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1. Introduction 

Due to their small size, nanoparticles can be taken up by cells. At the same time, they can be 

loaded with functional molecules and transported across the cell membrane. Calcium 

phosphate nanoparticles offer several advantages for these applications. Calcium phosphate 

is biocompatible, biodegradable and easy to stabilize nanoparticulate along with having a 

high affinity for nucleic acids. In this thesis, functionalized calcium phosphate nanoparticles 

should first be synthesized and characterized. The nanoparticles should be loaded with 

different nucleic acids in order to influence the protein synthesis of cells in vitro. Afterward, 

the nanoparticles served as a transport vehicle for the nucleic acids across the cell membrane. 

Both DNA and RNA should be used to influence protein biosynthesis. For example, plasmid 

DNA (pDNA) should stimulate the synthesis of proteins foreign to the cell, while siRNA 

should down-regulate the expression of specific proteins. Both the transfection and the 

muting of specific genes offer the possibility of treating chronic inflammatory bowel 

disorders. Therefore, both DNA- and RNA-loaded particles should be tested in vitro in 

different cell lines. In addition to the effects of the functionalized nanoparticles on protein 

biosynthesis, options for applying the particles in the intestine should also be investigated. 

In this way, nanoparticles can enter the intestine rectally and orally. However, since calcium 

phosphate dissolves in an acidic environment, the particles must be protected from gastric 

acid when administered orally. Transport vehicles should be developed and investigated for 

both routes of administration. Achieving this goal, soft gelatin mini capsules were developed 

which were covered with five different enteric coating polymers as well as suppositories [1-

9]. 

In the second segment of this thesis, encapsulation of calcium phosphate nanoparticles and 

bioactive calcium phosphate nanoparticles was studied. The aim of this work was to 

determine the in vitro performance of the PLGA encapsulated calcium phosphate 

nanoparticles as well as PLGA encapsulated bioactive calcium phosphate nanoparticles. 

The use of nanoparticles in biomedicine is a steadily growing area of research. Drug delivery 

is always in particular interest. Systems based on nanoparticles offer many advantages over 

conventional therapeutics such as a high surface area in relation to volume and different 

shapes. The nanoparticles to be used in medicine must meet criteria such as low cell toxicity 

and high efficiency. Both are fulfilled by calcium phosphate (CaP) nanoparticles, in addition 

to the ability to bind biomolecules. Calcium phosphate nanoparticles are also used as 

material for bone replacement [8, 10-12]. Properties of calcium phosphate nanoparticles can 

be improved by substituting various ions such as strontium and magnesium [13].  In order to 



Introduction 

 

2 

 

study the use of trace elements such as strontium and magnesium in calcium phosphate 

biomaterials, strontium and magnesium-doped calcium phosphate nanoparticles were 

synthesised, characterized and in vitro studies in three different cell lines were completed. 

Among nanoparticles, ultrasmall gold nanoparticles have gained particular interest due to 

their small size. Ultrasmall gold nanoparticles with a diameter less than 2 nm have a 

fascinating potential to cross the cell barrier [14-17]. 

In the last part of the work, we studied the transportation of ultrasmall gold nanoparticles 

and nanoclusters into various cell types. Again, the polymer coated soft gelatin capsules and 

suppositories were used in order to investigate the in vitro behavior of nanoparticles and 

nanoclusters after releasing from the capsules and suppositories. 
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2. Theoretical Background 

2.1 Nanoparticles 

The term ‘nano’ originates from the Greek word for ‘dwarf, nanos’ which means the factor 

10-9 for SI units. Nanoparticles are particles that have broadening in 1-100∙10-9 m in all 

spatial directions [18]. However, since this definition is not taken too strictly, sub-micro-

particles are also generally referred to as nanoparticles. The small size of the nanoparticles, 

high surface-to-volume ratio and the physicochemical properties of the particles such as 

optics or electrical conductivity, are the factors that make the particles suitable in catalysis, 

for energy storage or in the medical field [19-24].  

The synthesis of the nanoparticles can be achieved in two ways: the top-down or bottom-up 

method. These synthesis routes are shown schematically in Figure 1. 

 

Figure 1: Schematic representation of the top-down and bottom-up syntheses for nanoparticles [25]. 

 

The top-down approach turns around fabrication of nanomaterials with wearing bulk 

material away to achieve the required smaller materials or substances. Top-down synthesis 

consists of particle size declination of large particles into smaller particles. This process is 

comparable to sculpting a block of stone to the required image. Whereas the bottom-up 

approach contains the structures being constructed from the smaller units such as atoms or 

molecules through covalent or supramolecular interactions. This proses is also similar to 

building a house brick by brick [26-29]. 

 



Theoretical Background 

 

4 

 

2.2 Nanoparticles in biology and medicine 

In nanomedicine, the particles are used as contrast media for imaging methods or as carrier 

systems for drugs or biomolecules. Controlling the particle size, surface properties and 

release of drug agents in order to achieve the site and time specific drug release is the main 

aim in designing nanoparticles as a delivery system [30-33]. 

Improvements in nanotechnology have encouraged innovative applications in biomedicine 

where nanoparticles are developed for drug delivery and photodynamic therapy. Owing to 

their small size, nanoparticles can be efficiently directed and internalized by tumor cells 

where these tiny particles offer the effective approach for specific targeting of tumor cells 

[34, 35]. Nanoparticles have also been manipulated in several biomedical applications such 

as bioimaging and biosensing for example, gold nanoparticles are capable of detecting small 

proteins. To design the nanoparticle-based agents, understanding the fundamental 

mechanisms that control the transmembrane transport and study about nanoparticles in 

biological cells, is significant [36-40]. 

Nanomaterials and nanoparticles are being acquired to advance the diagnosis and therapy of 

diseases with beneficial effects in drug delivery system and biopharmaceutical molecules to 

control site and time of drug delivery. These therapeutic nanomaterials and techniques are 

called ‘nanomedicines’ which employ multiple pathways for cellular entry [16]. 

 

2.3 Biomaterials 

According to the American National Institute of Health a biomaterial is defined as 

“Substance or combination of active ingredients which can be synthetic or natural and they 

should be suitable for supporting a tissue, organ or body function”  [41].  

Biomaterials should replace or support corporal functions in the body, which are impaired 

in their function. Therefore, a biomaterial specific chemical, mechanical and biological 

depending on the application requirements. The biocompatibility results from these 

requirements of a biomaterial and includes the functional similarity to the body's own 

structures as well as biological compatibility [42]. 

 

2.3.1 Smart biomaterials 

Biomaterials which are capable to respond to changes in their nearby environment, are 

attractive because these changes affect the control parameters such as drug release and cell 

adhesiveness. Numerous studies have been researched about the changes in parameters such 
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as pH value [43, 44], temperature [45, 46], and light [47, 48]. The body uses changes in pH 

to simplify a range of different processes. Food is broken down into nutritive substances in 

the stomach under acidic pH around 2 and later absorbed in the small intestine having pH 

about 7 to 8. Drug delivery along the gastrointestinal track by oral administration is desirable 

for patients who require routine, periodic delivery of drugs. However, effective drug delivery 

for the patient with intestinal issues achieves with survival of drugs in the acidic pH of the 

stomach. For this purpose, pH-sensitive materials are developed to take advantages of pH 

changes in the gastrointestinal tract and carry drugs through the stomach for successful 

delivery in the small intestine [49]. 

 

2.4 Calcium phosphate  

Calcium phosphates (CaP) are the inorganic components in human hard tissue [50]. Calcium 

phosphate can be produced as a solid in different phases and characterized by the molar ratio 

of calcium to phosphate. Most calcium phosphates are sparingly soluble or insoluble in water 

at neutral or basic pH values. However, calcium phosphates are water-soluble in acidic 

medium. Stoichiometric ratio of calcium to phosphate for calcium phosphates is between 0.5 

and 2.0. Typically, calcium phosphates with a higher Ca/P ratio are less soluble in water. In 

biology, calcium phosphates are mainly known as inorganic components of hard tissues such 

as teeth and bones which occur in mammals as hydroxyapatite (HAP). The stoichiometric 

composition of hydroxyapatite is Ca10(PO4)6(OH)2. However, since non-stoichiometric 

apatites are present in biological systems, the Ca/P ratio is between 1.5 and 1.67 [42, 50]. 

Calcium phosphate mainly occurs in nanoparticles which are considered to be very 

biocompatible [51]. The synthesis of calcium phosphate nanoparticles is fascinating because 

of the capability of them to be functionalized with different biomolecules such as nucleic 

acids and proteins. Calcium phosphate nanoparticles have an ability of transporting the 

active substances due to their small size and absorbing by the cells [7, 51-53]. Synthesis of 

calcium phosphate nanoparticles is easy and quick and many factors including the pH value, 

the Ca/P ratio used in the synthesis and the temperature play critical roles. The most 

predominant phase of calcium phosphate is amorphous calcium phosphate (ACP), however, 

hydroxyapatite (HAP) may be formed from ACP by spontaneous transformation [10, 42, 

51]. A phase of calcium phosphates which gets involved in a biological environment as ACP 

stimulates bone growth better than crystalline calcium phosphates. Nevertheless, in the 

transfection of mammalian cells, the difference between brushite and HAP nanoparticles was 

only marginal [54, 55]. The functionalization of calcium phosphate nanoparticles with 
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biomolecules makes it possible to transport active substances into cells. Organic molecules, 

proteins or nucleic acids are taken up desirably on the surface of calcium phosphate [51, 56-

61]. The adsorption process on “bare” calcium phosphate surfaces is described by the 

replacement of ions on the surface of the calcium phosphate crystals with charged or polar 

groups of the adsorbing molecules. Negatively charged groups such as nucleic acids are more 

likely to interact with calcium ions, while positively charged groups can interact with 

phosphate ions [51, 52]. The adsorption of proteins and small molecules depend on the 

crystal phase of the calcium phosphate [51].   

The cell transfection process with DNA loaded calcium phosphate nanoparticles is shown 

schematically in Figure 2. Nanoparticles with DNA are given to the cell culture medium and 

incorporated into the cells by endocytosis. The nanoparticles reach the nucleus and insert the 

DNA inside the cytoplasm and finally into the nucleus [62]. Controlling the size and 

morphology of the calcium phosphate loaded nucleic acid nanoparticles led to improved 

transfection efficiency by the cells. The development of multi-shell calcium phosphate 

nanoparticles enabled the nucleic acids to be protected from enzymatic degradation. 

Furthermore, positively charged calcium phosphates were better absorbed by cells due to a 

PEI shell [54, 63-66]. 

 

Figure 2: Schematic representation of the transfection mechanism [62]. 

 

2.5 Biological background 

2.5.1 Endocytosis 

Mammalian cells take up extracellular material by a variety of different mechanisms that are 

cooperatively named endocytosis. Endocytosis consists of several extracellular material 
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uptake methods by cells, including phagocytosis (cell eating), pinocytosis (cell drinking) 

clathrin-dependent receptor-mediated endocytosis (requiring the coat protein clathrin), and 

clathrin-independent endocytosis (do not require clathrin). Moreover, endocytic mechanisms 

provide many important cellular functions such as uptake of extracellular nutrients, 

regulation of cell-surface receptor expression, maintenance of cell polarity and antigen 

presentation. Endocytic pathways are also utilized by viruses, toxins, and symbiotic 

microorganisms to enter the cells [67]. 

 

Figure 3: Summary of pathways of cellular uptake [68]. 

 

To destroy pathogens such as bacteria or to remove dead cells, cells need to bring large 

particles into the cell interior. This procedure, called phagocytosis which comes from the 

Greek words for ‘eating’ and ‘cell’. Phagocytosis insists transporting particles through the 

cell membrane. Cells accomplish this mechanism by wrapping themselves around the target 

particle and creating a new internal membrane-bound section called phagosome [69-72]. 

Drug carriers in the form of nanoparticles are promising routes for preventing ranges of 

diseases, like the human immunodeficiency viruses (HIV), tuberculosis (TC), and cancer. 

Probable advantages of these drug careers consist of protecting drugs from degradation, 

smaller amount of side effects on vital tissues, smaller doses of loaded drugs and targeting 
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drugs directly to where they are needed. One problem with this method is that microparticle 

drug carriers are repeatedly recognized as foreign particles by the immune system and 

removed via phagocytosis [69, 73-81]. 

The name of pinocytosis comes from the Greek words for ‘drink’ and ‘cell’ [82]. In 

pinocytosis, fluids are absorbed from the extracellular matrix with the dissolved substances 

and ingredients in it. Pinocytosis is further subdivided into clathrin-mediated and clathrin-

independent pinocytosis. Clathrin-mediated pinocytosis is the most studied pinocytosis 

mechanism in which many macromolecules and nanoparticles such as PLGA nanoparticles, 

gold nanoparticles or silica nanoparticles are taken up. Receptor proteins are gathered in the 

cell membrane, which then form the protein clathrin and forms a hollow or scoop of the cell 

membrane around the nanoparticle and absorb them into the interior of the cell. A vesicle 

forms that strips off the clathrin in the cytosol and then transforms into an endosome [16, 

83-90]. Vesicles grow from the cell surface (such as clathrin-coated vesicles), take up solute 

and become fluid-phase pinocytosis. Several biochemical investigations in baby hamster 

kidney cells indicate that clathrin-mediated endocytosis can account for all fluid-phase 

uptake [91-95]. The endocytosis of many cargoes is relatively unaffected by inhibition of the 

pathway. Moreover, these cargo molecules are assumed in a cholesterol-dependent manner, 

differ to clathrin-mediated endocytosis cargo molecules. Clathrin-independent endocytosis 

is an independent of clathrin endocytic pathway [96]. 

The clathrin-independent endocytosis mechanism is comparable to phagocytosis so that the 

cell membrane is reverted and the surrounding extracellular medium is enclosed. These 

swellings form macropinosomes with the cell membrane, which then mature into endosomes 

[16, 96-100]. A cell can have various forms of clathrin-independent endocytic mechanisms 

and they can be responsible for the major fraction of membrane and fluid taken into the cell. 

The uptake of calcium phosphate nanoparticles could also be assigned to this endocytosis 

mechanism [101, 102]. 

2.5.2 Transfection 

Transport of nucleic acids into the interior of cells is called transfection. This includes both 

the transport of DNA and RNA [52, 103]. In this work, however, transfection refers to the 

introduction of nucleic acids into cells with the aim of expressing certain genes. If RNA is 

channeled into cells with the aim of reducing the expression of certain proteins, this is known 

as gene silencing [104]. 
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Process of transfection introduces foreign nucleic acids into cells to produce genetically 

modified cells. Studying the function of genes or gene products by improving or reducing 

specific gene expression in cells, is the main aim of transfection [105-107]. 

Chemical transfection methods are the most extensively used transfection ways in modern 

researches [108]. Cationic polymers, calcium phosphates, cationic lipids, and cationic amino 

acids are the most generally used materials in chemical transfection methods. Positively 

charged chemical substances can easily attach to negatively charged nucleic acids in order 

to make the chemical complexes such as positive foundation and nucleic acids [108-110]. 

These positively charged chemical complexes will be attracted to the cell membrane with 

negative charge. Transported nucleic acids to the cells require to be delivered to the nucleus 

to be expressed. Once the nucleic acid has reached the nucleus, it can be transcribed into 

mRNA by RNA polymerases. After exiting the nucleus, protein biosynthesis can then take 

place in the ribosomes by translation of the mRNA. The transfection efficiency of chemical 

methods dependent basically on the ratio of nucleic acid to chemical substances, pH, cell 

membrane conditions, and cell type [106, 111-114]. 

 

2.5.3 Gene silencing 

A specific inhibition of unwanted gene expression by blocking mRNA activity is generally 

called gene silencing. Gene silencing is the perfect tactic to control the new genomic 

knowledge for drug discovery [115]. Disease-associated genes can be targeted and silenced 

by synthetic short interfering RNA (siRNA) which offers respectable prospects as a novel 

therapeutic strategy. siRNA consists of a double-stranded RNA duplexes which silence or 

mute the target gene expression among the process of RNA interference (RNAi) [116]. 

In contrast to transfection with DNA, the nucleic acid no longer has to get into the cell 

nucleus in order to perform its function. Rather, when genes are silenced, RNA is brought 

into the cytosol of the cell. After exiting the endo-/lysosome, sequence-specific interaction 

with the mRNA of a certain protein leads to the inhibition of the synthesis of the 

corresponding protein. This process can reduce the level of expression of certain proteins 

[15, 117-119]. 

Similar to DNA, siRNA alone cannot permeate the cell membrane due to its negative charge. 

[8, 120] Calcium phosphate nanoparticles were discussed as carriers for nucleic acids for 

genetic vaccination [121-123]. 
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2.6 Oral and rectal administration 

2.6.1 Colon drug delivery  

Oral drug delivery to the colon achieved an increasing attention. Colon targeting is 

distinguished for having several therapeutic and medicinal advantages, such as the oral 

delivery of drugs which are normally destroyed by acidic medium and conditions of stomach. 

Local treatment of colonic diseases, such as ulcerative colitis, colorectal cancer and Crohn’s 

disease, is more efficient with the delivery of drugs to the involved area. Moreover, smaller 

amount of drugs or doses of medicaments is required for treatment of colonic infections with 

colon drug delivery system [124]. There has been an increased interest in using the colon 

and intestine as sites for oral peptide drug delivery [125, 126]. 

Colonic delivery can not only be accomplished by oral but also by rectal administration. 

Rectal delivery forms, suppositories, are the typical dosage form designed to deliver drugs 

via rectal and vaginal routes of administration. Suppositories prevent the complications 

associated with oral drug delivery like first pass effect, degradation of drugs by gastric acid, 

and the need for enteric coating polymers. Suppositories also show a faster drug release 

compared to capsules or tablets that are administered by oral administration [127-131]. 

For having a satisfactory colon targeting drug delivery, there are two considerable 

physiological factors including pH and the transit time in the GI tract. Absence or presence 

of food in the stomach changes gastric pH range from 1.4-2.1 in the empty state, to 3-7 in 

the full state [6]. Luminal pH in the proximal small bowel ranges from 5.5 to 7.0 and 

gradually rises to 6.5–7.5 in the distal ileum. In almost every recording published there has 

been a fall in luminal pH from the terminal ileum to the caecum (range 5.5–7.5); pH then 

rises in the colon and rectum to 6.1–7.5 [132]. 
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Figure 4: Schematic view of the intestine and colon [133]. 

 

The gastrointestinal transit time of drugs shows that in humans, it would be expected to be 

of the order of 1.5 to 2 hours [134, 135]. 

 

2.6.2 Enteric coating 

An enteric coating is a polymer barrier employed to the drug or medication in oral 

administration. These enteric coatings prevent dissolution or disintegration of drugs through 

the way of delivery to the destination. The word ‘enteric’ reveals small intestine; hence 

enteric coating avoids drug release before reaching in small intestine. Helping by enteric 

protecting drug from being released in the acidic medium of stomach, is the major advantage 

of using enteric coatings in colon drug delivery system. Enteric coating is also an effective 

method to achieve drug targeting with site and time specific delivery [136-139]. 

2.6.3 Enteric coating polymers 

The pH of the stomach is low but increases in the small and large intestine. For targeting 

drugs to the colon, it is critical to coat the tablets, capsules or pellets with a pH-dependent or 

pH-sensitive polymer which is insoluble at low pH and soluble at neutral or marginally basic 

pH. This capability of polymers to react to different pH, leads to release of drugs in the small 

intestine or in the colon. The enteric coated polymers stay unchanged and insoluble at low 

pH. Nevertheless, as the pH increases in the gastrointestinal track, the acidic functional 
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groups of these enteric coating polymers will be active and capable of ionization. Therefore, 

the polymers expand or become soluble in the intestinal fluid. Widely used polymers which 

use for enteric coatings in colon drug delivery include EUDRAGIT, cellulose acetate phthalate 

(CAP), poly(methacrylic acid-co-methyl methacrylate) cellulose acetate trimellitate (CAT), 

poly(vinyl acetate phthalate) (PVAP), hydroxypropyl methylcellulose phthalate (HPMCP), 

fatty acids, waxes, shellac, plastics and plant fibers [139, 140]. 

EUDRAGIT is the brand name for various ranges of polymethacrylate-based  

copolymers [141] Different types of EUDRAGIT, whether water insoluble or water soluble, 

apply for colon targeting. EUDRAGIT L is soluble at pH more than 6, EUDRAGIT S dissolves 

at pH more than 7 because of its higher ratio of esterified groups to carboxylic groups. 

Combination of EUDRAGIT L and S can also develops in tablet coatings in order to achieving 

proper results in colon targeting [142, 143]. EUDRAGIT S and L have been commonly used, 

alone or in combination with other polymers to coat tablets, capsules, microspheres, micro 

particles, and micro capsules [144-151].  Along with EUDRAGIT, other pH-dependent 

polymer enteric coatings such as hydroxypropyl methylcellulose (HPMC), cellulose actetate 

phthalate (CAP), poly-vinyl acetate phthalate (PVAP), or using the blend of these polymers 

have been also studied as delayed coatings for colon and intestine targeting drug delivery 

[152-154]. These polymers have acidic ionizable carboxylic acid groups on their structure, 

which are insoluble at low gastric pH but soluble at higher pH of the intestine [155, 156]. 

Cellulose ester polymers such as cellulose acetate (CA), cellulose acetate butyrate (CAB) 

and cellulose acetate phthalate (CAP) are widely used for various pharmaceutical 

applications. [157] CAP is a well-known enteric coating polymer and dissolves only at 

higher pH than 6. In-vivo studies on the CAP-coated tablets and capsules show that CAP is 

an adequate enteric polymer [158, 159]. 

Hydroxypropyl methylcellulose (HPMC) is regularly used as a pre-coating polymer for 

enteric coating, it is expected that the application of enteric coated capsules with HPMC and 

then with another polymer such as EUDRAGIT or CAP, results in appropriate polymer to 

polymer adhesion and compatibility [160-164]. 

HPMC as a capsule pre-coating agent enhances properties such as toughness, elasticity and 

tensile strength. Hydrophilic materials such as chitosan, HPMC, and poly (vinyl) alcohol can 

leak from mixed enteric coatings in gastrointestinal fluids and affect the particles or drugs 

as they navigate the gastrointestinal tract. The leaching of hydrophilic materials in enteric 

coating systems happens as a rapid leaching process or a rate-controlling one. Hydrophilic 

materials and polymers play roles as the drug release managers in mixed polymer coatings. 
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Therefore, some dosage form of the drugs will release in the upper GIT, and the rest in the 

colon. This can be invaluable in a range of therapeutic areas [165-170]. 

As an example, for such capsule coatings is the work of Gazzaniga and colleagues which 

developed two-layered polymer coatings in order to have an oral time-based drug release 

system for colonic specific delivery. This colon targeting system coated with two polymeric 

layers consisted of hydroxypropyl methylcellulose (HPMC) as an inner layer, which was 

used to give a system a determined drug release time, and acrylic resins as the outer layer 

that dissolved at pH more than 5 and worked as enteric coating of a core. The thickness of 

the inner layer controlled the drug release time and site of the action and treatment [171-

173]. 

 

2.6.4 Suppositories 

A constructive alternative route of administration to the oral route is drug delivery via the 

rectum specifically for patients who cannot swallow or have a stomach problem after taking 

the capsules or pills [174]. Suppositories are a dosage form designed to deliver drugs through 

rectal and vaginal routes of administration. Suppositories as drug delivery vehicles are not 

new dosage forms. Rectal drug delivery is one of the world’s oldest strategies for drug dosing 

and rectally applied products have existed for hundreds of years [175, 176]. The main rectal 

administration form of medications is the suppository. The rapidity release of drugs in the 

rectal fluid depends essentially on the physicochemical properties of the suppositories [177, 

178]. 

Several drug formulations can be applied rectally by developing transport agents such as 

suppositories and enemas [179]. Site of absorption and direction of blood flow are two 

important factors in rectal drug delivery with respect to the blood system of the rectum and 

transport of absorbed drug into the systemic circulation. If drugs absorbs in the upper part of 

the rectum, they will transport to the portal system and circulates through the liver, on the 

other hand, by absorption in the lower rectum, the drugs will transport immediately to the 

systemic circulation. By using the hard fat based suppositories, the drugs receive the second 

transport way and will take advantages of being in the systemic passage [179-182]. 

Suppositories have been classified in different shapes include bullet or torpedo, round oval, 

elongated oval, tampon and teardrop (Figure 5). However, suppositories are typically 

cylindrical in geometry, longer than wide, with the most general shape being the ‘bullet’ or 

‘torpedo’ shape [176, 183]. 
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Figure 5: Typical suppository shapes 

 

2.7 Strontium, magnesium and their influence on bone health 

A fundamental understanding of the physical, chemical, biological, and mechanical 

processes surrounding the use of materials of a biocompatible nature is required to develop 

bone graft substitute materials. Bone is a highly dynamic, complex and vascularized tissue, 

which is able to heal and remodel throughout life [184]. 

The mineral component of human bone consists of non-stoichiometric carbonated 

hydroxyapatite (HA) with trace amounts of other ions (CO3
2-, Na+, Mg2+, Fe2+, F-, Zn2+, and 

silicate) [185, 186]. 

During the past decades, much research has demonstrated that a variety of ionic substituents 

can be incorporated into synthetic HA to produce a mineral composition more akin to that 

of natural bone tissue. Substitutions in the HA lattice have significant effects on the physical 

properties, that is, lattice parameters, crystal structure, morphology, solubility, and thermal 

stability relative to unsubstituted HA. Significant research has been carried out on zinc, 

magnesium, strontium, silicon, fluoride, and carbonate substituted HAs and some of these 

substituted HAs are now commercially available for bone repair, bone augmentation and as 

a coating material for orthopedic implants [187, 188]. 

HA is categorized as a bioactive ceramic of importance due to its close analogy to the mineral 

portion of human bone and teeth. HA is an inorganic mineral exhibiting a typical apatite 

lattice structure namely (A10(BO4)6X2) where A, B and X are represented by Ca2+, PO4
3-, and 

OH- respectively. Pure HA contains 39.68 wt % calcium and 18 wt % phosphorus giving rise 

to a Ca/P ratio of 1.67. Thermal stability of this compound is critically important as it affects 

the mechanical properties, biocompatibility, solubility, and morphology of HA [185, 186, 

189]. 
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Synthetic HA bone grafts prepared through chemical routes tend to possess a higher 

dissolution rate in physiological environments, which has a susceptibility to elicit an immune 

reaction in the body [187, 190-192]. 

HA is regarded as a bioactive, nontoxic, and osteoconductive material that is able to form 

direct chemical bonds with living tissues. Hence, it is widely used as an implantable material 

in dentistry, maxillofacial surgery and orthopedic surgery to repair bone defects and as a 

coating material for metallic implants [193, 194]. 

Magnesium is an important trace element in biological apatite where it exists in weight 

percentages of 0.72, 0.44, and 1.23 % in bone, enamel, and dentin, respectively.[195] 

Magnesium ions are known to play a vital role in bone metabolism as they stimulate 

osteoblast proliferation during the early stages of osteogenesis. All stages of skeletal 

metabolism are adversely affected by the deficiencies in Mg so causing impaired bone 

growth, decrease in osteoblast activity, osteopenia, and bone fragility [196]. The Mg intake 

is related to bone mass or rate of bone loss and hence has a strong link with osteoporosis.  

Various research has been conducted into substituting magnesium ions into the HA lattice. 

The main objective of these investigations was to retain the desired stoichiometry and phase 

purity of HA but at the same time allowing the maximum degree of magnesium ion 

substitution. Magnesium has a known inhibitory effect on the crystallization of HA. This is 

mainly due to the smaller ionic radius of Mg2+ with respect to that of Ca2+ (~0.28 Å 

difference in radius according to the Pauling scale) which eventually introduces more defects 

and gives rise to strains in the HA lattice structure [197, 198]. 

Although numerous spectroscopic techniques have confirmed that Mg2+ enters the HA 

lattice, the exact position of Mg2+ in the HA lattice is still a controversy. Several authors 

stated that Mg2+ occupies the Ca (I) site [199, 200]. 

Recently, with the aid of complex analytical techniques such as X-ray absorption 

spectroscopy (XAS), multinuclear nuclear magnetic resonance, and computer modeling, it 

was clearly demonstrated that the Mg2+ ion substitutes into the Ca(II) site in the HA structure 

[201]. 

Strontium is a trace element present (0.00044 % of body mass) in the mineral component of 

bone and plays a vital role in bone mineralization [202, 203]. Incorporating strontium into 

the HA lattice is of paramount interest due its biological role in bone where it enhances the 

activity of osteoblasts and inhibits the activity of osteoclasts [202, 204]. In addition, in-vitro 

studies have shown that Sr has a direct influence on the stimulatory effect on DNA and bone 

collagen synthesis [203]. In recent years, a strontium compound known as strontium ranelate 
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has attracted attention since it is used as a successful treatment for osteoporosis. Both in-

vitro and in-vivo studies have shown that strontium ranelate increases bone formation and 

decreases bone resorption [202, 205]. 

Incorporation of Sr2+ ions into the HA lattice has a strong influence on the crystallinity and 

lattice parameters depending on the level of strontium substitution.[204] Many studies have 

shown that incorporation of strontium ion reduces the crystallinity and crystal size of HA 

although recent research conducted by Curran et al. showed that low concentrations of 

strontium (<1.5 wt %) do not affect the crystallinity of HA [206]. 

Sr2+ substitutes to the calcium ion in the HA lattice and prefers the Ca (II) site at high 

concentrations. However, Bigi et al. showed that Ca (I) sites can also be occupied at 

relatively low strontium concentrations [202]. Sr-HA has a higher solubility than HA thus 

increasing bioactivity from the release of Sr2+ that makes it extremely desirable to use in in-

vivo. In addition, Sr-HA releases a Ca2+ ion, which activates calcium channels thus 

stimulating cell response [204-206]. Although both in-vitro and in-vivo results were 

promising, further in-vivo studies would be required to affirm the therapeutic benefit of using 

Sr-HA in clinical applications for treating defects related to osteoporosis. 
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3. Material and methods  

 

3.1 Dynamic light scattering (DLS) and zeta potential  

Dynamic light scattering can be used to characterize colloidal dispersions. Statements can 

be made about the average particle size distribution, the polydispersity and the colloidal 

stability of the dispersion. If the zeta potential is also determined, statements can be made 

about the properties of the surface of the particles and their charge. If electromagnetic 

radiation hits matter, it can be scattered, among other things. In addition to the scattered light, 

the dynamic light scattering takes advantage of the fact that the position of colloidal particles 

is constantly changing due to Brown’s molecular movement. To determine the size 

distribution of particles in a colloidal dispersion using DLS, monochromatic light from a 

laser is radiated into the sample. The intensity of the scattered light is measured by a detector 

at a certain angle. Since there are very many particles in the irradiated volume, all of which 

scatter the incident light, constructive and destructive interference occurs. The interference 

leads to spatial fluctuations in the scattered light intensity, which are perceived on the 

detector as light and dark points [207-210]. Furthermore, due to the movement of the 

particles, there are temporal fluctuations in the scattered light intensity. This is the actual 

measured variable at DLS. The correlation of the scattered light decreases as a function of 

time. This is described by the autocorrelation function. If the particles move faster, the 

correlation of the scattered light intensity also decreases faster. Typically, the DLS 

measurement intervals are microseconds to nanoseconds. The diffusion coefficient can be 

calculated using the autocorrelation function. The diffusion coefficient D is in turn related 

to the hydrodynamic diameter Rh of the particles via the Stokes-Einstein equation: 

𝐷 =
k𝑇

6π𝜂𝑅h
 

Here /D/ is the diffusion coefficient, /k/ the Boltzmann constant, /T/ the temperature, /η/ the 

dynamic viscosity and /Rh/ the hydrodynamic radius. Strictly speaking, this relationship only 

applies to spherical particles. Since there are often different particle sizes in a dispersion 

(polydispersity), suitable algorithms are necessary to obtain the particle size distribution 

from the autocorrelation function. The most widespread is the cumulative method. The sizes 

given in this work according to DLS always relate to the z-average, which indicates the mean 

size of the particles [207, 208]. DLS measurements offer many advantages. The 

measurement is very quick and the size of the particles in dispersion is measured. 
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Furthermore, compared to microscopic methods, a large number of particles are taken into 

account in the result. On the other hand, the data from DLS measurements are difficult to 

interpret. Large particles scatter the light with a much higher intensity than small ones. 

Assuming Rayleigh scattering, which applies to very small particles (d <λ / 20; λ = 

wavelength of the incident light), the scattered light intensity is I ~ d6 [211]. 

This relationship shows that large particles have a much stronger influence on the particle 

size distribution than smaller particles have. The PDI (polydispersity index) allows 

conclusions to be drawn about the polydispersity of a sample. This value results from the 

breadth of the particle size distribution. Since the value shows whether the sizes of different 

particles differ significantly within a sample, it also allows an assessment of the 

measurement result. For example, size distributions determined by DLS can only be 

compared with size distributions from other methods if the PDI is <0.1. For PDIs between 

0.1 and 0.5, the size distributions of dispersions determined using DLS are comparable with 

one another [207, 208]. 

On the one hand, the scattering of light on particles allows conclusions to be drawn about 

their size. On the other hand, the scattering of charged particles moving in an applied electric 

field can be used to determine the speed of the particles. This is done using the so-called 

LDV technique (laser doppler velocimetry). The speed of the particles allows conclusions to 

be drawn about their electrophoretic mobility. This, in turn, is linked to its zeta potential via 

the Henry equation: 

𝑈𝐸 =
2εzf (Ka)

3η
 

/UE/ is the electrophoretic mobility, /ε/ denotes the dielectric constant, /η/ is the dynamic 

viscosity, /f/ /Ka/ is the Henry function and /z/ is the zeta potential. To measure the particle 

size distribution of colloidal dispersions, a Nano ZS Zetasizer from Malvern was used in this 

work. In addition to the particle size distribution, this device can also measure the zeta 

potential. The "Zetasizer Software" from Malvern was used for the evaluation [7]. 

 

3.2 Scanning electron microscopy (SEM)  

Additionally to DLS, scanning electron microscopy (SEM) can also be used to determine the 

size of particles. In contrast to DLS, the samples have to be dried beforehand so that the 

particles cannot be measured in dispersion. It is advantageous that the result is not 

disproportionately influenced by a few large particles. If agglomeration occurs in the 

dispersion, the primary particles can still be observed through the scanning electron 
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microscope. It is also possible to describe the morphology of particles. This is just some of 

the information that is easily obtained from a sample using scanning electron microscopy. 

In addition to the fact that particles cannot be examined in dispersion, a further disadvantage 

is that only a small section of a sample can be examined. The maximum resolution of 

microscopes is limited by the wavelength. Depending on the energy of the electron beam, 

the wavelength can be up to 100,000-foldsmaller than the wavelength of visible light. 

Commercial electron microscopes achieve resolutions of around 2-5 nm and are therefore 

suitable for examining nanomaterials. [212-214] 

First of all, an electron beam is required for electron microscopy. This is generated at the 

electron gun and electrons with an energy of 1 keV to 40 keV are produced. Electron beams 

can be generated with tungsten wires or LaB6 crystals (lanthanum hexaboride crystals). In 

the next step, the electron beam can be focused using magnetic lenses. After the electron 

beam has been focused, it can be guided over the sample in a specific grid, whereby an image 

can be generated with the aid of a detector. The electrons can interact with the irradiated 

matter in various ways, generating different signals that are detected by detectors. On the 

one hand, electrons can be detected whose energy roughly corresponds to that of the electron 

beam. These electrons are known as BSE (back scattered electrons) and are caused by 

Rutherford scattering near the atomic nucleus. On the other hand, electrons with lower 

energy than that of the electron beam can be detected. These result from the interaction of 

the electron beam with the electron shell of the atoms in the sample. These include SE 

(secondary electrons) [213]. In order to prevent the interaction of the electron beam with 

atoms in gases, SEM is carried out under vacuum conditions. Furthermore, irradiating non-

conductive samples with the electron beam would lead to charging of the sample. To prevent 

this, the sample can be coated with a very thin layer (10 nm to 20 nm) of a noble metal. This 

process is known as sputtering. In this work gold-palladium (80:20) was used for all samples. 

The images from this work were taken with an ESEM Quanta 400 from FEI. After the 

synthesis, the particle dispersions were dropped onto a silicon wafer which was fixated to 

the aluminum carrier by means of a self-adhesive carbon pad. 

 

3.3 Disc Centrifuge System (DCS) 

The analytical disc centrifuge (Differential Centrifugal Sedimentation, DCS) enables the 

determination of the particle size distributions of colloids. This is based on the fact that the 

sedimentation of very small particles in an artificially created gravity field occurs faster than 

the Brownian molecular movement. Under these conditions, small particles sediment within 
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a few hours. The measuring instrument consists of an optically transparent disc with an 

injection point in the middle. A light source and a photomultiplier detector are also attached 

to the outer edge of the pane. A laser is used as the light source. A density gradient is built 

up in the rotating disk chamber with sucrose solutions of different densities and as soon as 

this is stable, the time from the point of injection until the particles are reached at the detector 

is measured using a standard (PVC particles with known size distribution). The subsequent 

measurement is calibrated with this value. Then 100 μL of the sample are injected into the 

disk chamber, the sample dispersion initially spreads radially to the surface of the gradient 

and the sedimentation of the individual particles begins. Since the injection of the sample is 

fast (~ 50 ms), the start time and therefore the sedimentation time t can be defined. Taking 

into account the dynamic viscosity of the medium /η/, the density of the particles /ρP/ and the 

medium /ρM/, the angular velocity of the rotating disk ω, the radius of the disk at the injection 

point /R0/ and the detector location /Rf/, the Stokes law is modified so that the diameter /d/ is 

derived from the Sedimentation time can be calculated. Assuming constant speed and 

temperature, the following relationship results for the diameter: [215, 216] 

𝑑 =
√

18 ∙ 𝜂. ln (
𝑅𝑓

𝑅0
)

(𝜌𝑃 − 𝜌𝑀). 𝜔2. 𝑡
 

With the help of the Mie theory, which describes the behavior of the absorption of small 

particles, the measured intensity distribution is ultimately represented by the device software 

in a mass, number and volume distribution depending on the diameter of the particles. 

 

3.4 Energy dispersive X-ray spectrometry (EDX) 

The energy dispersive X-ray spectroscopy (EDX) is an analytical method to determine the 

elementary composition of a sample, in terms of apparatus, it is often coupled with a SEM. 

When the generated electron beam hits the atoms of the sample, element specific X-rays are 

emitted [42]. When the electrons hit the sample with high energy, electrons are knocked out 

of the inner shells of the sample atoms. The X-ray emission is explained by the filling in of 

the gaps that have arisen more energetic electrons from outer shells. The energy released in 

the process is given off in the form of X-ray quanta. Since the diameter of the electron beam 

is very small, the elemental composition of the sample can be analyzed with high spatial 

resolution [42]. By detecting the characteristic X-rays and the subsequent comparison with 

a database, the X-ray emission can be assigned to a corresponding element. The intensity of 

the signals is proportional to the contained relative Amount of atoms. 
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3.5 Transmission electron microscopy (TEM) 

The transmission electron microscope is a special electron microscope in which the very thin 

sample (<100 nm) is irradiated with an electron beam with a constant current density and 

this passes through the sample. An electromagnetic lens system behind the sample ensures 

that the electron intensity distribution is mapped onto a fluorescent screen, which is coupled 

to a CCD camera. The primary electrons of the electron beam are high-energy electrons that 

ideally pass through the sample. A multitude of events that can happen to the electrons must 

be taken into account. These include elastic and inelastic scattering, which in turn can be 

more precisely characterized by Rutherford scattering or phonon production. It should also 

be noted that when the primary electron passes through the sample, it usually scatters 

multiple times. If the electron interacts with the atomic nucleus or with the entire electrostatic 

field of the atom, it is an elastic scattering effect. Inelastic scattering effects of the electrons 

are in most cases due to electron-electron interactions. The average distance that an electron 

travels between interactions through the cross-sectional area /σ/ of the scattering unit with 

the number of atoms /NV/ per unit volume is expressed as the mean free path /Λ/: [217] 

Ʌ =
1

𝑁𝑉 . 𝜎
 

In high-resolution transmission electron microscopy (HRTEM), the phase of the diffracted 

wave is obtained, which influences the phase of the transmitted wave constructively or 

destructively. Ultimately, this leads to the generation of a phase contrast, which is noticeable 

in an HRTEM image through the imaging of atomic positions. The Fast Fourier 

Transformation (FFT) from a certain area of the sample provides diffraction information 

from which the crystal system and the spatial orientation of the system in the selected area 

of the HRTEM image result. In addition, this information can be used to determine the lattice 

parameters [216, 218]. 

 

3.6 Nuclear magnetic resonance spectroscopy (NMR) 

Nuclear magnetic resonance spectroscopy has proven to be very helpful for determining 

chemical structures for many years. To resolve the chemical structure of a substance, the 

substance to be examined is exposed to a homogeneous, static magnetic field B0. The atomic 

nuclei of the sample align themselves in the magnetic field and can be excited by means of 

a radio frequency pulse. The nuclei can have multiple excited states depending on the nuclear 

spin number I. In the case of Protons 1H with a spin of I = ½ two energy level exist. One is 

aligned parallel to the magnetic field and one antiparallel. The Energy gap increases with 
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higher magnetic fields resulting in the so called Zeeman splitting. After the excitation with 

a radio frequency puls the nuclei fall back to the ground state causing a loss of magnetization. 

The fourier transformation of this free induction decay (FID) results in structure-dependent 

signals which are distinguished by a specific chemical shift (in ppm) and by an optical 

appearance. In the whole of NMR spectroscopy there are many influences of nuclei, 

chemical properties of the functional groups, charge distributions and positions of 

substituents that characterize the spectrum. This is expressed, among other things, by the 

chemical shift. It depends on the electronegativity and the charge density distribution of the 

surrounding atoms. In the spectrum, this results in a stronger or weaker deshielding or 

shielding of a core in the electric field, which leads to an increase or decrease in the ppm 

value in the spectrum. There are a variety of different 2 dimensional NMR Spectroscopy 

methods, which provide a deeper insight of structural properties of molecules. In this work 

however only 1H-NMR was performed [219-226]. 

The 1H-NMR spectra in this work were recorded with an Avance III 600 MHz spectrometer 

(Bruker, Rheinstetten, Germany) equipped with a Prodigy cryoprobe head. The spectra were 

recorded with simultaneous suppression of the water signal by excitation sculpting due to 

the low ligand concentration in the aqueous dispersions. The excited spectral range had a 

width of approximately 0.6 ppm.  

 

3.7 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is based on the measurement of changes in the mass of 

a sample as a function of temperature. These changes in mass can be based on physical or 

chemical processes such as drying, surface reactions, dehydration, decomposition or 

oxidation. A defined amount of the sample to be analyzed is heated in a corundum crucible 

in an oven under an argon or oxygen atmosphere at a constant heating rate. Due to the 

increase in temperature, changes in the mass of the sample occur, which can be recorded 

with the aid of a microbalance. These changes in mass are shown in a thermogram and allow 

conclusions to be drawn about the composition of the sample [227]. 

The TGA analysis was performed with a Netzsch STA-449 F3 Jupiter device. The sample 

was heated from 20 ºC to 1000 ºC with a rate of 3 ºC min-1 under an oxidative atmosphere 

of 254 mL min-1 O2 flow. A mass of 15-25 mg was placed in an Al2O3 crucible holder. 
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3.8 UV/Vis spectrometry  

UV/Vis spectrometry makes it possible to determine the concentration of molecules in 

solutions. A prerequisite for this is that the molecule absorbs light in the UV to Vis range. In 

this work the concentration of nucleic acids was determined in order to obtain their 

concentration in the colloidal dispersions. The intensity of a light beam that is passed through 

a sample can be reduced by absorption, scattering or reflection. During the measurement, the 

contributions from scattering and reflection are determined by measuring a blank sample. 

The decrease in intensity of a light beam is then due to the absorption by dissolved molecules. 

Depending on their electronic structure, molecules dissolved in the sample absorb light with 

certain wavelengths. The concentration of the dissolved molecules is related to the 

absorption for dilute solutions with the Lambert-Beer law [225, 228, 229]: 

𝐴 = 𝑙𝑜𝑔
I0

I
= 𝜀𝑐𝑑 

A is the absorption at a certain wavelength, ε is the molar absorption coefficient and d is the 

thickness of the layer through which the light beam penetrates. The molar absorption 

coefficient is a substance-specific quantity that can be determined, for example, with a 

calibration line. Concentrations with a range of 2 μg mL-1 to 50 μg mL-1 can be detected for 

DNA [229]. A Varian Cary Bio 300 spectrophotometer was used for this work. All 

measurements were carried out in a quartz cuvette with a path length d=1 cm. 

 

3.9 Fluorescence spectroscopy (Fluorimetry or Spectrofluorometry) 

The spontaneous emission of photons a few nanoseconds after the excitation of a molecule 

is known as fluorescence. This applies provided that the radiative deactivation takes place 

between the states of the same multiplicity. These are transitions from the excited singlet 

state (S1) to different vibrational states of the electronic ground state of a molecule. Since 

the electronic transitions occur faster than a core oscillation period, a change in the dynamic 

state of the nuclei during excitation can be excluded. In addition, according to the Franck-

Condon principle, the transition to an electronically excited state runs vertically. After 

excitation of an electron from the electronic ground state into a vibrational state of the 

electronically excited state, various relaxation processes are in competition with one another. 

The excited system mostly loses the amount of energy up to the basic vibration state of the 

electronically excited state through radiation less deactivation. The energy is released in the 

form of relaxation processes with other molecules. This loss of energy to the environment 

becomes noticeable in the form of a so-called Stokes shift, which describes the bathochromic 
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shift of the emission maximum relative to the absorption maximum. The loss of the amount 

of energy from S1 to the electronic ground state can also be lost by the molecule through 

collisions or through the emission of photons [230, 231]. 

The emission spectrum is recorded at a constant excitation wavelength at a 90 ° angle to the 

excitation in order to exclude stray light and interference. A photomultiplier serves as a 

detector and translates the emitted photons into an electrical signal [216, 232]. 

Fluorescence spectra were measured with an Agilent Cary Eclipse spectrophotometer in a 

quartz cuvette. 

 

3.10 Atomic absorption spectrometry (AAS)  

Atomic absorption spectrometry (AAS) can be used to obtain the concentration of certain 

elements in a sample. Free atoms absorb the light that is specific to them. In this work the 

AAS was used to determine the calcium content in colloidal dispersions. From this, the 

number of particles per milliliter could be calculated. For atomic absorption spectrometry, 

the sample to be examined must be atomized so that the element to be examined is present 

as a gas. In the simplest case, this atomization can be achieved with a flame. The absorption 

of monochromatic light of a specific wavelength can then be measured. The concentration 

of the desired element can then be calculated using the Lambert-Beer law [233, 234]. The 

detection limit for calcium in atomic absorption spectrometry is 0.1 mg L-1. In this work, the 

calcium determinations were carried out with an M series atomic absorption spectrometer 

from Thermo Electron. Before the measurements, the calcium phosphate nanoparticles were 

dissolved in acid. The analyses were carried out in the laboratory for microanalysis of the 

AK Epple.  

 

3.11 Freeze drying  

Freeze drying is also known as lyophilization and is a gentle process for drying aqueous 

solutions and dispersions. In this work, freeze-drying was used to increase the stability of a 

colloidal dispersion. Furthermore, freeze-dried nanoparticles were used to load capsules and 

suppositories, which were supposed to transport the active ingredients in the body to the 

necessary tissues. Lyophilization is based on the sublimation and resublimation of water. 

This describes the direct phase transitions from the solid state to the gaseous state and vice 

versa. The conditions under which water sublimates and resublimates can be taken from the 

phase diagram of water. These phase transitions only take place at pressures below 6 mbar 

and temperatures below 0 °C. The addition of suitable cryoprotectants before freezing, such 
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as trehalose, can protect the sample from stress during freezing and drying. The protection 

is usually based on the immobilization of a substance through the formation of a matrix by 

the cryoprotectant [235]. In this work an Alpha 2-4 LSC freeze dryer from Martin Christ was 

used. Samples were first snap frozen in liquid nitrogen. The water was then sublimed at 0.32 

mbar and -10°C. The temperature of condenser was -85°C. Part of the strontium and 

magnesium-doped calcium phosphate nanoparticles was dried without addition of trehalose 

for characterizing with XRD and TG, with all other dispersions 20 mg mL-1 trehalose was 

used as a cryoprotectant. 

 

3.13 Cell biological analysis methods  

This section describes the most important methods used for the analysis of cell culture 

experiments and in vivo experiments. The effects and interactions of nanoparticles with cells 

and nanomaterials were mainly investigated. In addition to the methods described here, other 

techniques such as light and fluorescence microscopy were used. 

 

3.13.1 MTT test  

The MTT test offers the possibility to quickly determine the cytotoxicity of substances. 

Using a colorimetric method, the proliferation of untreated control cells can be compared 

with the proliferation of cells treated with a substance. In this work the MTT test was used 

to investigate the cytotoxic properties of the nanoparticles. First, the cells are incubated with 

the water-soluble dye MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide). This is reduced intracellularly and enzymatically by living cells to the water-

insoluble formazan ((E, Z)-5-(4,5-dimethylthiazol-2-yl)-1,3-diphenylformazan). The dye 

changes its color from yellow to blue. Due to the solubility of formazan, the blue dye also 

accumulates in living cells. The formazan can then be dissolved in DMSO and examined 

photometrically at a wavelength of 570 nm. The absorption of the dye is proportional to the 

number of cells [236]. Figure 6 shows the conversion of the dye. The reduction of the MTT 

takes place in the mitochondria by means of succinate dehydrogenase. In the cytosol, MTT 

is reduced by NADH- and NADPH-dependent enzymes [237]. 
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Figure 6: The water-soluble, yellow dye MTT is enzymatically reduced intracellularly to the water-

insoluble formazan. 

 

 

3.13.2 Confocal laser scanning microscopy (CLSM)  

Confocal laser scanning microscopy (CLSM) attains the optical breakdown of a biological 

sample into individual, precisely focusable levels and can be understood as an optical 

microtome. The meeting (con) of the illumination and observation focal point (focal) enables 

both points to be focused at the same time. When using a laser as the light source, high light 

yields are obtained. The beam, which is a few millimeters in diameter, has to be widened 

afterwards with beam expansion optics in order to produce uniform illumination of the 

diffraction-limited spot. The highest intensity of the light is in the focal point, above and 

below the focal plane the intensity decreases with the square of the distance from the focal 

point. As a result, however, fluorescent molecules are also excited in the defocus regions, 

the emission takes place in all spatial directions and is superimposed with the light from the 

focal plane. Adding the signals of the focal plane and the extrafocal signals results in a 

reduction in the contrast and the expense of generating a diffraction-limited spot is not yet 

justified. But through a pinhole, which is centered on the optical axis in the intermediate 

image plane and thus confocal to the specimen, the signal reaches the detector from the focus. 

The signals of the extrafocal planes are filtered here. For this reason the pinhole is also 

referred to as a spatial filter [238]. Due to the necessity of the diffraction-limited spot, the 

specimen has to be scanned line by line in order to generate an image in two dimensions. 

The thickness of these optical sections in the z-direction /dz0/ depends on the excitation 

wavelength /λ/, the refractive index /n/ and the numerical aperture /NA/:  
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𝑑𝑧0 =
𝑛 ∙ 𝜆

𝑁𝐴2
 

The numerical aperture /NA/ is determined by the diameter of the pinhole, which cannot be 

reduced as desired, since diffraction effects dominate from a certain diameter. As a rule, the 

cuts cannot be made smaller than 500 nm (n = 1, NA = 1 and λ = 500 nm), which is roughly 

twice the lateral resolution. The lateral resolution of a CLSM according to the equation is ~ 

200 nm, as with a light microscope with, for example, an NA of 1.4 (oil immersion objective) 

and a wavelength of 500 nm [216, 238]. 

 

3.13.3 Alkaline Phosphatase Assay (ALP) 

The most widely recognized biochemical marker of the osteoblast is alkaline phosphatase 

(ALP). ALP is an abundant enzyme which catalyses the hydrolysis of phosphate esters at an 

alkaline pH [239]. 

In these biochemical techniques, ALP at alkaline pH catalyses the reaction of p-nitrophenyl 

phosphate with water. In this reaction, p-nitrophenyl phosphate is colourless in basic 

conditions and after reacting with water, p-nitrophenol and P are the yield of the reaction 

with changing the colour to yellow in basic conditions [240]. 

The Alkaline Phosphatase Assay Kit is a highly sensitive and simple colorimetric assay 

which designed to measure ALP activity in serum and biological samples. The kit uses p-

nitrophenyl phosphate (pNPP) as a phosphatase substrate which turns yellow (λmax= 405 

nm) when dephosphorylated by ALP [241]. 
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4 Experimental 

4.1 Synthesis and characterization of the nanoparticles  

4.1.1 Synthesis of CaP-PEI [65] 

In order to synthesize model particles for the coating with positive zeta potential, calcium 

nitrate (6.25 mM, pH 9.0), diammonium hydrogen phosphate (3.74 mM, pH 9.0) and PEI 

solution (2 g L-1) were pumped together using a peristaltic pump at 5 mLmin-1 for the calcium 

and phosphate solution and 2 mLmin-1 for the PEI solution and stirred for 10 min at 600 rpm. 

Afterwards, the dispersion was centrifuged for 15 minutes at 14,800 rpm and the particles 

were redispersed in the desired medium. These particles are referred to below as CaP-PEI or 

single-shell particles. 

In order to label the nanoparticles with fluorescent dyes, FITC-labeled PEI (PEIFITC) or 

rhodamine-labeled PEI (PEIRh) from Surflay Nanotec GmbH was used. The labeled PEI 

were diluted 1:10 to 1:20 with unlabeled PEI. The synthesis is shown schematically in Figure 

7. 

 

Figure 7: Schematic of the synthesis of CaP-PEI. 

4.1.2 Synthesis of CaP-CMC [242] 

Model particles with negative zeta potential were synthesized by pumping together calcium 

nitrate (6.25 mM, pH 9.0), diammonium hydrogen phosphate (3.74 mM, pH 9.0) and 

carboxymethyl cellulose solution (CMC, 2 g L-1) with a peristaltic pump in a ratio of 5:5:2 

and stirred for 10 min at 600 rpm. The dispersion was then centrifuged for 15 min at 21,100 g 

and the particles were redispersed in the desired medium. These particles are referred to as 

CaP-CMC. The synthesis is shown schematically in Figure 8. In order to mark the 

nanoparticles with fluorescent dye, FITC-labeled CMC (CMCFITC) was used. The labeled 

CMC were used diluted 1:10 with unlabeled CMC. 

 

Figure 8: Schematic of the synthesis of CaP-CMC. 
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4.1.3 Synthesis of CaP-PEI-pcDNA-CaP-PEI [243] 

To synthesize the triple-shell calcium phosphate nanoparticles, 3.5 mL of calcium nitrate 

(6.25 mM, pH 9.0), 3.5 mL of diammonium hydrogen phosphate solution (3.74 mM, pH 9.0) 

and 1.5 mL of PEI solution (2 g L-1) were pumped together with a peristaltic pump in a ratio 

of 5:5:2 and stirred for 10 min at 500 rpm. The dispersion was then centrifuged for 15 

minutes at 21,100 g and the particles were redispersed in ultrapure water. With stirring about 

600 rpm, 350 µL plasmid DNA (850 mg L-1) was added and the mixture was stirred for 10 

min. Then 3.5 mL calcium nitrate solution and 3.5 mL diammonium hydrogen phosphate 

solution were added to the previous dispersion in order to form a second calcium phosphate 

shell and thus protect the DNA. An additional volume of 2.8 mL PEI (2 g L-1) per mL of the 

stock dispersion was added to these two-shell particles, to stabilize the system. The 

dispersion was centrifuged for 15 min at 14,800 rpm and then redispersed in ultra-pure water.  

In the following scheme, these particles are represented as triple-shell particles (CaP-PEI-

pcDNA-CaP-PEI). In order to store the samples with long-term stability, 10-20 mg trehalose 

as a cryoprotectant was added per 1 mL of the solution and aliquoted into 1.5 mL centrifuge 

tubes. The samples were snap frozen with liquid nitrogen and dried in the lyophilizer. The 

dried samples were stored at -20 ° C. 

 

Figure 9: Schematic of the synthesis of single-shell and triple-shell of bioactive calcium phosphate 

nanoparticles and plasmid DNA. 

4.1.4 Synthesis of CaP-PEI-siRNA-CaP-PEI [244, 245] 

In order to synthesize the CaP/PEI/siRNA-EGFP/CaP/PEI, 1.57 mL of each solution: 

calcium-L-lactate (6.25 mM, pH 9) and diammonium hydrogen phosphate (3.74 mM, pH 9) 

were pumped together in an empty 50 mL beaker and stirred for 5 min at room temperature, 

allowing the nanoparticles to precipitate. The calcium phosphate nanoparticle dispersion 

(3.14 mL) was added to 630 µL PEI (2 g L-1 in water) and stirred for 10 min. After 

purification by centrifugation (14,800 rpm, 15 min) and redispersion, 133 µg siRNA-EGFP 

(10 nmol) were added to the nanoparticles and stirred again for 10 min. Finally, 1.57 mL of 

each calcium-L-lactate and diammonium hydrogen phosphate solutions and 1.26 mL of PEI 
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solution were added subsequently to the above mentioned CaP-PEI/siRNA-EGFP and stirred 

for 15 min to obtain triple shell calcium phosphate nanoparticles. This product was 

centrifuged and purified once with ultra-pure water by 21,100 g for 15 min. The samples 

were dried in the lyophilizer together with 10-15 mg trehalose as a cryoprotectant per 1 mL 

of the solution. The dried samples were stored at -20 ° C. 

 

Figure 10: Schematic of the synthesis of single-shell and triple-shell of bioactive calcium phosphate 

nanoparticles with siRNA. 

 

4.1.5 Synthesis of labeled calcium phosphate-Rhodamine-PLGA nanoparticles [246] 

The encapsulation of the labeled calcium phosphate-FITC-PLGA nanoparticles was carried 

out using a water-in-oil-in-water emulsion technique (Figure 11). For this purpose, calcium-

L-lactate (6.25 mM, pH 9) and diammonium hydrogen phosphate (3.74 mM, pH 9) were 

pumped together in an empty 50 mL beaker and stirred for 5 min at room temperature. 40 

µL diluted PEIRh was added to 210 µL calcium phosphate solution and stirred for 5 min. In 

another beaker, 10 mg PLGA were dissolved in 750 μL dichloromethane and mixed with 

250 μL of the labeled calcium phosphate PEIRh nanoparticle dispersion (Figure 11 A). The 

two-phase system was emulsified with an ultrasonic disperser for 20 s (Figure 11 B) and the 

emulsion was then quickly inserted into a reservoir containing ice pieces. In the next step, 

resulting dispersion of B was added to an aqueous PVA solution (10 mg mL-1) and 

emulsified for 20 s at the same settings (Figure 11 C). The emulsion was initially stirred for 

3 h to clear out the dichloromethane completely. Figure 11 shows schematically the synthetic 

route of the polymer nanoparticles. The individual steps are named according to the 

previously assigned letters. 
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Figure 11: Schematic representation of the synthesis of the PLGA capsules with nanoparticles using 

a water-in-oil-in-water emulsion and the structure of a finished capsule. A: The PLGA solution is 

present alongside the dispersion of calcium phosphate particles. B: The particle dispersion is 

emulsified in the PLGA solution. C: PLGA capsules filled with the particle dispersion are in an 

aqueous PVA solution.  

 

4.1.6 Synthesis of calcium phosphate-DNA-PLGA-nanoparticles [246] 

CaP-nucleic acid-PLGA nanoparticles were functionalized with pcDNA3-EGFP. The 

synthesis was the same as for the nucleic acids and was carried out as described above. First, 

105 μL of a calcium L-lactate solution (6.25 mM, pH 9) and 105 μL of a diammonium 

hydrogen phosphate solution (3.74 mM, pH 9) were added to 40 μL of a nucleic acid solution 

(4 mg mL-1). This led to the precipitation of functionalized calcium phosphate nanoparticles 

with DNA after rotating for 5 min. This colloidal dispersion was then added to the 750 μL 

of PLGA solution (13.3 mg mL-1) dissolved in dichloromethane, which was cooled with ice 

before and emulsified with an ultrasonic sonotrode (MS3, pulse 0.8, amplitude 70 %) for 

20s. This emulsion 1 (E1) was immediately emulsified in 3 ml of 1 % polyvinyl alcohol 

solution while cooling with ice and emulsified again with ultrasonic sonotrode for 20s. This 

emulsion 2 (E2) was stirred at room temperature until the evaporation of the dichloromethane 

led to the precipitation of the CaP nucleic acid PLGA particles (approx. 3 h). The dispersion 

was purified by centrifugation (30 min, 14,800 rpm). After redispersion, the particles were 

lyophilized (0.32 mbar, 10 °C).  

 

4.1.7 Synthesis of calcium phosphate-siRNA-PLGA nanoparticles [246] 

Encapsulation of CaP-siRNA-PLGA was synthesized with RNA tumor necrosis factor-α 

(siRNA-TNF-α, 5‘-GCCGAUGG-GUUGUACCUUG-‘3, Dharmacon). 105 μL of a calcium 

L-lactate solution (6.25 mM, pH 9) and 105 μL of a diammonium hydrogen phosphate 

solution (3.74 mM, pH 9) were added dropwise to 40 μL of a siRNA solution (66.5 µg 
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siRNA) and stirred for 5 min. After precipitation of functionalized calcium phosphate 

nanoparticles with siRNA, this colloidal dispersion was added to 750 μL of ice-cooled PLGA 

solution (13.3 mg mL-1) in dichloromethane and emulsified with an ultrasonic sonotrode 

(MS3, pulse 0.8, amplitude 70 %) for 20s. This water in oil solution, then was added directly 

to 3 mL of ice-cooled 1 % poly (vinyl) alcohol solution and emulsified with ultrasonic for 

20s and stirred 3h to dispose of excess dichloromethane. The w/o/w dispersion was purified 

by centrifugation (30 min, 14.800 rpm). After redispersion the particles were lyophilized 

(0.32 mbar, 10 °C). 

 

4.1.8 Synthesis of labeled strontium-doped calcium phosphate-fluorescent dye 

nanoparticles [65] 

Strontium-doped calcium phosphate nanoparticles were synthesized according to Kozlova 

et al. [65], and strontium in concentrations of 5 %, 10 %, 15 %, and 20 % molar ratio were 

used. Calcium phosphate and strontium phosphate nanoparticles were also used as control. 

As an example for strontium-doped calcium phosphate nanoparticles, synthesis of 5 % 

strontium-doped calcium phosphate nanoparticles is explained at this point. To begin with, 

1.75 mL calcium lactate pentahydrate (C6H10CaO·5 H2O) (4.54 mM, pH 10.0), 1.75 mL 

strontium nitrate (0.24 mM, pH 10.0), and 3.5 mL diammonium hydrogen phosphate 

solution (2.77 mM, pH 10.0) were pumped together using a peristaltic pump at 5 mL min-1 

and stirred for 5 min. To stabilize the particles, 7 mL of solution was added to 1.5 mL of PEI 

solution (2 g L-1), stirred for 20 min at 600 rpm. The dispersion was then centrifuged for 15 

minutes at 21,100 g and the particles were redispersed in the desired medium.  

In order to mark the nanoparticles with fluorescent dye, Rhodamine-labeled PEI (PEIRh) 

from Surflay Nanotec GmbH was used. The labeled PEI was used diluted 1:10 to 1:20 with 

unlabeled PEI.  
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Figure 12: Schematic representation of the synthesis of the strontium-doped calcium phosphate 

nanoparticles 

 

4.1.9 Synthesis of labeled magnesium-doped calcium phosphate-fluorescent dye 

nanoparticles [65] 

Comparable to the synthesis of strontium-doped calcium phosphate nanoparticles, 

magnesium was also used in concentration of 5 %, 10 %, 15 %, and 20 % molar ratio. 

Calcium phosphate and magnesium phosphate nanoparticles were correspondingly 

developed as control. Synthesis of 5% magnesium-doped calcium phosphate nanoparticles 

was attained with pumping a volume of 1.75 mL calcium lactate pentahydrate solution 

(C6H10CaO·5 H2O) (4.54 mM, pH 10.0), 1.75 mL magnesium sulphate solution (0.24 mM, 

pH 10.0), and 3.5 mL diammonium hydrogen phosphate solution (2.77 mM, pH 10.0) 

together using a peristaltic pump at 5 mLmin-1 and stirring for 5 min. Stabilization of the 

particles was achieved with adding 7 mL of the particle dispersion to 1.5 mL of PEI or CMC 

solution (2 g L-1), and stirring for 20 min at 600 rpm. Finally, the resulting dispersion was 

centrifuged for 15 minutes at 21,100 g and the particles were redispersed in the desired 

medium. 10 %, 15 %, and 20 % doped magnesium-doped calcium phosphate nanoparticles 

were similarly synthesized. In order to mark the nanoparticles with fluorescent dye, 

Rhodamine-labeled PEI (PEIRh) from Surflay Nanotec GmbH was used for positive 

nanoparticles and FITC-labeled CMC (CMCFITC) was developed for negative nanoparticles.  
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4.2 Synthesis of gold nanoparticles 

4.2.1 Synthesis of ultrasmall gold-glutathione-FITC nanoparticles [247, 248] 

For the synthesis of glutathione-protected ultrasmall gold nanoparticles (denoted as Au-GSH 

in the following) in an adapted Brust-Schiffrin synthesis [247, 248], 2.5 mL tetrachloroauric 

(III) acid (20 mM, 50 µmol) and 46 mg glutathione (150 µmol) were dissolved in 30 mL 

degased water. After 30 min stirring time, 2 mL of a freshly prepared solution of sodium 

borohydride (250 mM, 500 µmol) was added to the mixture and stirred further for 30 min. 

The product was purified by spin filtration (3 kDa molecular weight cutoff; Amicon; Merck) 

for 40 min at 4000 rpm (2500 g). The gold nanoparticles precipitated at low pH (ca. 3). The 

precipitated product was redispersed in 15 ml 0.1 mM NaOH and centrifuge filtrated twice. 

Fluorescein isothiocyanate (FITC) was used for reactive amino labelling of Au-GSH 

nanoparticles. 10 mg of NHS-Fluorescein was dissolved in 100 µL dimethylformamide 

(DMF) and added to a solution of 1 mg freeze-dried particles dissolved in 5 mL borate buffer 

(pH = 8.5). The mixture was stored in the fridge for 48 h at 8 °C and then centrifuged filtrated 

several times for 40 min at 4000 rpm (2500 g) to remove the nonreacted NHS-fluorescein 

until the filtrate was colorless. These particles are denoted as Au-GSH-FITC in the 

following. 

4.2.2 Synthesis of ultra-small gold-BSA and gold-BSA-AF555 nanoclusters [249] 

Synthesis of gold BSA nanoclusters (denoted as Au-BSA in the following) was 

accomplished according to Xie et al.,[249] aqueous HAuCl4 solution (5 mL, 10 mM, and 

37 °C) was added to BSA solution (5 mL, 50 mg mL-1, 37 °C) under vigorous stirring. NaOH 

solution (0.5 mL, 2 M) was added 2 min later, and the reaction was allowed to proceed under 

stirring at 37 °C for 16 h. The product was purified by ultracentrifugation at 66.000 g for 12 

hours. 

BSA in the nanoclusters was additionally functionalized with Alexa Fluor™ 555 (AF555, 

C2 Maleimide). 200 µL AF555-C2-maleimide was added to a BSA (10 mL, 50 mg mL.1, 

and 37 °C), stirred for 5 minutes and remained for 1 hour in room temperature to react 

completely. Then the labelled Au-BSA-AF555 was centrifuged three times at 14,000 g for 

15 min with 500 µL spin filter tube and then used for the synthesis of gold-BSA-AF555 

nanoclusters. 
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4.3 Freeze drying  

Freeze drying is also known as lyophilization and is a gentle process for drying aqueous 

solutions and dispersions. In this work freeze drying was used to increase the stability of the 

colloidal dispersions. Furthermore, freeze-dried nanoparticles were used to load capsules 

and suppositories, which were supposed to transport the active ingredients in the body to the 

necessary tissues. The addition of suitable cryoprotectants before freezing, such as trehalose, 

can protect the sample from stress during freezing and drying. The protection is usually based 

on the immobilization of a substance through the formation of a matrix by the cryoprotectant 

[235]. 

In this work an Alpha 2-4 LSC freeze dryer was used. Samples were first shock frozen in 

liquid nitrogen. The water was then sublimed at 0.32 mbar and -10 °C. The condenser had a 

temperature of -85 °C. Functionalized calcium phosphate dispersions contained 10-20 

mgmL-1 trehalose as a cryoprotectant. For the gold nanoparticle and nanocluster dispersions, 

trehalose was also added as a cryoprotectant to the colloidal particles in the weight ratio of 

100 to 1 gold. Afterwards the dried mixtures were analyzed with UV-Vis to calculate the 

amount of dyes and percentages of elements such as calcium (in samples containing calcium) 

and gold (in the samples containing gold) in the whole dried sample by using a calibration 

curve together with AAS results.  

 

4.4 Cell culture experiments  

In this work, HeLa (human cervical epithelial carcinoma) cell line, HeLa-EGFP cell line, 

Caco-2 (colon carcinoma), MG-63 (Human osteosarcoma), and MC3T3 (mouse osteoblast 

precursor) were studied. HeLa, MG-63 and Caco-2 were cultivated in Dulbecco's Modified 

Eagle's medium (DMEM) supplemented with 10 % fetal bovine serum (FBS), 100 U mL-1 

penicillin, 100 U mL-1 streptomycin, and 1 mM sodium pyruvate at 37 °C in 5 % CO2 

atmosphere. HeLa-EGFP cell line was cultivated in DMEM with 10 % FBS, 100 U mL-1 

penecillin, and 50 μg mL-1 Geneticin. MC3T3 cell line was cultivated in Minimum Essential 

Medium Eagle alpha modification (α-MEM) with 10 % FBS and 100 U mL-1 penecillin. 

 

4.4.1 Seeding the cells 

In order to seed the cells for the investigations, cells were washed 2 to 3 times in the culture 

flask with 5 mL PBS and then incubated with 500 μL trypsin at 37 °C for 3 to 5 min and 

then rinsed with 5 mL DMEM to stop the trypsin. The cells were detached from the bottle 
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and suspended by rinsing the culture bottle several times with the medium. The cell 

suspension was transferred to 15 mL centrifuge tubes and centrifuged for 3 min at 900 rpm. 

The supernatant was discarded and the cells redispersed in 5 mL medium. 

4.4.2 MTT test  

Cytotoxicity of the samples was determined after treating the cells with nanoparticles for 24 

hours. The freeze-dried nanoparticles with trehalose were redispersed in DMEM or α-MEM 

in the corresponding concentrations. The cells were then washed two to three times with 500 

μL PBS and covered with 500 µL of redispersed nanoparticles in cell medium. The cells 

were incubated for 24 h at 37 °C in a humid atmosphere and 5 % CO2. To prepare the reagent 

for staining living cells, 8 mg (3- (4, 5-dimethylthiazol2-yl)-2, 5-diphenyltetrazolium 

bromide (MTT)) were first dissolved in 1.6 mL PBS and diluted with 6.4 mL cell medium. 

The cells were washed three times with 500 μL PBS and incubated with 300 μL of the MTT 

reagent for 1 h in the incubator. The supernatant was then aspirated and the cells covered 

with 300 μL DMSO. After 30 min at room temperature, the supernatant was added in triplets 

100 μL each was transferred to a 96-well plate and the absorbance at 570 nm was determined 

using a Multiskan FC from Thermo Fisher Scientific Inc. Untreated cells and DMSO without 

the cells were used as controls. 

4.4.3 Uptake of nanoparticles in cells 

To ensure that nanoparticles can be absorbed by cells, cell uptake studies were performed 

using confocal laser scanning microscopy (CLSM) and digital microscope on HeLa, Caco-

2, MG-63, and MC3T3 cells with the green fluorescent particles dyed with FITC or the red 

fluorescent nanoparticles dyed with rhodamine (Rh). For this purpose, HeLa cells were first 

seeded in an 8-well μ-Slide plate (2 ∙ 104 cells per well) and for 24 h at 37 °C and 5 % CO2 

atmosphere in cell culture for 24 h cultivated. The nanoparticle dispersion in cell culture then 

were given to the cells and incubated for 24 h. Subsequently, the cells were washed two to 

three times with 200 µL PBS, fixated, colored and the nanoparticle uptake by the cells were 

analyzed by CLSM.  

4.4.4 Transfection of cells  

HeLa and Caco-2 cells were used for transfection by DNA-EGFP loaded calcium phosphate 

nanoparticles. To do the transfection studies, 20.000 cells per well were seeded in 200 μL in 

μ-Slide 8 wells and allowed to adhere for 24 h. The cells were washed three times with 
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200 μL PBS each and incubated in 200 μL samples dissolved in DMEM, corresponding to 

at least 1 μg DNA per well. In order to remove non-absorbed nanoparticles from the cells, 

the cells were washed three times after 24 h with 200 μL PBS and cultivated in DMEM for 

a further 48 h. As a positive control, the cells were treated with Lipofectamine and the 

plasmid pcDNA3.3EGFP. For this purpose, 1 μg of the plasmid and 2 μL 

LipofectamineTM2000 were diluted in 50 μL DMEM without additives and the solutions 

were combined by vigorous shaking before the mixture was incubated for 15 min. The 

mixture was then added to the cells and incubated for 6 h. The cells were then washed three 

times with 200 µL PBS and cultivated further for 66 h. After the cultivation of the cells had 

been completed, they were fixated, stained and examined on a Leica SP8 Falcon. 

For the microscopic evaluation, the cells were seeded in 24-well plates about 24 h before the 

addition of the nanoparticles. 25,000 cells were plated out per well and the protocol was done 

as above. The cells were then examined with a Keyence BZ900 microscope. For this purpose, 

images were recorded both in the transmitted light channel and in the fluorescence channel. 

The cells on the images were counted, and the transfection efficiency (TE (%)) could be 

calculated by the following formula.  

𝑇𝐸(%) =
𝑁 (𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝑐𝑒𝑙𝑙𝑠) 

 𝑁 (𝑤ℎ𝑜𝑙𝑒 𝑐𝑒𝑙𝑙𝑠)
∙ 100 

 

4.4.5 Gene silencing  

In order to silenceg EGFP in HeLa-EGFP cells with nanoparticles, HeLa-EGFP cells were 

seeded in 8-well plates 24 h before the addition of the nanoparticles. Colloidal dispersions 

of the nanoparticles were diluted with cell culture medium in order to obtain the desired 

concentration of siRNA. 200 µL of the nanoparticles dispersed in DMEM was given to the 

cells and incubated for about 24 h. After incubation, the cells were washed and cell culture 

medium was exchanged. The cells were cultured for an additional 48 hours before gene 

silencing efficiency and microscopy were performed.  

As a control, the cells were preserved with the commercially available transfection agent 

Lipofectamine and siRNA-EGFP. 0.28 μg of siRNA-EGFP was mixed with 50 μL cell 

culture medium without FBS. In a separate vessel, 1 μL Lipofectamine reagent was mixed 

with 50 μL cell culture medium without FBS. After incubation for 5 min, the two solutions 

were mixed together and incubated again for 20 min at room temperature. The mixture was 

then added to the cells and incubated for 6 h. The cells were subsequently washed three times 
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with 200 µL PBS and cultivated further for 66 h. After the cultivation of the cells had been 

completed, they were fixated, stained and examined on a Leica SP8 Falcon. 

For the microscopic evaluation, the cells were examined using a Keyence BZ900 

microscope. For this purpose, images were recorded both in the transmitted light channel 

and in the fluorescence channel. The cells on both images were counted and the gene 

silencing efficiency (GS (%)) could be calculated by following Formula. 

 

𝐺𝑆(%) =
(nonfluorescent cells [%]) − (nonfluorescent cells of the control [%])

 (fluorescent cells of the control [%])
∙ 100 

 

4.4.6 Fixing and dyeing the cells 

To study the cells with CLSM, the cells were fixated and their core and cytoskelett were 

dyed. For this purpose, µ-slides with working volume of 150-200 µL were used. After 

finishing the cells cultivation for uptake, transfection or gene silencing, the cells were 

washed three times with 200 μL PBS and fixated with 150 μL 4 % formaldehyde (PFA) at 

room temperature. After 20 minutes, the cells were washed three times with 200 μL PBS 

each time and permeabilized with 150 μL 0.1 % Triton-X100 for 5 minutes at room 

temperature before the actin staining. The actin staining was done with AlexaFluorTM647-

Phalloidin or AlexaFluorTM488-Phalloidin depends on the dyes used in samples. To dye the 

cytoskelett, the cells were incubated in 150 μL PBS with 2.5 μL dye per well for 1 h at room 

temperature. The cells were then washed three times with 200 μL PBS and the nucleus was 

stained with a 0.1 gL HOECHST33342 solution in PBS for 10 minutes. Finally, the cells 

were washed three times with 200 μL PBS and stored in 200 μL PBS. 

4.4.7 ALP test 

The alkaline phosphatase test of the strontium- and magnesium-doped calcium phosphate 

nanoparticles was performed as described in the protocol of the ALP kit from Alkaline 

Phosphatase Assay Kit (Colorimetric) (ab83369). HeLa cells were seeded into the 24-well 

plate at a density of 10,000 cells/well and incubated for 24 h. After removing the culture 

medium (DMEM), cells were treated with 500 μL of DMEM medium containing strontium- 

or magnesium-doped calcium phosphate nanoparticles. Strontium- and magnesium-doped 

calcium phosphate nanoparticles were first freeze-dried with the cryoprotectant and then 
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redispersed in the cell culture. ALP activity was measured by a colorimetric method using 

Alkaline Phosphatase Assay kit following the manufacturer’s protocol on days 7, 14, and 21. 

In order to perform the ALP test, 10·103 HeLa cells were harvested in 24 well plate and 

incubated for 24 h. The cells were then washed with cold PBS. The nanoparticles were given 

to the cells and the cells were then incubated with the nanoparticles. The cells were incubated 

for further 7, 14, and 21 days. Every two to three days, the cell medium of the cells was 

changed.  

To prepare the cells for ALP reaction, 96 well microplate was used. To begin, the 1 mM 

pNPP standard solution was prepared by diluting 40 µL pNPP. 5 mM Standard was diluted 

in 160 µL of Assay Buffer. Using 1 mM standard in 0, 10, 20, 30, 40, 50 µL per well, prepare 

standard curve dilution. 

Then, 20 µL Stop Solution was added to the sample background control wells to terminate 

ALP activity in these samples and mixed well by pipetting up and down. 50 µL of 5 mM 

pNPP solution was added to each well containing sample and background sample controls 

(Mock). Then 10 µL of ALP enzyme solution was added to each pNPP standard well and 

mixed by pipetting up and down. The microplate was then incubated at 25 °C for 60 min 

protected from light. The enzyme will convert pNPP substrate to an equal amount of colored 

p-nitrophenol (pNP). The reaction was stopped in sample wells and standard wells by adding 

20 µL Stop Solution. The measurements were done by gently shaking the plate and 

measuring output at OD 405 nm on a microplate reader. 

For calculating the ALP activity of the samples a standard curve was plotted and the line of 

the best fit to construct the standard curve was drawn. Then, the average of the duplicate 

reading for each sample was calculated. ALP activity (µmol min-1 mL-1 or U mL-1) in the 

test samples is calculated as: 

ALP activity (U mL−1) =
A

V ∙ T
  

With:  

A = amount of pNP in sample well calculated from standard curve (µmol).  

V = original sample volume added into the reaction well (mL).  

T = reaction time (min).  
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4.5 Creating the transport vehicle 

4.5.1 Filling and coating the capsule  

Size "M" gelatine capsules for delivery into mice were obtained from Torpac Inc. (Fairfield, 

USA; volume 4 µL; external diameter 1.27 mm; maximum length after closing 8.4 mm; 

capsule surface 31 mm2; weight about 2 mg; disintegration time in the stomach about 10 

min; all data according to Torpac Inc.). To fill the capsules with solid, a funnel, a stand for 

the capsules, and a piston were all obtained from Torpac Inc. (Figures 13A and 13B). The 

capsules consist of a longer capsule body, and a slightly shorter cap. The capsule body was 

placed in the capsule stand with the funnel on top. Now, the capsule was filled with the cargo 

(freeze-dried nanoparticles and trehalose) with the help of the piston. Subsequently, the 

capsule was closed with the cap. The amount of the cargo was determined gravimetrically. 

The filled capsules were coated with polymers by dip-coating. For coating, the capsules were 

fixated in a custom-made PTFE capsule holder, consisting of a frame with a silicone mat 

(2 mm) attached to it (Figures 13). The silicone mat contained holes with a diameter of 1.2 

mm. The capsules were fixated with one side in these holes, so that the major part of the 

capsule protruded from the holder. Now the capsule was immersed in the polymer solutions 

by dip-coating as explained below. After each coating step, the capsule was dried for 20 min 

at room temperature to remove the solvent.  

To coat the capsules with EUDRAGIT L100, solution A: 8 g EUDRAGIT L100, 76 g acetone, 

114 g isopropanol, and 2 g propylene glycol, and solution B: 42 g EUDRAGIT L100, 58 g 

acetone, 87 g isopropanol, and 13 g of propylene glycol, were prepared. For the coating, the 

capsule was immersed subsequently in solutions A and B twice from each side. After each 

coating step, the capsule was dried for 20 min at room temperature to remove the solvent.  

For coating with EUDRAGIT-chitosan, solution C was prepared with 10 g ethanol, 0.8 g 

Eudragit L100, and 0.4 g chitosan. The capsules were immersed once in solution C and then 

solution B. In between, the capsule was dried for 20 min at room temperature. 

For coating with cellulose acetate phthalate (CAP), solution D: 1 g CAP and 20 g acetone 

and solution E: 32 % solution of CAP with 47 g CAP and 100 g acetone, were prepared. For 

the coating, the capsules were dipped subsequently in solutions D and E twice from each 

side.  

For coating with hydroxypropyl methylcellulose (HPMC) and EUDRAGIT, solution F: 5.6 g 

HPMC and 48.5 g ethanol/water (10:1=v:v) was prepared. The capsules were immersed first 

in solution F and then in solution B. 
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For coating with HPMC/poly (vinyl) alcohol (PVA)-EUDRAGIT, solution G was prepared: 

2.5 g HPMC, 2.5 g PVA, and 45 g ethanol/water (10:1=v:v). The capsules were immersed 

first in solution G and then in solution B. 

The final weight of each capsule was taken to determine the amount of coating polymer 

[124]. 

 

Figure 13. A: Capsule, stand, funnel, and piston to fill the gelatin capsule with freeze-dried calcium 

phosphate nanoparticles/trehalose; B: Capsule holder for dip-coating with enteric polymers; C: 

Schematic representation of the dip-coating process (C) [124]. 
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4.5.2 Making the suppositories  

A PTFE mold (polytetrafluoroethylene) was used to prepare the hard-fat suppositories 

loaded with freeze-dried nanoparticles. The mold contained cylindrical holes of 2 mm 

diameter and 1.6 cm length. Hard fat was first melted in a syringe at 37 °C and mixed with 

the freeze-dried nanoparticles (about 0.25 mg of freeze-dried particles/trehalose per mg of 

hard fat). One end of the closed suppository mold was sealed with a gas-permeable 

membrane. The molten hard fat was then introduced with the syringe and then solidified at 

4 °C in the refrigerator. The contents of nucleic acid, dye, and calcium phosphate, 

respectively, were computed from the mixing ratios and the mass of the suppository [127]. 

 

 

 

Figure 14. (A) Opened suppository former casting system and a suppository (15 mm·2 mm). (B) 

Closed suppository mold and a suppository 
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5 Results and discussion 

 

5.1 Calcium Phosphate nanoparticles 

 

In this chapter calcium phosphate nanoparticles were synthesized in order to fill them in 

gelatin capsules and suppositories for oral and rectal application methods. First the 

nanoparticles were characterized by SEM, DLS, UV/Vis spectroscopy and AAS. Afterwards 

the biological properties were characterized by cell uptake, transfection and gene silencing 

studies. To be able to track the particles in the cells, the particles were dye-labeled with 

FITC. The particles for transfection were loaded with EGFP and protected with a second 

shell of CaP and PEI. For gene silence studies siRNA was introduced in the nanoparticles. 

 

5.1.1 Characterization of the CaP-nanoparticles for uptake and transfection studies 

Calcium phosphate nanoparticles, i.e. CaP/PEI-FITC and CaP/PEI/cEGFP-DNA/CaP/PEI 

were characterized by SEM, DLS, UV/Vis spectroscopy, and AAS. Figure 15 shows 

representative SEM images and DLS data of all particle types. The primary particles had a 

diameter around 50-60 nm (SEM) with a low degree of agglomeration in dispersion 

(diameter by DLS around 200 nm). The composition was estimated by taking the calcium 

content from AAS and converting it to calcium phosphate. Particles had a positive zeta 

potential due to the presence of the cationic polyelectrolyte PEI, whose positive charge was 

obviously not compensated by the presence of negatively charged nucleic acid. The 

properties of the three particle types are summarized in Table 1. 
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Figure 15. Scanning electron micrograph of CaP/PEI-FITC nanoparticles A) and CaP/PEI/cEGFP-

DNA/CaP/PEI B), particle size distribution (C and D), and dynamic light scattering of calcium 

phosphate nanoparticles (E and F). 

 

The content of nucleic acid was measured with UV/Vis (DeNovix DX11+). The DNA 

concentration measurement was carried out from the supernatants after centrifugation and 

the remaining mass of DNA on the particles was determined in the solution. The contents of 

nucleic acids and PEI-FITC were obtained by UV/Vis spectroscopy. And the content of 

calcium and therefore calcium phosphate was measured with AAS. After drying the 

nanoparticles with a certain amount of trehalose, the content of Ca, Nucleic acid, and dye 

could be measured in the whole dried sample. The content of each element is summarized in 

Table 1. 
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Table 1. Characterization of the functionalized calcium phosphate nanoparticles (mean ± standard 

deviation). The contents of calcium, calcium phosphate (CaP), nucleic acid, and PEI-FITC were 

computed from the dispersion before mixing with trehalose and lyophilization. 

Particle type Size 

(SEM) 

/ nm 

Size  

(DLS) 

/ nm 

PDI Zeta 

potential  

/ mV 

Ca 

content 

/ wt % 

CaP 

content 

/ wt % 

Nucleic 

acid 

content 

/ wt % 

PEI-FITC 

content  

/ wt % 

CaP/PEI-FITC 45 ± 8 150 0.16 18 ± 4 0.37 0.93 - 0.15 

CaP/PEI/cEGFP-

DNA/CaP/PEI 

65 ± 23 230 0.33 

 

16 ± 4 0.21 0.53 0.07 - 

 

5.1.2 Uptake of calcium phosphate nanoparticles by different cells 

Figure 16 shows the digital microscope images of the cells (HeLa, and Caco-2) after the 

incubation with calcium phosphate nanoparticles. A green fluorescence signal for FITC in 

the calcium phosphate nanoparticles could be detected in both cell lines indicating a 

successful uptake. Particle uptake by cells was similarly performed with confocal 

microscopy (Figure 17). 
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Figure 16: Microscopic images of cells after 24h uptake with CaP/PEI-FITC particles. The scale 

corresponds to 100 μm, magnification: 10x. 

 

Figure 17 shows the confocal microscopic images for the cells (HeLa, and Caco-2) after the 

incubation with calcium phosphate nanoparticles and a sample of untreated cells (Mock) as 

a control. No fluorescence in the wavelength range for FITC could be found in the Mock 

group. The fluorescence in this area came exclusively from the labeled nanoparticles. For 

CaP/PEI-FITC, a signal for FITC was detected in the cells for all types of particles. In order 

to be able to examine the distribution of the nanoparticles in the cell more precisely, images 
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were taken with a zoom factor (10x). These results clearly show that PEI-stabilized calcium 

phosphate nanoparticles are taken up in both cell lines. The concentration of nanoparticles 

in this study was 3 mg mL-1.  

 

 

Figure 17: Confocal laser scanning microscopy images of HeLa cells and Caco-2 cells incubated for 

24 h with dispersed CaP/PEI-FITC nanoparticles. Red: Actin; Blue: Nucleus; Green: CaP/PEI-FITC 

nanoparticles. Scale bar 20 µm. 

 

5.1.3 Calcium phosphate nanoparticle transfection by different cells  

Figure 18 shows pictures of HeLa and Caco-2 cells which were incubated for 72 h with 

lipofectamine or calcium phosphate nanoparticles. Lipofectamine was used as a positive 

control due to its well-known transfection efficiency [250]. As indicated in the pictures below, 

the nanoparticles could penetrate the cell membranes of both cell lines for both particle types 

and release plasmid DNA into the cells. The green fluorescence of the cells confirms a 
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successful transfection process. To ensure the successful transfection process, confocal 

microscopy was also performed (Figure 20 and 21).  

 

Figure 18: Light and fluorescence microscopic images of HeLa and Caco-2 cells after 72 h incubation 

with CaP/PEI/cEGFP-DNA/CaP/PEI nanoparticles. In comparison an untreated control group 

(Mock) and a positive lipofectamine control is also shown. Magnification 20x. 

 

Transfection efficiency of the calcium phosphate nanoparticles was calculated by relating 

the green fluorescent cells to the total number of cells in the digital microscope images. 

Figure 19 shows the transfection efficiency graph of lipofectamine and the calcium 

phosphate nanoparticles by two different cell lines. Transfection efficiency of both 

lipofectamine and the nanoparticles is higher for the HeLa cells than the Caco-2 cells. 

Lipofectamine showed 21 % transfection efficiency by HeLa cells while DNA loaded 

calcium phosphate nanoparticles had 15 % transfection efficiency by HeLa cells. On the 

other hand, transfection efficiency of lipofectamine and DNA loaded calcium phosphate 

nanoparticles in Caco-2 cells were 11 % and 8 % respectively. According to these 

efficiencies, transfection in both cell lines occurred and efficiency showed appropriate 

expression percentage for both cell lines. 
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Figure 19: Evaluation of expression percentage of EGFP after the transfection. (± Standard error) 

 

Biocompatible nanoparticles like calcium phosphate represent a non-cytotoxic carrier. 

Therefore, calcium phosphate nanoparticles were functionalized with the plasmid cEGFP-

DNA and used in transfections of HeLa and Caco-2 cells to show general genetic activity. 

Figures 20 and 21 show the confocal microscopy images of HeLa and Caco-2 cells after 72 h 

incubation with nanoparticles. Cell morphology and EGFP fluorescence after transfection 

by HeLa and Caco-2 cells are recognized in these images.  It was observed that in both cell 

lines the transfection occurred. Concentration of CaP/PEI/cEGFP-DNA/CaP/PEI used in 

these studies, was 3 mg mL-1.  
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Figure 20: Confocal laser scanning microscopy images of HeLa cells after transfection for 72 h. 

Untreated cells (A); Lipofectamine control (B); and dispersed CaP/PEI/cEGFP-DNA/CaP/PEI 

nanoparticles (C). Red: Actin; Blue: Nucleus; Green: EGFP. Scale bar 20 µm. 
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Figure 21: Confocal laser scanning microscopy images of Caco-2 cells after transfection for 72 h. 

Untreated cells (A); Lipofectamine control (B); and dispersed CaP/PEI/cEGFP-DNA/CaP/PEI 

nanoparticles (C). Red: Actin; Blue: Nucleus; Green: EGFP. Scale bar 20 µm.  

 

The obtained results prove a successful transfection and uptake by HeLa and Caco-2 cells 

with the synthesized calcium phosphate nanoparticles. Furthermore calcium phosphate 

nanoparticles are non-cytotoxic, biocompatible and easily applied in vitro and in vivo [251]. 

Therefore, these nanoparticles are suitable for further application in this work. 

 

5.1.4 Characterization of calcium phosphate nanoparticles for gene silencing 

CaP/PEI/siRNA-EGFP/CaP/PEI nanoparticles were synthesized and characterized by SEM, 

DLS, UV/Vis spectrometry and AAS. Therefore, the colloidal properties, the size and 

morphology of the particles, the content of nucleic acids and the number of particles in the 

dispersion could be determined. Figure 22 shows representative SEM images and DLS data 

of the nanoparticles. SEM of the CaP/PEI/siRNA-EGFP/CaP/PEI nanoparticles showed 

spherical nanoparticles with a diameter of about 64 nm with a narrow size distribution. 

Dynamic light scattering showed colloidal stable nanoparticle dispersion with a 

polydispersity index (PDI) of 0.43, an average particle size of 200 nm (hydrodynamic 
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diameter) and a positive zeta potential of +16 mV. The specifications of particles are 

summarized in Table 2.  

 

 

Figure 22. Scanning electron micrograph of CaP/PEI/siRNA-EGFP/CaP/PEI nanoparticles A), 

particle size distribution (B), and dynamic light scattering of calcium phosphate nanoparticles (C). 

 

The nanoparticles were then lyophilized with trehalose as a cryoprotectant in the ratio of 

1:10. The content of nucleic acid was measured with UV/Vis. Concentration of siRNA was 

measured from the supernatants after centrifugation and the remaining mass of siRNA on 

the particles was determined. With the content of calcium measured by AAS, the amount of 

trehalose used for drying the particles and the content of Nucleic acid from UV/Vis, content 

of calcium phosphate, calcium, and nucleic acid in the whole dried sample could be 

calculated. All results were measured, collected and sum up in Table 2. 

 

 

Table 2: Summary of the characterization of the functionalized calcium phosphate 

nanoparticles. (± Standard deviation) 

Particle type CaP/PEI/EGFP-siRNA/CaP/PEI 

Diameter by SEM / nm 64 ± 12 

Diameter by DLS / nm 200 

PDI by DLS 0.40 

Zeta potential by DLS / mV 16 ± 3 

Ca content by AAS / wt % 0.38 

CaP content / wt % 0.94 

Nucleic acid content / wt % 0.15 

Mass ratio CaP : nucleic acid 1 : 0.16 
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5.1.4 Silencing the EGFP in HeLa EGFP cells  

Calcium phosphate nanoparticles can be prepared to direct the materials for a specific 

application like biomedicine. Due to its properties, calcium phosphate nanoparticles are an 

ideal siRNA carrier for gene transferring [252]. Here, a direct application of calcium 

phosphate nanoparticles loaded with siRNA-EGFP is described and evaluated in vitro. 

The first step in gene silencing was to test the efficiency of the various particles used to 

silence specific genes on HeLa-EGFP cells. These cells expressed the green fluorescent 

protein EGFP, so that they could be visualized by using a fluorescence microscope. By 

comparing light and fluorescence microscopic images, the proportion of fluorescent cells 

could be determined. If the cellular synthesis of EGFP is prevented by means of siRNA, the 

proportion of fluorescent cells should decrease. For this purpose, approximately 1 mg of 

CaP/PEI/siRNA-EGFP/CaP/PEI and therefore 2.25 μg of siRNA per well were added to the 

cells. The microscopic images after incubation with the different types of nanoparticles are 

shown in Figure 23. Gene silencing by the nanoparticles was compared in each case with an 

untreated control and with the muting efficiency of Lipofectamine. Figure 23 shows that 

nanoparticles dramatically reduced the expression of EGFP. The quantitative evaluation of 

the microscopic images or gene silencing percentage is summarized in Figure 24. In addition 

to the microscopic images, gene expression was also examined using confocal microscopy 

in Figure 25. In confocal microscopy, it is obvious that the calcium phosphate nanoparticles 

can reduce the expression of EGFP. 
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Figure 23: Microscopic images (Keyence) of HeLa-EGFP cells after incubation for 24 h with 

CaP/PEI/siRNA-EGFP/CaP/PEI particles. Magnification: 20x. 

 

The gene silencing efficiency of nanoparticles carrying siRNA was studied. For this 

purpose, EGFP-expressing HeLa cells were used. The green fluorescence of EGFP was 

silenced by the corresponding siRNA (Figure 23). Expression of green fluorescent 

protein EGFP was dramatically decreased after 24 h incubation of the cells with bioactive 

calcium phosphate nanoparticles. This reduction in EGFP expression is comparable to 

the lipofectamine control indicating the good performance of nanoparticles in gene 

silencing. 
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Figure 24: Expression of EGFP in HeLa-EGFP cells after silencing EGFP using CaP/PEI/siRNA-

EGFP/CaP/PEI and Lipofectamine. The expression of EGFP in the control was defined as 100 %. 

The expression of EGFP after the muting was normalized to the control in order to indicate the 

percentage of expression. 

 

Silencing efficiency is expected to vary between different cell lines [253, 254]. Some cells 

such as macrophages are more resistant to transfection and gene silencing because of 

releasing enzymes that can degrade nucleic acids after phagocytosis [255]. Here, as 

mentioned, HeLa-EGFP cell line is used and delivery of the nucleic acid (siRNA) into the 

cytosol is required [113]. Figure 24 showed the silencing efficiency of HeLa-EGFP cells 

with bioactive calcium phosphate nanoparticles. Gene silencing efficiency was obtained 

from the formula mentioned in section 4.4.5. In this formula and according to the digital 

microscope images (Figure 23), first the number of non-fluorescing cells in Mock is 

subtracted from the total number of non-fluorescing cells in the sample and the result is 

divided by the total number of fluorescing cells in the section. Silencing efficiency of the 

cells without treatment was considered as 100 %. The gene silencing efficiency was 

quantified by counting about 200–1000 cells per image and determination of the percentage 

of green-fluorescent cells. Figure 24 shows the results of gene silencing after evaluation of 
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gene silencing percentage. In this experiment, a successful gene silencing leads to a 

suppression of the green fluorescence. The efficiency of gene silencing by the lipofectamine 

control was 70 % and by the original nanoparticles was 58 %, which is only slightly less than 

the lipofectamine control. This result indicates that the functionalized calcium phosphate 

nanoparticles can be effective in gene silencing. This result shows that calcium phosphate 

nanoparticles can be applied as siRNA carriers for siRNA loading and in vitro transfection.  

 

 

 

 

Figure 25: Confocal images of HeLa-EGFP cells after the EGFP was silenced with CaP/PEI/siRNA-

EGFP/CaP/PEI nanoparticles. Untreated cells (Mock, A), and cells after 24 h incubating with 

Lipofectamine (B) and CaP/PEI/siRNA-EGFP/CaP/PEI nanoparticles (C). In the sample 2.25 μg 

siRNA were used per well. Red:Actin cytoskeleton (stained with Alexa Fluor660-phalloidin); Blue: 

Cell nuclei (stained with Hoechst33342); Green: EGFP. The scale corresponds to 20 μm. 

 

To be more precise about the gene silencing with the functionalized calcium phosphate 

nanoparticles, confocal microscopy was performed (Figure 25). Again, HeLa EGFP cells 

and about 2.25 µg siRNA per well were used and the cells were incubated for 24 h with the 

particles and lipofectamine. Untreated cells (Mock) and lipofectamine as a positive control 



Results and discussion 

 

57 

 

were used. According to the confocal images, gene silencing of the particles is successful 

and the particles are able to reduce the expression of EGFP in HeLa-EGFP cells. These 

results correspond with the digital microscope, the green fluorescent cells were reduced 

significantly in confocal images (Figure 25 C) showing that the bioactive calcium phosphate 

nanoparticles can silent the EGFP.    

 

 

5.2 Transport of nanoparticles into the intestine  

The particles can be transported into the intestine in two routes. The method that is more 

comfortable for the patient is certainly the oral ingestion of the particles. Before the particles 

can reach the intestine to be effective for treatment, they must first pass through the stomach. 

In the acidic environment of the stomach, however, calcium phosphate particles dissolve and 

the functionalization will be destroyed. To prevent this, freeze-dried functionalized calcium 

phosphate nanoparticles were placed in a soft gelatin capsule. The capsule was then coated 

with different pH-sensitive polymers such as Eudragit L100, CAP, HPMC, and polymer 

combinations. These polymers are insoluble in water at acidic pH values and therefore 

protect the particles from gastric acid. At pH values above 6, the polymers are water-soluble. 

Thus, they dissolve in the intestine, and after the gelatin capsule has dissolved, the particles 

can be released and deliver the drug for the treatment. 

Alternatively, the particles can enter the intestine via rectal administration. For this purpose, 

a suppository was developed that also contained previously freeze-dried, functionalized 

calcium phosphate nanoparticles. The suppository consisted of adeps solidus (hard fat). The 

melting point of the hard fat is 35 °C. In the first step, the nanoparticles could be dispersed 

in the melted fat. In a suitable form, the fat solidified again at room temperature. At body 

temperature, the fat melts again to release the particles in the intestine. This part of the thesis 

describes the experimental characterizations, properties and in vitro tests of the transport 

vehicles loaded with functionalized calcium phosphate nanoparticles. MTT test, uptake, 

transfection and gene silencing studies were performed for the capsules and suppositories. 

For the cell uptake CaP/PEI-FITC, and for the transfection triple-shell functionalized 

(CaP/PEI/cEGFP-DNA/CaP/PEI) were used.  In gene silencing, the green fluorescent 

protein EGFP was silenced in HeLa-EGFP cells. For this purpose, triple-shell functionalized 

calcium phosphate nanoparticles (CaP/PEI/siRNA-EGFP/CaP/PEI) were used. 
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5.2.1 Characterization of the transport vehicle (capsules)  

In order to be able to transport the particles into the intestine via oral administration, freeze-

dried calcium phosphate nanoparticles were first filled into size M gelatin capsules. 

According to the manufacturer (Torpac Inc.), the capsules have a diameter of 1.27 mm and 

a length of 8.4 mm and are therefore suitable for transport into the intestines of mice after 

coating [256]. 

To obtain an enteric gelatin capsule, capsules had to be coated with enteric polymers. Among 

the commercially available polymers for colon-specific drug delivery are Eudragit L100, 

cellulose acetate phthalate (CAP), and hydroxypropyl methylcellulose (HPMC) [257]. 

Eudragit L100 and Eudragit S100 are anionic copolymers based on methacrylic acid and 

methyl methacrylate that are insoluble at low pH and soluble at pH 7 [258]. Cellulose acetate 

phthalate is a frequently used tablet-coating material employed to produce enteric films 

[259]. Hydroxypropyl methylcellulose which is a synthetic modification of the natural 

polymer cellulose is frequently applied as controlled drug release polymer [260]. It belongs 

to the family of hydrophilic polymers which swell and take on a gel form if in contact with 

water or organic solvents. The drug release rate can be controlled by changing the thickness 

of the layer and by adding chitosan to Eudragit L100 [261]. Polyvinyl alcohol (PVA) has 

been studied for use in drug release because it can fine-tune the release kinetics [262]. 

Therefore, two-layered HPMC/PVA Eudragit L100 coatings were also prepared. In that case, 

HPMC/PVA is applied as inner layer and Eudragit L100 is applied as outer enteric coating 

layer to prevent the dissolution in the dissolving of drugs in the acidic stomach medium 

[263]. Except chitosan, all polymers are water-soluble above a pH of 5–6. According to 

Pharmacopoeia Europaea (Ph. Eur.), enteric-coated drug forms must remain stable for at 

least 2 h in a simulated acidic stomach environment (0.1M HCl; pH 1) [142].  

In the intestine, however, the pH value is between pH 6 and 8, depending on the section of 

the intestine. Thus, the polymers should prevent the capsules from degrading in the stomach. 

The rise in the pH value in the intestine would cause the polymer to dissolve, as a result of 

that capsules would also dissolve and release the nanoparticles. 

The use of the coated gelatin capsule for the transport of nanoparticles was tested in vitro for 

the functionalized calcium phosphate nanoparticles as well as dye-labeled calcium phosphate 

nanoparticles. The characterization of the particles was described in Section 5.1.1 and 5.1.4. 

The characterization of the capsule filled with functionalized calcium phosphate 

nanoparticles and coated with enteric coating polymers is summarized in Table 3 for all types 

of particles. 
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Table 3. Characterization of nanoparticle-filled and polymer-coated capsules (mean ± standard 

deviation). All numbers correspond to one capsule; the standard deviations illustrate the variation 

between the individually filled capsules. The capsule weight and the loading were recorded 

individually for each capsule and used to compute the loading of each capsule. The loading of 

nanoparticles with nucleic acids was determined spectrophotometrically. The ratio of 

nanoparticles/nucleic acid to trehalose was given by the lyophilization conditions. 

Empty gelatin capsule weight/mg 2.3 ± 0.5 

Loading with particles + trehalose/mg 2.8 ± 1.1 

Content of Ca (CaP/PEI/cEGFP-DNA/CaP/PEI)/µg 5.9 ± 2.3 

Content of CaP (CaP/PEI/cEGFP-DNA/CaP/PEI)/µg 14.8 ± 5.8 

Content of Ca (CaP/PEI/siRNA-EGFP/CaP/PEI)/µg 10.6 ± 4.2 

Content of CaP (CaP/PEI/siRNA-EGFP/CaP/PEI)/µg 26.3 ± 10.3 

Content of Ca (CaP/PEI-FITC)/µg 10.4 ± 4.1 

Content of CaP (CaP/PEI-FITC)/µg 26.0 ± 10.2 

Content of cEGFP-DNA (CaP/PEI/cEGFP-DNA/CaP/PEI)/µg 2.0 ± 0.8 

Content of siRNA (CaP/PEI/siRNA-EGFP/CaP/PEI)/µg 4.2 ± 1.7 

Content of FITC (CaP/PEI-FITC)/µg 4.2 ± 1.7 

Enteric coating layer/mg 3.0 ± 1.0 

 

In oral delivery of protein and peptide drugs, delivering the medicinal agents selectively in 

the intestine needs suitable devices. It is essential that the drug-loaded carrier systems should 

be protected from the harsh environment of the stomach and deliver the cargo in the large 

intestine where drug action or absorption is desired. To do this, enteric-coatings are studied 

and among these polymers Eudragit L100 and CAP are chosen for this work. These polymer-

coated capsules are not destroyed in acidic medium of stomach (pH 1-2) however, by 

reaching into the large intestine (pH 7-8), these polymers dissolve in intestine and 

nanoparticles are released [264]. Moreover, in order to achieve site and time specific drug 

delivery, combination of enteric polymers is used. In this method, gelatin capsules are coated 

with two polymers-coatings which the inner polymer-coating is water-soluble and the outer 

layer is pH resistant polymer. 

Here, gelatin capsules were coated with various enteric coatings and different methods were 

used to deliver the bioactive calcium phosphate nanoparticles into intestine. Eudragit L100 

and CAP were used to protect the capsules from being destroyed in stomach due to their 

well-known performance in different pH values. As shown schematically in figure 26 B, 

coated capsules are supposed to be protected by Eudragit L100 or CAP in stomach medium. 
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For site and time specific drug delivery system, Eudragit L100 were mixed with chitosan 

powder and coated the capsules. In this system, the chitosan powder in Eudragit L100 is 

considered to accelerate the release process. 

Gelatin capsules were correspondingly coated first with HPMC or HPMC/PVA as an inner 

capsule-coating-polymers and then they coated with Eudragit L100 as an outer polymer-

coating which gave the most promising result in protecting the capsules from being destroyed 

in stomach medium [265, 266]. 

In order to test the capsules in acidic medium similar to the stomach and in intestine like 

medium, simulations of these two media were carried out. The capsules were first inserted 

in 1.5 mL Eppendorf tubes containing simulated acidic medium of stomach (0.1 M HCL, 

pH 1) for 2 h. To simulate the temperature of human body, the Eppendorf tube was inserted 

in a beaker filled with water with the temperature of 37 °C. After 2 h, the capsules were 

taken out of the medium and let to be dried in room temperature. The capsules were then 

prepared for SEM characterization. Almost the same process was also done for the simulated 

intestine medium, as the capsules were inserted in the Eppendorf tube containing MOPS 

buffer, 0.15 M, pH 7.1, in the beaker with 37 °C water. After every 30 min the capsules taken 

out and dried in the room temperature and prepared for SEM. Figure 26 A shows the 

simulation process of the stomach and intestine, and Figure 27 shows the SEM images of the 

capsules.  

 

 

Figure 26: Schematic of the simulation of stomach or intestine process (A), schematic of capsule 

function in the stomach and intestine (B). 
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Figure 27: SEM images of soft gelatin capsule (A), Eudragit-coated gelatin capsule after being 2 h 

in acidic medium pH 1 (B), Eudragit-coated capsule after being in MOPS buffer with pH 7.1 for 30 

min, (C), 60 min (D) and 90 min (E). 

 

In order to check the physical changes of capsules after being in simulating stomach medium 

and intestine medium, SEM was used. Here, Eudragit L100 as an enteric-coating-polymer 

was used. A capsule was filled with calcium phosphate nanoparticles and this capsule was 

then coated with Eudragit L100 as an enteric coated polymer. This capsule was then inserted 

in acidic medium of stomach mentioned in figure 26 A and after 2 h, capsule was removed 

from the acidic medium of stomach, cut up and was given for SEM examinations. Figure 27 

shows the SEM of soft gelatin capsule (A) and physical changes of the enteric coated 
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capsules in the acidic medium (B) and the intestine medium (C-E). SEM image of Eudragit-

coated capsule (Figure 27, B) is the cross section SEM image to find out if the polymer has 

survived in acidic medium after 2 h and protected the capsule. A soft gelatin capsule as a 

control was also used (Figure 27, A). As it shown in Figure 27, the enteric coated capsule 

remained with minimal changes after being 2 h in the acidic condition so that the cargo was 

still in the coated capsule. Moreover, in SEM image (B) the layer of Eudragit around the 

gelatin capsule was seen which showed that this polymer survived in acidic medium of 

stomach and could protect the gelatin capsule and nanoparticles from releasing and 

dissolving in acidic medium. SEM image of the capsule showed that the capsule was stayed 

with negligible changes after being 2 h in acidic medium of stomach which correlated to the 

expectations [267]. 

On the other hand, in the intestine medium, the capsules should be able to release the cargo 

within 90 min. According to SEM image (C) the polymer coatings tend to be destroyed after 

30 min leading to dissolved gelatin capsules and release of the nanoparticles. Nevertheless, 

the polymer-coated layer was still remained, and it was noticeable in SEM images. It was 

supposed that in this step the polymer layer became thinner than before and tended to 

dissolve gradually in intestine medium. After 60 min and 90 min of being in intestine 

medium (D and E), the polymer coating layer was damaged by phosphate buffer with pH 

7.1. The coating dissolution process revealed by SEM fits the desired theoretical evaluations.  

 

5.2.2 Release rate of the nanoparticle filled capsules after being in stomach and 

intestine simulation medium 

The capsules were filled either with calcium phosphate/trehalose or with solid methylene 

blue as model compound to analyze the release. The release of particles was then followed 

by determining the Ca2+ content in the immersion medium by AAS. The release of methylene 

blue was followed by UV/Vis spectroscopy. Two different pH values were applied: 

Simulated stomach medium (0.1 M HCl, pH 1) and simulated intestine conditions (MOPS 

buffer, 0.15 M, pH 7.1). Aliquots were taken every 15 min. In the case of uncoated capsules, 

a rapid release was observed at pH 1, while coated capsules released a maximum of 10 %, 

depending on the enteric coating polymer used. At pH 7.1, coated capsules showed rapid 

release of the particles within two hours. All enteric coatings had similar release times for 

calcium phosphate nanoparticles and methylene blue (Figure 28). There was no significant 

difference between calcium phosphate nanoparticles and methylene blue, indicating a release 

of both compounds by diffusion out of the degrading capsule at neutral pH. As the passage 
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of material from the stomach into the colon needs a few hours, [145, 268-270] this release 

rate is well suited to target the colon. Furthermore, calcium phosphate nanoparticles that are 

released earlier will be transported further to exert their biological function during their 

presence in the colon. The intended gene therapy will also require a couple of hours which 

is well correlated to the residence time in the colon. 

 

Figure 28. Atomic absorption spectroscopic (AAS) results of the release of calcium phosphate 

nanoparticles from polymer-coated capsules A: Under simulated stomach conditions (0.1 M HCl, pH 

1 and B: Under simulated intestinal conditions, i.e. MOPS buffer (0.15 M, pH 7.1). C: The release 

of methylene blue (by UV spectroscopy) from the polymer-coated capsules in MOPS buffer (0.15 

M, pH 7.1) was measured as control. Each experiment was performed in quadruplicate, and error 

bars indicate the standard deviation of the mean [124]. 

 

5.2.3 Colloid-chemical analysis of the particle release from the gelatin capsule  

In order to prove the protection of the particles by the coated capsule, the release of the 

particles from the capsule should first be detected. The release of the particles should be 

characterized by DLS measurements (Figure 29). In this part, the released particles from the 

Eudragit L100 and Eudragit-chitosan coated capsules were studied. After releasing from the 

capsule, the particles were characterized by means of DLS. For comparison, the particles 
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were also characterized by means of DLS immediately after the synthesis. The results of the 

DLS measurements are shown in Figure 29. 

First, a coated capsule filled with nanoparticles was dissolved in MOPS buffer (0.15 M, pH 

7.1). The capsule was not previously incubated in HCl. Both the number and the mean size 

distribution (z-average) of the detected particles differed significantly from the original size 

distribution of the particles, which were measured directly after the synthesis. The software 

also rated the quality of the measurement as poor. Furthermore, the zeta potential changed 

from +16 mV to -11 mV. This suggested that undissolved components of the capsule or the 

Eudragit L100 influenced the DLS measurement. The measured signal could therefore not 

be correctly assigned to the particles (Figure 29).  

 

 

Figure 29: DLS measurements of calcium phosphate nanoparticles released from a gelatin capsule. 

Particle size distribution after synthesis; a capsule filled with particles was coated and cut after 1 h 

and 2 h incubation in HCl. The particles were taken up in water and measured in the DLS; dissolved: 

the capsule was dissolved in MOPS buffer (0.15 M, pH 7.1) after incubation in HCL for 0 h and 

measured by means of DLS. Right graph: Eudragit-coated capsule and the Left graph: Eudragit-

chitosan-coated capsule. 

 

The capsules were also studied with DLS after being in HCl for 1 and 2 h and then dried, cut 

and the particles were taken up in water after filtration of rest of the capsules and polymer 

before the measurement. The capsule did not dissolve in water and the pieces could be 

separated from the dispersion by brief centrifugation or filtration.  

The measurements after incubation for 1 h and 2 h in HCl each showed a signal that was 

comparable to the measurement after the synthesis, both in terms of the intensity of the 

scattered light and in the position of the peak. The same process was achieved with the 

dispersed chitosan in Eudragit coated capsules. The measurements after incubation for 1 h 
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in HCl showed a signal that was comparable to the measurement after the synthesis. 

However, after 2 h of incubation in HCl, the DLS measurement showed 3 peaks. The 

software again assessed the measurement results as inadequate due to the poor cumulative 

fit. The mean particle size distribution (z-average), on the other hand, was again in the same 

size range as the comparison measurement. 

 

 

Figure 30: DLS measurements of calcium phosphate nanoparticles released from a gelatin capsule. 

Particle size distribution after synthesis (CaP-PEI) and after being in CAP-coated capsule (A), 

HPMC-Eudragit-coated capsule (B), and HPMC-PVA-Eudragit-coated capsule (C) in acidic medium 

(pH 1, 2 h).  

 

To study also about the protection of the particles by other enteric coating polymers, release 

of nanoparticles from the coated capsules after 2 h was investigated and compared to the 

synthesized calcium phosphate nanoparticles. Release of the particles should be 

characterized by DLS measurements. The capsule was incubated in HCl for 2 h and then 

dried at room temperature. The capsules were then cut into two pieces with a sharp cuter and 

these two pieces of capsules were put in an Eppendorf tube containing water and mixed. 

Dispersion of calcium phosphate nanoparticles in water was achieved after filtration of 

mixture and separating the rest of enteric coated capsule. The nanoparticles were then 
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characterized by DLS (Figure 30) and compared to the calcium phosphate nanoparticles 

which dissolved directly after synthesis of particles.  In Addition, the Eudragit coated 

capsules DLS studies about the nanoparticles released from CAP, HPMC-Eudragit and 

HPMC-PVA-Eudragit coated capsules after 2 h in acidic medium were performed (Figure 

30). 

All the released nanoparticles indicated a signal that was comparable to the measurement 

after the synthesis, both in terms of the intensity of the scattered light and in the position of 

the peak. These results show that nanoparticles stayed with insignificant changes after being 

in the coated-capsules in acidic medium of stomach for 2 h. 

 

5.2.4 In vitro investigations of the transport vehicles  

5.2.4.1 MTT 

After studying the quality of calcium phosphate nanoparticles which released from the 

coated-capsules and after making sure that the nanoparticles are well protected by the 

polymer coated capsules in acidic medium, the particles will be studied in vitro by cell 

cultures. For a clinical application, the combination of enteric coating, gelatin, trehalose, and 

nanoparticles must not be toxic. Therefore, extensive cytotoxicity tests on all components 

with HeLa and Caco-2 cells by MTT assay (Figure 31, 32) was performed. As an alternative 

for the capsules and oral delivery, suppositories as promising transporting agents in rectal 

administration were developed. The comprehensive process of making the suppositories 

containing nanoparticles was explained in section 4.5.2. In addition, to study further about 

the uptake, transfection, and gene silencing of the released nanoparticles from capsules and 

suppositories, different bioactive calcium phosphate nanoparticles (CaP/PEI-FITC, 

CaP/PEI/cEGFP-DNA/CaP/PEI, CaP/PEI/siRNA-EGFP/CaP/PEI) were synthesized and 

characterized and the results were gathered in the following sections. 

In order to study about toxicity of nanoparticles after releasing from the capsules and 

suppositories, HeLa and Caco-2 cells were used. HeLa is a cervical cancer cell line that is 

widely used and has evolved into a standard cell line to test the biological compounds and 

nanoparticles. A well differentiated human intestinal epithelial cell line, Caco-2, were also 

used as a model to study passive drug absorption across the intestinal epithelium [271]. The 

Caco-2 cell line (Cancer coli-2) was established from human colorectal adenocarcinoma. 

[272] Because of its similarity to the small intestinal epithelium, Caco-2 cells are a well-

suited in vitro model to evaluate the passing of nanoparticles across epithelial barriers [273]. 
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In this study, cell viability of bioactive calcium phosphate nanoparticles, all the used enteric-

polymers, coated-capsules, and suppositories were investigated, calculated and displayed in 

Figure 31.  
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Figure 31: Viability of HeLa cells by the MTT assay after incubating the cells for 24 h with 

nanoparticles, polymers, coated-capsules and suppositories (mean ±standard deviation; N = 3 for 

each experiment). For the pure polymers, the concentrations were 6 mg mL-1. 

 

To test the cytotoxicity of the particles, the cells were incubated with the particles for 24 h 

with HeLa cells (Figure 31) and Caco-2 cells (Figure 32). All the nanoparticles as well as 

polymers, hard fat, polymer coated capsules and suppositories were used. After the end of 

the incubation, the cells were incubated with a MTT reagent and the absorption at 570 nm 

was measured in triplets. The intensity was calculated in relation to a sample of untreated 

cells. Three wells per particle type and six wells as a Mock group were used. The results of 

the investigations using MTT are shown in Figure 31 for the HeLa cells. A high cell viability 

was measured after 24 h. For all particle types, capsules (except for Eudragit L100 and 

Eudragit-chitosan coated capsule) and suppositories, the viability was over 80 %, so that the 
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particles in the concentration used can be regarded as non-toxic. Only Eudragit L100 and 

Eudragit-chitosan coated capsules after an incubation time of 24 h showed a viability of 

< 60 %. That could be caused by high concentrations of Eudragit used in the capsules. As 

HPMC-Eudragit and HPMC-PVA-Eudragit coated capsules also had Eudragit in the system, 

showed acceptable viability (around 70 %) and these capsules had a smaller amount of 

Eudragit as protecting polymer for the capsules.   
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Figure 32: Viability of Caco-2 cells by the MTT assay after incubating the cells for 24 h with 

nanoparticles, polymers, coated-capsules and suppositories (mean ±standard deviation; N = 3 for 

each experiment). For the pure polymers, the concentrations were 6 mg mL-1. 

 

Figure 32 showed the toxicity test in the Caco-2 cells. All the nanoparticles, polymers, hard-

fat, capsules and suppositories were given to the Caco-2 cells. After 24 h incubation time, 

the cells were incubated with the MTT reagent and the absorption at 570 nm was measured 

in triplets. The results were the same as viability examined previous with HeLa cells. 

According to the results, Caco-2 cells showed also proper viability for all nanoparticles, 

polymers, hard-fat, capsules and suppositories except for the Eudragit and Eudragit-

chitosan-coated capsule. 
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5.2.4.2 Uptake and transfection with uncoated-capsules 

In order to estimate the interaction between the soft gelatin capsules and calcium phosphate 

nanoparticles with the HeLa cells, uptake and transfection of the calcium phosphate 

nanoparticles released from the uncoated soft gelatin capsules were studied. 

 

Figure 33: Light and fluorescence microscopic images of HeLa cells 24 h after incubation with 

CaP/PEI-FITC nanoparticles released from the uncoated gelatin capsule (uptake); Lipofectamine as 

positive control (Transfection) and CaP/PEI/cEGFP-DNA/CaP/PEI nanoparticles released from the 

uncoated gelatin capsule (Transfection). Untreated control (Mock); Magnification 20x. 

 

To test the uptake of the released nanoparticles from gelatin capsule, cells were incubated 

with the released CaP/PEI-FITC nanoparticles for 24 h with HeLa cells (Figure 33). The 

gelatin capsule contained about 3 mg of dried calcium phosphate nanoparticles with 

trehalose and were first dissolved in the cell medium, filtered and given to the HeLa cells. 

After the incubation, the cells were fixated and prepared for light and fluorescent 

microscopy.  
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In order to study more efficiently about the nanoparticles released from coated-capsules, 

transfection study was also performed. Gene therapy is a technology transferring exogenous 

gene such as plasmid DNA or small interfering RNA (siRNA) into the target cells to treat 

gene-mediated diseases [274]. Therefore, Transfection and gene silencing by nanoparticles 

were performed. For transfection, the cells were incubated with the released triple-shell 

CaP/PEI/cEFG-DNA/CaP/PEI nanoparticles, fixated and prepared for microscopy. In Figure 

33 uptake and transfection are shown and the images prove that released nanoparticles can 

be easily absorbed by the HeLa cells and transfection can take place. It can be also assumed 

that soft gelatin capsule had no effect in changing the quality of the nanoparticles.  

 

5.2.4.3 Uptake with enteric-coated-capsules and suppositories 

In section 5.2.4.2, uptake and transfection of calcium phosphate nanoparticles released from 

uncoated capsules were studied to guarantee that soft-gelatin-capsule did not have a negative 

impact on calcium phosphate nanoparticles. Successful uptake and transfection results in 

study about the nanoparticles and uncoated capsule showed that released calcium phosphate 

nanoparticles had their functionalized quality. For this reason, as a next step, the performance 

of the released nanoparticles from enteric-coated capsules and suppositories is discussed in 

this section. 



Results and discussion 

 

71 

 

 

Figure 34: Fluorescence microscopic images of HeLa cells incubated for 24 h with untreated cells 

(A), dispersed CaP/PEI-FITC nanoparticles (B) and with CaP/PEI-FITC nanoparticles after release 

from polymer-coated capsules, coated with cellulose acetate phthalate (CAP; C), Eudragit L100 (D), 

Eudragit L100-chitosan (E), hydroxypropylmethylcellulose-Eudragit L100 (HPMC-Eudragit; F), or 

hydroxypropylmethylcellulose-polyvinylalcohol-Eudragit L100 (HPMC-PVA-Eudragit; G), and 

suppository (H). Red: Actin; Blue: Nucleus; Green: CaP/PEI-FITC nanoparticles. Scale bars 20 µm. 

 

In order to test the capsules and suppositories in vitro, after performing MTT test, uptake 

with the bioactive calcium phosphate nanoparticles were considered. As a control, freeze-

dried particles were re-dispersed in the cell medium and incubated with cells. To begin with 

uptake, the cells were treated with the re-dispersed particles, polymer coated capsules and 

suppository. After 24 h of incubation, the particles showed the expected uptake into the cells 
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(Figure 34). In this experiment, uptake of the released CaP/PEI-FITC nanoparticles from the 

coated capsules and suppository could be easily detected, which indicated that the enteric 

coating polymers were not preventing the uptake of the particles. It can therefore be assumed 

that particles released from a coated capsule were already absorbed by the cells. 

Nevertheless, for being certain about the uptake step and absorbing the particles into the 

cells, confocal microscopy was also performed. 
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Figure 35: Confocal laser scanning microscopy images of HeLa cells incubated for 24 h with Mock 

(A), dispersed CaP/PEI-FITC nanoparticles (B) and with CaP/PEI-FITC nanoparticles after release 

from polymer-coated capsules, coated with cellulose acetate phthalate (CAP; C), Eudragit L100 (D), 

Eudragit L100-chitosan (E), hydroxypropylmethylcellulose-Eudragit L100 (HPMC-Eudragit; F), or 

hydroxypropylmethylcellulose-polyvinylalcohol-Eudragit L100 (HPMC-PVA-Eudragit; G), and 

suppository (H). Red: Actin; Blue: Nucleus; Green: CaP/PEI-FITC nanoparticles. Scale bars 20 µm. 
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Uptake of calcium phosphate nanoparticles that were released from enteric-coated capsules 

after dissolution was studied on HeLa cells and Caco-2 cells. Fluorescent CaP/PEI-FITC 

nanoparticles alone (in dispersion) and released from polymer-coated capsules were given 

to HeLa cells (Figure 35) and Caco-2 cells (Figure 36). It has been demonstrated earlier that 

the PEI-FITC label remains on calcium phosphate nanoparticles in cell culture [275].  

All particles were taken up by the cells, except in the cases of Eudragit and Eudragit-

chitosan. The particles which had been enclosed in capsules coated by the other enteric 

polymers were efficiently taken up by the cells. In the case of using suppositories, the melting 

of the suppository at 37°C in aqueous cell culture medium leads to a two-phase system (water 

and oil) where the drug-loaded nanoparticles are probably distributed between both phases. 

However, a major part is well dispersed in water as shown by cell culture experiments 

described below. Uptake studies on HeLa cells and caco-2 cells with CaP/PEI-FITC 

nanoparticles and CaP/PEI-FITC nanoparticles released from suppositories showed that 

calcium phosphate nanoparticles which had been enclosed in suppositories were efficiently 

taken up by HeLa cells. 
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Figure 36: Confocal laser scanning microscopy images of Caco-2 cells incubated for 24 h with 

untreated cells (A), dispersed CaP/PEI-FITC nanoparticles (B) and with CaP/PEI-FITC nanoparticles 

after release from polymer-coated capsules, coated with cellulose acetate phthalate (CAP; C), 

Eudragit L100 (D), Eudragit L100-chitosan (E), hydroxypropylmethylcellulose-Eudragit L100 

(HPMC-Eudragit; F), or hydroxypropylmethylcellulose-polyvinylalcohol-Eudragit L100 (HPMC-

PVA-Eudragit; G), and suppository (H). Red: Actin; Blue: Nucleus; Green: CaP/PEI-FITC 

nanoparticles. Scale bars 20 µm. 
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The results so far have shown that Eudragit and Eudragit-chitosan interact with the positively 

charged calcium phosphate nanoparticles and inhibit uptake. In all experiments, all the 

coated capsules were always dissolved in cell culture medium to simulate the dissolving of 

the capsules in intestinal environment. However, the high concentration of proteins in the 

medium did not inhibit the interaction between nanoparticles and Eudragit. There are of 

course several other substances in the intestine that could possibly inhibit the interaction. 

Nevertheless, in the in vitro experiments, it was shown that two-layered-coated-capsules 

such as HPMC-Eudragit, and HPMC-PVA-Eudragit coated capsules had essentially reliable 

viability and uptake. Moreover, since nanoparticles were packed into the soft gelatin 

capsules, presence of the uncoated capsule would also be a reason for dropping cell viability 

or lack of proper result in uptake studies. It could be that the uncoated capsule would dissolve 

too slowly and the interaction between gelatin capsule, particles and Eudragit might occur. 

 

 

5.2.4.4 Transfection with enteric-coated-capsules and suppositories 

As mentioned in the previous section, particle uptake does not necessarily lead to 

transfection of the cells. After the DNA has left the lysosomes, it must still be transported 

across the nuclear membrane. The intact plasmid then must be transcribed in the core so that 

proteins can be expressed. After successful results in transfection studies with released 

calcium phosphate nanoparticles from uncoated-capsules, transfection with released calcium 

phosphate nanoparticles from enteric-coated-capsules and suppositories should be 

investigated. In order to perform transfection with released nanoparticles from polymer-

coated-capsules and suppositories, CaP/PEI/cEGFP-DNA/CaP/PEI nanoparticles were used. 

CaP/PEI/cEGFP-DNA/CaP/PEI nanoparticles were synthesized as mentioned in section 

4.1.3. Bioactive calcium phosphate nanoparticles were filled into soft-gelatin-capsules and 

these gelatin capsules were covered with different pH-dependent-polymers. Suppositories 

were prepared according to the process explained in section 4.5.2. In this study, HeLa and 

Caco-2 cells were employed. Equal amount of DNA per well was applied to both cell types. 

Lipofectamine was used according to the manufacturer's recommendations as a positive 

control. Using fluorescence microscopy and confocal microscopy, transfected and non-

transfected cells can be distinguished from one another. Fluorescence microscopic images 

of cells transfected by CaP/PEI/cEGFP-DNA/CaP/PEI nanoparticles are shown in Figure 37 

and the confocal images are shown in Figure 38 (for the HeLa cells) and Figure 39 (for Caco-



Results and discussion 

 

77 

 

2 cells). The transfection efficiency was calculated according to the light and fluorescence 

microscopic images. 

 

Figure 37: Microscopic images of untreated HeLa cells (A), cells after transfection with 

lipofectamine as a positive control (B), CaP/PEI/cEGFP-DNA/CaP/PEI particles (C), and 

CaP/PEI/cEGFP-DNA/CaP/PEI particles release from the capsules coated with Eudragit L100 (D), 

Eudragit-chitosan (E), CAP (F), HPMC-Eudragit (G), HPMC-PVA-Eudragit (H), and the same 

particles release from the suppository (I). Magnification: 20x. 

 

The transfection of nanoparticles, all the enteric-coated capsules, and suppositories were 

shown in Figure 37. Cells were treated with the re-dispersed particles, polymer coated 

capsules and suppository as well as the lipofectamine as a positive control. After 24 h of 

incubation, the particles were washed out and the cells were incubated for another 48 h. After 

incubation, the cells were washed, fixated, dye-labeled and prepared for the microscopy step. 

The images showed the expected transfection with the HeLa cells (Figure 37). In this 

experiment, transfection of the released CaP/PEI/cEGFP-DNA/CaP/PEI nanoparticles from 

the CAP, HPMC-Eudragit, and HPMC-PVA-Eudragit coated capsules and suppository was 

acceptable, which is in agreement with the previous data for the uptake studies. Nevertheless, 
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in the case of Eudragit-coated capsule, transfection was not detected and in the case of 

Eudragit-chitosan coated capsule, no transfection with the HeLa cells was found.  
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Figure 38: Confocal laser scanning microscopy images of HeLa cells after transfection for 72 h. 

Untreated cells (A; 0 %); LipofectamineTM control (B; 22 %); dispersed CaP/PEI/cEGFP-

DNA/CaP/PEI nanoparticles (C; 15 %); and CaP/PEI/cEGFP-DNA/CaP/PEI nanoparticles from 

dissolved capsules, coated with cellulose acetate phthalate (CAP; D; 13 %), 

hydroxypropylmethylcellulose-Eudragit L100 (HPMC-Eudragit) (E; 5 %), or 

hydroxypropylmethylcellulose-polyvinylalcohol-Eudragit L100 (HPMC-PVA-Eudragit) (F; 6 %), 

and Suppository (G; 13 %). Red: Actin; Blue: Nucleus; Green: EGFP. Scale bar 20 µm. 
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The nanoparticle-mediated transfection efficiency was then determined for nanoparticles 

carrying cEGFP-DNA, both dispersed and released from polymer-coated capsules, with 

HeLa cells (Figure 38) and Caco-2 cells (Figure 39). Transfection with the fluorescent 

protein EGFP was not observed in cells incubated with nanoparticles released from capsules 

coated with Eudragit and Eudragit-chitosan. This is probably due to an insufficient uptake 

in these cases as shown before. As there was almost no uptake of particles from Eudragit- 

and Eudragit-chitosan-coated capsules, together with an increased cytotoxicity, these 

coatings were not studied further. As positive control, the commercial transfection agent 

Lipofectamine was used. The transfection efficiency was quantified by counting about 200–

2000 cells per image and determination of the percentage of green-fluorescent cells (light 

and fluorescence microscopic images). For both cell lines, the transfection efficiency of 

Lipofectamine was the highest, and that of the dispersed nanoparticles about 75 % of 

Lipofectamine. The nanoparticles that had been released from the capsule still had about half 

of the efficiency of the dispersed nanoparticles, i. e. about 30 to 40 % of the Lipofectamine 

value. This loss in transfection is in line with earlier results [276] and could be due to some 

irreversible agglomeration after re-dispersion. Again, it was not possible to apply particle 

size characterization methods like DLS to the particles from dissolved capsules (not even 

after filtration) because there was too much particulate matter in the sample, probably due to 

an insufficient dissolution of the capsule. However, it can be concluded that the particles are 

released from the capsules in their bioactive state, with the DNA being still intact.  

The transfection of the released nanoparticles from the suppositories, showed that the 

suppositories could also be as effective as the pure nanoparticles.  
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Figure 39: Confocal laser scanning microscopy images of Caco-2 cells after transfection for 72 h. 

Untreated cells (A; 0 %); LipofectamineTM control (B; 10 %); dispersed CaP/PEI/cEGFP-

DNA/CaP/PEI nanoparticles (C; 8 %); and CaP/PEI/cEGFP-DNA/CaP/PEI nanoparticles from 

dissolved capsules, coated with cellulose acetate phthalate (CAP; D; 4 %), 

hydroxypropylmethylcellulose-Eudragit L100 (HPMC-Eudragit) (E; 5%), or 

hydroxypropylmethylcellulose-polyvinylalcohol-Eudragit L100 (HPMC-PVA-Eudragit) (F; 7 %), 

and suppository (G; 4 %). Red: Actin; Blue: Nucleus; Green: EGFP. Scale bar 20 µm.  

 

Transfection studies with Caco-2 cells also showed the same expected transfection results as 

the HeLa cells. Therefore, it can be concluded that the released nanoparticles from the 

polymer-coated capsules and suppositories will be absorbed appropriately by the HeLa and 

Caco-2 cells. 
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5.2.4.5 Gene silencing 

To analyze the biological effect of the redispersed nanoparticles and the nanoparticles 

released from the transport vehicles (coated capsules and suppositories), the expression of 

EGFP in cells treated with nanoparticles was compared with an untreated control and 

positive lipofectamine control. To begin with, CaP/PEI/siRNA-EGFP/CaP/PEI 

nanoparticles were synthesized as mentioned in section 4.1.4. These nanoparticles were 

packed into soft-gelatin capsules and the capsules were coated with enteric-polymers. 

Suppositories were also prepared with these nanoparticles. Before cell experiments, the 

capsules were dissolved in cell culture medium using a water bath for 2 h. After dissolving 

the capsules in cell culture medium, this solution was filtered to remove extra capsule-

coatings and gelatin-capsule. Due to the small size of the nanoparticles, they pass through 

the filter and remain in the solution. 

Figure 40 qualitatively shows the gene silencing by the CaP/PEI/siRNA-EGFP/CaP/PEI 

nanoparticles after the release. In addition to the untreated control, only the results after the 

release from the coated capsules and from the suppository are shown here. Qualitative 

differences in the EGFP expression after the release of particles from the transport vehicles 

and the untreated control were evident from the images.  

In order to test the efficiency of the particles and particles released from the capsules and 

suppositories, HeLa-EGFP cells were used. These cells expressed the green fluorescent 

protein EGFP, so that they could be visualized using a fluorescence microscope. By 

comparing light and fluorescence microscopic images, the proportion of fluorescent cells 

could be determined. If the cellular synthesis of EGFP is prevented by means of siRNA, the 

proportion of fluorescent cells should decrease. Efficiency of gene silencing can be 

determined in each case according to the microscopic images. 
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Figure 40: Microscopic images of untreated HeLa-EGFP cells (Mock) (A), cells 24 h after silencing 

with lipofectamine as a positive control (B), CaP/PEI/siRNA-EGFP/CaP/PEI particles (C), and 

CaP/PEI/siRNA-EGFP/CaP/PEI particle release from the capsules coated with CAP (D), HPMC-

Eudragit (E), HPMC-PVA-Eudragit (F), and the same particle release from the suppository (G). 

Magnification: 20x. 
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The gene silencing of bioactive calcium phosphate nanoparticles, all of the enteric coated 

capsules, and suppositories is shown in Figure 40. HeLa-EGFP cells were used in this study. 

HeLa-EGFP cells were seeded and incubated for 24 h, then lipofectamine and released 

nanoparticles from the capsules and suppositories were added to the cells. Every capsule 

containing nanoparticles was dissolved in the cell medium, filtered and given to the HeLa-

EGFP cells. The suppository was also inserted into the cell medium, melted in 37 °C and 

given to the cells. The cells were incubated 24 h with the nanoparticles. After incubation, the 

cells were washed to get rid of the excess nanoparticles and incubated for 48 h. Then, the 

cells were washed, fixated, dyed and prepared for the microscopy. The microscopic images 

with the redispersed nanoparticles, lipofectamine, different types of enteric coating capsules 

and suppository are shown in Figure 40. The silencing by the nanoparticles and released 

nanoparticles from the transporting systems was compared in each case with an untreated 

control and with the silencing efficiency of Lipofectamine. Figure 40 shows that released 

nanoparticle from all types of enteric coated capsules and suppository reduced the expression 

of EGFP.  
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Figure 41: Confocal laser scanning microscopy images of HeLa-EGFP cells after gene silencing for 

72 h. Untreated cells (A); Lipofectamine control (B; 60 %); dispersed CaP/PEI/siRNA-

EGFP/CaP/PEI nanoparticles (C; 58 %); and CaP/PEI/siRNA-EGFP/CaP/PEI nanoparticles from 

dissolved capsules, coated with cellulose acetate phthalate (CAP; D; 21 %), 

hydroxypropylmethylcellulose-Eudragit L100 (HPMC-Eudragit) (E; 43 %), or 

hydroxypropylmethylcellulose-polyvinyl alcohol-Eudragit L100 (HPMC-PVA-Eudragit) (F; 28 %), 

and suppository (G; 50 %). Red: Actin; Blue: Nucleus; Green: EGFP. Scale bar 20 µm.  
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The gene silencing study of nanoparticles carrying siRNA was also studied with confocal 

microscopy. This is an especially crucial experiment because siRNA is prone to rapid 

degradation by RNAses [277] which could occur during freeze-drying and dissolution. For 

this purpose, EGFP-expressing HeLa cells were used. The green fluorescence of EGFP was 

to be silenced by the corresponding siRNA (Figure 41). As mentioned in section 4.4.5, the 

amount of gene silencing in percent can be calculated from the ratio of the still fluorescing 

cells to the total number of cells according to the digital microscope images (Figure 40). This 

method depends on the absolute number of cells within each image. The typical percentage 

of green fluorescing cells in the control was 80-90 %. The gene silencing efficiency was 

about half of the dispersed control particles and still very substantial. The transfection 

efficiency was quantified by counting about 200–2000 cells per image and determination of 

the percentage of green-fluorescent cells. The gene silencing efficiency was determined with 

the help of digital microscopy, calculated and summarized below the Figure 41. 

The efficiency of gene silencing using the triple-shell nanoparticles (CaP/PEI/siRNA-

EGFP/CaP/PEI) was 58 % which was slightly less than the efficiency of gene silencing using 

lipofectamine (60 %). Released nanoparticles from Eudragit- and Eudragit-chitosan-coated 

capsules did not show statistically significant differences in the efficiency of gene silencing. 

In contrast, the triple-shell nanoparticles released from CAP-, HPMC-Eudragit-, and HPMC-

PVA-Eudragit-coated capsules showed much more efficient, giving an efficiency of gene 

silencing of 21 %, 43 %, and 28 % respectively. As it is appearing in the confocal images, 

CAP, HPMC-Eudragit, and HPMC-PVA-Eudragit and suppository showed proper 

cytocompatibility and successful gene silencing. Additionally, released nanoparticles from 

the suppositories showed the greatest gene efficiency with 50 %.  

As mentioned in section 2.5, endocytic uptake pathways are considered as an essential 

process for further understanding of the mechanism of gene delivery [96, 278]. Occasionally, 

endocytic pathways responsible for the uptake of nanomaterials are the receptor-mediated 

endocytosis, the receptor-independent pathway and micropinocytosis [279-281]. The 

receptor-mediated endocytosis is usually known as clathrin-mediated endocytosis. The 

receptor-independent pathway can be further subdivided into caveolin-mediated 

endocytosis, clathrin-independent endocytosis, clathrin- and caveolin-independent 

endocytosis. It is important to know the endocytosis pathway during the gene delivery 

process [282]. Calcium phosphate nanoparticles have been proven to be a powerful agents 

of gene delivery. Olton et al. showed that endocytosis of calcium phosphate nanoparticles 
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was both clathrin- and caveolae-dependent, and they also suggested that the caveolaer 

mechanism was the major contributor [283]. 

 

5.2.4.6 Conclusion  

Due to the background of inflammatory bowel disease, strategies were sought in this section 

to bring functionalized calcium phosphate nanoparticles undamaged and effective into the 

intestine. In the present study we showed how to prepare calcium phosphate nanoparticles 

and calcium phosphate nanoparticles functionalized with DNA-cEGFP and siRNA-EGFP as 

delivery system for transfection and efficient gene silencing. The particles had a size around 

100 nm with spherical morphology. For oral purpose, particles were filled into a gelatin 

capsule and coated with five different pH-sensitive polymers such as Eudragit L100, 

chitosan dispersed in Eudragit L100 (Eudragit-chitosan), CAP and two-layer coating 

systems such as HPMC-Eudragit, and HPMC-PVA-Eudragit system. In vitro tests have 

shown that the Eudragit and Eudragit-chitosan polymers have a negative effect on the 

transfection and silencing efficiency of the particles. However, the other enteric polymers 

namely CAP, HPMC-Eudragit, and HPMC-PVA-Eudragit do not have negative effect on 

the nanoparticles and they show appropriate uptake, transfection and gene silence efficiency 

in the cells. These polymers can be assumed to protect the nanoparticles in the way through 

the stomach and they can release their cargo without damage in the intestine. As an 

alternative for the oral drug delivery with the capsules, suppositories were also developed 

for rectal administration of the particles. The suppositories show proper cell viability in in 

vitro studies as well as very acceptable uptake, transfection and gene silencing by the cells.  

 

5.3 Calcium phosphate PLGA nanoparticles for drug delivery 

Poly (lactide-co-glycolide) (PLGA) is a biocompatible and biodegradable polymer based on 

polylactic acid and polyglycolic acid. PLGA as a polymer degrades into lactic acid and 

glycolic acid which are the PLGA monomers [284]. PLGA nanoparticles can be synthesized 

using various methods. However, the most commonly used method is the oil-in-water 

emulsion, with the PLGA contains hydrophobic active ingredients [285, 286]. These 

emulsions include the polymer and the active ingredient in an organic solvent such as 

dichloromethane (DCM). This organic phase will then be transferred into an aqueous phase, 

mostly with surfactants such as polyvinyl alcohol (PVA). The emulsification, which is a 

production of fine oil droplets in the aqueous phase, carried out by using ultrasound treatment 

or homogenization methods. After removing the organic solvent, the polymer stabilizes the 
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nanoparticles and encapsulates the hydrophobic active ingredients in the polymer matrix. 

For the encapsulation of hydrophilic active ingredients such as peptides, proteins and nucleic 

acids develop mostly water-in-oil-in-water emulsions (W/O/W).  

In this chapter, calcium phosphate nanoparticles as the hydrophilic active ingredients 

dissolved first in water and PLGA dissolved in DCM. After that, dispersed calcium 

phosphate nanoparticles in water were dispersed in DCM contains PLGA as an organic 

phase. After emulsifying the mixture with ultrasound, a primary water-in-oil Emulsion is 

created. This primary water in oil emulsion was then added to another aqueous phase which 

was dissolved PVA in water and emulsified again. This process resulted in a water-in-oil-in-

water emulsion (W/O/W), in which the hydrophilic active ingredients were in the inner 

(primary) aqueous phase and surrounded with the organic solvent containing dissolved 

polymer. 

The objective of the present work was to study in vitro about the encapsulated bioactive 

calcium phosphate nanoparticles in PLGA. In the following, first the colloid chemical 

characterization of calcium phosphate-PLGA nanoparticles will be discussed and then the 

biological effectiveness of calcium phosphate-PLGA nanoparticles in cell culture 

experiments will be investigated. 

 

5.3.1 Characterization of the nanoparticles 

In order to determine the morphology and size of the nanoparticles, scanning electron 

microscopy (SEM) was performed. Dynamic light scattering was also acquired to obtain the 

hydrodynamic size of the nanoparticles. The scanning electron microscope images, 

associated histogram, and the DLS diagrams of the different calcium phosphate 

nanoparticles were assembled in figure 42.   
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Figure 42: Scanning electron microscope images (A, B, and C), the size distribution (D, E, and F), 

as well as DLS graphs (G, H, and I) of CaP/PEI-Rhodamine/PLGA, CaP/PEI/cEGFP-DNA/PLGA, 

and CaP/PEI/siRNA-EGFP/PLGA respectively. 

 

Figure 42 shows that the calcium phosphate-PLGA nanoparticles were monodisperse 

spherical nanoparticles. According to its histogram, the calcium phosphate-PLGA 

nanoparticles were in the size range of 75 ± 29 nm. Calcium phosphate-PLGA nanoparticles 

did not show any agglomeration according to the SEM images. The bioactive calcium 

phosphate nanoparticles were also analyzed by SEM and DLS. The calcium phosphate-

DNA-PLGA nanoparticles showed a spherical morphology. The histogram obtained from 

the SEM images reveal an average size of 95 nm for the particles. According to the DLS 

data, these nanoparticles have an average size of 110 nm which is in good agreement with 

the size obtained by SEM. Calcium phosphate-siRNA-PLGA nanoparticles indicated the 

average particle size of 100 nm by SEM and 105 nm by DLS. Calcium phosphate-DNA-

PLGA and calcium phosphate-siRNA-PLGA nanoparticles showed bigger nanoparticle size 

in comparison to the calcium phosphate-PLGA nanoparticles. These results of the colloid 

chemical characterization of the calcium phosphate nanoparticles and bioactive calcium 

phosphate nanoparticles showed that with the water-in-oil-in-water emulsion technique, the 
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nanoparticles were achieved in a size range of approx. 100 nm. These nanoparticles are 

suitable for uptake studies as well as the transfection and gene silencing [287, 288]. 

 

5.3.2 MTT test 

To determine the cytotoxicity of the calcium phosphate-PLGA nanoparticles and calcium 

phosphate-nucleic acid-PLGA nanoparticles, the viability of the HeLa cells after 24 h 

incubation with the nanoparticles was determined by MTT test. Figure 43 shows the viability 

of the HeLa cells 24 h after incubation with calcium phosphate-PLGA and calcium 

phosphate-nucleic acid-PLGA nanoparticles. For MTT, a 24-well plate with 50000 cells per 

well, were used. The nanoparticles were first dried with trehalose in the ratio of 1:10. The 

redispersed nanoparticles in cell culture medium (DMEM) were given to the cells. In this 

study 2 mg and 5 mg of each type of nanoparticles were redispersed in 1 mL DMEM, 500 µL 

of this solution were given to the HeLa cells.  

After the end of the incubation, the cells were incubated with MTT reagent and the 

absorbance at 570 nm was measured in triplets. The intensity was calculated in relation to a 

sample of untreated cells. Three wells per particle type and six wells as a Mock group were 

used. The results of the investigations using MTT are shown in Figure 43. 
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Figure 43, viability of the HeLa cells 24 h after incubation with calcium phosphate PLGA 

nanoparticles in two different concentration (2 mg mL-1 and 5 mg mL-1) is shown. The vitality of the 

cells after incubation with CaP-PLGA nanoparticles was more than 65 % for both concentrations. 

Bioactive calcium phosphate nanoparticles showed better cell viability with more than 80 % cell 

viability after 24 h incubation for both concentrations. However, all of the calcium phosphate-PLGA-

Nanoparticles represented promising cell viability by the HeLa cells after 24 h of incubation. 

 

5.3.3 Uptake of nanoparticles in HeLa cells 

Uptake studies were carried out to check which particles can be absorbed by the cells. For 

this purpose, the cells were seeded in 8-well μ-slides with 20000 cells per well and, after 

adhesion, incubated with fluorescence-labeled nanoparticles for 24 h. Figure 44 shows the 

confocal laser microscope images of the cells. A sample of untreated cells (Mock) is 

considered as a control. The freeze-dried nanoparticles were dissolved in DMEM and given 

to the cells in three different concentrations. No fluorescence in the wavelength range for 

rhodamine could be found in the Mock group. For CaP/PEI-Rhodamine/PLGA, signals for 

rhodamine were detected in the cells for all concentrations of particles.  

 



Results and discussion 

 

92 

 

 

Figure 44: CLSM images of HeLa cells 24 h after the incubation with calcium phosphate/PEI-

Rhodamine/PLGA nanoparticles in concentration of 1, 2, and 5 mg mL-1. Mock indicates the 

untreated cells. The scale corresponds to 20 µm in each case. 

 

The confocal laser scanning microscopy images (Figure 44) showed that CaP/PEI-

rhodamine/PLGA nanoparticles were efficiently taken up from the HeLa cells. The finely 

distributed, diffuse fluorescence in the cytosol indicated that the nanoparticles can get in the 

cytoplasm of the cells. The particles did not show any agglomeration for all concentrations.  

The uptake with the endocytosis mechanisms, depends on the cell line and the surface charge 

of nanoparticles. Two important steps in transport of active ingredients using nanoparticles, 

are the entry of active ingredient carrier into the cell and release of the active ingredient from 

the endo- and lysosomes into the cytosol of the cell [16]. According to the results of CLSM 

and uptake study, it can be concluded that the nanoparticles could be carried effectively with 

the encapsulated system and because of their small size, could get into the HeLa cells. 
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5.3.4 Transfection of nanoparticles in HeLa cells 

The CaP/PEI/cEGFP-DNA/PLGA nanoparticles were synthesized for transfection 

experiments. This plasmid DNA is responsible for the green fluorescent protein and encoded 

(pcDNA3-EGFP). If the transfection of HeLa cells with pcDNA3-EGFP occurs, EGFP 

present in the cells expresses so that the cells show a green fluorescence.  

In Figure 45, HeLa cells were transfected with EGFP plasmid DNA. For this purpose, the 

cells were incubated for 24 h with CaP/PEI/cEGFP-DNA/PLGA nanoparticles. The non-

absorbed nanoparticles were then removed from the culture by washing the cells three times 

with PBS. The cells were incubated for a further 48 h, fixated, dyed and examined by CLSM. 

A group of untreated cells (Mock) and a group of cells incubated with Lipofectamine and 

EGFP plasmid DNA served as controls.  
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Figure 45: CLSM transfection images of HeLa cells 24 h after the incubation with Lipofectamine 

and calcium phosphate/PEI/cEGFP-DNA/PLGA nanoparticles in concentration of 2, and 5 mg mL-1. 

Mock indicates the untreated cells. The scale corresponds to 20 µm in each case. 

 

Figure 45 shows the results of the transfection tests of dispersed nanoparticles. No emissions 

in the wavelength range for EGFP could be measured in the Mock group. The Lipofectamine 

control shows a high transfection efficiency. The cells that were incubated with 

functionalized nanoparticles also showed adequate fluorescent cells. The transfection 

efficiency determined by light and fluorescence microscopy and the calculated results are 

gathered here. According to the calculated transfection efficiency, Lipofectamine presented 

31 % transfection efficiency, and the nanoparticles showed 14 % and 20 % transfection 

efficiency respectively for 2 mg mL-1 and 5 mg mL-1 freeze-dried nanoparticles with 

trehalose. Due to the different amount of polymers in the system, accurate calculation of 

DNA percentage in whole system was challenging. However, the approximate amount of 
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DNA used in this study was 6 µg per well in case of 2 mg mL-1 dried nanoparticles and 9 µg 

per well for 5 mg mL-1 dried nanoparticles. 

5.3.5 Gene silencing of nanoparticles in HeLa cells  

For gene silencing investigations, HeLa-EGFP cells were used which steadily expressed the 

green fluorescent protein [246, 276, 289]. HeLa-EGFP cell line fluoresces green because of 

continuous EGFP expression. These green fluorescent HeLa cells are transfected with a 

siRNA that is directed against the sequence of the gene coding for EGFP. As a result, the 

green fluorescence of the HeLa-EGFP will be reduced. With comparing the non-fluorescent 

cells with the fluorescent cells, the gene silencing efficiency can be determined.[246]  

The HeLa-EGFP cells were incubated for 24 h with CaP/PEI/siRNA-EGFP/PLGA 

nanoparticles. The non-absorbed nanoparticles were then removed from the culture by 

washing the cells three times with PBS. The cells were incubated for a further 48 h, fixated, 

dyed and examined on the CLSM. A group of untreated cells (Mock) and a group of cells 

incubated with Lipofectamine and EGFP plasmid DNA served as controls. 
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Figure 46: CLSM gene silencing images of HeLa cells 24 h after the incubation with Lipofectamine 

and calcium phosphate/PEI/siRNA-EGFP/PLGA nanoparticles in concentration of 1, 2, and 

5 mg mL-1. The scale corresponds to 20 µm in each case. 

 

In Figure 46 gene silencing can be seen in the confocal images. The intensity of the green 

fluorescence after adding CaP/PEI/siRNA-EGFP/PLGA nanoparticles in comparison to 

untreated HeLa-EGFP cells (Mock) was prominently reduced. Lipofectamine showed a 

significant decrease of green fluorescence in the cells. Two concentrations of the siRNA-

loaded nanoparticles showed also very appropriate gene silencing. The gene silencing 

efficiency was determined in every case according to the fluorescent microscopy. Gene 

silencing efficiency for Lipofectamine was 56 % and for the nanoparticles showed 26 % and 

29 % respectively for 2 mg mL-1 and 5 mg mL-1 freeze-dried nanoparticles with trehalose. 
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The approximate amount of siRNA used in gene silencing study was 9 µg per well in case 

of 2 mg mL-1 dried nanoparticles and 22.5 µg per well for 5 mg mL-1 dried nanoparticles. 

 

5.3.6 Conclusion 

In this section of the work the synthesis of polylactide encapsulated nanoparticles was 

described with a water-in-oil-in-water emulsion technique. The nanoparticles indicated the 

size of approximately 100 nm and spherical morphology. The nanoparticles were then tested 

in in vitro studies. All kinds of nanoparticles demonstrated proper cell viability by the HeLa 

cells, very suitable uptake by the cells without changing in quality of the nanoparticles or 

agglomerations, appropriate transfection efficiency and gene silencing. Calcium phosphate–

PLGA nanoparticles and calcium phosphate-nucleotide-PLGA nanoparticles showed 

promising cell biological properties that make it suitable for use for transporting the nucleic 

acids or proteins. 

 

5.4 Strontium and magnesium-doped calcium phosphate nanoparticles  

Bone is an inorganic–bioorganic composite material consisting mainly of collagen proteins 

and calcium phosphates. Its structure, surface roughness, chemistry, and mechanical 

properties of biomaterials are fascinating for the researchers [9, 50]. 

Moreover, calcium phosphate nanoparticles which are in the form of amorphous calcium 

phosphate (ACP) as well as hydroxyapatite in the body, are known as inorganic phase of 

bones and teeth [50, 290-295]. Calcium phosphate nanoparticles are used extensively for 

therapeutic delivery applications, due to their biocompatibility and controllable 

biodegradability [55, 296-300]. Bone defects resulting from tumour resection, osteomyelitis, 

and trauma have been intensified the attentions of employing the bioactive materials for the 

repair of bone in recent decades [301-304]. 

Recent studies have been shown that even small substitution changes have considerable 

consequences on the thermal stability, solubility, and in vitro osteoclastic and osteoblastic 

responses as well as in vivo degradation and bone regeneration. Moreover, some more 

specific studies on magnesium-doped calcium phosphates have reported an increase in 

solubility, which shows improvements in biocompatibility [187, 196, 305, 306]. 

Biological apatite is an inorganic calcium phosphate salt in apatite form and nano-size with 

a biological derivation. It is the main inorganic component of biological hard tissues such as 

bones and teeth. Therefore, biological apatite has a wide application in dentistry and 
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orthopedics by using as dental fillers and bone substitutes for bone reconstruction and 

regeneration. Furthermore, biological apatite has been employed with restructuring of bone 

defect in oral implantology, periodontology, bone substitutes surgery as well as 

orthopaedics, thanks to its resemblance in chemical compositions and structure, together 

with its outstanding bioactivity and biocompatibility [14, 307-310]. 

Magnesium ions are the fourth most abundant cations in mammals after sodium, potassium, 

and calcium. Also, magnesium is the second most prevalent intracellular cation [311, 312]. 

Inside mammalian cells magnesium plays multiple essential roles including: regulation of 

calcium and sodium ion channels, stabilizing DNA, being a cofactor and catalyser for many 

enzymes, and stimulating cell growth and proliferation [313, 314]. 

The main ion replacing calcium in biological apatite is magnesium which plays also an 

essential role in bone metabolism, while it influences the bone augmentation by involving 

osteoblast and osteoclast activities which prevents the possible risk factors for osteoporosis 

in humans [305].  

Strontium (Sr), which also exists in the mineral segment of the bone is a natural bone-seeking 

element integrating into the bone at the same rate as Ca [295, 315, 316]. Strontium enhances 

both bone mass and strength due to its performance in stimulating formation of bone as well 

as inhibiting bone resorption [317-319]. 

Strontium has been demonstrated to promote osteoblast function and inhibit osteoclast 

performance in in-vitro studies. Studies showed that cellular mechanisms directing this 

response to involve the calcium sensing receptor (CaSR), which is a g-protein-coupled 

receptor (GPCR) located in the bone cells and affected bone remodelling [320]. 

In this study, calcium phosphate nanoparticles were doped with different ratios of 

magnesium and strontium. The objective of this study was to compare magnesium-doped 

calcium phosphate nanoparticles with strontium-doped calcium phosphate nanoparticles in 

different cell lines. 
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5.4.1 Characterization of strontium-doped calcium phosphate nanoparticles  

 

Five different types of nanoparticles were synthesized here. The nanoparticles were based 

on calcium phosphate, but with differed percentage of strontium. Calcium phosphate 

nanoparticles were also used as a control. All types of nanoparticles were stabilized and dye-

labeled with PEI-Rhodamine to be able to be followed in in vitro studies. All the 

nanoparticles were characterized in detail using SEM, DLS, and AAS. In this way, the 

colloidal properties, the size and morphology of the particles in the dispersion could be 

determined. Figure 47 shows DLS measurement curves of all types of particles. 
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Figure 47: DLS measurements of calcium phosphate nanoparticles and strontium-doped calcium 

phosphate nanoparticles stabilized and dye-labeled with PEI-Rhodamine (PEIRh). 

 

The DLS measurement curves showed narrow size distributions for all nanoparticle types. 

Nevertheless, they were slightly different between the calcium phosphate nanoparticles and 

strontium-doped calcium phosphate nanoparticles. Strontium-doped calcium phosphate 

nanoparticles showed also smaller size rather than the pure calcium phosphate nanoparticles. 

The PDI values of the measurements were in the same range as the values of calcium 

phosphate nanoparticles.  
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Table 4: AAS measurements of strontium-doped calcium phosphate nanoparticles stabilized and 

dyed with PEI-Rhodamine (PEIRh). 

Sample Calcium content / mol % Strontium content / mol % 

Sr5Ca95P/PEIRh 91 9 

Sr10Ca90P/PEIRh 85 15 

Sr15Ca85P/PEIRh 84 16 

Sr20Ca80P/PEIRh 81 19 

 

Table 4 shows the AAS values of the strontium-doped calcium phosphate nanoparticles. The 

synthesized particles should have 5 %, 10 %, 15 %, and 20 % strontium. AAS results 

indicates that the experimental amount of strontium in doped nanoparticles is slightly 

different to the theoretical values which was completely acceptable. 

 

SEM images of the doped calcium phosphate nanoparticles with strontium are shown in 

Figure 48. All types of particles had the typical morphology. Mainly spherical particles were 

present. Associated histograms of the particles size were also provided by randomly counting 

the size of around 100 to 200 particles in SEM images. According to the histograms, the 

strontium-doped calcium phosphate nanoparticles have average size of 40 nm. Like DLS, 

SEM shows that the pure calcium phosphate nanoparticles have bigger size of the 

nanoparticles. As shown in the SEM image and histogram of pure calcium phosphate 

nanoparticles, the average size of the particles is 50 nm which is slightly bigger than the 

strontium-doped calcium phosphate nanoparticles.  
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Figure 48: SEM images and relative histogram of calcium phosphate nanoparticles and strontium-

doped calcium phosphate nanoparticles stabilized and dyed with PEI-Rhodamine (PEIRh). 
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Hydroxyapatite (Ca10 (PO4)6(OH)2) or as the abbreviation form HA is capable of keeping its 

crystal structure after ionic substitution. Most of the cations usually exchange with calcium 

ions, and anions replace the hydroxy groups or phosphate groups of the HA crystal. Both 

kinds of substitution cause contraction or expansion of the lattice parameter. Maintenance of 

charge neutrality is an essential parameter for any bulk material [321]. The replacement of 

calcium ions with bivalent cations such as strontium ions does not cause any charge 

imbalance in the crystal lattice.  

 

Table 5: DLS measurements of strontium-doped calcium phosphate nanoparticles stabilized and dyed 

with PEI-Rhodamine (PEIRh) 

Name  Size (DLS)  

/ nm 

PDI Zeta potential  

/ mV 

Size (SEM)  

/ nm 

CaP/ PEIRh 105 0.3 9 ± 3 50 

Sr5Ca95P/PEIRh 70 0.3 8 ± 3 40 

Sr10Ca90P/PEIRh 95 0.3 10 ± 4 35 

Sr15Ca85P/PEIRh 85 0.3 11 ± 3 40 

Sr20Ca80P/PEIRh 100 0.3 10 ± 4 45 

 

DLS, zetapotential and SEM measurements of all samples were collected in Table 5. DLS 

showed aggregates however, the small nanoparticles with a size of 50-120 nm were present 

in each sample. The zeta potential of all particles was always positive with a value of around 

+10 mV. To check the DLS data we performed scanning electron microscopy of the particles. 

It showed a much smaller particle size than that obtained by DLS. Partially it is due to the 

fact that DLS measurements show the hydrodynamic radius of the particles whereas electron 

microscopy shows the inorganic core. Strontium-doped calcium phosphate nanoparticles had 

a spherical morphology with particle size around 40 nm, showing a reduction of particle size 

with an addition of strontium.  

5.4.2 Cell-biological characterization of strontium-doped nanoparticles in different 

cells 

In order to characterize the strontium-doped calcium phosphate nanoparticles in cells, the 

nanoparticles were first freeze-dried with trehalose with a ratio of 1:10 to 1:20. Then the 
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particles were stored in the refrigerator to prevent any changes of the particles. 3 mg of the 

dried nanoparticles with trehalose were dissolved in either 500 µL cell medium (for reaching 

cell cytotoxicity test) or 250 µL cell medium (for uptake studies). The results of cytotoxicity 

test and uptake with three different cell lines are shown in this section. 

 

5.4.2.1 MTT test 

In order to determine the cytotoxicity of the strontium-doped calcium phosphate 

nanoparticles, the vitality of the HeLa cells 24 h after incubation with the nanoparticles 

studied in MTT test. Figure 49 shows the vitality of the HeLa cells 24 h after incubation with 

strontium-doped nanoparticles and pure calcium phosphate nanoparticles dispersed in 

DMEM as a cell medium. After the end of the incubation, the cells were incubated with MTT 

reagent and the absorbance at 570 nm was measured in triplets. The intensity was calculated 

in relation to a sample of untreated cells. Three wells per particle type and six wells as a 

Mock group were used. The results of the investigations using MTT are shown in Figure 49.  
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Figure 49: Diagram of the MTT results for the incubation of HeLa cells after 24 h with strontium-

doped nanoparticles, pure calcium phosphate nanoparticles dispersed in cell medium and a group of 

untreated cells as a comparison (Mock). 

 

All the nanoparticles showed a high cell viability measured after 24 h. For all particle types 

after 24 hours, the viability was over 70 %, so that the particles in the applied concentrations 
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were non-toxic. The differences in cytotoxicity found for the different types of particles were 

not significant.  

 

5.4.2.2 Uptake 

As major part of the cell biological investigations, uptake studies were initially carried out 

to check which particles can be absorbed by the cells. For this purpose, three different cell 

lines were used. HeLa cells, MG63 cells, and MC3T3 cells were developed. In this study, 

cells from the human osteosarcoma cell line MG-63 were used which is osteoblast-like cell 

and has been well reported to represent the appropriate human osteoblast model [322]. 

MC3T3 was the other cell line which derived from newborn murine calvarias or the top part 

of the skull. MC3T3 cell line has been widely reported to present osteoblast-like behavior.  

In order to research the uptake of the nanoparticles by cells, cells were seeded in 8-well μ-

slides and, after adhesion, incubated with fluorescence-labeled nanoparticles for 24 h.  

 

 

Figure 50: Uptake studies of HeLa cells with untreated cells (Mock), and after incubation for 24 h 

with calcium phosphate/PEI-rhodamine (CaP/PEIRh), 5 %, 10 %, 15 %, and 20 % strontium-doped 

calcium phosphate nanoparticles. Red: actin; blue: nucleus; red: nanoparticles contained rhodamine. 

Scale: 10μm. 
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Figure 50 shows the confocal laser microscope images of the HeLa cells after completing 

the incubation. A sample of untreated cells (Mock) as a control is also considered. No 

fluorescence in the wavelength range for rhodamine could be found in the Mock group. The 

fluorescence in this area came exclusively from the labeled nanoparticles. For CaP/PEIRh, 

and all the strontium-doped calcium phosphate nanoparticles colored with rhodamine, a 

signal for rhodamine was detected in the cells for all types of particles. In the case of 10 % 

and 15 % strontium-doped calcium phosphate nanoparticles, agglomeration could be 

detected. Nevertheless, there were also smaller particles which were absorbed by the HeLa 

cells.  

 

 

Figure 51: Uptake studies of MG-63 cells with untreated cells (Mock), and after 24 h incubation time 

with calcium phosphate/PEI-rhodamine (CaP/PEIRh), and 5 %, 10 %, 15 %, and 20 % strontium-

doped calcium phosphate nanoparticles. Red: actin; blue: nucleus; red: nanoparticles. Scale: 10 μm. 

 

Figure 51 shows the confocal laser microscope images of the MG-63 cells after 24 h of 

incubation. Untreated cells (Mock) were considered as a control. No fluorescence in the 

wavelength range for rhodamine could be found in the Mock group. As it is shown in the 

confocal images, all the strontium-doped calcium phosphate nanoparticles were taken up by 

the MG-63 cells as well as the pure calcium phosphate nanoparticles. No difference between 
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the uptakes of the various types of nanoparticles were seen in these pictures. As a result, all 

types of nanoparticles can be taken up equally by MG-63 cells. 

 

 

Figure 52: Uptake studies of MC3T3 cells with untreated cells (Mock), and after incubating for 24 h 

with calcium phosphate/PEI-rhodamine (CaP/PEIRh), and 5 %, 10 %, 15 %, and 20 % strontium-

doped calcium phosphate nanoparticles. Red: actin; blue: nucleus; red: nanoparticles contained 

rhodamine. Scale: 20 μm. 

 

Figure 52 shows the confocal microscope images of the MC3T3 cells after 24 h of 

incubation, fixating and dyeing the cells. A sample of untreated cells (Mock) as usual was 

considered as a control. No fluorescence in the wavelength range for rhodamine could be 

found in the Mock group. According to the confocal images, pure calcium phosphate 

nanoparticles in the MC3T3 showed agglomeration, however, a large amount of the 

nanoparticles were taken up by the MC3T3 cells. The same result in uptake of 5 % strontium-

doped nanoparticles was discovered. Overall, it is obvious that all of the nanoparticle types 

were taken up by the cells.   

 

 

 



Results and discussion 

 

107 

 

5.4.3 Characterization of magnesium-doped calcium phosphate nanoparticles 

In this section, two different types of magnesium-doped calcium phosphate nanoparticles 

were synthesized. Positive-charged nanoparticles was synthesized with PEI-rhodamine and 

Negative-charged nanoparticles was prepared with CMC-FITC. Stabilization with PEI 

results in positive zeta potentials, and with CMC negative zeta potentials. Both PEI-

stabilized and CMC-stabilized nanoparticles are used to understand the differences between 

the positive and negative magnesium-doped nanoparticles in vitro. All nanoparticles were 

characterized with AAS, EDX, DLS, and SEM as well as the in vitro studies. 

 

5.4.3.1 Negatively-charged nanoparticles 

Here five different magnesium-doped calcium phosphate nanoparticles stabilized and dye-

labeled with CMC-FITC (CMCFITC) were synthesized and characterized. The doped 

nanoparticles have 5 %, 10 %, 15 %, or 20 % magnesium as a doping percentage. Pure 

calcium phosphate nanoparticles were also stabilized and dye-labeled with CMC-FITC to 

act as a control for the doping system. 

Figure 64 shows the DLS diagram of the magnesium-doped calcium phosphate nanoparticles 

which are stabilized and dye-labeled with CMC-FITC. 
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Figure 53: DLS measurements of calcium phosphate nanoparticles and magnesium-doped calcium 

phosphate nanoparticles stabilized and dye-labeled with CMC-FITC (CMCFITC) 
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The DLS measurement curves in Figure 53 showed narrow size distributions for the 

nanoparticle types. Nevertheless, there were slight differences between the magnesium-

doped calcium phosphate nanoparticles and pure calcium phosphate nanoparticles. The 

dynamic light scattering showed in the number distribution for all particle systems 

monodisperse systems with a PDI <0.3. According to the DLS all the nanoparticles showed 

an average size of 100 to 140 nm.  

The 5 % magnesium-doped calcium phosphate nanoparticles (Mg5Ca95P/CMCFITC) had, 

according to number distribution, a particle size of 115 nm and a zeta potential of -13 ± 3 mV 

with a PDI of 0.3. For 10 % magnesium-doped calcium phosphate nanoparticles 

(Mg10Ca90P/CMCFITC), the mean particle diameter was 105 nm with a zetapotential of -19 

± 4 mV and a PDI of 0.3. Both synthesized systems showed smaller size than the pure 

calcium phosphate nanoparticles with a particle size of 125 nm and a zeta potential of -17 ± 

5 mV with a PDI of 0.3.  

The 15 % magnesium-doped calcium phosphate nanoparticles (Mg15Ca85P/CMCFITC) had, 

according to number distribution, a particle size of 140 nm and a zeta potential of -20 ± 5 mV 

with a PDI of 0.4. For 20 % magnesium-doped calcium phosphate nanoparticles 

(Mg20Ca80P/CMCFITC), the mean particle diameter was also 140 nm with a zeta potential 

of -18 ± 7 mV and a PDI of 0.3. The particle size indicated greater agglomeration than the 

first two doped systems. 

All the systems gave monodisperse particle size distributions, slight agglomeration and 

negative zetapotential. 

 

Table 6: AAS and EDX measurements of magnesium-doped calcium phosphate nanoparticles 

stabilized and stained with CMC-FITC (CMCFITC) 

Sample 
AAS Ca / 

mol % 

AAS Mg / 

mol % 

EDX Ca 

/ mol % 

EDX Mg 

/ mol % 

CaP/CMCFITC 100 0 100 0 

Mg5Ca95P/CMCFITC 92 8 97 3 

Mg10Ca90P/CMCFITC 93 7 89 11 

Mg15Ca85P/CMCFITC 89 11 83 17 

Mg20Ca80P/CMCFITC 86 14 79 21 

 



Results and discussion 

 

109 

 

Table 6 shows the AAS and EDX values of the magnesium-doped calcium phosphate 

nanoparticles. Synthesized magnesium-doped calcium phosphate nanoparticles should have 

5 %, 10 %, 15 %, and 20 % magnesium. AAS results indicates that the experimental amount 

of strontium in doped nanoparticles is slightly different to the theoretical values which was 

completely acceptable. 

 

The magnesium-doped calcium phosphate nanoparticles were then characterized with SEM 

to check the morphology and size of the nanoparticles. SEM images of magnesium-doped 

calcium phosphate nanoparticles are shown in Figure 54. DLS, zeta potential, PDI, and SEM 

information of magnesium-doped calcium phosphate nanoparticles are also summarized in 

Table 7. 
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Figure 54: SEM images of calcium phosphate nanoparticles and magnesium-doped calcium 

phosphate nanoparticles stabilized and stained with CMC-FITC (FITC). 

 

SEM images of the magnesium-doped calcium phosphate nanoparticles, calcium phosphate 

nanoparticles and magnesium phosphate nanoparticles are shown in Figure 54. For all 

particle systems, monodisperse particle size distributions with a spherical morphology could 
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be found. In the case of pure CMC-FITC-stabilized calcium phosphate nanoparticles 

(CaP/CMCFITC), the particles have a spherical morphology with a slight agglomeration. The 

average particle size in all the CMC-stabilized magnesium-doped nanoparticles were about 

40 to 50 nm.  

According to the SEM images of the nanoparticles the spherical morphology of the calcium 

phosphate nanoparticles was maintained after the addition of magnesium. The 

monodispersity in the magnesium-doped calcium phosphate nanoparticles was improved. As 

it is clear in the images, there were no significant agglomeration detected by the images.   

 

Table 7: DLS measurements of Magnesium-doped calcium phosphate nanoparticles stabilized and 

stained with CMC-FITC (CMCFITC) 

Name  Size (DLS) / 

nm 

PDI Zeta potential / 

mV 

Size (SEM) / 

nm 

CaP/CMCFITC 125 0.3 -17 ± 5 80 

Mg5Ca95P/CMCFITC 115 0.3 -13 ± 3 50 

Mg10Ca90P/CMCFITC 105 0.3 -19 ± 4 55 

Mg15Ca85P/CMCFITC 140 0.4 -20 ± 5 80 

Mg20Ca80P/CMCFITC 140 0.3 -18 ± 7 85 

 

All magnesium-doped calcium phosphate nanoparticle data are summarized in Table 7. All 

particles were freshly prepared before the experiments and did not show any changes in their 

properties (e.g. particle size and shape) during the time of the experiments (i.e. a few days). 

DLS measurements showed that magnesium-doped calcium phosphate nanoparticles had 

sizes around 100-140 nm, negative zeta potential around -13 to -20 mV and a PDI of 0.3 

whereas calcium phosphate nanoparticles had a diameter of 105 nm with a zeta potential of 

-17 mV. DLS measurements showed aggregates which is due to the fact that DLS 

measurements show the hydrodynamic radius of the particles. On the other hand, SEM 

images showed that magnesium-doped calcium phosphate nanoparticles had a spherical 

morphology with particle size around 50-85 nm. In the case of 5 % and 10 % magnesium-

doped calcium phosphate nanoparticles, the average size of the nanoparticles were slightly 

smaller than the other doping systems which is in agreement with the previous DLS data. 
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The difference in the particle size between the size determination using DLS and SEM 

indicates the level of agglomeration of the particles. 

 

5.4.3.2 Positively-charged nanoparticles 

In this section, magnesium-doped calcium phosphate nanoparticles in percentages of 5 %, 

10 %, 15 %, and 20 % were synthesized. These magnesium-doped calcium phosphate 

nanoparticles were with the PEIRh stabilized and stained. Pure calcium phosphate 

nanoparticles was also developed as a control. All the nanoparticles were characterized with 

AAS, DLS, EDX, and SEM as well as in vitro studies with different cell lines.  

Figure 66 shows the DLS diagrams of the magnesium-doped calcium phosphate 

nanoparticles as well as the two pure calcium phosphate and magnesium phosphate 

nanoparticles as control. 
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Figure 55: DLS measurements of calcium phosphate nanoparticles and magnesium-doped calcium 

phosphate nanoparticles stabilized and dyed with PEI-Rhodamine (PEIRh). 

 

The DLS results in Figure 55 show that the synthesized magnesium-doped calcium 

phosphate nanoparticles with a hydrodynamic diameter of approx. 90 to 110 nm are very 

well in the typical size range for calcium phosphate nanoparticles. The pure magnesium 

phosphate nanoparticles showed the average size of 70 nm which is smaller than the average 

size of the pure calcium phosphate nanoparticles and most of the magnesium-doped calcium 
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phosphate nanoparticles. 15 % magnesium-doped calcium phosphate nanoparticles 

presented also smaller average size by 65 nm in DLS. Moreover, all particles showed 

monomodal particle size distribution by DLS. Pure calcium phosphate nanoparticles 

(CaP/PEIRh) presented a DLS average size of 90 nm, positive zetapotential about 7 ± 3 mV 

and the DLS peak showed a monomodal particle size distribution. Pure magnesium 

phosphate nanoparticles (MgP/PEIRh) showed a smaller size by 70 nm, positive zetapotential 

about 10 ± 4 mV and also a monodisperse particle size distribution. All of the nanoparticles 

had a PDI of 0.3 which was another proof for the monomodality of the nanoparticles. 

The 5 % magnesium-doped calcium phosphate nanoparticles (Mg5Ca95P/PEIRh) had 

according to number distribution a particle size of 105 nm and a zetapotential of 5 ± 3 mV. 

The particle size indicated greater agglomeration in this system. For 10% magnesium-doped 

calcium phosphate nanoparticles (Mg10Ca90P/ PEIRh), the mean particle diameter was 

95 nm with a zetapotential of 8 ± 4 mV. For 20% magnesium-doped calcium phosphate 

nanoparticles (Mg20Ca80P/ PEIRh), the mean particle diameter was also 90 nm with a 

zetapotential of 15 ± 7 mV. All the 5 %, 10 %, and 20 % magnesium-doped calcium 

phosphate nanoparticles showed same average size by DLS.  

The 15 % magnesium-doped calcium phosphate nanoparticles (Mg15Ca85P/ PEIRh) had, 

according to number distribution, a particle size of 65 nm and a zetapotential of 8 ± 3 mV. 

All the systems gave monodisperse particle size distributions. The size ranges indicated a 

slight agglomeration of the particles and all of the nanoparticles showed positive zeta 

potential. 

 

Table 8 shows the AAS and EDX values of the magnesium-doped calcium phosphate 

nanoparticles. The synthesized magnesium-doped calcium phosphate nanoparticles should 

have 5 %, 10 %, 15 %, and 20 % magnesium. AAS and EDX data of these magnesium-doped 

calcium phosphate nanoparticles are summarized in Table 8. According to AAS and EDX 

date, magnesium-doped calcium phosphate nanoparticles showed slightly different ratios 

than the expected values.  
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Table 8: AAS and EDX measurements of magnesium-doped calcium phosphate nanoparticles 

stabilized and stained with PEI-Rhodamine (PEIRh). 

Sample 
AAS Ca  

/ mol% 

AAS Mg  

/ mol% 

EDX Ca 

/ mol% 

EDX Mg 

/ mol% 

CaP/PEIRh 100 0 100 0 

Mg5Ca95P/PEIRh 91 9 93 7 

Mg10Ca90P/PEIRh 85 15 87 13 

Mg15Ca85P/PEIRh 84 16 83 17 

Mg20Ca80P/PEIRh 81 19 82 18 

MgP/PEIRh 0 100 0 100 

 

 

Positively-charged nanoparticles were characterized by SEM to check their morphology and 

size. Figure 56 shows representative SEM images and associated histogram for the 

magnesium-doped calcium phosphate nanoparticles. Histograms from Figure 56 determined 

average size of the magnesium-doped calcium phosphate nanoparticles.  
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Figure 56: SEM images and relative histogram of calcium phosphate nanoparticles and magnesium-

doped calcium phosphate nanoparticles stabilized and dyed with PEI-Rhodamine (PEIRh). 
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SEM images of the magnesium-doped calcium phosphate nanoparticle and pure calcium 

phosphate nanoparticles are shown in Figure 56. With the Image J software, the diameters 

of approx. 100 particles were measured manually and the measured values were evaluated. 

For all particle systems, monodisperse particle size distributions with a spherical 

morphology could be found. All the nanoparticles had average particles size between 60 to 

70 nm. Pure calcium phosphate nanoparticles showed the average size of 55 nm by SEM. 

SEM data of magnesium-doped calcium phosphate nanoparticles together with PDI, 

zetapotential and DLS average size of the nanoparticles are summarized in Table 9. 

 

Table 9: DLS measurements of magnesium-doped calcium phosphate nanoparticles stabilized and 

stained with PEIRh. 

Name Size (DLS) / 

nm 

PDI Zeta potential / 

mV 

Size (SEM) / 

nm 

CaP/PEIRh 90 0.3 7 ± 3 55 

Mg5Ca95P/PEIRh 105 0.3 5 ± 3 60 

Mg10Ca90P/PEIRh 95 0.3 8± 4 60 

Mg15Ca85P/PEIRh 65 0.3 8 ± 3 55 

Mg20Ca80P/PEIRh 90 0.3 15 ± 4 75 

 

5.4.3.3 Cell biological characterization of magnesium-doped nanoparticles in different 

cells 

5.4.3.3.1 MTT test 

The viability of HeLa cells after 24 h of incubation with negatively and positively charged 

magnesium-doped calcium phosphate nanoparticles were determined with MTT test (Figure 

57). The vitality of the HeLa cells 24 h after incubation with magnesium-doped nanoparticles 

and pure calcium phosphate nanoparticles dispersed in DMEM was performed. After the end 

of the incubation, the cells were incubated with MTT reagent and the absorbance at 570 nm 

was measured in triplets. The intensity was calculated in relation to a sample of untreated 

cells. Three wells per particle type and six wells as a Mock group were used. The results of 

the investigations using MTT are shown in Figure 57. 
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Figure 57: Diagram of the MTT results for the incubation of HeLa cells with magnesium-doped 

nanoparticles and pure calcium phosphate nanoparticles dispersed in cell medium, and a group of 

untreated cells as a comparison (Mock). All of the nanoparticles were stabilized and stained with 

CMC-FITC (CMCFITC). 

 

Figure 57 showed the viability of HeLa cells after incubation with the CMCFITC stabilized 

magnesium-doped calcium phosphate nanoparticles and pure calcium phosphate 

nanoparticles. The evaluated toxicity test of the negatively charged magnesium-doped 

calcium phosphate nanoparticles and pure calcium phosphate nanoparticles showed almost 

no reduction of cell viability after incubation of the cells with magnesium-doped calcium 

phosphate nanoparticles in comparison to pure calcium phosphate nanoparticles. All the 

magnesium-doped calcium phosphate nanoparticles indicated more cell viability rather than 

the pure calcium phosphate nanoparticles. The viability of the cells in all of the magnesium-

doped calcium phosphate nanoparticles is about 80 %. 
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Figure 58: Diagram of the MTT results for the incubation of HeLa cells with magnesium-doped 

nanoparticles, pure calcium phosphate nanoparticles dispersed in cell medium and a group of 

untreated cells as a comparison (Mock). All of the nanoparticles were stabilized and stained with 

PEI-Rhodamine (PEIRh).  

 

Figure 58 showed the viability of HeLa cells after incubation with the positively-charged 

magnesium-doped calcium phosphate nanoparticles and pure calcium phosphate 

nanoparticles. The calculated viability results of the positively-charged magnesium-doped 

calcium phosphate nanoparticles and pure calcium phosphate nanoparticles showed that 

viability of positively-charged magnesium-doped calcium phosphate nanoparticles were 

more than 70 %. Pure calcium phosphate nanoparticles presented more cell viability than the 

other nanoparticles by the cell viability around 80 %. 5 % and 10 % magnesium-doped 

calcium phosphate nanoparticles showed also the appropriate cell viability around 76 % and 

78 %. Nevertheless, in the cases of 15 % and 20 % magnesium-doped calcium phosphate 

nanoparticles, the cell viability decreased to 66 %. This could be because of the 

agglomeration of the nanoparticles or more amount of magnesium in the medium of the cells.   
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5.4.3.3.2 Uptake studies of magnesium-doped calcium phosphate nanoparticles 

Here, the uptake of negatively-charged nanoparticles and positively-charged nanoparticles 

is discussed. A previous study about the mechanism of uptake of the negatively charged 

calcium phosphate nanoparticles and positively charged calcium phosphate nanoparticles 

suggested that negatively charged calcium phosphate nanoparticles enter the cell by 

macropinocytosis [101, 323, 324]. For positively charged calcium phosphate nanoparticles, 

the mechanism of uptake into the cells occurs clathrin- or caveolin-mediated endocytosis 

[325, 326]. Nevertheless, a study about uptake of calcium phosphate nanoparticles showed 

that uptake mechanism of calcium phosphate nanoparticles into HeLa cells occurred by 

macropinocytosis rather than by clathrin- or caveolin-mediated endocytosis [101]. 

Three different cell lines named: HeLa, MG-63, and MC3T3 cells were used for microscopic 

examinations of the uptake of the negatively charged and positively charged magnesium-

doped calcium phosphate nanoparticles as well as pure calcium phosphate nanoparticles as 

control. The cells were trypsinized 24 h before the uptake experiments and seeded in the 8-

well µ-slide plate with a cell density of 10 · 103 cells per well. For cell uptake, 2-3 mg of the 

dried magnesium-doped calcium phosphate nanoparticles and pure calcium phosphate 

nanoparticles were dispersed in 1 mL of the cell culture medium. 200 μL of the dispersion 

were added to the cell line. The cells were incubated for 24 h at 37 °C under a 5 % CO2 

atmosphere. After the incubation, the cells were washed three times with PBS and fixated 

and stained to be prepare for the confocal microscopy.  

 

5.4.3.3.2.2 Uptake studies of negatively charged magnesium-doped calcium phosphate 

nanoparticles 

The CMCFITC stabilized magnesium-doped calcium phosphate nanoparticles were 

synthesized as mentioned in experimental section, characterized and used here. In order to 

study in vitro about these negatively-charged magnesium-doped calcium phosphate 

nanoparticles, three different cell lines were also used. In this section, uptake studies with 

negatively-charged magnesium-doped calcium phosphate nanoparticles by HeLa, MG-63, 

and MC3T3 cells are shown. 
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Figure 59: Uptake studies of HeLa cells with untreated cells (Mock), and after incubation for 24 h 

with calcium phosphate/CMC-FITC (CaP/CMCFITC), and 5 %, 10 %, 15 %, and 20 % magnesium-

doped calcium phosphate nanoparticles. Red: actin; blue: nucleus; green: nanoparticles contained 

FITC. Scale: 20 μm. 

 

Figure 59 shows the confocal microscope images of the HeLa cells after 24 h incubation 

with either calcium phosphate or magnesium-doped calcium phosphate nanoparticles which 

were stabilized and stained with CMCFITC. A sample of untreated cells (Mock) as a control 

is also considered. The nanoparticles are shown in green color and can be identified inside the 

cell. No fluorescence in the wavelength range for FITC could be found in the Mock group. 

The fluorescence in these images came exclusively from the labeled nanoparticles. The 

nanoparticles could be clearly identified inside the cell volume and it confirmed the uptake of 

the prepared nanoparticles. CLSM z-stacking confirmed that the nanoparticles were inside the 

cell and not over it. 
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Figure 60: Uptake studies of MG-63 cells with untreated cells (Mock), and after incubation for 24 h 

with calcium phosphate/CMC-FITC (CaP/CMCFITC), and 5%, 10%, 15%, and 20% magnesium-

doped calcium phosphate nanoparticles. Red: actin; blue: nucleus; green: nanoparticles contained 

FITC. Scale: 20 μm. 

 

Figure 60 shows the confocal microscope images of the MG-63 cells after treating with the 

calcium phosphate and magnesium-doped calcium phosphate nanoparticles which stabilized 

and dyed with CMCFITC. In these images, similarly to the images by HeLa cells, the 

nanoparticles were perfectly taken up by the MG-63 cells. There is no significant variance 

between cell uptake of magnesium-doped calcium phosphate nanoparticles and pure calcium 

phosphate nanoparticles. 
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Figure 61: Uptake studies of MC3T3 cells with untreated cells (Mock), and after incubation for 24 h 

with calcium phosphate/CMC-FITC (CaP/CMCFITC), and 5 %, 10 %, 15 %, and 20 % magnesium-

doped calcium phosphate nanoparticles. Red: actin; blue: nucleus; green: nanoparticles contained 

FITC. Scale: 10 μm. 

 

Figure 61 shows the confocal microscope images of the MC3T3 cells after incubation with 

the calcium phosphate and magnesium-doped calcium phosphate nanoparticles which 

stabilized and dyed with CMCFITC. According to the confocal images, Mock did not show 

any fluorescence in the wavelength range for FITC. The fluorescence in the wavelength 

range for FITC were observed in all of the MC3T3 cells which were treated with the 

nanoparticles. Pure calcium phosphate nanoparticles showed smaller amount of particles 

inside the cells than the magnesium-doped calcium phosphate nanoparticles. Agglomerates 

of the nanoparticles were seen in the images, nevertheless, all kind of the nanoparticles 

showed were taken up by MC3T3 cells. 

 

5.4.3.3.2.2 Uptake studies of positively charged magnesium-doped calcium phosphate 

nanoparticles 

Uptake studies were initially carried out to check which particles can be absorbed by the 

cells. For this purpose, three different cell lines were used. HeLa cells, MG63 cells, and 
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MC3T3 cells were studied. MG-63 and MC3T3 cells have been widely reported to present 

osteoblast-like behavior.  

In order to study in vitro about uptake of nanoparticles by cells, cells were seeded in 8-well 

μ-slides and, after adhesion, incubated with positively-charged magnesium-doped calcium 

phosphate nanoparticles for 24 h. after the incubation, cytoskeleton and nucleolus of cells 

were colored and studied with confocal microscope. 

 

 

Figure 62: Uptake studies of HeLa cells with untreated cells (Mock), and after incubation for 24 h 

with calcium phosphate/PEI-Rhodamine (CaP/PEIRh), and 5 %, 10 %, 15 %, and 20 % magnesium-

doped calcium phosphate nanoparticles. Red: actin; blue: nucleus; red: nanoparticles contained 

rhodamine. Scale: 50 μm. 

 

Figure 62 shows the confocal microscope images of HeLa cells after incubating with the 

positively charged calcium phosphate and magnesium-doped calcium phosphate 

nanoparticles. As it is obvious in every image, the PEIRh-stained magnesium-doped calcium 

phosphate nanoparticles could be taken up by HeLa cells. 
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Figure 63: Uptake studies of MG-63 cells with untreated cells (Mock), and after incubation for 24 h 

with calcium phosphate/PEI-Rhodamine (CaP/PEIRh), and 5 %, 10 %, 15 %, and 20 % magnesium-

doped calcium phosphate nanoparticles. Red: actin; blue: nucleus; red: nanoparticles contained 

rhodamine. Scale: 10 μm. 

 

Uptake studies of the positively-charged magnesium-doped calcium phosphate nanoparticles 

were also performed on the MG-63 cell line and the confocal images were shown in 

figure 63. Here, the in vitro studies with MG-63 cell line showed a good cellular uptake with 

positively-charged magnesium-doped calcium phosphate nanoparticles. These magnesium-

doped calcium phosphate nanoparticles could be absorbed by the MG-63 cells.  
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Figure 64: Uptake studies of MC3T3 cells with untreated cells (Mock), and after incubation for 24 h 

with calcium phosphate/PEI-Rhodamine (CaP/PEIRh), and 5 %, 10 %, 15 %, and 20 % magnesium-

doped calcium phosphate nanoparticles. Red: actin; blue: nucleus; red: nanoparticles contained 

rhodamine. Scale: 50 μm. 

 

By studying with MC3T3 cell line, uptake studies of the positively charged magnesium-

doped calcium phosphate nanoparticles were also examined in this cells and shown in 

figure 64. In these confocal images there was no detectable fluorescence in the wavelength 

range for rhodamine. However, according to the images, positively charged magnesium-

doped calcium phosphate nanoparticles were taken up by Mc3T3 cells. There is a small 

amount of agglomerates noticeable in the images. Nevertheless, nanoparticles were clearly 

taken up by the cells with actually no reduction in the number of live cells.  
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5.4.3.3.3 ALP studies 

In order to study about ALP activities of nanoparticles, Hela cells were used and prepared 

as mentioned in section 4.4.7. All experiments were performed in triplicates and repeated 

independently three times. The results represent the average values of triplicates. Error bars 

indicate the standard deviation (SD) of triplicates unless otherwise indicated. Figure 65 

showed the ALP activity graphs of the strontium- and magnesium-doped calcium phosphate 

nanoparticles after 7, 14, and 21 days of incubation with HeLa cells. 

 

Figure 65: Alkaline phosphatase (ALP) activity in the HeLa cells treated with strontium- and 

magnesium-doped calcium phosphate nanoparticles was measured using the p-nitrophenyl phosphate 

assay and normalized to protein content after incubation for 7, 14, and 21 days.  

 

Calcium phosphate nanoparticles without strontium and magnesium was used as a control. 

This pure calcium phosphate nanoparticles showed ALP activity more than the Mock group 

which was the cells without any nanoparticles. Nevertheless, the ALP activity of calcium 

phosphate nanoparticles showed the smaller amount of ALP activity rather than the 

strontium and magnesium-doped calcium phosphate nanoparticles. There were no significant 

differences between the ALP activities of sample groups with various concentrations of 
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strontium and magnesium. In all the cases, strontium-doped calcium phosphate nanoparticles 

showed more ALP activity than the magnesium-doped calcium phosphate nanoparticles. 

After culturing the cells and nanoparticles for 14 days, changes in the ALP activity trend 

between sample groups was observed. Pure calcium phosphate nanoparticles presented less 

amount of ALP activity in comparison to the strontium and magnesium-doped calcium 

phosphate nanoparticles and strontium-doped calcium phosphate nanoparticles had more 

ALP activity than the magnesium-doped calcium phosphate nanoparticles. Strontium-doped 

calcium phosphate nanoparticles showed different changing trend than the same after 7 days. 

5 % strontium-doped calcium phosphate nanoparticles showed more ALP activity than the 

other strontium-doped calcium phosphate nanoparticles. On the other hand, magnesium-

doped calcium phosphate nanoparticles showed slight changes of ALP trend in comparison 

to the ALP activities after 7 days. Magnesium-doped calcium phosphate nanoparticles 

showed more ALP activities with increasing in doping percentages of the magnesium in 

nanoparticles. 

According to ALP graphs (Figure 65), the ALP activities were higher as compared to the 7 

days culture time and the data showed that strontium and magnesium-doped calcium 

phosphate nanoparticles can enhance the positive effect of the calcium phosphate 

nanoparticles and activity in HeLa cells. Previous studies prove that strontium replacement 

for calcium into hydroxyapatite have a beneficial effect on the osteointegration and bone 

regeneration of MG63 osteoblast-like cells and prevents unwanted bone resorption [295, 

327, 328]. 

As mentioned before, magnesium is one of the most useful trace elements. A study on 

magnesium-doped hydroxyapatite was reported an increase in osteoblast activity and 

reduction in osteoclast activity [198]. 

Changes in ALP activities after 21 days were also increased in comparison to the ALP 

activities after 14 days. As ALP activities of pure calcium phosphate nanoparticles were 

increased from 8 U L-1 (ALP activities after 14 days) to 12 U L-1 (ALP activities after 21 

days). In addition it was obvious that ALP activities were improved by increasing percentage 

of the strontium or magnesium in doped-nanoparticles. ALP activities of 10 % strontium- 

and 10 % magnesium-doped calcium phosphate nanoparticles showed that this ratio of 

doping nanoparticles had maximum alkaline phosphatase activities among other ratios after 

21 days. 
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5.4.3.3.4 Conclusion  

In this part of the work, a synthesis method for preparing highly uniform and spherical 

strontium or magnesium-doped calcium phosphate nanoparticles was developed. The 

composition of the strontium or magnesium-doped calcium phosphate nanoparticles can be 

tuned by proper choice of mineralizing solutions. The nanoparticles showed separate 

spherical nanoparticles in SEM. Uptake studies showed that the nanoparticles could easily 

be taken up by three different cell line such as HeLa, MG-63, and MC3T3.  

All of the results together showed that strontium-doped calcium phosphate nanoparticles 

have great potential for being employed in biomedicine or medicine. In the studies with 

magnesium-doped calcium phosphate nanoparticles, negatively and positively charged 

nanoparticles were developed which both showed also successful uptake by the cell lines. 

ALP activity is considered an important parameter for the mineralization of bone and a useful 

biochemical marker of bone formation. In this work, the effect of both strontium- and 

magnesium-doped calcium phosphate nanoparticles on the production of alkaline 

phosphatase by HeLa cells after 7, 14, and 21 days of culture were shown. After culturing 

for 7 days, the relative ALP activities of HeLa cells were higher on the sample groups treated 

with nanoparticles as compared with controls. After 14, and 21 days, the relative ALP 

activities of HeLa cells were three times and four times higher on the sample groups treated 

with nanoparticles as compared with controls. 

 

5.5 Incorporation of ultra-small gold nanoparticles and gold nanoclusters 

in capsules and suppositories 

As mentioned before, metal nanoparticles have been the subject of many studies in drug 

delivery and tumor therapy because of their versatile properties [329-334]. Among them, 

gold nanoparticles are especially prominent because of their low toxicity, their good uptake 

by cells, and their comparatively easy synthesis and functionalization [335-337]. In the last 

decade, ultrasmall gold nanoparticles (approximately 2 nm) have gained increasing interest 

due to their small size which lies between molecules and proteins [338-341]. Unlike larger 

(plasmonic) nanoparticles, they show a distinct autofluorescence, which is promising for 

imaging and theragnostic [342, 343]. It has been shown that a decreasing size of 

nanoparticles can improve the delivery efficiency in tumor tissue [344, 345]. Ultrasmall gold 

nanoparticles can also cross the blood-brain barrier [346]. Gold nanoclusters are even smaller 

(<1 nm). They have an intense autofluorescence due to molecule-like electronic transitions 

[347]. Thus, they have been proposed for biolabeling and bioimaging [348]. Bovine serum 
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albumin (BSA) has been used in the synthesis of gold nanoclusters as both reducing and 

stabilizing agent [249]. It represents an excellent model protein to study the protein transport 

together with nanoparticles as such nanoclusters have a low cytotoxicity. Generally, 

nanocarriers can transport drugs into cells for a therapeutic action, e.g. nucleic acids, peptides 

and proteins, or small molecules [124, 127, 349-352]. Therefore, the ultra-small gold 

nanoparticles and nanoclusters were decided to use in this study and survey the possibility 

of transporting them with the capsules and suppositories into the colon or intestine [353].  

5.5.1 Characterization of ultra-small gold nanoparticles 

Glutathione-coated gold nanoparticles (Au-GSH) and BSA-functionalized gold nanoclusters 

(Au-BSA) were used as model compounds for the delivery of nanoparticles into the colon.  

Glutathione (GSH) is a tripeptide consisting of the three amino acids glutamic acid, cysteine 

and glycine. It can bind to gold by the thiol group of the central cysteine. The Au-GSH 

nanoparticles were characterized with respect to size and composition. HRTEM provided 

information about size and morphology of the nanoparticles (Figure 66). Au-GSH particles 

are shown in the TEM image with an average core diameter of 1.7 ± 0.5 nm. This was in 

good agreement with the DCS results that gave the hydrodynamic diameter of water-

dispersed nanoparticles (Figure 67). This confirms well-dispersed nanoparticle without 

significant agglomeration. 

 

 

Figure 66: HRTEM image of Au-GSH nanoparticles (left) and particle size distribution (right). 

Measurement and Analysis were carried out by Dr. Kateryna Loza under the supervision of Dr. Mark 

Heggen in the Ernst Ruska-Center, Forschungszentrum Jülich GmbH, Germany. 
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Figure 67: Disc centrifugal sedimentation data (DCS) of Au-GSH nanoparticles. 

 

UV/Vis spectroscopy showed no surface plasmon resonance peak which would be caused 

by larger gold nanoparticles, confirming the absence of bigger (plasmonic) gold particles. 

To follow the nanoparticles inside cells, we labelled them with the dye FITC. In turn, the 

UV/Vis absorption spectrum of Au-GSH-FITC nanoparticles showed the presence of FITC 

with two typical absorption maxima at 450 and 490 (Figure 68). 
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Figure 68: UV/Vis spectra of Au-GSH nanoparticles before (black) and after labelling with NHS 

fluorescein (FITC) (red). 

 

The ligand structure is accessible by NMR spectroscopy as the nanoparticles are ultrasmall. 

The 1H-NMR spectra of pure GSH in D2O at pH 4 and 8.5 showed all expected peaks with 

a notable pH-dependency of the chemical shift. The spectrum of Au-GSH nanoparticles 

showed broadened downfield-shifted signals. This NMR peak broadening is a well-known 

phenomenon that is caused by the presence of the metallic nanoparticle [68-72]. It depends 

on the distance between magnetic nucleus and metal particle. Therefore, the signal of the 

(alpha) protons of the cysteine was shifted most and decreased in intensity. The NMR 

spectrum of the particles was measured with water suppression, which also suppressed the 

signal of the H2 proton due to its close proximity to the water signal. The absence of sharp 

NMR signals in the spectrum of the Au-GSH nanoparticles confirmed that there were no 

residual or detached ligands in the dispersion (Figure 69). 
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Figure 69: 1H-NMR spectra of dissolved glutathione (GSH; pH 4.0 and pH 8.5) and of glutathione-

functionalized ultrasmall gold nanoparticles (Au-GSH; pH 8.5). 

 

Gold clusters can also be stabilized by proteins. In this respect, BSA is a model protein which 

also has the advantage to render the gold cluster autofluorescent [347, 354]. To probe the 

integrity of the gold-BSA cluster complex, we additionally labelled BSA with 

AlexaFluor555. Thus, we could follow both the gold core and the fluorescent protein shell. 

Figure 70 shows the fluorescence spectra of Au-BSA and of Au-BSA-Alexa555 

nanoclusters. The gold core gives rise to a broad emission peak with maxima at 664 and 680 

nm. The AF555 dye leads to a sharp emission maximum at 567 nm. The molar ratio of gold 

to BSA was determined by AAS (Au) and by UV spectroscopy (BSA-AF555). We obtained 
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a molar ratio Au: BSA of 4: 1 after the purification of nanoclusters, in accordance with earlier 

studies [354-358]. 

 

 

Figure 70: Left: Fluorescence spectra of Au-BSA and Au-BSA-AF555 nanoclusters. Right: Images 

of fluorescing nanoclusters under UV irradiation: Au-BSA dispersion (A), Au-BSA-AF555 

dispersion (B), and solid Au-BSA-AF555 freeze-dried with trehalose (C). 

5.5.2 Capsule and suppository loading 

For colon delivery, capsules and suppositories were loaded with freeze-dried Au-GSH 

nanoparticles and Au-BSA nanoclusters. Table 10 and 11 give the full characterization data 

for nanoparticle-loaded capsules and suppositories.  
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Table 10: Characterization of gelatin capsules, loaded with either Au-GSH nanoparticles or Au-BSA 

nanoclusters. Given are weight percentages with respect to the total weight of nanocarriers including 

trehalose (± indicates the standard deviation). 

Empty capsule weight / mg 2.2 ± 0.5 

Capsule content of Au-GSH-FITC + trehalose / mg 3.3 ± 0.5 (100 %) 

Capsule content of Au / µg  34 ± 5 (1.05 %) 

Capsule content of FITC / µg  4.0 ± 0.6 (0.12 %) 

Capsule content of Au-BSA-AF555 + trehalose / mg 3.3 ± 0.5 (100 %) 

Capsule content of Au / µg  6.3 ± 0.9 (0.19 %) 

Capsule content of AF555 / µg  

Capsule content of BSA / mg 

0.2 ± 0.05 (0.007 %) 

0.5 ± 0.1 (14.6 %) 

 

 

Table 11: Characterization of hard-fat suppositories, loaded with either Au-GSH nanoparticles or 

Au-BSA nanoclusters. Given are weight percentages with respect to the total weight of a suppository 

(± indicates the standard deviation).  

Total suppository weight / mg 60 ± 2 (100 %) 

Suppository content of hard fat / mg 48 ± 2 (80.3 %) 

Suppository content of Au-GSH-FITC + trehalose / mg 11.8 ± 0.5 (19.7 %) 

Suppository content of Au / µg 124 ± 5 (0.2 %) 

Suppository content of FITC / µg 14.2 ± 0.6 (0.02 %) 

Suppository content of Au-BSA-AF555 + trehalose / mg 11.8 ± 0.5 (19.7 %) 

Suppository content of Au / µg  22.5 ± 1.0 (0.04 %) 

Suppository content of AF555/ µg  

Suppository content of BSA / mg 

0.9 ± 0.05 (0.002 %) 

1.7 ± 0.1 (2.8 %) 

 

5.5.3 Particle release from capsules and suppositories 

Nanocarrier-filled coated capsules were immersed in simulated stomach medium (0.1 M 

HCl, pH 1) and simulated intestinal medium (MOPS buffer, 0.15 M, pH 7.1) to assess the 

nanoparticle release rate. The release of particles was followed by measuring the gold 

concentration in the immersion medium. The filled capsules were immersed in 600 µL of 

simulated stomach medium or 500 µL of MOPS buffer, respectively, and aliquots of 100 µL 

were taken every 15 to 30 min. 100 µL aqua regia was added to each sample to dissolve the 
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gold nanocarriers, then it was diluted with water to 3 mL, and analyzed by AAS (Figure 71 

and 72).  

 

Figure 71: Atomic absorption spectroscopic (AAS) results of the release of Au-GSH from polymer-

coated capsules: A: Simulated stomach conditions (pH 1) and B: Simulated intestinal conditions (pH 

7.1). Error bars indicate the standard deviation of the mean (N=4). 

 

 

Figure 72: Atomic absorption spectroscopic (AAS) results of the release of Au-BSA nanoclusters 

from polymer-coated capsules: A: Simulated stomach conditions (pH 1) and B: Simulated intestinal 

conditions (pH 7.1). 

 

For uncoated gelatin capsules (Figure 71 and 72), a rapid particle release was observed at 

pH 1 as the capsules were easily dissolved. The enteric-coated capsules released 12 % at 

most after 2 h, depending on the enteric coating polymer. In contrast, the coated capsules 

showed a rapid release of the particles within 90 min at pH 7.1, i.e. at the neutral conditions 

in the colon. As the passage time from the stomach into the colon is of the order of hours 

[359-363], this release rate is well suited to transport particles to the colon.  
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5.5.4 In vitro studies of the transport vehicles contain ultra-small gold nanoparticles 

After characterizing the capsules in simulation stomach and intestine medium, for any 

biomedical application, the delivery system and its cargo must be non-toxic. Therefore, the 

cytotoxicity of gold nanoparticles, gold nanoclusters, capsules and suppositories were 

assessed with HeLa cells by the MTT assay (Figure 73). For this purpose, a capsule was 

dissolved in 500 µL DMEM, filtered, and 250 µL was added to the cell culture (about 16 µg 

gold per well). A half suppository was molten in 1 mL DMEM at 37 °C, and 250 µL of this 

solution was given to the cell culture (15.5 µg gold per well). As control, 35 µg gold 

nanocarrier was given to the cell culture. Except for Eudragit and Eudragit-chitosan in 

combination with the gelatin capsules, all components were highly cytocompatible. The 

cytotoxicity appears to be a synergetic effect of Eudragit L100 and gelatin as found earlier 

[363]. 

 

Figure 73: Viability of HeLa cells by the MTT assay in the presence of the components of dissolved 

enteric-coated capsules and suppositories, previously loaded with Au-GSH nanoparticles and Au-

BSA nanoclusters (mean ± standard deviation; N=3) 
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5.5.5 Uptake of particle released from capsules and suppositories by cells 

The nanoparticles and nanoclusters were well redispersed after dissolution of the capsule or 

the suppository and easily taken up by cells, underscoring their ability to act as drug delivery 

vehicles. Figure 74 shows cell uptake experiments of as-prepared and of released Au-GSH 

nanoparticles with HeLa cells. Confocal laser scanning microscopy showed a strong green 

fluorescence of FITC in the cytosol. The nanoparticles were released from the enteric-coated 

capsules and suppositories and taken up by HeLa cells, except for Eudragit-chitosan-coated 

capsules. In that case, a possible interaction between the two polymers, the dissolved gelatine 

capsule, and the particles may have led to agglomeration (the cells were washed before 

imaging, removing most extracellular particles). Similar results were also obtained for 

capsules and suppositories containing drug-loaded calcium phosphate nanoparticles that 

were also successfully taken up by the HeLa cells after dissolution of capsules [363] or 

suppositories [364]. 
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Figure 74: Confocal laser scanning microscopy images of HeLa cells after 24 h cultivation (control; 

A), and after incubation for 24 h with dispersed Au-GSH-FITC nanoparticles (70 µg mL-1) (B). The 

uptake of Au-GSH-FITC nanoparticles from coated gelatin capsules after dissolution is shown in (C) 

for Eudragit (88 µg mL-1), (D) for Eudragit-chitosan (65 µg mL-1), (E) for cellulose acetate phthalate 

(CAP; 60 µg mL-1), (F) for hydroxypropylmethylcellulose-Eudragit (HPMC-Eudragit; 60 µg mL-1), 

and (G) for hydroxypropylmethylcellulose-polyvinylalcohol-Eudragit (HPMC-PVA-Eudragit; 72 µg 

mL-1). (H) shows the uptake of Au-GSH-FITC nanoparticles after release from a hard-fat suppository 

(62 µg mL-1). Red: Actin (cytoskeleton); Blue: Cell nucleus; Green: Au-GSH-FITC nanoparticles. 

Scale bar 10 µm. All given concentrations refer to gold in the cell culture well. 
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The results were comparable for Au-BSA-Alexa555 nanoclusters (Figure 75). Confocal laser 

scanning microscopy showed the green autofluorescence of gold nanoclusters that easily 

penetrated the cell membrane due to their small size. The nanoclusters were released from 

the enteric coated capsules and suppositories, obviously in well-dispersed form, and taken 

up by the HeLa cells.  

 

Figure 75: Fluorescence microscopy images of HeLa cells after 24 h cultivation (control; A) and after 

24 h incubation with Au-BSA nanoclusters (43 µg mL-1 Au) (B). The uptake of Au-BSA nanoclusters 

from dissolved capsules is shown in (C) for Eudragit (42 µg mL-1 Au), (D) for Eudragit-chitosan (42 

µg mL-1 Au), (E) for CAP (45 µg mL-1 Au), (F) for HPMC-Eudragit (50 µg mL-1 Au), and (G) for 

HPMC-PVA-Eudragit (47 µg mL-1 Au) (H) shows the uptake of Au-BSA nanoclusters after release 

from a suppository (52 µg mL-1 Au). Blue: Nucleus; Green: Au-BSA nanocluster autofluorescence. 

Scale bar 50 µm. All given concentrations refer to gold in the cell culture well. 

 

Protein-coated gold nanoclusters can be used to transport proteins into cells [365]. To 

monitor the transport of the protein BSA with the ultrasmall gold nanoclusters, cell uptake 

studies were performed with HeLa cells and Au-BSA-AF555 nanoclusters (Figure 76). 

Confocal microscopy showed that the gold autofluorescence and the BSA-AF555 

fluorescence were mostly co-localized, i.e. gold nanocluster and protein were taken up 

together. 
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Figure 76: Confocal laser scanning microscopy images of HeLa cells incubated for 24 h with 

dispersed Au-BSA-AF555 nanoclusters (13.3 µg mL-1 Au) (A). The uptake of Au-BSA-AF555 

nanoclusters from dissolved capsules is shown in (B) for Eudragit (14.5 µg mL-1 Au), in (C) for CAP 

(15.4 µg mL-1 Au), in (D) for HPMC-Eudragit (17.0 µg mL-1 Au), and in (E) for HPMC-PVA-

Eudragit (16.5 µg mL-1 Au) (F) shows the uptake of Au-BSA-AF555 nanoclusters after release from 

a suppository (22 µg mL-1 Au). Grey: Actin; Blue: Nucleus; Green: Au-BSA autofluorescence; Red: 

Au-BSA-AF555 fluorescence from AF555. Scale bar 25 µm. 

5.5.6 Conclusions 

The strategies for the oral and rectal transport of ultrasmall gold nanoparticles and gold 

nanoclusters into the intestine were studied in this chapter. In order to deliver theranostic 

nanoparticles and nanoclusters to the intestine by oral intake, and protecting them from the 

gastric acid, they can be freeze-dried gold and filled into a gelatin capsule that is coated with 

different enteric coating polymers. The enteric coated capsules are stable under the acidic 

conditions of the stomach (pH 1). The nanoparticles and nanoclusters are well redispersible 

in cell culture medium (DMEM) after dissolution of capsule or suppository and taken up by 

HeLa cells. Although Eudragit L100-chitosan as one of our enteric coating options was 

efficient for protection against acids, an uptake of the nanoparticles into cells did not occur, 

and it was significantly cytotoxic. In contrast, capsules coated with Eudragit L100, cellulose 

acetate phthalate, hydroxypropylmethyl cellulose-Eudragit, or 
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hydroxypropylmethyl/cellulose-polyvinylalcohol-Eudragit are well suited for an efficient 

particle uptake by cells. Thus, enteric coated capsules and suppositories are efficient carriers 

of drug-loaded gold nanoparticles and gold-protein nanoclusters for a potential biomedical 

application, both for local and systemic drug delivery, including proteins. 
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6. Summary and conclusions 

In the first part of this work calcium phosphate nanoparticles were synthesized and 

functionalized with different nucleic acids and dyes to be appropriate for tracking in cells. 

Strategies for the transport of the synthesized nanoparticles into the intestine were 

developed with gelatin soft capsules and suppositories. If the nanoparticles are to reach the 

intestine via oral intake, they must be protected from gastric acid. For this purpose, freeze-

dried nanoparticles were filled into a gelatin capsule and coated with different enteric 

polymers such as Eudragit L 100, a combination of Eudragit L 100 and chitosan, CAP, 

HPMC-Eudragit L 100, and HPMC-PVA-Eudragit L 100. Different enteric coatings were 

developed to make the release of nanoparticles more site and time specific. The Protection 

of the nanoparticles in enteric coated gelatin capsules against gastric acid was researched in 

simulation experiments. The time specific release rate of the nanoparticles in acidic medium 

simulating the gastric environment and in basic medium simulating the intestine 

environment was tracked by AAS and UV/Vis. All the polymer coated capsules showed 

proper protection of the nanoparticles in acidic medium. The Release rate of the 

nanoparticles varied for the different enteric coating systems. Eudragit L 100 coated capsule 

showed delayed release in comparison to the other coated capsules. Nevertheless, 

if a capsule is coated with a combination of Eudragit L 100 and chitosan, the release rate 

increases drastically. Another capsule coating system benefits of two layers of polymers. 

The first layer is a water-soluble polymer and the second layer acts as a protective layer like 

Eudragit L 100.  HPMC-Eudragit L 100 and HPMC-PVA-Eudragit L 100 coated gelatin 

capsules showed faster release rate than only Eudragit L 100 coated capsule and slower 

release rate than the Eudragit L 100-chitosan coated capsules.   

The released nanoparticles from the capsule were studied in in vitro by MTT test, uptake, 

and transfection in HeLa and Caco-2 cell lines. Cell viability of nanoparticles released from 

Eudragit L 100 coated capsules and Eudragit® L 100-chitosan coated capsules showed 

around 40 % viability by both HeLa and Caco-2 cells indicating improper interaction 

between Eudragit L 100, soft gelatin capsule and nanoparticles. The polymer layer protected 

the nanoparticles from degradation in gastric acid, but after dissolution at neutral pH values, 

the polymer interacted with the positively charged nanoparticles, so that they were no longer 

functional in the cell culture. Uptake and transfection studies also showed that the released 

nanoparticles from Eudragit L 100 coated capsule and Eudragit L 100-chitosan coated 

capsule were not appropriate in cell studies. Other coated capsules showed suitable cell 

viability around 85 % in both HeLa and Caco-2 cells. The released nanoparticles from CAP, 
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HPMC-Eudragit L 100, and HPMC-PVA-Eudragit L 100 coated capsules could easily be 

taken up and transfected by both cell lines. Gene silencing was studied by using HeLa-

EGFP cells. All released nanoparticles except for the particles released from Eudragit L 100 

and Eudragit L 100-chitosan coated capsules showed high gene silencing efficiency which 

proved functionality of the particles after the release. Alternatively, a suppository was 

developed that could release the nanoparticles in the intestine after rectal application. In in 

vitro tests it was found that the particles, after being released from a suppository, had very 

suitable cell viability, cell uptake and transfection efficiency as well as muting efficiencies.   

In the second part of this work Ultra-small gold nanoparticles (about 1.8 nm) and 

nanoclusters were synthesized, characterized and studied in vitro. Nanoparticles and 

nanoclusters showed very well cell uptake and viability by HeLa cells. These nanoparticles 

and nanoclusters then were filled in the previously developed capsules and suppositories. 

Ultra-small gold nanoclusters were coated with dyed BSA and the nanoparticles 

functionalized with a FITC dye to be pursuable in in vitro studies. Gold nanoparticles and 

nanoclusters released from coated capsules showed impeccable cell viability and cell uptake 

by HeLa cells. BSA-dye coated nanoclusters proved that the gold nanoclusters were able to 

carry BSA in the HeLa cells.  

In the next part of this present work, the use of composite materials made of calcium 

phosphate and biodegradable polymers based on polylactide for the transport of active 

substances was investigated. Calcium phosphate PLGA nanoparticles were developed as an 

active substance carrier system for anionic, hydrophilic active substances such as nucleic 

acids. Water-in-oil-in-water emulsion techniques proved to be optimal synthesis routes and 

delivered spherical calcium phosphate PLGA nanoparticles with a core diameter of approx. 

100 nm.  Cell uptake and transfection studies using confocal laser scanning microscopy 

showed that the nanoparticles were absorbed and transfected very well by HeLa cells. Gene 

silencing studies with the nanoparticles showed also that these nanoparticles had ideal 

muting efficiency by HeLa-EGFP cells.  

In the last part of this work, strontium- and magnesium-doped calcium phosphate 

nanoparticles were synthesized for bone regeneration properties. These nanoparticles were 

doped with concentrations of 5 %, 10 %, 15 %, and 20 % strontium and magnesium, 

respectively. These nanoparticles were characterized and studied in vitro. Spherical 

nanoparticles with comparable sizes at about 50-70 nm for all compositions were achieved. 

Cell viability and cell uptake of the nanoparticles were studied with HeLa, MG-63, and 

MC3T3 cell lines. All the strontium and magnesium doped calcium phosphate nanoparticles 
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showed promising cell viability by more than 70 % and very proper uptake by these three 

different cell lines. These doped nanoparticles showed very slight variances in comparison 

to each other, and a better uptake compared to pure calcium phosphate nanoparticles. In this 

work, the effect of both strontium- and magnesium-doped calcium phosphate nanoparticles 

on the production of alkaline phosphatase by HeLa cells after 7, 14, and 21 days of culture 

were shown. After culturing for 7 days, the relative ALP activities of HeLa cells were higher 

on the sample groups treated with nanoparticles as compared with controls. After 14, and 21 

days, the relative ALP activities of HeLa cells were three times and four times higher on the 

sample groups treated with nanoparticles as compared with controls. 

In summary, it can be stated that in the present work materials and particles based on calcium 

phosphate were successfully developed both for the transport of active substances in 

nanomedicine and for the generative production of bone substitute materials.  
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7. Zusammenfassung 

Im ersten Teil dieser Arbeit wurden Calciumphosphat-Nanopartikel synthetisiert und mit 

verschiedenen Nukleinsäuren und Farbstoffen funktionalisiert, um sie für das Tracking in 

Zellen geeignet zu machen. Strategien für den Transport der synthetisierten Nanopartikel in 

den Darm wurden mit Gelatine-Weichkapseln und Zäpfchen entwickelt. Sollen die 

Nanopartikel über die orale Aufnahme in den Darm gelangen, müssen sie vor der 

Magensäure geschützt werden. Dazu wurden gefriergetrocknete Nanopartikel in eine 

Weichkapsel gefüllt und mit verschiedenen magensaftresistenten Polymeren wie Eudragit L 

100, einer Kombination aus Eudragit L 100 und Chitosan, CAP, HPMC-Eudragit L 100 und 

HPMC-PVA beschichtet -Eudragit L 100. Verschiedene magensaftresistente 

Beschichtungen wurden entwickelt, um die Freisetzung von Nanopartikeln orts- und 

zeitspezifisch zu gestalten. Der Schutz der Nanopartikel in magensaftresistenten 

Weichkapseln gegen Magensäure wurde in Simulationsexperimenten untersucht. Die 

zeitspezifische Freisetzungsrate der Nanopartikel in saurem Medium, das die 

Magenumgebung simuliert, und in basischem Medium, das die Darmumgebung simuliert, 

wurde mit AAS und UV-Vis verfolgt. Alle mit Polymer beschichteten Kapseln zeigten einen 

angemessenen Schutz der Nanopartikel in saurem Medium, wobei die Freisetzungsrate der 

Nanopartikel für die verschiedenen magensaftresistenten Beschichtungssysteme variierte. 

Die mit Eudragit L 100 beschichtete Kapsel zeigte im Vergleich zu den anderen 

beschichteten Kapseln eine verzögerte Freisetzung. Wird eine Kapsel dennoch mit einer 

Kombination aus Eudragit® L 100 und Chitosan beschichtet, erhöht sich die 

Freisetzungsrate drastisch. Ein weiteres Kapselbeschichtungssystem profitiert von zwei 

Polymerschichten. Die erste Schicht ist ein wasserlösliches Polymer und die zweite Schicht 

fungiert als Schutzschicht. Die Eudragit L 100. HPMC-Eudragit L 100 und HPMC-PVA-

Eudragit L 100 beschichteten Kapseln zeigten eine schnellere Freisetzungsrate als nur 

Eudragit L 100-beschichtete Kapseln und eine langsamere Freisetzungsrate als die Eudragit 

L 100-Chitosan-beschichteten Kapseln. Die freigesetzten Nanopartikel aus der Kapsel 

wurden in vitro durch MTT-Test, Zell-Aufnahme und Transfektion in HeLa- und Caco-2-

Zelllinien untersucht. Die Zellviabilität von HeLa und Caco-2-Zellen zeigte für 

Nanopartikel, die aus Eudragit L 100- und Eudragit L 100-Chitosan-beschichteten Kapseln 

freigesetzt wurden, Werte von etwa 40 %, was auf eine schädliche Wechselwirkung 

zwischen Eudragit L 100, Weichgelatinekapsel und Nanopartikeln hindeutet. Die 

Polymerschicht schützte die Nanopartikel vor der Auflösung in der Magensäure, aber nach 

Auflösung bei neutralen pH-Werten wechselwirkte das Polymer mit den positiv geladenen 
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Nanopartikeln, so dass diese in der Zellkultur nicht mehr funktionsfähig waren. Aufnahme- 

und Transfektionsstudien zeigten auch, dass die freigesetzten Nanopartikel aus Eudragit L 

100-beschichteten Kapseln und Eudragit L 100-Chitosan-beschichteten Kapseln für 

Zellstudien nicht geeignet waren. Andere beschichtete Kapseln zeigten eine geeignete 

Zellviabilität von etwa 85 % sowohl in den HeLa- als auch in den Caco-2-Zellen. Die 

freigesetzten Nanopartikel aus CAP, HPMC-Eudragit L 100 und HPMC-PVA-Eudragit L 

100 beschichteten Kapseln konnten problemlos von beiden Zelllinien aufgenommen und 

transfiziert werden. Gen-Stummschaltung wurde durch die Verwendung von HeLa-EGFP-

Zellen untersucht. Alle freigesetzten Nanopartikel mit Ausnahme der Partikel, die von 

Eudragit L 100 und Eudragit L 100-Chitosan-beschichteten Kapseln freigesetzt wurden, 

zeigten eine hohe Gen-Stummschaltungs-Effizienz, was die Funktionalität der Partikel nach 

der Freisetzung bewies. Alternativ wurde ein Zäpfchen entwickelt, das die Nanopartikel 

nach rektaler Applikation im Darm freisetzen könnte. In In-vitro-Tests wurde festgestellt, 

dass die Partikel, nachdem sie aus einem Zäpfchen freigesetzt wurden, eine sehr geeignete 

Zellviabilität, Zellaufnahme- und Transfektionseffizienz sowie Stummschaltungs-Effizienz 

aufwiesen. Im zweiten Teil dieser Arbeit wurden ultrakleine Goldnanopartikel (ca. 1,8 nm) 

und Nanocluster synthetisiert, charakterisiert und in vitro untersucht. Nanopartikel und 

Nanocluster zeigten eine sehr gute Zellaufnahme und Viabilität bei HeLa-Zellen. Diese 

Nanopartikel und Nanocluster wurden dann in die zuvor entwickelten Kapseln und Zäpfchen 

gefüllt. Ultrakleine Goldnanocluster wurden mit gelabeltem BSA beschichtet und die 

Nanopartikel mit einem FITC-Farbstoff funktionalisiert, um in in-vitro-Studien verfolgt 

werden zu können. Aus beschichteten Kapseln freigesetzte Goldnanopartikel und 

Nanocluster zeigten eine einwandfreie Zellviabilität und Zellaufnahme durch HeLa-Zellen. 

BSA-farbstoffbeschichtete Nanocluster bewiesen, dass die Gold-Nanocluster BSA in die 

HeLa-Zellen tragen können.  

Im nächsten Teil der vorliegenden Arbeit wurde der Einsatz von Verbundmaterialien aus 

Calciumphosphat und biologisch abbaubaren Polymeren auf Basis von Polylactid für den 

Wirkstofftransport untersucht. Als Wirkstoffträgersystem für anionische, hydrophile 

Wirkstoffe wie Nukleinsäuren wurden Calciumphosphat-PLGA-Nanopartikel entwickelt. 

Wasser-in-Öl-in-Wasser-Emulsionstechniken erwiesen sich als optimale Syntheserouten 

und lieferten sphärische Calciumphosphat-PLGA-Nanopartikel mit einem Kerndurchmesser 

von ca. 100 nm. Zellaufnahme- und Transfektionsstudien mit konfokaler Laser-Scanning-

Mikroskopie zeigten, dass die Nanopartikel sehr gut von HeLa-Zellen absorbiert und 

transfiziert wurden. Gen-Stummschaltungs-Studien mit den Nanopartikeln zeigten auch, 
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dass diese Nanopartikel eine ideale Stummschaltungseffizienz-Effizienz bei HeLa-EGFP-

Zellen aufweisen. Im letzten Teil dieser Arbeit wurden Strontium- und Magnesium-dotierte 

Calciumphosphat-Nanopartikel für Knochenregenerationseigenschaften synthetisiert. Diese 

Nanopartikel wurden mit Konzentrationen von 5 %, 10 %, 15 % bzw. 20 % Strontium und 

Magnesium dotiert. Diese Nanopartikel wurden in-vitro charakterisiert und untersucht. Es 

wurden sphärische Nanopartikel mit vergleichbaren Größen bei etwa 50-70 nm für alle 

Zusammensetzungen erzielt. Die Viabilität der Zellen und die Zellaufnahme der 

Nanopartikel wurden mit HeLa-, MG-63- und MC3T3-Zelllinien untersucht. Alle mit 

Strontium und Magnesium dotierten Calciumphosphat-Nanopartikel zeigten eine 

vielversprechende Zellviabilität von mehr als 70 % und eine sehr gute Aufnahme durch diese 

drei verschiedenen Zelllinien. Diese dotierten Nanopartikel zeigten im Vergleich zueinander 

sehr geringe Abweichungen und eine bessere Aufnahme im Vergleich zu reinen 

Calciumphosphat-Nanopartikeln. In dieser Arbeit wurde die Wirkung von sowohl 

Strontium- als auch Magnesium-dotierten Calciumphosphat-Nanopartikeln auf die 

Produktion von alkalischer Phosphatase durch HeLa-Zellen nach 7, 14 und 21 Tagen 

Kultivierung gezeigt. Nach 7-tägiger Kultivierung waren die relativen ALP-Aktivitäten der 

HeLa-Zellen bei den mit Nanopartikeln behandelten Probengruppen im Vergleich zu den 

Kontrollen höher. Nach 14 und 21 Tagen waren die relativen ALP-Aktivitäten der HeLa-

Zellen bei den mit Nanopartikeln behandelten Probengruppen im Vergleich zu den 

Kontrollen dreimal beziehungsweise viermal höher. Zusammenfassend kann festgehalten 

werden, dass in der vorliegenden Arbeit sowohl für den Wirkstofftransport in der 

Nanomedizin als auch für die generative Herstellung von Knochenersatzmaterialien 

erfolgreich Materialien und Partikel auf Basis von Calciumphosphat entwickelt wurden. 
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9. Appendix  

 

9.1 List of abbreviations used  

abbreviation Long name 

AAS Atomic absorption spectroscopy  

AF AlexaFluor®  

ALP Alkaline Phosphatase 

BSA Bovine serum albumin  

Caco-2 Colon Carcinoma Cell Line 

CaP Calcium phosphate  

CAP Cellulose acetate phthalate 

CLSM Confocal laser scanning microscopy  

CMC Carboxymethyl cellulose  

CS Chitosan 

DAPI 4’,6-diamidin-2-phenylindol  

DCM Dichloromethane 

DLS Dynamic light scattering  

DMEM Dulbecco’s Modified Eagle Medium  

DMSO Dimethyl sulfoxide  

DNA Deoxyribonucleic acid  

DPBS Dulbecco’s phosphate buffered saline  

EDX Energy dispersive X-ray spectroscopy  

EGFP or eGFP Enhanced green fluorescent protein  

FITC Fluoresceinisothiocyanate 

GS Gene silencing 

HA Hydroxyapatite  

HeLa Henrietta Lacks cervix carcinoma  

HPMC Hydroxypropyl methylcellulose 

IBD  inflammatory bowel diseases 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide  

MW or Mw Molecular weight  

NPs Nanoparticles  
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PDI Poly dispersity index  

pDNA Plasmid DNA  

PEI Polyethylenimine  

PLGA Poly Lactic-co-Glycolic Acid 

pNPP p-Nitrophenyl phosphate 

P/S  Penicillin/Streptomycin 

PVA Poly(vinyl alcohol) 

Rh Rhodamine 

RNA Ribonucleic acid  

SEM Scanning electron microscopy  

siRNA Small interfering RNA  

TE Transfection efficiency 

TEM Transmission electron microscopy  

UV/Vis Ultraviolet-visible  

Wt.% Weight percent  
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9.2 List of devices used  

Instrument Short name Model Company 

Atomic absorption spectrometer  AAS M-Series AA  

 

Thermo 

Electron 

Corporation  

 

Confocal laser scanning 

microscope  

 

CLSM TCS SP8 AOBS  

 

Leica 

Dynamic light scattering  DLS Nano ZS ZEN 

3600 

Malvern 

Fluorescence microscope - BZ 9000 Keyence 

Fluorescence spectrophotometer - Cary Eclipse Agilent 

Technologies 

Lyophilizer - Alpha 2-4 LSC Christ 

Microvolume spectrophotometer Nanodrop DS-11 FX+ DeNovix 

pH-meter - pH340 WTW 

Scanning electron microscope SEM Apreo S Thermo Electron 

Corporation 

Sonotrode Ultrasonic UP50H Heilscher 

Transmission electron microscope TEM JEM-1400+ 

120KV TEM 

with cryo and 

tomographic 

goniometer 

JEOL 

Ultracentrifugation - Sorvall WX 

Ultra Series 

Thermo Electron 

Corporation 

Ultraviolet-visible 

spectrophotometer 

UV-Vis Cary 300 Bio Varian 
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9.3 List of chemicals used  

Reagent Company Purity 

Aceton 

 

Bernd Kraft - 

Adeps solidus (pharmaceutical hard fat, 

Witepsol®W25)  

 

Caesar and 

Loretz GmbH 
- 

Alexa Fluor™ 488 Phalloidin  

 

Invitrogen  

 

- 

Alexa Fluor™ 647 Phalloidin  

 

Invitrogen  

 

- 

ALP Kit abcam  

 

- 

Ammonia solution 30% Carl Roth p.a. 

Bovine serum albumin (BSA) SERVA 

Electrophoresis  

- 

Branched polyethyleneimine (PEI),  

Mw= 25,000 g/mol  

Sigma-Aldrich  

 

- 

Calcium lactate pentahydrate  

 

Sigma-Aldrich  

 

p.a.  

 

CAP 

 

Sigma-Aldrich M = 2.5 kDa 

Chitosan (2-amino-2-deoxy-(1,4)--D-glucopyranan, 

poly-(1,4--D-glucopyranosamine)  

Sigma-Aldrich 

 

viscosity > 

400 mPa s 

Diammonium hydrogenphosphate  

 

VWR Life 

Science  

 

p.a.  

 

Dichlormethan 

 

Fisher Scientific - 

Dulbecco's modified Eagle's medium (DMEM) 

 

Invitrogen  

 

- 

Dulbecco's phosphate-buffered saline (DPBS) 

 

Invitrogen - 

Dimethyl sulfoxide (DMSO)  

 

Carl Roth  

 

≥ 99.5 %  

 

Ethanol (absolute)  

 

Fischer 

Chemicalr  

 

≥ 99.8%  

 

Eudragit L100 

 

Evonik Industries 

 

Mw=125 000 

g mol-1 

Fetal bovine serum (FBS) 

 

Invitrogen - 

Hoechst  

 

Invitrogen  

 

- 

HPMC Sigma-Aldrich 80–120 cP; 

Mw = 26 kDa 
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L-glutathione  

 

Sigma-Aldrich > 98%, 

Lipofectamine 2000  

 

Invitrogen 

 

 

 

Magnesiumnitrat-Hexahydrat 

 

Merck ≥ 99 %  

NHS-fluorescein (5/6-carboxyfluorescein 

succinimidyl ester 

 

Thermo 

Scientific 

> 90% 

Polyvinylalkohol 

 

Sigma-Aldrich 

 

30-70 kDa, 

87-90% 

Hydrolysiert 

 

Poly(vinylalkohol)/PVA 

 

Sigma-Aldrich 

 

87–90% 

hydrolysed, M 

= 30–70 kDa 

siRNA, 5‘-GCCGAUGG-GUUGUACCUUG-3’) 

 

Dharmacon - 

Sodium borohydride 

 

Fluka > 96% 

Sodium hydroxide  VWR Prolabo > 98.6% 

Strontiumnitrat  Merck ≥ 99 % 

Trehalose  VWR Life 

Science  

 

≥ 98 %  

 

Triton® X-100  

 

Sigma-Aldrich  

 

- 

Trypsin-EDTA 

 

Life 

Technologies 

- 

Ultrapure distilled water (DNase/RNase free)  

 

Invitrogen  

 

- 

α-MEM 

 

Life 

Technologies 

- 

(4,5-dimethylthiazol-2-yl)-2,5diphenyl-tetrazolium 

bromide (MTT)  

Invitrogen  

 

- 
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9.4 List of publications  

 

S. Hosseini, K. Wey, M. Epple, Enteric coating systems for the oral administration of 
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9.5 Contributions to conferences 
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9.6 CV 

The Curriculum vitae is not included in the online version for privacy reasons.  

Der Lebenslauf ist in der Online-Version aus Gründen des Datenschutzes nicht enthalten. 
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9.7 Eidesstattliche Erklärungen 

 

Hiermit versichere ich, die vorliegende Arbeit mit dem Titel: 

 

“Synthesis, characterisation and in vitro investigation of bioactive nanoparticles” 

 

selbst verfasst und keine außer den angegebenen Hilfsmitteln und Quellen verwendet zu 

haben. 

Zudem erkläre ich, dass ich die Arbeit in dieser oder einer ähnlichen Form bei keiner anderen 

Fakultät eingereicht habe. 

 

Essen, den 

Shabnam Hosseini 
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