 10000 rpm for 20 

min. The supernatant was removed and the pallet of nanoparticles was redispersed in 

demineralized water. 
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5 Results and discussions 

5.1 Gelatin nanoparticles 

A convenient synthetic route based on the concept of nanoreactors (individual 

nanosized homogeneous entities) using the miniemulsion technique to overcome the 

aforementioned problems of other available techniques in producing uniformly crosslinked 

gelatin nanoparticles also with high crosslinking degrees is presented in this work. The 

miniemulsion technique is a straight forward approach, which does not rely on phase 

separation and offers the flexibility of conveniently varying the gelatin content and the 

degree of crosslinking using small amounts of surfactant. Glutardialdehyde, which is a 

known protein fixative, is used as the crosslinker. It is understood that the ε-amino groups 

of the lysine residues and the N-terminal amino groups of the protein are involved in the 

crosslinking with glutaraldehyde. Gelatin nanoparticles are prepared using inverse 

miniemulsion process, where p-xylene is used as the continuous phase. As gelatin itself is 

practically insoluble in p-xylene, it serves the purpose of hydrophilic agent (osmotic 

control agent) by itself in order to suppress Ostwald ripening. Different types of gelatin 

have been used without purification or fractionation and the amount of the crosslinker has 

been optimized. The stability of the dispersion, particle size, and the efficiency of 

crosslinking by analyzing the uncrosslinked free chains have been studied. [181]The 

optimized gelatin particles have been used as templates for hydroxyapatite crystals in this 

work. 

5.1.1 Variation of gelatin type and crosslinker concentration 

Gelatin nanoparticles were synthesized using the inverse miniemulsion process using 

glutardialdehyde as the crosslinker and p-xylene as the continuous phase. Two separate 

miniemulsions were created in p-xylene, one with a gelatin solution as droplet phase, the 

other one with glutardialdehyde as droplet phase, and then combined. In a fission/fusion 

process, a reaction between the two different droplet species can take place. The 

synthesized chemically crosslinked gelatin nanoparticles could then be redispersed into an 

aqueous phase without any need of an additional surfactant as the gelatin microgel itself 

has charge and some loose chain ends which offers steric and electrostatic stabilization. 
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The schematic sketches of the synthesis of gelatin nanoparticle using the inverse 

miniemulsion process followed by the redispersion in the aqueous phase are presented in 

Figure 5.1-1and Figure 5.1-2 respectively. 
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Figure 5.1-1. Scheme illustrating the synthesis of crosslinked gelatin microgels using 
inverse miniemulsion process. 
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Figure 5.1-2. Redispersion of chemically crosslinked microgel in to the aqueous phase. 
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The polymeric surfactant is required for the stabilization of the formed droplets only 

in the inverse miniemulsion. Compared to microemulsions, the amount of surfactant is 

indeed very low.[179] As each gelatin type has a different molecular weight distribution, 

composition, and pI (by eventually different amount of NH3
+ groups), different types of 

gelatin were used and the amount of crosslinker required for crosslinking was optimized. 

The varying amounts of the inverse miniemulsion B containing the crosslinker and the 

corresponding crosslinker concentration represented in % w/w with respect to the gelatin 

concentration together with the average particle diameter are shown in Table 5.1.1 to 

Table 5.1.4. 

Table 5.1.1. Particle size of the samples prepared with 1 g of 10% gelatin, GelA (Type-A, 
acidic porcine) and the varying crosslinker concentration in % w/w with respect to 
gelatin. 

Sample No.  

GelA 

Inv. Mini. 

B (mg) 

Crosslinker   

(% w/w  

w.r.t gelatin) 

Dz a   

(nm)/PDI     

p-xylene 

Dz b 

(nm)/PDI    

water 

GelA-1 302 6.83  183/0.338 231/0.173   

GelA-2 258 5.84  221/0.367 236/0.206 

GelA-3 206 4.66  167/0.252 236/0.178 

GelA-4 161 3.64  194/0.370 234/0.138 

GelA-5 115 2.60  209/0.398 206/0.118 

GelA-6 64 1.45  214/0.360 * 

GelA-7 36 0.81  185/0.250 * 

* DLS data were inconsistent or could not be performed (see text); a DLS data measured at 25 °C; b DLS 

data measured at 20 °C. 
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Table 5.1.2. Particle size of the samples prepared with 1 g of 10% gelatin, GelB (type-A, 
acidic bovine) and the varying crosslinker concentration in % w/w with respect to 
gelatin. 

Sample No.   

GelB 

Inv. Mini. 

B (mg) 

Crosslinker 

(% w/w 

w.r.t gelatin)

Dz a   

(nm)/PDI   

p-xylene 

Dz b  

(nm)/PDI  

water 

GelB-1 321 7.26 168/0.356  306/0.259 

GelB-2 260 5.88 218/0.382  288/0.193 

GelB-3 213 4.81 168/0.341  295/0.232 

GelB-4 159 3.59 198/0.414  255/0.222 

GelB-5 110 2.48 222/0.338  208/0.153 

GelB-6 67 1.52 175/0.358 * 

GelB-7 33 0.75 217/0.380 * 

* DLS data were inconsistent or could not be performed (see text); a DLS data measured at 25 °C; b DLS 

data measured at 20 °C. 

Table 5.1.3. Particle size of the samples prepared with 1 g of 10% gelatin, GelC (type-B, 
alkaline bovine) and the varying crosslinker concentration in % w/w with respect to 
gelatin. 

Sample No.  

GelC 

Inv. Mini. 

B (mg) 

Crosslinker   

(% w/w 

w.r.t gelatin)

Dz a    

(nm)/PDI   

p-xylene 

Dz b    

(nm)/PDI       

water 

GelC-1 303 6.86 196/0.318  203/0.175 

GelC-2 257 5.81 196/0.376 199/0.173 

GelC-3 209 4.73 175/0.198  213/0.182 

GelC-4 162 3.67 205/0.344 198/0.252 

GelC-5 111 2.51 208/0.354 209/0.208 

GelC-6 63 1.43 212/0.360 145/0.396 

GelC-7 34 0.77 196/0.344 * 

* DLS data were inconsistent or could not be performed (see text); a DLS data measured at 25 °C; b DLS 

data measured at 20 °C. 
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Table 5.1.4. Particle size of the samples prepared with 1 g of 10% gelatin, GelD (type-B, 
alkaline porcine) and the varying crosslinker concentration in % w/w with respect to 
gelatin. 

Sample No.   

GelD 

Inv. Mini. 

B (mg) 

Crosslinker   

(% w/w 

w.r.t gelatin)

Dz a   

(nm)/PDI     

p-xylene 

Dz b  

(nm)/PDI      

water 

GelD-1 311 7.04 191/0.321  213/0.141 

GelD-2 263 5.95 170/0.269  212/0.129 

GelD-3 204 4.62 181/0.272  216/0.132 

GelD-4 160 3.62 193/0.392  214/0.167 

GelD-5 109 2.47 194/0.350  195/0.182 

GelD-6 71 1.61 192/0.319 * 

GelD-7 37 0.84  177/0.316 * 

* DLS data were inconsistent or could not be performed (see text); a DLS data measured at 25 °C; b DLS 

data measured at 20 °C. 

It can be observed that the size of the gelatin droplets is almost the same (< 200 nm) 

for all the gelatin types in the organic phase compared to the particle size after the transfer 

to the aqueous phase. Also, it can be seen that for higher crosslinker concentrations, the 

size of the particle is larger in the aqueous phase than in the organic phase. This is 

because, the measured values correspond to the hydrodynamic size which is larger in the 

aqueous phase compared to non-polar solvents. Additionally, more water can now diffuse 

into the gelatin from the dispersion medium to occupy the channels/pores or volume 

between the networks of the polymer strands as much as possible until it is completely 

swollen. The zeta-potential values measured for the redispersed samples (at pH 6) 

prepared with 4.7 % crosslinker concentration for all gelatin types were about + 6 mV 

(Gel A; pI about pH 9), + 7 mV (Gel B; pI about pH 6), -16 mV (Gel C; pI about pH 5), -

13 mV (Gel D; pI about pH 5). It was found that with a crosslinker concentration of about 

1.4-1.6%, the size of the particles were about 140-190 nm with a large PDI and 

inconsistent values for all gelatin types. With decreasing crosslinker amount, one would 

expect that particles would have pronounced swelling as a result of less crosslinking, and 

the particle size in aqueous phase should be larger than with the high crosslinker 

concentration where the particle size is expected to shrink as a result of high crosslinking 
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density. This anomaly can be explained as the consequence of reduction in crosslinker 

amount leading to insufficient crosslinking thereby allowing more gelatin to be present 

outside the particles. This resulting loss of material within the particle in combination with 

high amount of free chains outside leads to reduction in particle size. As relatively strong 

forces are applied during the redispersion process, only the chemically crosslinked chains 

are retained within the particle volume and the physically crosslinked chains are urged to 

loosen. The presence of free gelatin chains is very much detrimental to the colloidal 

stability as it could readily cause aggregation. This latter argument is strengthened by the 

increased polydispersity index (PDI) for the samples prepared with a lower crosslinker 

concentration as is shown for Gel C-6 in Table 5.1.3 as well as by the difficulties 

encountered in measuring the particle size at all in some cases of low crosslinker amount 

(0-75-0.84%, least crosslinker concentration) and the reproducibility of the measured 

values using DLS in some cases (1.4-1.6% crosslinker concentration). The value for GelC-

6 in Table 5.1.3 was shown only to explain the anomaly due to insufficient crosslinking 

and cannot be taken as an absolute value. Thus, it can be concluded that the DLS data are 

not reliable at very low crosslinker concentrations. The amounts of free chains for 

different crosslinker concentrations for different gelatin types are described in the 

following sections. 

5.1.2 Thermal cycle and swelling  

As the gelatin can undergo the volume transition induced by temperature as stimuli, 

the swelling behavior of the gelatin particles can be seen, when these nanoparticles in 

water are subjected to a thermal cycle with alternatively increasing and decreasing 

temperatures. The thermal cycle for particles synthesized for one gelatin type with 

different crosslinker amounts (see Table 5.1.5), for one gelatin type with different gelatin 

concentrations (see Figure 5.1-3), and for different gelatin types at one crosslinker 

concentration (see Table 5.1.6) are shown. 
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Table 5.1.5. Particle size of the samples prepared with 10% gelatin (type-A, acidic 
porcine) with varying crosslinker concentration in the thermal cycle. 

Dz (nm)/PDI GelA 

samples 

   20 °C    45 °C    20 °C    45 °C    20 °C    45 °C 

GelA-1 231/0.173 242/0.151 226/0.153 239/0.170 223/0.136 239/0.123 

GelA-2 236/0.206 252/0.182 234/0.177 247/0.188 231/0.189 250/0.177 

GelA-3 236/0.178 248/0.162 228/0.165 247/0.188 231/0.179 245/0.155 

GelA-4 234/0.138 248/0.160 229/0.165 249/0.161 234/0.165 247/0.172 

GelA-5 206/0.118 215/0.139 198/0.159 212/0.142 199/0.132 216/0.157 

 

Figure 5.1-3. Particle size of the samples prepared with varying gelatin concentration 
and crosslinker concentration 4.7% for GelA (type-A, acidic porcine) in the thermal 
cycle. 
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Table 5.1.6. Particle size of the samples prepared with same crosslinker concentration 
with all different gelatin (10%) types in the thermal cycle. 

                                      Dz (nm)/PDI Gelatin 

 Types 
   20 °C    45 °C    20 °C    45 °C    20 °C 

GelA-4.66 % 236/0.178 248/0.162 228/0.165 247/0.188 231/0.179 

GelB-4.81 % 295/0.232 316/0.220 293/0.213 315/0.236 290/0.229 

GelC-4.73 % 213/0.182 225/0.191 206/0.173 223/0.185 203/0.181 

GelD-4.62 % 216/0.132 230/0.161 212/0.150 235/0.122 211/0.162 

 

The particle size measured at 20 °C gives the size of the swollen hydrogel with water 

present in the channels/pores between the networks. When the temperature of the solution 

is increased to a value, where the physical crosslinks are lost, the gelatin molecules tend to 

dissolve. Since this is inhibited as a result of chemical crosslinking, the microgel is 

allowed only to swell resulting in an increase of the particle size. It can be seen that in the 

thermal cycle in many cases, the particle size in the initial measurement at 20 °C is larger 

than the following measurements at the same temperature. This can be attributed to the 

assumption that at higher temperature the particles swell allowing some of the 

uncrosslinked free chains to escape. This is also in correlation with the increase in the PDI 

with the particle sizes measured at 45 °C in several cases. The swelling degree is 

determined by calculating the ratio of the volume of the particles at 20 °C and 45 °C by 

taking the average values measured at the respective temperatures. For the same gelatin 

concentration (10%) with varying crosslinker concentrations, the swelling degree was 

around 20-25%, where the higher value corresponds to a lower crosslinker concentration. 

It is important to note that the degree of swelling here is dictated by the Laplace pressure 

acting on the microgel particle which tends to reduce as a result of swelling and the 

hydrophobicity rendered by the hydrophobic fraction of the block copolymer used as 

surfactant. The clear understanding of these processes can lead to the better control over 

the diffusion of water soluble molecules in and out of the gel. 

Summarizing the above DLS results, one can see that the particle size does not change 

with crosslinker concentration above 3 wt% with respect to the gelatin concentration and 
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the size is quite similar to the one obtained by the desolvation process.[173] The 

crosslinking is very efficient with respect to the amount of crosslinker used and the time 

required to crosslink to obtain stable particles. This can be explained by taking into 

account the principle of the miniemulsion technique. As very high shear forces produced 

by high shear devices are used, the droplets are formed as a result of fusion and fission 

processes. This allows the crosslinker to be homogeneously distributed within the gelatin 

droplets thereby allowing the effective use of the crosslinker. Such a high energy produced 

also gives the flexibility of synthesizing gelatin particles with a high gelatin concentration 

for several interesting applications. The concept of nanoreactor allows the tailoring of the 

properties of nanoparticles which makes it feasible to achieve higher gelatin content 

within the particle or for example, loading of the nanoparticles with drugs. The DLS data 

for varying gel contents is shown in Figure 5.1-3. The amount of surfactant used, duration 

and power (intensity used) of the sonication step were not changed and the amount of 

gelatin within the droplet by varying the initial gelatin concentration (eventually the 

viscosity) was the only parameter that was changed. As the droplet size varied between 

205-280 nm with increasing gelatin concentration in organic phase, the increase in particle 

size after redispersion in aqueous phase can be attributed to the increased gelatin 

concentration inside the droplets which can swell more in the aqueous phase until 

completely swollen which was not possible in the organic phase. Thus, the increase in size 

of the particles with higher gel content is straight forward to understand as more gelatin 

chains are available inside the droplets which can swell more in the aqueous phase. The 

PDI were in the range of 0.03-0.2 for the redispersed samples. This technique allows the 

gelatin concentration constituting the particle matrix (and the solid content) to be very well 

controlled which has been a difficulty in the other methods. 

5.1.3 Optimization of crosslinking efficiency 

As mentioned before, glutardialdehyde was used as the crosslinker for producing 

gelatin nanoparticles. Glutaraldehyde crosslinks protein instantaneously accompanied by a 

color change. Due to its bifunctional nature, it is an active coupling agent (e.g., to couple 

antibodies to the functionalized nanoparticles) used in the synthesis of nanoparticles for 

drug delivery applications. It is a very standard fixative agent and available as “EM grade” 

for proteins in electron microscopy studies. There are several mechanisms proposed for 

the crosslinking of proteins by glutaraldeyde.[211, 212] Although, the exact mechanism of 
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crosslinking is not yet clearly defined, certainly the ε-amino groups of the lysine residues 

and the N-terminal amino groups of the protein are involved to form a Schiff base [172, 176, 

213-215] which is stabilized by reacting further during the formation of crosslinks.[211] The 

IR spectroscopy studies on the pure bulk gelatin, the gelatin nanoparticles crosslinked via 

glutaraldehyde as well as without crosslinking (for reference) produced using the 

miniemulsion process and freeze dried are presented in Figure 5.1-4. Although the 

spectrum for bulk gelatin and the spectrum from gelatin nanoparticles produced via 

miniemulsion process are very different, the absorption bands in the spectra of the gelatin 

nanoparticles with and without crosslinking produced using the miniemulsion process are 

very similar and the structural change after crosslinking is very difficult to explain as there 

is no significant change in the characteristic absorption bands that can be observed. The 

complexity in determining the characteristic absorption bands of the gelatin nanoparticles 

produced with different crosslinker amounts makes this technique not so reliable to use it 

to optimize the amount of crosslinker required. Moreover, with this technique it is not 

possible to have an idea about the amount of uncrosslinked free chains.  

 

Figure 5.1-4. IR spectra to illustrate the crosslinking induced structural changes in gelatin. 

The presence of uncrosslinked free chains of gelatin in the system is very much 

detrimental to the colloidal stability of the system as well as to the homogeneity of the 
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gelatin concentration within the particles. A scheme showing the different scenarios 

possible for the redispersed gelatin nanoparticles as a function of crosslinking efficiency in 

aqueous phase is shown in Figure 5.1-5. Without crosslinking, the existence of the 

nanoparticles in the redispersed aqueous phase is impossible, while with insufficient 

crosslinking the presence of uncrosslinked chains are good enough to destabilize the 

colloidal system as well as to decrease the amount of gelatin concentration within the 

particles. Therefore, these criterions make it absolutely necessary to have a sufficient 

crosslinking by optimizing the amount of crosslinker in order to have a stable system with 

a high solid content.  

This is accomplished by quantifying the amount of free chains in the redispersed 

system, which allows to optimize the amount of crosslinker required for producing stable 

nanoparticles.  

without crosslinking partial crosslinking complete crosslinkingwithout crosslinking partial crosslinking complete crosslinking

 

Figure 5.1-5. Different possible scenarios for the redispersed gelatin nanoparticles in 
the aqueous phase as a function of crosslinking efficiency. 

As different gelatin types have a different composition and a different pI 

corresponding to different number of NH3+groups, it is necessary to optimize the 

crosslinker concentration for individual types. During the redispersion in aqueous phase, 

relatively strong forces by using the ultrasound are applied compared to the stirring with 

the magnetic stirrer. Although this force is relatively low with respect to the one applied 

for the formation of the particles, it is still strong enough to separate the aggregated 

particles from each other after the redispersion in water and also to loosen the 

uncrosslinked free chains. 

One interesting approach to quantify the amount of free gelatin chains is to redisperse 

a known amount of sample and centrifugate it in order to separate the particles and the 

uncrosslinked free chains of gelatin. The amount of free chains in the supernatant can be 
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determined by using chromatographic techniques. Calibration measurements were 

performed using gel permeation chromatography (GPC) for each gelatin type by 

measuring several concentrations. All the measurements were performed at 40 °C. The 

amount of free gelatin chains with sufficiently crosslinked samples were too less in such a 

way that the data obtained for highly crosslinked samples were below the detector limit. 

The detector limit for these samples was determined by measuring the known lowest 

concentration of gelatin containing solution which was about 0.1-0.2 mg/ml. Also to 

measure the samples through such columns is demanding as one needs to use a filter to get 

rid of any big aggregate or agglomerate prior to injecting in to the column. Due to 

filtering, there is a high probability that some material is retained in the filter itself. Apart 

from that, if all the material got eluded out of the column is another question as gelatin 

chains can stick to the column material itself. Such speculations already lead to some 

ambiguity in the results. Although the concept was very meaningful, the exactness of the 

results was questionable. 

All these above mentioned problems were overcome by using another technique 

where the uncrosslinked chains could be measured using UV-vis spectroscopy.   

5.1.4 UV-vis spectrometer studies 

The uncrosslinked chains in the supernatant were quantified using BCA 

(bicinchoninic acid) protein assay, which is one of the standard techniques to measure 

proteins in biological samples. In simple words, this technique involves the combination 

of the reduction of Cu2+ to Cu+ by a protein in an alkaline medium with a highly sensitive 

and selective calorimetric detection of the cuprous cation (Cu+) by the bicinchoninic acid. 

As this technique is capable of quantifying proteins in the concentration range of 20-2000 

µg/ml, it was used as a reliable technique to quantify the uncrosslinked gelatin in the 

samples. 

A defined amount of the sample redispersed in a known amount of water is 

centrifuged and the supernatant is analyzed using the BCA-assay for all gelatin types. The 

calibration samples were prepared with different gelatin concentrations ranging from 0.1-2 

mg/ml and the intensity at 562 nm were taken as values for calibration curves. The 

concentration of uncrosslinked gelatin in the supernatant of the samples prepared with 



Chapter 5.1 Gelatin nanoparticles 

 61

10% gelatin (Gel A-D) with varying crosslinker concentrations in the BCA assay are 

presented in Figure 5.1-6. 

 

  

Figure 5.1-6. Concentration of uncrosslinked gelatin in the supernatant of the samples 
prepared with 10% gelatin (Gel A-D) with varying crosslinker concentrations in the 
BCA assay. The error in the calibration was included in the calculation of gelatin 
concentration. 

It can be clearly seen from Figure 5.1-6 that with increasing crosslinker amount, the 

concentration of the free gelatin in the nanoparticles decreases. From the histograms for all 

the gelatin types, for a concentration of crosslinker of less than 3% with respect to gelatin, 

the effect is drastic while with more than 3% it is less pronounced. As there is not a 

significant change with more than 4-5% crosslinker, syntheses above this value are not of 

relevance. Also, it can be noted that the amount of free gelatin chains present in the 

supernatant for a crosslinker concentration already above 2% is about 15-20% which is 

significantly less as previously reported (about 40% for all crosslinker concentrations 

ranging from 6-200 µg/mg protein before a dilution step) by other techniques.[172] This 

again can be very well attributed to the concept of nanoreactors where the gelatin is still in 

the soluble state within each of the reactor/droplet which can be accessed by the 
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crosslinker molecules efficiently as mentioned before. Hence, comparing all the four 

gelatin types irrespective of their pI and the molecular weight distribution, it can be 

concluded that crosslinker concentrations between 4-5% can be regarded as the optimum 

amount. 

It is important to note that, despite a part of the surfactant used in the inverse 

miniemulsion is removed during the washing step, some of it is still present on the particle 

surfaces as well as in the supernatant (as a result of redispersion in water using 

ultrasound). Although, the surfactant is insensitive to the BCA-assay, it is not possible to 

detect all the 4 mg/ml of the gelatin in case of 0% crosslinker concentration. On the other 

hand, not to exclude, the free surfactants can form aggregates, which have the possibility 

to interact with the free gelatin to form larger aggregates and can eventually settle down 

during centrifugation. These underlying factors can result in possible errors in calculating 

the exact gelatin concentration. 

5.1.5 Electron microscopy studies 

The gelatin nanoparticles are difficult to characterize by electron microscopy 

techniques owing to its poor contrast in TEM as well as its microgel property which makes 

it collapse completely on the removal of water during the drying processes. Therefore, 

different approaches were adopted for the sample preparation in order to visualize the 

morphology of the gelatin nanoparticles. The gelatin particles of the sample GelA-3 

redispersed in water characterized using TEM and HRSEM are presented here. As 

mentioned before, gelatin itself does not have a high contrast in the electron microscopy, it 

was necessary to stain the particles using a special procedure (for details see 

characterization methods). The gelatin particles, which were fixed, stained, embedded in 

epon matrix, and thin sectioned are shown in Figure 5.1-7. As the gelatin particles were 

fixed with glutardialdehyde during the TEM sample preparation, this could influence the 

particle size as a result of excessive crosslinking. Also, it should be noted that the particle 

size in TEM and HRSEM are relatively smaller than the particle size measured using DLS. 

This is due to the reason that in DLS, the hydrodynamic size is measured and the particles 

are swollen, whereas in electron microscopy studies, the hard sphere diameter is seen. The 

morphology of the particles produced by freeze drying after redispersion in water was very 

much the same as the air dried ones as studied by the TEM. 
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Figure 5.1-7. TEM images of gelatin particles from sample GelA-3 from different 
regions on the TEM grid. 

The three dimensional view of the gelatin particles with a minimum collapse of the 

particle was obtained by adopting a freeze drying procedure during the sample preparation 

(Figure 5.1-8). The air-dried particles clearly depicting the state of the gelatin particles like 

aggregated flat objects (Figure 5.1-9) can be seen in the HRSEM image. 

       

Figure 5.1-8. Freeze-dried gelatin particles from sample GelA-3 using HRSEM in 
different magnifications. 

 

Figure 5.1-9. Air-dried gelatin particles from sample GelA-3 using HRSEM. 
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In concise, it was demonstrated that irrespective of the molecular weight distribution 

of the gelatins used, stable nanoparticles can be produced with small amounts of 

surfactant. The amount of gelatin and the crosslinking degree in the particle is high and 

can be well controlled. As the miniemulsion technique allows the homogeneous 

distribution of the crosslinker, an effective use of the crosslinker was achieved. It was 

found that crosslinker concentration of about 4-5 wt% is the optimum amount for 

crosslinking all types of gelatin. The optimized stable gelatin nanoparticles were used as 

templates for the biomimetic mineralization of calcium phosphate in aqueous phase in the 

next section. 
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5.2 Biomimetic mineralization of hydroxyapatite using gelatin 

nanoparticles 

Gelatin, an intriguing candidate for drug delivery, is a promising candidate for 

template-based syntheses of hydroxyapatite due to its intrinsic biocompatibility, ability to 

interact with HAP surfaces, and its low cost. Crosslinked gelatin nanoparticles as microgel 

particles would ideally serve as the spatially restricted nano-environment and molecular 

template for inorganic mineralization. The use of crosslinked gelatin nanoparticles as a 

template has also the advantage that the size of the pore for the diffusion of ions and the 

ratio of organic-inorganic components can be tailored. The possibility to incorporate drug 

molecules accompanied by the volume transition induced by temperature as external 

stimulus and the presence of amino and carboxyl functional groups which in turn offer the 

possibility of functionalization with fluorescent and bone markers make gelatin 

nanoparticles an ideal candidate for biomedical applications. 

The synthesis of hydroxyapatite/gelatin hybrid nanoparticles has great potential to be 

used as a regenerative filler or as a scaffold for nucleation for new bone growth. These 

hybrid nanoparticles offer the feasibility of being injected directly into the damaged part or 

applied as coatings on implants to reduce the immune response or administered 

intravenously with functionalization. Here, in this work a novel synthetic strategy to 

synthesize hydroxyapatite inside crosslinked gelatin nanoparticles which serve as defined 

nanoreactors for the crystal growth is presented.[182] 

5.2.1 Loading of gelatin nanoparticles 

Crosslinked gelatin nanoparticles were synthesized via the inverse miniemulsion 

technique using p-xylene as the organic phase and P(B/E-b-EO) as stabilizer. Two 

miniemulsions were first prepared separately, one containing droplets with a gelatin 

solution at higher temperature (55 °C) above the helix-coil transition temperature and the 

other one containing droplets with the crosslinking agent glutardialdehyde. Both 

miniemulsions were then combined and forced to react by the fusion/fission process using 

ultrasonication. As the gelatin chains in the particle are chemically crosslinked, the freeze-

dried nanoparticles can be redispersed in water keeping the identity of the particles 

without dissolving the gelatin. The size of the particles is temperature dependent: particles 



Results and discussions 

 66

with sizes of about 230 nm at 20 °C and 250 nm at 45 °C were determined by dynamic 

light scattering. The larger size at elevated temperatures is due to the lack of physical 

crosslinking and therefore a more pronounced swelling. 

The gelatin particles act as individual nanoreactors for the subsequent crystallization 

of hydroxyapatite. The scheme showing the loading of gelatin nanoparticles is shown 

below in Figure 5.2-1. 

 

Figure 5.2-1. Scheme illustrating the formulation of gelatin/calcium phosphate hybrid 
particles in aqueous phase. 

The particles are loaded with calcium ions by complexation with the carboxyl ions 

present in the gelatin chain. The further addition of phosphate ions leads to the formation 

of calcium phosphate. The gelatin particles loaded with calcium and phosphate ions in 

order to form composite hybrid HAP/gelatin nanoparticles allow the possibility to study 

the influence of confinement on the growth mechanism of the calcium phosphate phase. 

The mineralization takes place inside the nanoreactors, where the nucleation, growth, and 

the crystallite transformation are controlled on the molecular level via ion complexing 

with the carboxyl or amino ions. The loaded particles are studied by combining XRD and 

electron diffraction techniques. 
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5.2.2 TEM characterization  

The selected area electron diffraction (SAED) and the x-ray diffraction were used to 

determine the crystal phase unambiguously, while the TEM images confirm the crystal 

growth inside the particles.  

The following characterization using TEM (see Figure 5.2-2 (a-d)) was carried out on 

the sample stirred for 2 days at 37 °C after loading. Figure 5.2-2 (a) shows the hybrid 

gelatin particles. As the gelatin particles themselves only have a weak contrast in TEM 

and special sample preparation is required to visualize them, it is the presence of the 

inorganic material inside the matrix that gives the strong contrast. The formation of 

calcium phosphate inside the particle is clearly seen over a large region due to the strong 

contrast which is intrinsically not present in pure unloaded gelatin particles. The loading 

with calcium phosphate can be seen better in higher magnification in Figure 5.2-2 (b) and 

(c) which presents the bright field and dark field images of the same sample area. In 

Figure 5.2-2(d), the particle size distribution (measured from the TEM image) is shown 

and the corresponding average value is 280 ± 53 nm. 
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Figure 5.2-2 (a-d). Hybrid gelatin nanoparticles: (a)-bright field image over a large 
region; (b)-bright field image of a characteristic region; (c)-dark field image of the area 
shown in (b) to illustrate the presence of crystals inside the particle taken with (300) 
reflection and the arrows indicate the presence of different kinds of particles (for details 
see text); (d)-particle size distribution measured from (b). 

Figure 5.2-2(c) clearly illustrates the presence of crystals inside several of the 

particles. Here, there exist three different kinds of particles, namely (i) particles which 
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have uniform contrast without crystalline reflections within the particle (marked as 1), (ii) 

particles which have strong crystalline reflections (marked as 2), and (iii) particles where 

there is a non-uniform contrast but no indications for crystalline reflections (marked as 3). 

In the latter case, the absence of a bright contrast should not be interpreted as a lack of 

crystallinity. Rather, it reflects the situation that the orientation of the crystals with respect 

to the incident electron beam does not match any Bragg condition or their reflections do 

not fall into the objective aperture. By slightly changing the aperture position, the 

reflections from those crystals can also be seen.  

The particles of type 1 without any crystalline region inside the particle on 

investigation using selected area electron diffraction (SAED) revealed that they are 

amorphous. One such particle exhibiting a wide and diffuse pattern is shown in Figure 

5.2-3. 

   

Figure 5.2-3. Typical amorphous electron diffraction pattern (right) of the gelatin/HAP 
particle (left). The particle (dark) is seen inside the selected area aperture (bright 
circle). 

As very exhaustive studies [111, 216-219] have been already made on the transformation 

of metastable amorphous calcium phosphate (ACP) to the stable hydroxyapatite phase, a 

detailed characterization of the crystalline region containing particles was carried out 

(Figure 5.2-4). 
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Figure 5.2-4 (a-f). (a)-Bright field image of a typical region in the TEM grid with the 
particle to be characterized shown in the rectangle; (b)-corresponding dark field image 
of the same region shown in (a); (c)-enhanced image of the hybrid particle shown in the 
rectangle in (a); (d)-high resolution image showing the internal structure of the same 
particle shown in (c), where single crystalline nature without domains could be seen; (f)-
selected area electron diffraction pattern from the complete single particle shown in (e) 
within the selected area aperture (bright circle) and the respective reflections of HAP 
are indicated. 

TEM images and selected area electron diffraction (SAED) from the hybrid particle 

revealed that inside the nanoreactor the HAP grows as a single crystal. In Figure 5.2-4(a), 

the bright field image of a typical region on the TEM grid with the particle to be 
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characterized marked by the rectangle, and in Figure 5.2-4(b), the corresponding dark field 

image of the same region showing the crystalline phase are presented. In Figure 5.2-4(c), 

the enlarged image exhibiting the hybrid particle indicated by the rectangle in Figure 

5.2-4(a) is shown. In Figure 5.2-4(d), a high resolution image shows the continuous lattice 

fringes which depict the internal structure of the same particle (see Figure 5.2-4(c)). Figure 

5.2-4(f) represents the single crystal 6-fold SAED pattern from the complete particle 

shown in Figure 5.2-4(e). This diffraction pattern can be attributed to the [001] zone of 

HAP. Table 5.2.1 shows the interplanar spacing values calculated from the electron 

diffraction (ED) pattern and the corresponding reflections compared to the reference 

(ICDD database). The experimental interplanar spacings were calculated using Si [110] as 

external calibration standard, the reference values for hydroxyapatite crystals are from the 

ICDD database (ICDD Powder Diffraction File No. 00-009-0432). The deviation of 

interplanar distances is within the measurement error for the external standard calibration 

used. Spot intensities were measured as maximum peak values with background 

subtraction. The intensity ratio in the (100):(200):(300) row shows the same behavior as 

for the reference values, however dynamic effects significantly influence the 

measurement. 

Table 5.2.1 Calculated interplanar spacings from the ED pattern and the corresponding 
reflections in comparison to the reference. 

Reflections 
d-Spacing 

[nm] 
(expt.) 

d-Spacing 
[nm] 
(ref.) 

Deviation
Relative 
intensity 
(expt.) 

Relative 
intensity 

(ref.) 
Deviation 

(001) 0.82 0.817 0.03 
(0.4%) 0.12 0.2 25% 

(002) 0.42 0.407 0.13 
(3.0%) 0.16 0.17 6% 

(003) 0.28 0.272 0.08 
(2.8%) 1 1 - 

To confirm the fact that the crystal phase present inside the particle is not an electron 

beam induced artifact, particles which showed the amorphous like electron diffraction 

pattern were exposed to a highly converged electron beam for a considerable time period 

comparable to the one used to obtain the high resolution image in Figure 5.2-4(d). No 

crystalline features were induced in the particle. This confirms that the crystals inside the 
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particles were formed by solution-mediated phase transformation. The sample 

homogeneity was studied by choosing another region of high particle density. The SAED 

on this region also confirms the presence of HAP single crystals (see Figure 5.2-5). 

  

 

Figure 5.2-5 (a-c). (a)-Bright field image of a region with densely populated particles; 
(b)-corresponding dark field image of the same region shown in (a) presenting 
crystalline reflections; (c)-electron diffraction pattern from a part of the region shown in 
the rectangle in (b). 

5.2.3 XRD characterization 

To crosscheck the results from ED, samples prepared by stirring for different periods 

of time were freeze dried and subsequently washed, centrifuged and again freeze dried and 

subjected to XRD. It is clearly seen in Figure 5.2-6 that the amount of HAP content 

increases with time at the expense of the amorphous fraction as it is seen by the lowering 

of the intensity of the broad pattern and the development of the characteristic peaks. The 

small peak pointed with an arrow designated as octacalcium phosphate (OCP) indicates 

that the OCP phase is an intermediate formed during the transformation from ACP to 
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HAP. As the XRD pattern from the earlier snapshot (not shown here) also showed a 

similar tiny trace of OCP phase, it can be ascertained that OCP is also a precursor phase. 

The emergence of HAP peaks with time, indicated by arrows designated as HAP, clearly 

indicates the solution-mediated transformation of amorphous calcium phosphate to the 

thermodynamically stable HAP. The time-dependent crystallite growth can also be 

observed from the sharpening of the peaks. The values calculated using the Scherrer 

formula with the full width half maximum (FWHM) for the peak at 30.4° (2θ) clearly 

depicts the crystallite growth over time (see Figure 5.2-7).  

 

Figure 5.2-6. XRD pattern of HAP ref: Ca10(PO4)6(OH)2 (from Aldrich); Gel/HAP-a: 
loaded gelatin particles after 2 days of stirring at 37 °C; Gel/HAP-b: loaded gelatin 
particles after 5 days of stirring at 37 °C; Gel/HAP-c: loaded gelatin particles after 23 
days of stirring at 37 °C. The arrows designated as HAP indicate the increased 
intensities and the development of characteristic peaks of HAP at the marked positions 
while the arrow designated as OCP indicates the tiny trace of the corresponding phase 
present. The calculated patterns of HAP, OCP, and brushite are presented for reference. 
The XRD measurements were performed using Co-Kα radiation. 
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Figure 5.2-7. Growth of the crystallites as a function of days of stirring at 37 °C. The 
crystallite sizes were calculated using full width half maximum (FWHM) for the peak at 
30.4° (2θ) using the Scherrer formula. 

5.2.4 IR spectroscopic studies 

The freeze dried hybrid nanoparticles were also studied by IR spectroscopy. The IR 

spectra of all the samples are presented in Figure 5.2-8. The characteristic bands of 

phosphate can be very well distinguished from the gelatin bands. While the absorption 

bands at 1550, 1650 and 3400 cm-1 correspond to gelatin, the characteristic absorption 

bands of hydroxyapatite occur at 565, 605, 670, 967, 1040 and 3550 cm-1. For reference 

IR spectra from pure gelatin nanoparticles and hydroxyapatite from Aldrich are also 

presented. 
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Figure 5.2-8. IR spectra from the loaded gelatin nanoparticles after different days of 
stirring. 

5.2.5 External precipitation and calcium uptake of gelatin nanoparticles  

Although we observe that mineralization mainly takes place inside the microgel as 

nanoreactor, the precipitation outside the gelatin particles can not be fully excluded. As the 

loading of the ions is done in the aqueous solution, there is also a possibility for the 

precipitation to occur outside of the particles. With the electron microscope study, there 

were very few regions in the TEM grid, where some mineral precipitated outside could be 

found (see Figure 5.2-9). The electron diffraction on these regions proved that this is 

hydroxyapatite.  
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Figure 5.2-9 (a-f). (a)-Bright and (b)-dark field image of a region containing needle-like 
crystals precipitated outside of the particles; (c)-enhanced image of the region shown in 
(a) and the corresponding ED pattern made on the precipitated crystal is shown in (d); 
(e)-another similar region of the precipitated crystal and the corresponding ED pattern 
is shown in (f). 

From the Ca2+ uptake experiment using a Ca-selective electrode (Figure 5.2-10), it 

was found that about 4.2·10-5 mol·g-1 gelatin was taken up initially. Although this is 

relatively low with respect to the initially added amount, it is important to note that the 

local Ca2+ concentration in the microgel is higher than in the surrounding solution as it 

accounts for bound Ca2+ in addition to the concentration of the microgel enclosed Ca2+ 
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solution. This situation initiates the nucleation preferably inside of the gelatin microgel 

and the excess calcium from outside supports the further growth. On the other hand, when 

the phosphate ions are being added, the pH of the solution is decreasing (to about pH 5.5) 

making the gelatin (isoelectric point about pH 8-9) more positively charged. This in turn 

enables more phosphate ions to get complexed via protonated amino residues resulting in 

more of the ions to be enclosed within the microgel favoring the nucleation inside of the 

particle. 

 

Figure 5.2-10. Calcium uptake by gelatin nanoparticles measured using a calcium 
selective electrode. 

5.2.6 Adjoining nanoparticles 

Besides spatially separated single particles, significant quantities of adjacent particles 

were found which were closely sticking together. TEM studies on such particles were 

carried out to study the influence of the crystallite growth environment on the 

development of such particles (see Figure 5.2-11). It was found that crystalline phase 

exists throughout the adjoining particles. It can be seen from the contrast in the DF image 

that the crystal is not flat (it appears distorted). However, interestingly from the diffraction 

pattern, the crystal exhibits a single orientation through the entire adjoining particles. As it 

was ascertained that the crystallographic orientation of the nanocrystals in the aggregated 

particles was the same, it directs the consideration towards the formation of a mesocrystal, 

as also found by Kniep et al. for fluorapatite in bulk gelatin gels.[94, 220] Further studies are 

required to confirm the result, as this could stimulate the nucleation and growth of new 

bone material when administered as e.g. regenerative bone fillers. 
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Figure 5.2-11(a-c). (a)-Bright field image of the particles sticking together; (b)-
corresponding dark field image showing crystalline reflections; and (c)-ED pattern 
obtained from the entire aggregated particles showing the same orientation. 

5.2.7 Time-dependent morphology and stability characterization 

As the hybrid particle is composed of biodegradable gelatin as its polymeric matrix, it 

was necessary to study the stability of particles as well as the morphological changes in 

the particles when stirred in aqueous solution for considerably long time. The 

investigations of the hybrid particles were carried out by performing TEM 

characterizations by taking samples that were stirred for several days. It is worth to 

mention that each of the samples were studied by preparing several dilutions in order to 

have consistency in the results as gelatin is a microgel with very high affinity towards 

water as well as to avoid drying artifacts with concentrated solutions. This was also very 

important especially to understand the presence of several adjoining or aggregated 

particles (as previously mentioned as the hint towards the formation of mesocrystals in the 

previous section) which were present in all dilutions excluding drying effects for the TEM 

sample preparation. The TEM images are presented for the samples after 2 days (Figure 
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5.2-12) and 2 months (Figure 5.2-13). It can be very well visualized from these images 

that the morphology of the hybrid particles are very much consistent throughout the time 

period of studies. Apart from individual particles there are some adjoining particles. As 

these investigations were performed with the Philips 400 TEM operating at an accelerating 

voltage of 80 kV, it was not possible to the see the internal structure of the hybrid 

particles. Nevertheless, they can very well shed light on the consistency and the stability 

of the particles. These studies were necessary to understand the degradational stability of 

the particles in the experimental conditions for further characterizations compared to the 

pure unloaded gelatin nanoparticles in the aqueous solution which were very much 

subjected to degradation on storage for some weeks. This can be attributed to the presence 

of the inorganic phase which might stabilize the hybrid particles by holding the gelatin 

matrix much more intact. Also, it is necessary to mention that the exact role of gelatin 

after the calcium phosphate formation as well as in the associated phase transformations 

and its level of incorporation within the hybrid particle are not yet clear. However, it was 

found that the hybrid particles are very stable for a considerably long time. This aspect is 

very important as these particles are intended for implant applications where the main 

objective is to use them as stable scaffold for nucleation in the physiological conditions for 

new bone growth or as coatings on the implants to reduce the immune response. The 

stability of the particles over time is very crucial as it should allow for new material to 

form on the existing platform in the former case and to protect the implant material from 

the surroundings of the implanted zone as long as possible in the latter case. These studies 

require further investigations in vivo as the real applications demand much more harsh 

conditions in order to use these nanoparticles. 

   

Figure 5.2-12. TEM images of sample after 2 days of stirring at 37 °C. 
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Figure 5.2-13. TEM images of sample after 2 months of stirring at 37 °C. 

5.2.8 Variation of the surfactant concentration 

As it is well accepted that the presence of additives can influence the mineralization 

process, it was necessary to study the influence of the amount of the polymeric surfactant 

which was used in the preparation of the gelatin nanoparticles. For these studies, the 

gelatin nanoparticles were prepared with different amounts of surfactant and were loaded 

in the same way as mentioned before. The morphology of calcium phosphate incorporated 

gelatin nanoparticles significantly differ by varying the surfactant amount. This can be 

very well evidenced with the TEM images (Figure 5.2-14) for samples prepared with 0.3 

wt%, 1 wt%, and 5 wt% surfactant concentration with respect to the dispersed phase. The 

samples with high amount of surfactant show a core-shell like morphology where the core 

has much more contrast than the shell owing to the presence of the inorganic phase (CaP) 

within the core. Although, the shell which is comprised of the block copolymeric 

surfactant P(B/E-b-EO) does not possess the ability to bind the calcium and phosphate 

ions, it sheds some light on the compactness of the hybrid particle which is mainly an 

interplay between the gelatin and the mineral phase. The crumpled morphology of these 

particles with 5 wt% surfactant compared to the ones that were prepared with less 

surfactant (0.3 wt%) clearly shows that these particles with a higher surfactant content are 

less compact and they are relatively inhomogeneous with respect to contrast from the 

center to the shell.  
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Figure 5.2-14. Influence of surfactant concentration on the morphology of hybrid 
particles: 5 wt% (top left), 1 wt% (top right), 0.3 wt% (bottom center). 

5.2.9 Addition of amino acids 

The conception that acidic proteins are involved in the bone mineral formation has 

been the reason for several attempts concerning the use of carboxylate-rich molecules to 

induce the nucleation and growth of hydroxyapatite with different morphologies. One such 

attempt is to use amino acids. The role of amino acids in HAP formation has been studied 

and is very well documented.[221-223] 

The calcium binding ability of the gelatin is mainly because of the carboxyl groups of 

the acidic residues of gelatin, mainly aspartic and glutamic acid. The addition of amino 

acids (glutamic and aspartic acid) in the mineralization of HAP in gelatin has already been 

shown to influence the morphology of the HAP formed.[224] In this work, an attempt to 

increase the amount of the acidic residues were made by incorporating deliberately these 

amino acids respectively during the synthesis of gelatin nanoparticles. The amino acids 
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were first dissolved in water followed by gelatin during the preparation and the rest of the 

steps were followed as mentioned for the synthesis of gelatin nanoparticles. These 

particles were loaded with the calcium and phosphate ions as before at 37 °C. The loaded 

particles were characterized using TEM. 

The TEM images in Figure 5.2-15, Figure 5.2-16, and Figure 5.2-17 shows the loaded 

particles containing 1 wt% and 5 wt% of aspartic and glutamic acids. It can be very well 

seen that there are lot of dark spots outside as well as on the particles. This might be 

attributed to the low molecular weight amino acids which are no longer present inside the 

gelatin particles but might have eluded out of the porous microgel and are present outside 

of the particles leading to the precipitation of calcium phosphate. This was observed in 

both types of amino acids and in all amounts of amino acids as it can be evidenced in these 

TEM images (see Figure 5.2-15 (right image) and Figure 5.2-16 (right image)). It was also 

found that the amount of calcium phosphate formed inside the particle was inadequate as 

the samples were not stable under the electron beam. This can be seen with the sample 

prepared with 5 wt% glutamic acid in Figure 5.2-17 (right image) where the particles were 

disintegrating in the core. This is usually not the case when sufficient calcium phosphate is 

formed inside the particles. In this situation, the excess free glutamic acid present outside 

could have been the reason for less inorganic phase within the particles.  

   

Figure 5.2-15 TEM images of samples containing 1 wt% glutamic acid showing particles 
with dark spots (left image) and precipitation outside of the particles (right image). 
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Figure 5.2-16. TEM images of samples containing 1 wt% aspartic acid showing some 
particles with dark spots (left image) and precipitation outside of the particles (right 
image). 

   

Figure 5.2-17. TEM images of samples containing 5 wt% aspartic acid (left) and 5 wt% 
glutamic acid (right). 

5.2.10 Addition of poly(amino acids) 

In order to overcome the difficulties incurred with the use of the low molecular 

weight amino acids, the use of poly(amino acids) was thought of as a solution. The 

poly(amino acids) are expected to be retained within the particle as they have a high 

probability to be adsorbed or entangled within the gelatin microgels. The precipitation of 

calcium phosphate in the presence of poly(amino acids) have also been reported to have 

direct consequences on the morphology as well as on the phases formed.[225, 226] The 

gelatin nanoparticles containing 5 wt% of poly(L-aspartic acid sodium salt) and poly(L-
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glutamic acid) were loaded with calcium and phosphate ions in a similar way as with the 

pure gelatin nanoparticles. The TEM characterizations from these samples are presented in 

Figure 5.2-18 and Figure 5.2-19. 

   

Figure 5.2-18. TEM images of samples with 5 wt% poly(aspartic acid) at different 
magnifications showing loaded particles(left image) and precipitation (dark spots) 
outside of the particles in higher magnification (right image). 

   

Figure 5.2-19. TEM images of samples with 5 wt% poly(glutamic acid) at different 
magnifications showing mineralized segments outside of the particles(left image) as well 
as connecting particles with dark spots outside of the particles in higher magnification 
(right image). 

It can be seen that with 5 wt% poly(aspartic acid) there are the same dark spots which 

were also observed with the amino acid counterpart. With 5 wt% poly(glutamic acid), it 

can be seen that there are some mineralized segments outside of the particles as well as 

connecting particles. It is not clear, if it is a drying artifact as the samples (a diluted 
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solution) were air dried on the TEM grids or might be due to the poly(amino acids) that 

might have eluded of the microgels. The quantification of free amino acids poly(amino 

acids) outside of the microgel by UV-vis characterization was difficult, as there was 

always some free gelatin chains present in the system which was also contributing to the 

measurements. The solution to the problem could be incorporating amino acids and 

poly(amino acids) tagged with a suitable fluorescent marker in to the microgel and then 

performing the same characterizations. 
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5.2.11 Gelatin nanoparticles as versatile template 

Gelatin nanoparticles as templates can be very well extended to other crystallization 

processes in aqueous system. Usually, the formulation of iron oxide-polymer composite 

nanoparticles very often involves the incorporation of preformed inorganic particles into 

the polymer matrix during the synthesis of polymeric nanoparticles.[227, 228] The 

biomimetic mineralization approach using gelatin nanoparticles is employed to synthesize 

magnetic iron oxide-gelatin nanocomposite at 37 °C by in-situ deposition of iron oxide by 

reaction with NaOH or NH4OH. As gelatin matrix comprises of a network structure with 

variable pore sizes, it facilitates the rapid diffusion as well as high liquid permeability of 

the reactants through the nanoparticle matrix. The functionality in gelatin readily 

sequesters and binds FeII and FeIII cations from aqueous solution. 

The gelatin nanoparticles were loaded at 37 °C with a mixture of Fe3+ and Fe2+ ions in 

the ratio (3:2) followed by a treatment with sodium hydroxide or ammonium hydroxide 

solution. The reaction with NaOH as well as NH4OH was very rapid resulting in an 

instantaneous black coloration. 

The composite nanocolloids were characterized by TEM. It can be distinctly seen in 

Figure 5.2-20, the presence of nanoscaled inorganic material within the nanoparticle 

clearly indicating the occurrence of successful precipitation within the nanoparticle. Also, 

it can be observed that the precipitates are of different sizes; while the externally 

precipitated one has a homogeneous size and morphology (also shown in Figure 5.2-20). 

The XRD scan of the washed and freeze dried samples for both NaOH and NH4OH 

treated are presented in Figure 5.2-21. Although, it is hard to differentiate magnetite and 

maghemite by XRD, the reference lines from maghemite matches quite well with the 

Bragg peaks in the XRD patterns from the samples. From the d-spacing, the formed 

material is closer to maghemite (Table 5.2.2). The references are taken from the ICDD 

database for magnetite (ICDD Powder Diffraction File No.-00-019-0629) and maghemite 

(ICDD Powder Diffraction File No.-00-025-1402). However, it is necessary to distinguish 

between magnetite and maghemite independently by another technique. 

 



Results and discussions 

 87

   

   

Figure 5.2-20. TEM images illustrating the precipitation of iron oxide within the 
nanoparticle matrix as well as external precipitation (bottom right). 
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Figure 5.2-21. XRD scans of differently treated samples along with the references from 
magnetite and maghemite. 

Table 5.2.2. 2θ and corresponding d-spacing values for samples differently treated along 
with references maghemite and magnetite. 

Magnetite 

reference 

Sample treated 

with NaOH 

Sample treated 

with NH4OH 

Maghemite 

reference 

2θ d-
spacings 

2θ d-
spacings

2θ d-spacings 2θ d-
spacings 

21.247 4.8520 21.556 4.7833 21.568 4.7806 21.390 4.8200 

35.094 2.9669 35.448 2.9382 35.422 2.9403 35.302 2.9500 

41.376 2.5319 41.743 2.5107 41.741 2.5108 41.686 2.5139 

50.440 2.0993 50.870 2.0827 50.84 2.0838 50.785 2.0859 

62.893 1.7145 63.436 1.7014 63.388 1.7025 63.454 1.7009 

67.229 1.6157 67.765 1.6045 67.708 1.6057 67.790 1.6039 

74.107 1.4845 74.721 1.4740 74.651 1.4752 74.725 1.4739 

84.710 1.3277 85.350 1.3196 85.307 1.3201 85.482 1.3179 
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The magnetization measurements were performed using a vibrating sample 

magnetometer (VSM). In Figure 5.2-22, a plot of the applied field vs. the magnetization is 

presented. The plot clearly depicts a superparamagnetic behavior which is a characteristic 

property of a ferromagnetic material when the particle size goes below a critical particle 

size where the magnetocrystalline energy (a material dependent property) is of the same 

order of magnitude as the thermal energy. 

 

Figure 5.2-22. Magnetization curves for samples treated with NaOH and NH4OH. 

For biomedical applications, it is very much interesting to have particles that possess a 

superparamagnetic behavior at room temperature i.e. no residual magnetism or remanance 

along with a rapidly changing magnetic orientation. 

Usually, magnetite (Fe3O4) and maghemite (γ-Fe2O3) are the commonly employed 

iron oxide particles for biomedical applications.[229] Maghemite is commercially available 

as Endorem® and Resovist® and they are employed as contrast agents in magnetic 

resonance (MR) imaging for location and diagnosis for instance, liver lesions or tumors. 

Thus, the synthesis of hybrid magnetic nanoparticle was accomplished successfully 

using gelatin nanoparticles as a spatially constrained template for iron oxide deposition. 

However, further optimization of the synthesis and characterizations are required to use 

these interesting composite particles for applications. 
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5.3 Functionalized polymeric nanoparticles as templates 

Surface-functionalized nanoparticles can be very well exploited as templates for the 

growth of hydroxyapatite crystals. Such hybrid colloids have high potential to be used as 

coatings on implants and in the preparation of scaffolds for tissue engineering. The 

miniemulsion technique allows conveniently to synthesize carboxyl-functionalized 

polystyrene particles with different surface charge densities by varying the amount of the 

comonomer acrylic acid. Recently, carboxyl- and amino-functionalized polystyrene 

particles synthesized via miniemulsion polymerization varying several parameters and 

studying their influence on colloidal stability and size distribution were reported.[191] In 

this work, functionalized particle with covalently bound carboxyl group were prepared 

using an ionic as well as a non-ionic surfactant and further used as templates to perform 

crystallization on the surface of the particles. This approach of crystallization outside of 

the particle is in contrast to the previous section, where crystallization was performed 

inside the particles (which serves as a confined reaction environment). Here, the influence 

of the type of surfactant with respect to particle size, density of functional surface groups, 

and HAP formation were studied. The hybrid particles were characterized using HRSEM, 

TEM, and XRD. 

5.3.1 Polymerization using ionic and non-ionic surfactants 

The carboxyl-functionalized polystyrene particles were prepared by polymerizing 

styrene with different amounts of the comonomer acrylic acid (AA) using the 

miniemulsion copolymerization. In all the polymerization processes, the oil soluble 

initiator, 2,2’-azobis(2-methyl butyronitrile), V-59, was used in order to avoid the 

generation of free radicals in the aqueous phase, thereby preventing the nucleation of the 

hydrophilic monomer in the water phase. Lutensol AT-50 was used as the non-ionic steric 

stabilizer and SDS was used as the anionic electrostatic stabilizer. The polymerization was 

complete after 20 h in all runs. All the particles synthesized were characterized 

systematically. Table 5.3.1 shows the size of the particles as a function of acrylic acid 

amount and the corresponding size distribution (PDI) as measured by DLS as well as the 

solid content of the resulting latexes. The diameters of the functionalized particles were 

smaller compared to the pure polystyrene particles. This is due to the hydrophilic nature of 

the acrylic monomer which has the tendency to stay at the interface of monomer droplets 
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and aqueous phase. The oligomers or the polymeric chains of AA formed during the 

polymerization, can also impart electosteric stabiliazation.[230, 231] The latexes produced 

with the non-ionic surfactant were found to be viscous at the end of the polymerization. 

Using 0.8% of Lutensol AT-50 with respect to the continuous phase (200 mg surfactant in 

24 g water), it was not possible to produce a stable latex with more than 3 wt% of AA with 

respect to the total amount of monomer. Nevertheless, latexes with 5 wt% AA could be 

produced using high amounts of Lutensol AT-50 of about 2.9 % with respect to the 

aqueous phase (700 mg surfactant in 24 g water). The difficulties in producing latexes 

with increasing comonomer AA content might be attributed to two reasons. One could be 

the instability caused by bridging the latex particles by the polymeric chains with 

increasing amount of AA and by the rapid polymerization of AA at low pH. [230] The 

increase in viscosity due to the water-soluble polymeric chains has already been reported 

to play a role under these conditions.[232] Another reason could be the inadequacy of the 

non-ionic surfactant to serve its purpose as stabilizer owing to the specific interaction of 

the ethylene oxide units of the surfactant with the carboxyl group. It has been already 

reported that the above mentioned interaction leads to a change in conformation of the 

ethylene oxide chains.[233-235] These above listed factors could be regarded as the reason 

for the bridging or in the worst case coagulation of the latexes finally leading to an 

instability of the latexes. 

Table 5.3.1. Characterization of functionalized latex particles obtained with the non-
ionic surfactant, Lutensol AT-50. 

Sample Amount of 

Lutensol AT-50 

(mg) 

Amount of 

comonomer AA (wt 

% on styrene) 

Solid 

content 

( %) 

Dz  

(nm) 

PDI 

PSAA1 200 0 13.7 321 0.112 

PSAA2 200 1 13.8 162 0.049 

PSAA3 200 2 13.9 207 0.114 

PSAA4 200 3 18.6 254 0.026 

PSAA5 700 5 22.9 125 0.019 
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In contrast to the non-ionic surfactant, the use of low molecular weight anionic 

surfactant SDS results in relatively less viscous latexes and allows the synthesis of latexes 

with higher amounts of AA content with a low coagulum formation. The high stability of 

the latexes could be attributed to the efficient electrostatic stabilization offered by SDS as 

compared to the steric stabilization in case of Lutensol AT-50. Table 5.3.2 presents the 

characterization of the functionalized latexes. Here, the size of the latexes only slightly 

decreases with increasing AA amount. It has already been reported that latexes containing 

about 20 wt% AA could be prepared using SDS.[190, 191] The presence of small molecules 

of SDS on the droplet surface does not pose hindrance to the diffusion of AA chains from 

the continuous phase to enter unlike in the case of the non-ionic surfactant, where a 

viscous region around the particle is present as a result of the high molecular weight 

polymeric surfactant chains. In the latter case, the high amount of AA in the continuous 

phase influences the latex stability. Thus, by using SDS as surfactant, even with high AA 

content, the viscosity is not very much influenced. 

Table 5.3.2. Characterization of functionalized latex particles obtained by using 72 mg 
of the ionic surfactant, SDS. 

Particle size with 

SDS 

Particle size after 

dialysis and 

exchange with 

Lutensol AT-50 

Sample Amount of 

comonomer 

AA (wt % 

on styrene) 

Solid 

content  

(%) 

Dz 

 (nm) 

PDI Dz  

( nm) 

PDI 

PSAA6 0 19.4 108 0.023 136 0.163 

PSAA7 1 17.6 104 0.092 176 0.268 

PSAA8 3 18.5 94 0.069 135 0.148 

PSAA9 5 18.0 89 0.087 119 0.115 

PSAA10 10 18.2 87 0.089 111 0.106 

 

As the aim of preparing these functionalized particles was to use them as templates 

for HAP growth, the ionic surfactant stabilized particles were dialyzed extensively to 
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remove the SDS followed by exchanging the surfactant with 0.8% Lutensol AT-50 

aqueous solution by multiple centrifugation and redispersion processes. The particle size 

after the exchange with Lutensol AT-50 is also given in Table 5.3.2. The increase in the 

particle size is due to the increase in the hydrodynamic radius of the particles in the 

presence of a polymeric surfactant; although, the size of the solid polymeric particles (the 

core) itself is not changed. It is necessary to bear in mind that such an additional steric 

stabilization allows the stability against electrolyte addition. Henceforth, the loading with 

ions could be performed without posing threat to the colloidal stability. 

5.3.2 Surface group titration 

The amount of carboxyl groups present on the particle surface were quantified using 

polyelectrolyte titration where the functional groups on the particle surface were titrated 

using a cationic polyelectrolyte standard, namely, poly(diallyldimethyl ammonium 

chloride), (PDADMAC), to determine the point of zero charge. All samples were washed 

before titration. In the case of functionalized particles prepared using the non-ionic 

surfactant (Lutensol AT-50), the charge arises only from the comonomer AA. In the case 

of latexes prepared with the ionic surfactant (SDS), the charges originating from the 

sulfate groups of the SDS surfactant molecules as well as the carboxyl groups of the 

functional monomer have to be considered. In the latter case, the surface carboxyl group is 

usually determined as a difference between the amount of polyelectrolyte that is consumed 

during the titration at pH 2 and at pH 10. At pH 2, only the sulfate groups are responsible 

for the origination of the charge as all the carboxyl groups are protonated, while at pH 10 

all the anionic groups are deprotonated. 

The surface charge titration for the functionalized particles prepared using SDS was 

performed after excessive dialyzing (conductivity < 6 µS/cm) followed by stabilizing with 

Lutensol AT-50. Although, the latexes prepared using SDS as surfactant were extensively 

washed, the charge originating at pH 2 indicated that there are some residual SDS 

molecules in the washed latexes. The particle size used for the surface charge estimation 

was the one measured before the surfactant exchange, as the carboxyl groups are 

covalently bound to the surface or closely linked to the surface (in case of hairy layer) of 

the particles and in addition, the residual SDS molecules which also gives rise to charge, 

are also located close to the particle owing to their size. Therefore, the particle size prior to 
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Lutensol AT-50 addition and after some dialyzes (conductivity of about 25 µS/cm) was 

used. The density of the surface charge for the latexes is presented in Table 5.3.3.  

Table 5.3.3. Surface charge determination of functionalized latexes prepared with non-
ionic surfactant and ionic surfactant after dialyzing and stabilizing with Lutensol AT-50. 

Non-Ionic Surfactant, Lutensol AT-50 Ionic Surfactant, SDS (after dialyzing 

and stabilizing with Lutensol AT-50) 

Amount of COO- groups 

per 

Amount of COO- groups 

per 

Sample No 

particle nm2 

Sample No 

particle nm2 

PSAA1 - - PSAA6 - - 

PSAA2 161851 1.52 PSAA7 13172 0.39 

PSAA3 416089 3.10 PSAA8 13230 0.48 

PSAA4 883263 4.35 PSAA9 31401 1.25 

PSAA5 265292 5.44 PSAA10 37437 1.59 

It can be seen that there is a clear tendency of an increasing number of charge groups 

with increasing AA content. Also, it can be observed that for the same acrylic acid 

content, the average surface charge density of carboxyl groups for particles prepared with 

Lutensol AT-50 is higher than for particles prepared with the ionic surfactant SDS. This 

can be attributed mainly to the competition of SDS with AA on the surface owing to their 

ionic nature.  

5.3.3 Formation of hydroxyapatite nanocrystals 

The HAP formation on the surface of the functionalized particle was performed as 

shown schematically in Figure 5.3-1. The addition of calcium ions followed by a dropwise 

addition of phosphate ions corresponding to the stoichiometric Ca2+:PO4
3- ratio for 

hydroxyapatite (Ca10(PO4)6(OH)2) formation at a constant pH of 10 leads to the 

generation of hybrid colloids.  
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Figure 5.3-1. Scheme illustrating the HAP formation on carboxyl-functionalized 
polymeric nanoparticle by the addition of Ca2+ and (PO4)3- ions. 

The latexes prepared with different amounts of AA using different surfactant types 

were always loaded with a fixed concentration of the respective ions for the HAP 

formation and comparative characterizations were performed using SEM, TEM, and XRD.  

For all the latexes prepared with SDS as surfactant, calcium and phosphate ions were 

added after dialyzing and stabilizing with Lutensol AT-50. The HRSEM images showing 

the varying amount of crystals formed on the particles as a function of different amounts 

of acrylic acid are presented in Figure 5.3-2 to Figure 5.3-6. 
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Figure 5.3-2. HAP formation with 0 wt% AA (sample PSAA6). 

 

Figure 5.3-3. HAP formation with 1 wt% AA (sample PSAA7). 

   

Figure 5.3-4. HAP formation with 3 wt% AA (sample PSAA8). 
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Figure 5.3-5. HAP formation with 5 wt% AA (sample PSAA9). 

   

Figure 5.3-6. HAP formation with 10 wt% AA (sample PSAA10). 

The amount of inorganic crystals formed on the surface of the particles directly 

correlates with the amount of functional groups present on the surface. Although, the 

samples were washed extensively in order to remove SDS, it was not possible to remove 

all of the SDS completely (known from the surface group titration). For the sample with 0 

wt% AA (PSAA6) in Figure 5.3-2, although the origination of the charge arises only 

because of the residual anionic surfactant, the absence of HAP formation on the surface of 

the particle indicates that either the residual amount SDS is not sufficient or the carboxyl 

groups are efficient for the HAP nucleation. The latter reason goes well with the previous 

studies made with SAMs where the –COOH groups were found to be the optimum 

candidate for HAP formation.[129]  

For comparison, all the latexes prepared with different AA contents using non-ionic 

surfactant were loaded with the same respective amounts of calcium and phosphate ions in 

the stoichiometric ratios for HAP formation as in the case of latexes prepared with SDS as 
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surfactant. The hybrid particles are presented in Figure 5.3-8 to Figure 5.3-10. For 

reference, sample with 0 wt% AA (PSAA1) where no hybrid particles are formed is 

presented in Figure 5.3-7. 

   

Figure 5.3-7. HAP formation with 0 wt% AA (sample PSAA1). 

   

Figure 5.3-8. HAP formation with 1 wt% AA (sample PSAA2) at different magnifications. 

   

Figure 5.3-9 . HAP formation with 2 wt% AA (sample PSAA3) at different magnification. 
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Figure 5.3-10. HAP formation with 3 wt% AA (sample PSAA4) shown in different 
magnifications to see the surface coverage. The arrows in the bottom right image 
indicating the underlying polymeric core nanoparticle shows that the complete coverage 
of the surface with the crystals is not yet achieved. 

It can be seen that the control sample containing 0 wt% AA (PSAA1) in Figure 5.3-7 

has no crystal on its surface, which clearly proves that the crystals are formed only 

because of the carboxyl functionalization. As before, the amount of crystals formed on the 

surface of the particles increases with increasing surface functional groups. Also, it can be 

very well evidenced from these images that for the same amounts of AA, the surface 

coverage of the particles by the formed crystals is much more pronounced in case of these 

particles as compared to the ones prepared with SDS. However, even with the highest 

coverage of the particle by HAP crystals, as the one shown in Figure 5.3-10 with sample 

PSAA4 prepared with 3 wt% AA, it is still possible to see the underlying polymeric core 

nanoparticle in high magnification (shown by arrows in the bottom right image in Figure 

5.3-10) indicating that the complete coverage of the surface with the crystals is not yet 

achieved.  
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The TEM characterization of the hybrid particles prepared with latex PSAA4 (3 wt%) 

is shown in Figure 5.3-11. The two images were taken from the same sample before and 

after washing to show that the washing procedure does not pose threat to the HAP 

nanocrystals on the surface and the formed crystals are strongly bound to the surface. 

    

Figure 5.3-11. TEM images from hybrid particles prepared from sample PSAA4 before 
(left) and after washing (right). 

In Figure 5.3-12, the bright field (BF) and the corresponding dark field (DF) image of 

an enlarged area from the same sample after washing are presented. With the BF image, 

one can clearly see the incomplete surface coverage of the hybrid particles (as observed in 

the HRSEM image in Figure 5.3-10) ruling out the existence of the core (organic)-shell 

(inorganic) structure. In the DF image, one can clearly see that the formed inorganic 

material is crystalline in nature and the crystals present on the surface of the particles are 

oriented in different directions. 

  

Figure 5.3-12. TEM images from hybrid particles prepared from sample PSAA4 after 
washing in bright field (left) and dark field (right) imaging modes.  
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It was found that for a high comonomer content of 5 wt% AA (sample PSAA5), 

shown in Figure 5.3-13, there were only few crystals grafted on the surface. Although, the 

sample was prepared with more AA content using the same surfactant type (Lutensol AT-

50), this sample cannot be directly compared with the other samples prepared with the 

same surfactant type as they were synthesized with low and fixed Lutensol AT-50 

concentration (whereas here, two parameters have been varied at the same time i.e., the 

amounts of AA, and surfactant). However, the high amount of carboxyl groups which was 

found to be more in the case of latex prepared with 5 wt% AA (5.4 COOH groups/nm2) 

did not play a significant role in the HAP formation as in the case of latex prepared with 3 

wt% AA(4.4 COOH groups/nm2). Such a reduction in the formation of HAP crystals on 

the surface inspite of the high availability of the carboxyl groups can be attributed to the 

reason that these particles were prepared with relatively large amounts of the non-ionic 

surfactant (3.5 times more than the other latexes prepared with Lutensol AT-50), which 

could possibly shield the functionalized surface from participating in the crystal formation. 

As a result of this screening of the carboxyl groups, most of the particles were found bare 

without crystals. Thus, it is absolutely necessary to have an optimum surfactant 

concentration in addition to a high carboxyl-functionalization on the surface of the 

particles for a high HAP nanocrystal formation. 

 

Figure 5.3-13. HAP formation with 5 wt% AA (sample PSAA5). 

A common aspect that can be seen in the latexes prepared with both surfactant types 

is that, even for highly carboxyl-functionalized particles apart from surface bound HAP, 

small amounts of bulk precipitated HAP crystals are also present. Although, at pH 10 

where all the carboxyl groups are deprotonated and can bind Ca2+, it is possible that at 
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these high pH values and concentration, the driving force for HAP nucleation and its 

growth is too strong and above the level at which nuclei can spontaneously form in bulk 

solution. The bulk precipitated crystals have also the possibility to precipitate on the 

particle surface apart from aggregating to large agglomerates. The formation of high 

amount of nanocrystals on the surface of the particles leads to the decrease in mobility of 

the polymeric stabilizer as well as to the increase in density of the hybrid particles, thereby 

serving detrimental to the colloid stability. The problem of bulk precipitation can be 

solved by optimizing the parameters during the loading procedure. One possible way 

could be by controlling the amount of ions added and adopting several steps of addition of 

ions during the loading of the functionalized particles. The amount of calcium ions added 

should be controlled by simultaneously titrating the carboxyl groups available and then 

subsequently adding the required phosphate ions corresponding to the concentration of the 

complexed calcium ions for the HAP formation. This could be followed by slow addition 

of a second sequence of calcium and phosphate ions for the further growth of HAP on the 

already existing hydroxyapatite crystals. The latter step might also improve the surface 

coverage of the hybrid particles. The problem of colloidal instability can be solved by 

performing post stabilization of the hybrid particles by the addition of a suitable 

surfactant. 

The hybrid particles prepared using both surfactant types were washed well by 

multiple centrifugation and redispersion in demineralised water to remove the ammonium 

nitrate formed as a by product and then freeze dried prior to XRD characterizations. The 

XRD patterns for all the hybrid particles prepared with non-ionic and ionic surfactants 

along with the XRD patterns from the dried unloaded polymeric latexes to show the 

influence of the polymeric template are presented in Figure 5.3-14 to Figure 5.3-17 

respectively. The diffraction pattern of the dried unloaded polymeric latexes are presented 

for the samples with 0 wt%, 3 wt%, and 5 wt% AA in the case of latexes prepared with 

non-ionic surfactant and 0 wt% and 10 wt % for the ones with ionic surfactant in order to 

show the influence of the polymeric template with varying AA content. As the samples 

prepared using SDS as surfactant was excessively dialyzed and then stabilized with 

Lutensol AT-50, the peaks corresponding to Lutensol AT-50 can be observed in the 

samples prepared using SDS as surfactant. 
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Figure 5.3-14. XRD patterns from hybrid particles prepared from latexes synthesized 
using non-ionic surfactant (Lutensol AT-50). 

 

Figure 5.3-15. XRD patterns from pure functionalized particles prepared with non-ionic 
surfactant (Lutensol AT-50) to show the influence of the polymeric template. 
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Figure 5.3-16. XRD patterns from hybrid particles prepared from latexes synthesized 
using ionic surfactant (SDS.) The samples before loading were dialyzed for SDS and 
then stabilized with Lutensol AT-50. 

 

Figure 5.3-17. XRD patterns from pure functionalized particles prepared with ionic 
surfactant (SDS) to show the influence of the polymeric template. The samples were 
dialyzed for SDS and then stabilized with Lutensol AT-50. 

The XRD characterization of these samples clearly proves that the formed crystals are 

crystalline hydroxyapatite. From the XRD characterizations, it can be seen that all the 
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characteristic peaks of HAP as shown in the reference pattern are present. The sharp peaks 

clearly illustrate the crystallinity of the crystals present. 

The crystallite size estimated from the (002) reflection of the XRD scans using the 

Scherrer formula (equation 3.2-2) was between 19-22 nm. 

The thermogravimetric analysis on the hybrid particles from most of the samples 

showed that about 25-33 wt% of HAP was formed which was in accordance with the 

theoretical value (33.3 wt%) calculated for the HAP formation. 

In concise, it was shown that the miniemulsion technique offers a very simple route to 

prepare carboxyl-functionalized latex particles with different amounts of the comonomer, 

acrylic acid, and surfactant types using the miniemulsion copolymerization. It was found 

that the non-ionic surfactant was efficient in preparing carboxyl-functionalized particles 

with a high surface charge density using low amounts of the comonomer AA. The 

functionalized particles were successfully exploited as templates for hydroxyapatite 

formation. It was found that for a fixed concentration of Ca2+ and PO4
3- ions added, the 

amount of HAP formed on the surface of the particles increased with increasing AA 

amount. The absence of HAP on latexes prepared with 0 wt% AA for both ionic as well as 

non-ionic surfactant types confirms that the amount of HAP formed depends only on the 

amount of carboxyl groups present on the surface. It was found that the HAP formation 

was well pronounced for particles prepared with the non-ionic surfactant which is in 

agreement with the high amount of –COOH groups as compared to the latexes prepared 

with SDS as anionic surfactant. However, it was also found that in addition to a high 

carboxyl functionalization on the surface of the particles, it is absolutely necessary to have 

an optimum surfactant concentration in case of particles prepared with the non-ionic 

surfactant for a high HAP nanocrystal formation. 
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5.4 Biodegradable nanoparticles as templates 

The bioinspired mineralization can be very well extended from biodegradable natural 

polymers to biodegradable synthetic polymers. The synthetic biopolymers have 

advantages over natural polymers as they could be synthesized with a high degree of 

reproducibility with defined physico-chemical properties. The polymers that were used 

include polyesters such as poly(lactic acid), poly(ε-caprolactone), and poly(D,L-lactide-co-

glycolide). The structures of these polymers are shown in Figure 5.4-1. It is understood 

that the degradation of these polyesters occur by the uptake of water followed by 

hydrolysis of ester bonds depending upon the nature of the polymer and several other 

external factors.[194-199] As these polymers also satisfy the criteria for serving as 

scaffolding materials for tissue engineering, they have been exploited extensively. They 

have been used in the form of foams, films, and microspheres for the formation of 

polymer/apatite composites.[127, 200, 201] In this work, the polymers were formulated into 

nanoparticles applying a combined emulsion/solvent evaporation method and the 

miniemulsion technique.[26] Then they were employed as templates for the calcium 

phosphate (CaP) mineralization. Interestingly, the nanoparticles synthesized via 

miniemulsion have added advantage for this application for the following reasons. As 

mentioned before, although the primary mechanism of degradation of these aliphatic 

polyesters occur via hydrolysis of backbone ester groups, it is necessary to consider the 

degradation occurring during the ultrasonication step during the miniemulsion 

formation.[236] It was already reported that these nanoparticles that are used in this work 

produced using miniemulsion showed a reduction in the molecular weight of the polymer 

depending on the nature of the polymer type used.[26] The principal reason for such a loss 

in molecular weight was ascribed to the thermal degradation of the polymer induced by 

the high shear during ultrasonication step. Thus, in this work the degaradation caused via 

random hydrolytic cleavage of ester bonds due to the alkali treatment -”saponification” 

(provides increased density of anionic functional group) as well as the intrinsic 

degradation that was present in the nanoparticles prior to any treatment (due to the 

ultrasonication step) are taken for granted and these particles are exploited as templates for 

the calcium phosphate mineralization. The composite particles formed were characterized 

using TEM, HRSEM, and XRD. 
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The encapsulation of the preformed nano-hydroxyapatite in the biodegradable 

polymeric matrix by slightly optimizing the versatile miniemulsion technique was also 

performed. The preformed nanoapatites as well as the composite particles after 

encapsulation were characterized using the same techniques as mentioned before. 

 

Figure 5.4-1. Structures of the polyesters used. 

5.4.1 Synthesis and characterization of polymer nanoparticles 

The polyester based nanoparticles used in this work were prepared by Anna 

Musyanovych and have been reported recently in the literature.[26] Briefly describing, the 

polymeric nanoparticles were prepared using the emulsion/solvent evaporation method in 

combination with the miniemulsion technique by emulsifying the organic phase containing 

the preformed polymer (dispersed phase) in an aqueous solution containing a hydrophilic 

surfactant. The subsequent application of high shear leads to the formation of 

monodisperse nanodroplets. At this point the polymer is expected to be homogeneously 

distributed within all of the droplets and after the removal of the organic solvent by 

evaporation, the polymer precipitates to form solid nanoparticles. The scheme showing the 

synthesis is presented in Figure 5.4-2. The optimized synthesis of these particles taking 

into account several parameters like the choice and amount of the surfactant, the amount 
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of polymer, and the molecular weight along with varying oil-to-water ratios with respect 

to the particle size and particle size distribution have been already reported.[26] 
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Figure 5.4-2. Scheme illustrating the synthesis of the polyester nanoparticles. 

The average size and size distribution of the final polymer particles prepared using 

different biodegradable polyester polymers determined by dynamic light scattering are 

presented in Table 5.4.1. As the particles were intended to be employed as templates for 

mineralization, they were centrifuged for the removal of anionic surfactant SDS and 

exchanged by the non-ionic surfactant Lutensol AT-50 by multiple centrifugation and 

redispersion in 0.8 % Lutensol AT-50 aqueous solution.  
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Table 5.4.1. Characterization of the biodegradable polymeric nanoparticles.[26] 

Polymer Solid polymeric particle 

With SDS (a) With Lutensol AT-50 (b)  

Sample 

name 
Type Mw 

(g/mol) 
DZ (nm) PDI ζ (mv) DZ (nm) PDI ζ (mv) 

PLLAH1 PLLA 101700 121 0.10 -42 151 0.07 -23 

PLLAL2 PLLA 67400 106 0.11 -41 135 0.06 -24 

PCLH3 PCL ≈115000 165 0.14 -54 206 0.11 -22 

PCLL4 PCL 65000 139 0.14 -47 166 0.08 -25 

PLGA5 PLGA ≈15000 76 0.13 -51 110 0.06 -32 

(a) The particle size was measured after centrifugation and redispersion in water. (b) The particle size was 

measured after multiple centrifugation/redispersion in 0.8% Lutensol AT-50 solution. 

The morphology of the particles was characterized using TEM (Figure 5.4-3) and 

HRSEM (Figure 5.4-4). The images presented here were taken from sample PLLAH1 

prepared using a high molecular weight PLLA. As PLLA is sensitive to the electron beam, 

slight deformations were observed. It can also be seen with the TEM image that these 

particles do not show intrinsically a strong contrast. As all of the other biodegradable 

polymers used for the synthesis of nanoparticles also show a similar morphology, contrast, 

and tendency on exposure to electron beam, they are not presented here. 
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Figure 5.4-3. TEM image from sample PLLAH1 before loading with calcium and 
phosphate salt solutions. 

 

Figure 5.4-4. HRSEM image from sample PLLAH1 (taken from [26]). 

5.4.2 Calcium phosphate mineralization 

The above mentioned particles were subjected to hydrolysis treatment by adding 

alkaline NaOH (adjusted and maintained at pH 10) and stirring at 37 °C for prolonged 

time. This was intended to increase the amount of carboxylic group as well as hydroxyl 

groups due to the scission of polyester chains. The presence of these groups serves to bind 

the calcium ions to the polymeric template in order to promote heterogeneous mineral 

growth. The effect of hydrolysis on the calcium binding ability of the polymeric 

nanoparticles can be evidenced from the Ca2+ uptake measurements performed using a 
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calcium selective electrode after 2 h and 12 h hydrolysis at pH 10 and 37 °C for the 

sample PLLAH1 (see Figure 5.4-5).  

 

Figure 5.4-5. Calcium uptake measured for sample PLLAH1 after 2 h (top) and 12 h 
(bottom) hydrolysis at 37 °C using a calcium selective electrode. 

The samples listed in Table 5.4.1 were hydrolyzed at pH 10 for 2 h at 37 °C. Then 

they were all loaded with the same concentration of calcium ions followed by the 

dropwise addition of phosphate ions corresponding to the stoichiometric Ca2+:PO4
3- ratio 



Results and discussions 

 112

(5:3) for hydroxyapatite (Ca10(PO4)6(OH)2 formation in order to form CaP-composite 

particles. 

The composite particles were studied using electron microscopy and X-ray diffraction 

techniques. All the samples were washed gently before characterizations in order to 

remove excess NaCl which is a byproduct formed by the addition of the salt solutions. As 

an example, the sample before and after washing is shown for the loaded sample PLGA5 

in Figure 5.4-6. 

   

Figure 5.4-6. TEM images of CaP-composite particles prepared using sample PLGA5. 
The left image was taken before washing and the right image after washing. 

The TEM images of the composite particles for the other samples prepared with 

different polymers are presented in Figure 5.4-7 (PLLAH1), Figure 5.4-8 (PLLAL2), 

Figure 5.4-9 (PCLH3), and Figure 5.4-10 (PCLL4). It can be seen with these images that 

these composite particles show a strong contrast in comparison with the unloaded pure 

polymeric nanoparticles (Figure 5.4-3). It can be seen that most of these particles show 

almost a homogeneous contrast indicating that the inorganic phase is well distributed 

within the particle. 
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Figure 5.4-7. TEM image of CaP-composite particles prepared using sample PLLAH1. 

   

Figure 5.4-8. TEM images of CaP-composite particles prepared using sample PLLAL2 
taken from different regions on the TEM grid to show the influence of the polymeric 
surfactant. 

The fuzzy background observed between the particles and at some places connecting 

the particles in these images (Figure 5.4-8) can be attributed to the non-ionic polymeric 

surfactant Lutensol AT-50 used for the stabilization of the particles. 
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Figure 5.4-9. TEM images of CaP-composite particles prepared using sample PCLH3. 
The image on the right is to show the influence of the electron beam. 

It can be observed that the particles tend to get porous on exposure to the electron 

beam (Figure 5.4-9 right image). Although, these loaded composite particles were 

relatively stable under the beam compared to the unloaded pure polymeric nanoparticles, it 

might be that the inorganic phase formed inside these particles is not sufficient to give the 

composite particles enough stability. 

           

Figure 5.4-10. TEM images of CaP-composite particles prepared using sample PCLL4 
in different magnifications. 

The same reason with respect to insufficient mineral loadings mentioned before also 

holds true for the TEM images in Figure 5.4-10; the interior or the core of the particles has 

a slightly lesser contrast (left image).  
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For the unambiguous detailed characterization of the CaP-composite particles, the 

sample PLLAL2 was investigated with respect to the inorganic phases present in the 

particles by using different imaging modes, energy dispersive X-ray spectroscopy, and 

selected area electron diffraction using an electron microscopy. In the bright field imaging 

mode (see Figure 5.4-11 left image), the insufficient mineral loadings in the core of the 

composite particles can be seen. It can also be seen in the dark field imaging mode (see 

Figure 5.4-11 right image) that there are no strong crystalline reflections present in the 

particles. 

 

   

Figure 5.4-11. Bright field (left) and dark field (right) images for the same enlarged area 
taken from the sample PLLAL2 with CaP. 

 

In Figure 5.4-12, the bright and dark field images of one of the composite particle 

from the same sample PLLAL2 in high magnification are presented. It clearly illustrates 

the presence of several very tiny crystallites (seen as bright spots in the DF image) which 

were not that clearly seen with the previous images in Figure 5.4-11. The chemical 

composition of the composite particles was studied using energy dispersive X-ray (EDX) 

spectroscopy and the bright spots arising from the amorphous background were further 

studied using selected area electron diffraction. 
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Figure 5.4-12.TEM images of a single particle in higher magnification in BF (left) and 
DF (right) imaging modes taken from the sample PLLAL2 with CaP. 

The EDX spectrum of the composite particle (shown in Figure 5.4-12) illustrates the 

distribution of elements present in Figure 5.4-13. The presence of calcium, phosphorous, 

and oxygen can be clearly seen from their respective peaks. The peaks corresponding to 

Co, Fe, Zn, and Cu are due to the sample holder environment. 

 

Figure 5.4-13. EDX spectrum of the composite particle shown in Figure 5.4-12. 

The SAED on the complete particle of Figure 5.4-12 was made and the corresponding 

electron diffraction pattern along with the determined profile is presented in Figure 5.4-14. 

The diffraction rings in the electron diffraction pattern are indicated by arrows. 
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Figure 5.4-14. Electron diffraction pattern with the arrows indicating the diffraction 
rings and the corresponding profile calculated from the ED pattern of the composite 
particle shown in Figure 5.4-12. 

As the amount of the crystalline fraction of CaP present in the particle was low, the 

background subtraction was required in order to measure the positions of diffraction rings; 

the ring positions were taken as maxima. The determined interplanar spacings and the 

corresponding reflections are presented in Figure 5.4-14. The experimental interplanar 

spacings were calculated using Si [110] as external calibration standard and were 

compared with the reference values for hydroxyapatite from the ICDD database (ICDD 

Powder Diffraction File No. 00-009-0432). The values were in good accordance to HAP. 

The deviation of interplanar distances was within the measurement error for the external 

calibration standard used.  

There were also precipitates found outside of the particles. The TEM image shown in 

Figure 5.4-15 shows the morphology of the CaP precipitate formed outside of the 

particles. The external precipitation can be avoided by increasing the calcium binding 

ability of the polymeric nanoparticles by extended hydrolysis to generate more calcium 

binding groups and subsequently optimizing the concentration of the ions during loading. 
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Figure 5.4-15. CaP-precipitate formed outside of the particles. 

The XRD characterization of all the samples (particles along with precipitate) were 

performed using washed and subsequently freeze-dried samples; the XRD patterns are 

presented in Figure 5.4-16. The calculated hydroxyapatite pattern is provided for 

reference. It can be clearly seen that there exists amorphous as well as crystalline fractions 

in the samples and the crystalline fraction corresponds to HAP. 

 

 Figure 5.4-16. XRD scans from samples PLLAH1, PLLAL2, PCLH3, PCLL4, PLGA5 
after CaP mineralization. 
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5.4.3 Encapsulation of hydroxyapatite 

The use of preformed hydroxyapatite in biodegradable polymeric matrices is very 

intriguing as these composite materials could be very well applied in tissue engineering. 

Although, such encapsulation within the polymeric matrix has already been reported in the 

form of microspheres,[201] encapsulation in the form nanoparticles possess added 

advantages as they offer several possibilities for final application owing to their large 

surface area and homogeneity. Such hybrid particles are of high interest for bone repair 

applications as they could be applied as coatings on implants or used as a building block 

for the scaffold fabrication which could possibly nucleate and grow new bone material or 

could be injected intravenously/directly into the damaged part.  

For the formulation of such hybrid particles, a reliable technique which allows a high 

homogeneity, solid content, and entrapment efficiency is very decisive. All these criterions 

are well accomplished by the miniemulsion process, where materials like pigments,[237, 238] 

fluorescent marker,[26, 190] and magnetite[228] have already been reported to be efficiently 

encapsulated. Hybrid particles of poly(lactic acid) and hydroxyapatite (PLLA/HAP) 

prepared using this technique are presented here. 

5.4.3.1 Synthesis and characterization of PLLA/HAP hybrid particles 

The hydroxyapatite was first prepared according to the synthesis reported in the 

literature.[210] The synthesized nano-hydroxyapatite (henceforth, nanoapatite) was 

characterized using TEM and XRD. The morphology of the nanoapatite is shown in 

Figure 5.4-17. For comparison, hydroxyapatite commercially available from Aldrich is 

shown in Figure 5.4-18. Both samples were redispersed in acetone for transferring them 

onto the TEM grids. It can be observed that the synthesized nanoapatites are very 

homogeneous in morphology. 
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Figure 5.4-17. Synthesized nanoapatite. 

   

Figure 5.4-18. Hydroxyapatite from Aldrich. 

The XRD characterizations of the synthesized nanoapatite and the commercial 

hydroxyapatite from Aldrich are presented in Figure 5.4-19. It can be seen from the XRD 

scan, the prepared nanoapatite has all characteristic peaks of hydroxyapatite as shown in 

the reference. The crystallite size calculated using the Scherrer formula (equation 3.2-2) 

from the peak at 30.4° (002 reflection) was about 35.8 nm and 34.6 nm for the synthesized 

nanoapatite and the commercial hydroxyapatite respectively. The surface area determined 

by BET isotherm was about 47.08 m2/g for the synthesized nanoapatite; this is 

significantly higher than for the commercial hydroxyapatite which was about 31.14 m2/g. 

These nanoapatites were encapsulated within the PLLA matrix using the emulsion/solvent 

evaporation in combination with the miniemulsion technique as mentioned before. 
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Figure 5.4-19. XRD patterns from synthesized nanoapatite and commercial 
hydroxyapatite from Aldrich along with hydroxyapatite reference. The XRD 
measurements were performed using Co-Kα radiation. 

As the nanoapatite crystals are relatively hydrophilic and the polymer hydrophobic, 

the encapsulation is difficult. The polymer/inorganic interface compatibility plays a crucial 

role in the encapsulation efficiency. In order to ease the encapsulation difficulties, the 

nanoapatites were coated with the block copolymeric surfactant P(B/E-b-EO) in 

chloroform to hydrophobize them as well as to separate the crystals from each other. The 

hydrophobized nanoapatites were added to the dispersed phase comprising of PLLA and 

chloroform for encapsulation using the emulsion/solvent evaporation in combination with 

the miniemulsion technique. The morphology of the hybrid particles and the encapsulation 

efficiency can be evidenced from the TEM (Figure 5.4-20) and HRSEM (Figure 5.4-21) 

images presented here. With the TEM image, it can be seen that the nanoapatite is 

embedded within the polymeric matrix. In the HRSEM image, it can be seen that the 

geometry of the hybrid particle is spherical without distortions in comparison to the pure 

polymeric nanoparticles (Figure 5.4-4); the hybrid particles seem not to be deformed under 

the electron beam. This might be attributed to the presence of the inorganic matrix which 

might offer the stability to the hybrid particle. 
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Figure 5.4-20. TEM image illustrating the encapsulation of nanoapatite within thePLLA 
matrix. 

 

Figure 5.4-21. HRSEM image of nanoapatite encapsulated PLLA nanoparticles. 

From the thermogravimetric analysis, it was found that about 62 wt% (18 mg of 

nanoapatite per gram of polymer) of the initially used amount of nanoapatite was 

encapsulated. 

In this section, the nanoparticles synthesized from the biodegradable polymers were 

used as template for calcium phosphate mineralization. The synthesis of these 

nanoparticles via miniemulsion technique makes them very suitable for this application. 
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The electron microscopy studies clearly prove the calcium phosphate formation in the 

particles by EDX analysis and subsequent electron diffraction studies prove the presence 

of tiny crystallites of hydroxyapatite. From the XRD scans, the coexistence of amorphous 

calcium phosphate as well as crystalline hydroxyapatite phases was shown. From the Ca2+ 

uptake experiments, it was found that the calcium binding ability of these polymeric 

nanoparticles can be further enhanced by an extended hydrolysis by prolonged alkaline 

treatment. The extended hydrolysis could be followed by a subsequent incubation in 

simulated body fluids, SBF, (which is supersaturated with apatite) for several days. As 

apatite similar to the one in bone could be obtained from SBF with ion concentrations 

approximately equal to those of human blood plasma, the only underlying factor is the 

ability of the polymer to induce the HAP nucleation in SBF. If the apatite nuclei are 

already incorporated into the polymer, the subsequent hydrolysis and incubation in SBF 

would lead to the formation of apatite in a much shorter time period. As the encapsulation 

of nanoapatite using the miniemulsion technique was successfully shown, these apatite 

encapsulated composite particles could be used for the subsequent HAP formation in SBF. 

Also, another interesting and important aspect of using these nanoparticles synthesized via 

miniemulsion is the possibility of encapsulating biomolecules and drugs which facilitates 

the release of growth factors and antibiotics which could enhance the bone in growth to 

treat the bone defects and support wound healing.  
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6 Conclusions 

In this work, polymeric nanoparticles synthesized via the miniemulsion process were 

employed as templates for the biomimetic mineralization of hydroxyapatite (the 

thermodynamically stable form of calcium phosphate, CaP) in aqueous phase. This 

versatile technique allows the fabrication of polymeric nanoparticles either by the 

polymerization of respective monomers or by using preformed polymers (natural as well 

as synthetic). While gelatin (a natural polymer) and aliphatic polyesters (biodegradable 

synthetic polymers) were exploited as preformed polymers, a biocompatible polymer 

comprising of poly(styrene-co-acrylic acid) obtained by the copolymerization of the 

respective monomers was used for the formulation of nanoparticles. Subsequently, the 

resulting polymer nanoparticles were used as templates for the calcium phosphate 

mineralization in aqueous phase. 

The first part of the work was dealing with the syntheses and optimization of gelatin 

nanoparticles using the miniemulsion process, a concept based on nanoreactors.[181] The 

miniemulsion technique is a straight forward approach, which does not rely on phase 

separation and which offers the flexibility of varying several parameters conveniently. It 

was demonstrated that irrespective of the molecular weight distribution of the gelatins 

used, stable nanoparticles could be produced with small amounts of surfactant. The 

amount of gelatin and the crosslinking degree in the particle is high and could be well 

controlled. As the miniemulsion technique allows the homogeneous distribution of the 

crosslinker, an effective use of the crosslinker could be achieved. It was found that a 

concentration of about 4-5 wt% is the optimum amount for crosslinking all types of 

gelatin. As high shear forces were used, the gel content within the particles could be varied 

over a wide range which is practically not possible with other techniques. These optimized 

gelatin nanoparticles were employed as nano-reactors or nano-environments for 

synthesizing apatite nanocrystals in the second part of the work. In addition, these 

nanoparticles prepared from a natural polymer with varying solid content and crosslinking 

density could be substantially used for instance in drug delivery applications.  

Gelatin nanoparticles prepared in inverse miniemulsions and transferred to the water 

phase serve as an ideal molecular organic template providing the spatial confinement 

whereby promoting a different growth environment for the formation of highly interesting 
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hydroxyapatite.[182] The formation of hydroxyapatite inside the particles follows Ostwald’s 

step rule. At first, an amorphous phase is formed which itself has a great potential to be 

exploited as a resorbable bone substitute. This further transforms into single crystalline 

hydroxyapatite via an octacalcium phosphate intermediate. The solution-mediated 

transformation into the hydroxyapatite phase without any calcination step is studied in 

detail using TEM and XRD measurements. A significant advantage of this templating 

approach is that the hybrid particles could be produced with different hydroxyapatite 

contents in physiological conditions. As these gelatin based hybrid colloids can aggregate 

and physically crosslink together at T < 37 °C, they have a high potential for the 

fabrication of biomimetic high performance ceramics, bioimplants, and bone or teeth 

cements. In concise, a novel biomimetic approach was demonstrated for conceptually 

mimicking the biomineralization process to synthesize hybrid hydroxyapatite gelatin 

nanoparticles which have a high potential for tissue engineering applications. This 

approach offers the advantage to preserve the hierarchical organization of 

organic/inorganic components and can be extended to develop new hybrid materials for a 

wide range of technological applications. 

While gelatin nanoparticles were used as confined nano-environments to perform 

crystallization inside the particles, in the third part of the work, the surface-functionalized 

polymeric nanoparticles (poly(styrene-co-acrylic acid)) were exploited as templates to 

perform crystallization outside of the particles (on the surface of the particles). For 

surface-functionalized latex particles as templates, the miniemulsion technique offers a 

very simple route to prepare them by tailoring several parameters. Carboxyl-functionalized 

polystyrene particles were prepared with different amounts of the comonomer acrylic acid 

(AA) using the miniemulsion copolymerization employing ionic and non-ionic surfactants. 

It was found that for the same amount of acrylic acid, the size of the particles as well as 

the amount of surface charge density was significantly different for different surfactant 

types. The reasons were attributed to the nature of the surfactant types and their 

contributions during the polymerization process. It was found that the non-ionic 

surfactants were efficient in preparing carboxyl-functionalized particles with a high 

surface charge density using low amounts of the comonomer AA. The functionalized 

particles were successfully exploited as templates for the hydroxyapatite formation. The 

polymeric nanoparticles with varying amounts of surface-grafted hydroxyapatite were 

studied using HRSEM, TEM, and XRD. It was observed that for a fixed concentration of 
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Ca2+ and PO4
3- ions added, the amount of HAP formed on the surface of the particles 

increased with increasing AA amount. This in addition to the absence of HAP on latexes 

prepared with 0 wt% AA for both ionic as well as non-ionic surfactant types confirms that 

the amount of HAP formed depends only on the amount of carboxyl groups present on the 

surface. The HAP formation was well pronounced for the particles prepared with non-

ionic surfactant which is in agreement with the high amount of –COOH groups as 

compared to the latexes prepared with SDS as surfactant. However, it was also found that 

in addition to a high carboxyl-functionalization on the surface of the particles, it is 

absolutely necessary to have an optimum surfactant concentration in case of particles 

prepared with the non-ionic surfactant for a high HAP formation. It was found that a high 

surface coverage of HAP on the polymeric nanoparticle was obtained with latexes 

prepared using 3 wt% AA using the non-ionic surfactant. 

In the fourth part, the polyester based biodegradable nanoparticles comprising of the 

anionic functional groups distributed in the nanoparticle matrix, were used as templates for 

calcium phosphate mineralization. The synthesis of these nanoparticles via the 

miniemulsion technique makes them very suitable for this templating application. TEM 

studies clearly proved the formation of calcium phosphate in the composite particles (EDX 

analysis) and the subsequent electron diffraction studies showed the presence of tiny 

crystallites of hydroxyapatite. From the XRD scans it could be seen that there is the 

coexistence of amorphous calcium phosphate and crystalline hydroxyapatite phases. It was 

also demonstrated that the preformed nanoapatite can be efficiently encapsulated within 

the biodegradable polymeric matrix using the miniemulsion technique. 

In concise, in this work, the versatile miniemulsion technique was exploited 

successfully to prepare different types of polymeric template nanoparticles which were 

used for the crystallization of hydroxyapatite. It was shown that the miniemulsion 

technique is a very simple and straight forward approach to produce homogeneous stable 

nanoparticles with tailored properties from natural polymer as well as synthetic 

biocompatible and biodegradable polymers which were further used as templates for 

biomimetic mineralization. All the experiments were performed in an environment-

friendly route without using extreme conditions of temperature or pressure. Also very 

importantly, all the phase transformations involving amorphous calcium phosphate to 

crystalline hydroxyapatite occurred at physiological condition (37 °C). The composite 

nanoparticles which were successfully synthesized in this work have a very high potential 
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in the field of tissue engineering. Such a benign approach applying the simple concept of 

using polymeric nanoparticles as templates and mimicking the biomineralization process 

opens new vistas in the template-assisted mineralization. 

. 
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7 Zusammenfassung 

In dieser Arbeit wurden Polymer-Nanopartikel mittels Miniemulsionsverfahren 

synthetisiert und als Template für die biomimetische Mineralisierung von Hydroxyapatit 

(der thermodynamisch stabilen Form von Kalziumphosphat, CaP) in wässriger Lösung 

eingesetzt. Die vielseitige Miniemulsionstechnik ermöglicht die Herstellung von Polymer-

Nanopartikeln sowohl durch die Polymerisation entsprechender Monomere als auch durch 

den Einsatz bereits vorgeformter (natürlich vorkommender bzw. synthetischer) Polymere. 

Während das natürlich vorkommende Polymer Gelatine und verschiedene synthetisch 

hergestellte, biologisch abbaubare aliphatische Polyester als vorgeformte Polymere bereits 

vielfach zur Herstellung von Nanopartikeln zum Einsatz kamen, wurde hier ein 

biokompatibles Polymer auf der Basis von Poly(styrol-co-acrylsäure) eingesetzt, das durch 

die Copolymerisation entsprechender Monomereinheiten während des 

Miniemulsionsprozesses erzeugt wurde. Die dabei entstandenden Nanopartikel wurden im 

Anschluss daran als Templatstrukturen für die Kalziumphosphat-Mineralisierung in 

wässriger Lösung eingesetzt. 

Der erste Teil der Arbeit beschreibt die Synthese und Optimierung von Gelatine-

Nanopartikeln mittels Miniemulsionsprozess, ein Konzept, welches auf Nanoreaktoren 

beruht. Die Miniemulsionstechnik stellt ein einfach anzuwendendes Verfahren dar, 

welches nicht auf Phasenseparation beruht und welches den Vorteil bietet, zahlreiche 

Parameter einfach variieren zu können. Es wurde gezeigt, dass, unabhängig von der 

Molekulargewichtsverteilung der eingesetzten Gelatinearten, stabile Nanopartikel unter 

Einsatz geringer Tensidmengen hergestellt werden konnten. Der Anteil an Gelatine sowie 

der Vernetzungsgrad innerhalb der Partikel sind hoch und leicht einstellbar. Da die 

Miniemulsionstechnik eine homogene Verteilung des Vernetzers („Crosslinker“) erlaubt, 

konnte diese Substanz effektiv genutzt werden. Es wurde beobachtet, dass ein 

Gewichtsanteil an Vernetzer von ca. 4-5% optimal für die Vernetzung aller Gelatinearten 

ist. Da hohe Scherkräfte eingesetzt wurden, konnte der Anteil an Gelatine innerhalb der 

Partikel über einen großen Bereich variiert werden, was mit anderen Techniken praktisch 

nicht möglich ist. Diese optimierten Gelatine-Nanopartikel wurden im zweiten Teil der 

Arbeit als Nanoreaktoren bzw. Nano-Umgebung zur Synthese von Apatit-Nanokristallen 

verwendet. Darüber hinaus könnten derartige Nanopartikel aus natürlichem Polymer mit 
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unterschiedlichem Feststoffgehalt und Vernetzungsgrad z. B. zur Wirkstofffreisetzung bei 

Medikamenten verwendet werden. 

Nanopartikel aus Gelatine, welche in inversen Miniemulsionen hergestellt und in 

wässrige Lösung transferiert werden, dienen als ideale molekulare organische Template. 

Auf Grund ihrer räumlichen Beschränkung liefern sie eine andere Wachstumsumgebung 

für die Bildung des hochinteressanten Materials Hydroxyapatit.[179] Die Bildung von 

Hydroxyapatit innerhalb der Partikel folgt der Ostwaldschen Stufenregel. Zunächst bildet 

sich eine amorphe Phase, welche selbst ein hohes Potential für die Anwendung als 

resorbierbarer Knochenersatz hat. Aus dieser amorphen Phase entsteht über 

Oktakalziumphosphat als Zwischenstufe einkristallines Hydroxyapatit. Die in der 

(wässrigen) Lösung ablaufende Transformation zur Hydroxyapatit-Phase ohne einen 

Kalzinierungsschritt wird detailliert mittels TEM- und XRD-Untersuchungen analysiert. 

Ein besonderer Vorteil dieses Templat-Verfahrens beruht darin, dass die Hybrid-Partikel 

mit unterschiedlichem Anteil an Hydroxyapatit unter physiologischen Umgebungs-

bedingungen hergestellt werden konnten. Da sich diese Hybrid-Kolloide auf der Basis von 

Gelatine bei Temperaturen T < 37 °C zusammenlagern und vernetzen können, bieten sie 

ein hohes Potential, um als biomimetische Hochleistungskeramik, Bioimplantate, und 

Knochen bzw. Zahnzement eingesetzt zu werden. Kurz gesagt, es konnte gezeigt werden, 

dass es sich um einen neuen biomimetischen Ansatz handelt, welcher konzeptionell den 

Biomineralisierungsprozess imitiert und erlaubt, Hybrid-Hydroxyapatit-Gelatine- 

Nanopartikel mit hohem Potential für die Herstellung von künstlichem Gewebe zu 

synthetisieren. Dieser Ansatz bietet den Vorteil, die hierarchische Organisation von 

organischen/anorganischen Komponenten zu erhalten und kann zur Entwicklung neuer 

Hybridmaterialien für einen breiten Bereich technologischer Anwendungen erweitert 

werden. 

Während Gelatine-Nanopartikel als räumlich begrenzte Nano-Umgebung für die 

Kristallisation innerhalb der Partikel bereits beschrieben wurden, werden im dritten Teil 

oberflächen-funktionalisierte Polymer-Nanopartikel (Poly(styrol-co-acrylsäure) als 

Template eingesetzt, um die Kristallisation außerhalb der Partikel (an der 

Partikeloberfläche) zu ermöglichen. Durch Variation geeigneter Parameter bietet die 

Miniemulsionstechnik eine geeignete Route für die Herstellung von oberflächen-

funktionalisierten Latexpartikeln. Carboxyl-funktionalisierte Polystyrolpartikel mit 

verschiedenen Anteilen an Comonomer (Acrylsäure, AA) wurden durch Miniemulsions-
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copolymerisation mit ionischen und nicht-ionischen Tensiden hergestellt. Es wurde 

festgestellt, dass bei gleicher Menge Acrylsäure die Partikelgrösse und die 

Oberflächenladungsdichte für unterschiedliche Tensidtypen sehr unterschiedlich war. Dies 

konnte auf die Natur der Tenside und ihre Rolle beim Polymerisationsprozess 

zurückgeführt werden. Es wurde beobachtet, dass nicht-ionische Tenside effizient bei der 

Herstellung carboxyl-funktionalisierter Partikel mit hoher Oberflächenladungsdichte unter 

Einsatz nur geringer Mengen des Comonomers AA waren. Die funktionalisierten Partikel 

konnten erfolgreich als Template für die Bildung von Hydroxyapatit eingesetzt werden. 

Die Polymer-Nanopartikel mit unterschiedlichem Anteil an oberflächengebundenem 

Hydroxyapatit wurden mittels HRSEM, TEM und XRD untersucht. Es wurde beobachtet, 

dass bei konstanter Konzentration der zugefügten Ca2+ and PO4
3- Ionen der Anteil von an 

der Oberfläche gebildetem HAP mit steigender Tensidmenge zunimmt. Dies und die 

Tatsache, dass kein HAP auf Latexpartikeln ohne Zusatz ionischer bzw. nicht-ionischer 

Tenside gefunden wurde, bestätigt, dass die Menge an sich bildendem HAP nur vom 

Anteil der Carboxylgruppen an der Oberfläche abhängt. Die Bildung von HAP war stark 

ausgeprägt für Partikel, welche durch nicht-ionische Tenside hergestellt wurden in 

Übereinstimmung mit einem hohen Anteil an COOH-Gruppen im Vergleich zu Partikeln, 

welche mittels SDS als Tensid synthetisiert wurden. Allerdings wurde auch beobachtet, 

dass es für eine verstärkte Ausbildung von HAP im Falle von Partikeln mit nicht-ionischen 

Tensiden zusätzlich zu einer hohen Carboxyl-Funktionalisierung an der Partikeloberfläche 

auch entscheidend ist, eine optimierte Tensidkonzentration einzustellen.. Es wurde 

festgestellt, dass eine hohe Bedeckung der Partikeloberfläche mit HAP bei Verwendung 

von drei Gewichtsprozent AA und von nicht-ionischen Tensiden erhalten werden konnte. 

Im vierten Teil kamen biologisch abbaubare Polyester-Nanopartikel mit über die 

Nanopartikelmatrix verteilten anionischen funktionellen Gruppen als Template für die 

Mineralisierung von Kalziumphosphat zum Einsatz. Durch die Synthese mittels 

Miniemulsionstechnik sind diese Nanopartikel als Template sehr geeignet. TEM-

Untersuchungen zeigten zweifelsfrei die Ausbildung von Kalziumphosphat in den 

„Composit“-Partikeln (EDX Analyse), und anschließende Elektronenbeugungs-

experimente belegten die Existenz winziger HAP Kristallite. Aus XRD-Untersuchungen 

ging hervor, dass amorphes Kalziumphosphat neben kristallinem Hydroxyapatit vorlag. Es 

konnte auch gezeigt werden, dass vorgeformtes Nanoapatit effizient in eine biologisch 

abbaubare Polymermatrix mittels Miniemulsionstechnik eingekapselt werden kann. 
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In dieser Arbeit wurde die vielseitige Miniemulsionstechnik erfolgreich eingesetzt, 

um verschiedenartige Polymer-Nanopartikel zu synthetisieren, welche als Template  für 

die Kristallisation von Hydroxyapatit dienten. Es konnte gezeigt werden, dass die  

Miniemulsionstechnik eine einfache und leicht anwendbare Methode zur Herstellung  

homogener, stabiler Nanopartikel mit maßgeschneiderten Eigenschaften darstellt, welche 

sowohl aus natürlichem als auch aus synthetischem, biokompatiblem und biologisch 

abbaubarem Polymer aufgebaut werden können und welche weiterhin als Templat-

Strukturen für die biomimetische Mineralisierung eingesetzt werden können. Alle 

Experimente wurden mittels umweltfreundlicher Verfahren durchgeführt, ohne extreme 

Bedingungen hinsichtlich Temperatur oder Druck. Insbesondere konnten alle 

Phasenübergänge hinsichtlich der Umwandlung von amorphem Kalziumphosphat zu 

kristallinem Hydroxyapatit unter physiologischen Bedingungen (37 °C) erreicht werden. 

Die Hybrid-Nanopartikel, die in der vorliegenden Arbeit erfolgreich hergestellt wurden, 

haben das Potential, zur Erzeugung von künstlichem Gewebe eingesetzt zu werden. Eine 

derart unkritische Methode, welche als einfaches Konzept Polymer-Nanopartikel als 

Template einsetzt und den natürlichen Biomineralisierungsprozess kopiert, eröffnet neue 

Perspektiven auf dem Gebiet der Templat-unterstützten Mineralisierung. 
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8 Appendix 

8.1 Characterization methods 

Dynamic light scattering (DLS) 

The size of all the nanoparticles were characterized by dynamic light scattering (DLS) 

using a Zetasizer Nano NS (Malvern Instruments, UK), equipped with a detector to 

measure the intensity of the scattered light at 173° to the incident beam. 

The thermal cycle for gelatin nanoparticles were performed by alternatively 

increasing (45°C) and decreasing (20°C) the temperature and equilibrating the sample at 

those respective temperatures for 3 min and then measuring the particle size. 

For the zeta potential measurements, an aqueous solution of KCl (10-3 M) was used. 

Transmission electron microscopy (TEM) 

The nanoparticles were imaged using a Philips 400 TEM (Fei, Eindhoven, The 

Netherlands) operating at an accelerating voltage of 80 kV. All the samples except gelatin 

samples were prepared by air drying the diluted sample on a carbon coated copper grid 

without any additional contrasting. Most of the hybrid particles were characterized (before 

and after washing) prior to the freeze drying step. 

For the imaging of the pure gelatin nanoparticles, the gelatin particles were fixed with 

2.5% glutaraldehyde (Fluka, Germany), containing 1.5% saccharose in PBS (pH 7.3), and 

postfixed in 2% aqueous osmium tetroxide (Fluka, Germany). The samples were then 

dehydrated in graded series of 1-propanol and block stained in 1% of uranyl acetate and 

embedded in Epon (Fluka, Germany). Ultra thin sections (80 nm) were contrasted with 

0.3% lead citrate and imaged using a Philips 400 TEM (Fei, Eindhoven, The Netherlands) 

operating at an accelerating voltage of 80 kV. 

The hybrid gelatin/HAP composite particles were characterized using a Philips CM20 

transmission electron microscope (TEM) operating at 200 kV. The samples were prepared 

by air drying the diluted sample on a carbon coated copper grid and the grid was passed 

through a droplet of demineralized water to wash out the NaCl. 
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Scanning electron microscopy (SEM) 

For the gelatin nanoparticles, the samples were adsorbed on a small silicon chip and 

fast frozen by immersion into liquid propane supercooled with liquid nitrogen. Then the 

samples were transferred to a Baf 300 freeze etching device (Bal-Tec, Principality of 

Liechtenstein) and partially freeze dried at a temperature of -90 °C for 30 min. Afterwards, 

the samples were double layer coated[239] by electron beam evaporation with 2 nm of 

platinum-carbon at an angle of 45° and 5 nm of carbon (perpendicular). Then the samples 

were cryo-transferred in liquid nitrogen into a Gatan 626 cryo-holder (Gatan, Inc., 

Pleasanton, CA, USA). Under liquid nitrogen (with the cryo-shield of the Gatan holder 

closed) the sample was transferred to the Hitachi S-5200, in-lens field emission scanning 

electron microscope (SEM), (Hitachi, Tokyo, Japan) and quickly inserted. After about 5 

min the cryo-shield was opened. Specimens were investigated at a temperature of -130 °C 

in the SEM. The beam current was 10 A and the primary accelerating voltage was 10 kV. 

As imaging was performed using the backscattered electron (BSE) signal, the contrast is 

mainly formed at the underlying platinum layer that stays in contact with the structure of 

interest. Were one to use the secondary electron (SE) signal, the surface of the overlaying 

relatively thick carbon coat would be imaged and small structural details would be lost. 

BSEs were recorded both directly, using the built-in YAG-BSE detector and indirectly, 

using the converted BSE signal, the so-called “composite rich image”. In order to improve 

the signal to noise ratio, the YAG-BSE image and the composite rich image were 

superimposed. Since frozen-hydrated samples are sensitive to the electron beam, it was 

important to keep the irradiation dose as low as possible. The images were recorded 

digitally with a resolution of 1280 x 960 pixels. 

For the other samples (loaded and unloaded), a drop of diluted dispersion was 

dropped on Si wafer and left for air drying. They were coated with platinum carbon as 

mentioned before. The imaging was performed using the secondary electron signal. 

X-ray diffraction (XRD) 

The freeze dried samples obtained after loading with respective salt solutions and 

stirred over different periods of time were washed by resuspension in water, fourfold 

centrifugation at 14,000 rpm until they were finally freeze dried again. These samples 

were characterized using a PANalytical X’Pert Pro diffractometer equipped with a 

multichannel detector either using Co-Kα (λ=0.1789 nm) or Cu-Kα (λ=0.154 nm) 
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monochromatic X-ray beam. All the samples were measured with a θ-2θ configuration. 

The XRD measurements performed using Co-Kα radiation are mentioned in the figure 

captions of the respective plots. The XRD reference patterns for hydroxyapatite (HAP), 

octacalcium phosphate (OCP) and Brushite were calculated from the unit cell data of the 

crystals using the diffraction module in the MS modeling software (Accelrys). 

UV-vis spectroscopy 

The UV-vis absorption spectra were carried out on a UV-vis spectrometer Lambda 

16, Perkin-Elmer. 8 mg of the dried sample was redispersed in 2 g of water by 

ultrasonicating at 20% intensity for 1 min using a Branson sonifier W450 Digital (1/8" tip) 

with 30 s pulse and 10 s pause under ice cooling, followed by centrifugation at 14,000 rpm 

for 60 min. For the BCATM protein assay, about 50 µL supernatant was added to the 

mixture (1 mL) of BCA protein assay reagent and copper sulfate and was incubated for 30 

min. The absorbance of the solution was measured at 562 nm. For the calibration 

measurements, different concentrations ranging from 0.1-2 mg/mL were prepared from 

respective gelatin types and measured in the similar way as the samples. 

Infra-red spectroscopy (IR) 

The FT-IR spectroscopy measurements were performed by dispersing the freeze dried 

samples in KBr pellets and measuring using FTIR 113v Bruker spectrophotometer 

equipped with a DTGS detector using 100 signal-averaged scans at a resolution of 2 cm-1. 

Gel permeation chromatography (GPC) 

The amount of uncrosslinked free gelatin chains in the crosslinked gelatin samples were 

quantified using Gel Permeation Chromatography. The GPC setup used for the 

experiments consists of a Waters 515 HPLC-Pump, Shodex RI-71 Refractive Index 

Detector, 3 PSS 5µ Suprema GPC columns with the pore sizes 1000, 3000, and 30000 Å. 

The eluent used was 0.1 M sodium nitrate solution at a flow rate of 1mL/min. The 

temperature of the columns was maintained at 50 °C using a thermostat. 

Surface charge determination 

The total solid content and styrene conversion were measured gravimetrically using a 

Kern RH 120-3 gravimeter. All latex samples were cleaned by repetitive 

centrifugation/redispersion in demineralized water prior to measurement.  
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The surface charge density of the functionalized polystyrene latexes were determined 

by means of polyelectrolyte titration employing a particle charge detector PCD 02 (Mütek 

GmbH, Germany) in combination with a 702 SM Titrino (Metrohm AG, Switzerland) 

automatic titrator. Carboxyl-functional groups were titrated with 10-3 M polyelectrolyte 

standard, cationic polydiallyldimethyl ammonium chloride, (PDADMAC), to determine 

the point of zero charge. The measurements were carried out with 10 mL of a cleaned 

latex sample in aqueous solution with a solid content of 1 g·L-1. The amount of charged 

groups per gram of latex particles was calculated from the consumed volume of 

polyelectrolyte (an average of at least three titrations) using the following equation: 
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where, V is the volume of consumed polyelectrolyte in liters, M is the molar 
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where, Dn is the average number diameter of the particle and ρ is the density of  

polystyrene (1.045 ·106 g·L-1). 

Specific surface area determination 

The specific surface area of the particles was determined by nitrogen sorption experiments 

on a NOVA 4000e or Autosorp MP1 instrument (Quantochrome). The surface area was 

calculated by the 5-point method according to Brunauer, Emment and Teller (BET) in the 

p/p0 range of 0.05 - 0.3. Prior to the measurement, the samples were degassed at 300 °C 

for 3 h. 
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Vibrating sample magnetometer (VSM) 

The magnetization measurements were carried out using a vibrating sample magnetometer 

(Lakeshore 735) at room temperature. 

Thermogravimetric analysis (TGA) 

The hydroxyapatite content and the iron oxide content in the respective hybrid particles 

were measured from the dried samples using thermogravimetry. Thermogravimetric 

analyses were performed with a Mettler-Toledo TGA/SDTA851e under nitrogen 

atmosphere. The temperature range was from room temperature to 1100 ◦C at a heating 

rate of 10 °C·min−1. 
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8.2 Abbreviations 

Symbols 

γ    surface energy/interface energy/surface tension 

kB    Boltzmann constant 

T    Temperature 

λ    wavelength 

θ    scattering angle 

tcs    crystallite size 

η0    viscosity 

D    Diffusion coefficient 

t    time 

Dz    Average particle diameter (Z-average) 

NA   Avagadro’s constant 

ρ    density 

ζ    ζ (zeta)-potential 

General 

o/w   oil in water 

w/o   water in oil 

cmc   critical micelle concentration 

NCP   Non-collagenous proteins 

HAP   Hydroxyapatite 

OCP   Octa calcium phosphate 

CaP   Calcium phosphate 

Gel/HAP   Gelatin/hydroxyapatite 
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TEM   Transmission electron microscopy 

SAED   Selected area electron diffraction 

ED   Electron diffraction 

EDX   Energy dispersive X-ray 

BF   Bright field 

DF   Dark field 

SEM   Scanning electron microscopy 

XRD   X-ray diffraction 

DLS   Dynamic light scattering 

IR    Infra red 

US   Ultrasound 

PDI   Polydispersity index 

Chemicals 

PS    Polystyrene 

AA   Acrylic acid 

SDS   Sodium dodecyl sulfate 

V-59   2,2’-azobis(2-methylbutyronitrile) 

CTMA-Cl   cetyltrimethyl ammonium chloride 

PDADMAC  Poly(diallyldimethyl ammonium chloride) 

PLLA   Poly(L-lactic acid) 

PLLAH   Poly(L-lactic acid)-high molecular weight 

PLLAL   Poly(L-lactic acid)-low molecular weight 

PCLH   Poly(ε-caprolactone)-high molecular weight 

PCLL   Poly(ε-caprolactone)-low molecular weigh 

PLGA   Poly(D, L-lactide-co-glycolide) 

SBF   Simulated body fluid  
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