
Dissertation zur Erlangung des Doktorgrades 

der Fakultät für Chemie und Pharmazie 

der Ludwig-Maximilians-Universität München 
 

 

 

 

Mesoporous  
Metal Phosphate-Citrate Nanoparticles  

as Anti-Cancer Agents 

 

 

Constantin Heinz Nepomuk Freiherr Schirndinger von Schirnding 

aus 

München, Deutschland 

 

 

 

2017  



 

 



 

 

Erklärung 

Diese Dissertation wurde im Sinne von § 7 der Promotionsordnung vom 28. 

November 2011 von Herrn Prof. Dr. Thomas Bein betreut. 

Eidesstattliche Versicherung 

Diese Dissertation wurde eigenständig und ohne unerlaubte Hilfe erarbeitet. 

 

München,      

 

       Constantin Frhr. von Schirnding 

 

 

 

 

Dissertation eingereicht am 12.06.2017 

1. Gutachter: Prof. Dr. Thomas Bein 

2. Gutachter: Prof. Dr. Christoph Bräuchle 

Mündliche Prüfung am 10.07.2017 

  



 

 



Preface 

I 

DANKSAGUNG 

Mein aufrichtigster Dank gilt zuerst meinem Doktorvater Professor Thomas Bein. 

Ohne deine Unterstützung und dein Vertrauen hätte die vorliegende Arbeit nicht 

entstehen können. Dein langer Atem und deine ausdauernde Geduld bis zu den ersten 

aussagekräftigen Resultaten haben mich über die ersten eineinhalb Jahre nicht 

aufgeben lassen, die Entwicklung von biokompatiblen Nanopartikeln voranzutreiben. 

Mit einer unerwarteten Entdeckung zahlten sich die intensiven Forschungen letztlich 

aus. Ich danke dir für deine stete Unterstützung bei der Anmeldung des Patentes, 

welche mir nun viele Wege eröffnet. Für dein entgegengebrachtes Vertrauen und die 

daraus resultierenden Freiheiten während meiner Promotionszeit spreche ich dir 

meinen herzlichsten Dank aus. Sehr lehrreich waren für mich die vielfältigen 

Möglichkeiten, auf mehreren internationalen und nationalen Konferenzen meine 

Daten auszugsweise zu präsentieren. Die Gelegenheit, der Öffentlichkeit Drug 

Delivery Systeme durch die Teilnahme am NIM NanoDay vorzustellen, hat dem 

Team und mir viel Freude gebracht. Vor allem aber danke ich dir für die familiäre 

Atmosphäre, die du in der Gruppe etabliert hast. Das hat eine sehr harmonische 

Arbeitsatmosphäre ermöglicht. 

Dir, liebe Hanna, möchte ich für die unzähligen Ideen, Gedanken, Vorschläge, 

Diskussionen, Ratschläge und die Durchführung von Millionen Zellexperimenten 

während meiner und für meine Promotion danken. Dein offenes Ohr und deine 

Antworten haben mich auch in schwierigen Phasen immer wieder nach vorne 

gebracht. Deine Unterstützung durch Suchen nach Kooperationspartnern und durch 

stundenlange Meetings hat zum Erfolg meiner Promotion einen riesigen Anteil 

geleistet. Dass die Zellexperimente und die Mikroskopaufnahmen mit dir möglich 

waren, ist ein wesentlicher Bestandteil meiner Arbeit geworden. Die Aufklärung des 



Preface 

II 

Mechanismus hat viele Wochenenden gekostet, die du immer wieder geopfert hast. 

Auch vielen herzlichen Dank für die Unterstützung bei unseren Vorhaben mit der 

Firmengründung, den Anträgen, den Ratschlägen und deinen Kontakten. Unsere 

Zusammenarbeit und unseren Zusammenhalt sowie unser Vertrauen in allen 

Bereichen schätze ich außerordentlich und freue mich auf die weiteren Jahre mit dir.  

Prof. Dr. Christoph Bräuchle möchte ich sehr herzlich danken für die Erstellung des 

Zweitgutachtens zu dieser Arbeit und auch die Unterstützung von Hanna, die die 

Labore und Ausstattung weiternutzen konnte, wodurch meine Arbeit sehr profitierte. 

Prof. Dr. Ernst Wagner, Dr. Andreas Roidl, Dr. Adam Hermawan und Ann-Kathrin 

Sommer danke ich vielmals für die fruchtbare Kooperation zu den Zellversuchen, die 

zum Verständnis des Wirkmechanismus beigetragen haben und die auch das 

Potential der Entwicklung gezeigt haben. Außerdem danke ich euch für die vielen 

Diskussionen und Vorschläge für weitere zielführende Versuche, die das Ergebnis 

meiner Promotion maßgeblich vorantrugen. 

Meinen griechischen Freunden, Dr. Georgios Stathopoulos, Malamati Vreka und 

Maria Papageorgopoulou möchte ich meinen Dank für die unkomplizierte und 

sofortige Durchführung der ersten Mausexperimente aussprechen. Ich freue mich auf 

viele weitere Versuche im Rahmen unserer Zusammenarbeit. 

Meinen Bürokollegen sage ich „Moinsn“ und „Tschausn“: Danke, dass ihr die Zeit 

im Office so kurz wirken habt lassen! Ohne euch wäre es niemals so eine schöne Zeit 

geworden. Es wäre nicht so einfach gewesen, jeden Morgen unbeschwert in die 

Arbeit zu kommen. Danke für eure vielfältige Unterstützung im beruflichen und 

privaten Bereich. Danke, dass es so lustig mit euch war. 



Preface 

III 

Dr. Christian Argyo sage ich herzlichen Dank für die durchgängige Unterstützung 

beginnend mit der Betreuung meines F-Praktikums und der Empfehlung bei Thomas 

mich in die Gruppe aufzunehmen bis hin zur Planung der Firmengründung. Der 

gesamten MesoBio-Subgroup danke ich für die guten Diskussionen, Ratschläge und 

Ideen. Dr. Markus Döblinger und Steffen Schmidt danke ich für die exzellenten 

TEM und REM Bilder. Dr. Alesja Ivanova, Dr. Bastian Rühle und Michael Beetz 

danke ich für die vielen hervorragenden REM-Bilder und dafür, dass ihr mir immer 

das gezeigt habt, was ich sehen wollte. Tina Reuther danke ich dafür, dass sie alles 

am Laufen gehalten hat, sie mir meine vielen Proben gemessen hat und sie mich so 

viele Jahre als Büromitglied aufgenommen hat. Dr. Bastian Rühle danke ich für die 

Einführung und die vielen Nachhilfestunden in das Programm PovRay. 

Herzlich bedanke ich mich auch bei meinen vielen F-Praktikanten und NIM 

Studenten für die gute und zuverlässige Arbeit: Markus Siegert, Florian Fink, 

Jonathan Sappl, Marie Bayer, Ahmed Hassaan, Durbis Pazas, und Marina Carmona. 

Ich weiß, ich bin kein einfacher Betreuer gewesen. 

Regina Huber, der Seele des Arbeitskreises Bein, möchte ich für die großartige 

Unterstützung und Beratung bei allem Organisatorischen danken. Du hast so 

manches Schlupfloch gefunden, um Dinge zu beschleunigen oder gar erst zu 

ermöglichen! 

Zuletzt gilt mein Dank meiner lieben Familie. Ich habe durchaus mitbekommen, dass 

ich wohl nicht so ein einfaches Kind war. Vielleicht bin ich auch jetzt noch nicht so 

einfach. Und daher danke ich euch, Mutt und Vat, unendlich, dass ihr mich 

unterstützt habt und ihr mich immer habt ausprobieren lassen, was ich mir in den 

Kopf gesetzt hatte. Dies hat meinen Forschungs- und Erfindergeist sicherlich 

entwickelt und letztlich zu meinem Abschluss geführt. Meinen Geschwistern, Jobst, 



Preface 

IV 

Felicitas und Leopold, möchte ich für die vielen aufmunternden Ratschläge und 

tatkräftigen Unterstützungen danken und euch sagen, dass ich mich sehr glücklich 

schätze, dass ihr immer zu mir haltet. Meiner Britta danke ich für den seelischen und 

moralischen Beistand. Ich danke dir, für das Mut machen mit der Promotion zu 

beginnen. Deine Gabe, mich immer wieder auf den Boden der Tatsachen 

zurückzuholen, hat zum erfolgreichen Abschluss dieser Arbeit beigetragen. Dein 

offenes Ohr für meine Gedanken und Ideen haben mich dazu geführt, diese zu 

strukturieren und zu fokussieren. Ich danke dir aus tiefstem Herzen für alles. 

Danke. 

 

 



Preface 

V 

ABSTRACT 

The development of efficient and effective anti-cancer therapies is one of the leading 

goals in pharmaceutical sciences. Well-established anti-cancer chemotherapeutics 

(such as cisplatin, doxorubicin, fluorouracil) are injected into the bloodstream or 

administered as tablets by swallowing. These chemotherapeutics are highly toxic and 

often classified as carcinogenic as well. During cancer treatment the patient receives 

high doses of chemotherapeutics. Because the conventional chemotherapeutics are 

not able to distinguish well between cancerous or healthy tissue, the patient usually 

suffers from very strong side effects. Recent strategies in chemotherapy employ 

specific targeting methods to enhance the selectivity of the drugs and attack cancer 

cells only. So-called antibody-drug conjugates rely on the modified protein 

composition exhibited by the membrane of cancer cells that is recognized by the 

antibody. With this strategy one active chemotherapeutic molecule at a time can be 

transported into cancer cells. To enhance the efficiency of the targeted transport, 

nanoparticles have attracted increasing attention, since they can deliver many active 

molecules per particle. For example, polymer conjugates, polymeric nanoparticles, 

micelles, lipid-based carriers, dendrimers, carbon tubes, nanoshells, and nanocages 

have been investigated in this context. Nanoparticles can be transported to cancer 

cells either passively (e.g. through the enhanced permeability and retention effect) or 

they can interact more specifically with certain cell types through targeting. 

Nanoparticles can be taken up by cancer cells through endocytosis. The internalized 

particles or their cargo must then escape from the endosome to release the 

encapsulated drug and to kill the cancer cell. Thus, the endosomal escape is a crucial 

part in the effectiveness of drug delivery systems and remains a challenge in the 

field. Generally, in case of anti-cancer drug transport through nanoparticles, the 
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delivery system remains in the cell and must be degraded or removed from the body 

as extrinsic material. Therefore, a major goal in the development of drug delivery 

systems is to increase the biocompatibility of the carrier material. 

Since drug delivery system based anti-cancer treatments are promising therapy 

approaches, we wish to contribute to this field. Therefore, the development of 

stimuli-responsive nano-agents for anti-cancer therapy has been a goal of my PhD 

thesis. The following chapters summarize the results of the research, concerning the 

synthesis of mesoporous (alkaline earth) metal phosphate-citrate nanoparticles. 

Thereby, these chapters address the progression from calcium phosphate-citrate 

nanoparticles to magnesium phosphate-citrate nanoparticles as promising nano-

agents for anti-cancer therapy. 

Firstly, a novel synthesis strategy for amorphous mesoporous calcium phosphate-

citrate nanoparticles (CPCs) is reported. The influence of the complexing agent, 

citric acid, on the development of the mesopores was investigated. A high degree of 

mesoporosity is a recognized need for applicable drug delivery systems. For systems 

based on calcium phosphate backbones this could not be achieved until today. Here, 

a solution is presented for this need. Characterization and visualization of the 

mesoporous framework was performed by nitrogen sorption analysis and 

transmission and scanning electron microscopy. By optimizing the reaction 

conditions, CPCs were synthesized with diameters of around 200 nm measured with 

dynamic light scattering. Nitrogen sorption analysis revealed a BET surface area of 

about 575 m2/g. The pore size is about 5 nm with a corresponding pore volume of 

0.6 cm3/g. The incorporation of citrate into the structure of CPCs was verified with 

IR spectroscopy. Also, thermogravimetric analysis data were acquired. Additionally, 

CPCs are of amorphous nature with the ability to crystallize over time in aqueous 
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media. The transition of the amorphous phase into the crystalline phase was followed 

by X-ray diffraction.  

Secondly, synthetic approaches for the functionalization of mesoporous CPCs were 

examined. Via co-precipitation methods, the incorporation of strontium and 

manganese ions into the framework of CPCs was achieved. Strontium and 

manganese ions possess high radiopacity and paramagnetic properties, respectively. 

These additional physical characteristics were investigated using computer aided 

tomography measurements and magnetic resonance imaging to confirm possible 

applications as diagnostic tool or for detection in living matter. Via co-precipitation 

of CPCs with fluorescent calcein, also acting as chelating agent, self-fluorescent 

CPCs were obtained. These particles were incubated with HeLa cells to visualize 

particle uptake by cells. Due to the negative zeta potential of CPCs, the particle 

uptake by cells could only be achieved after coating the nanoparticles with a 

supported lipid membrane. Overall, the different functionalizations did not have any 

negative influence on the BET surface area, pore volume, and pore size compared to 

the unfunctionalized CPCs. Characterization was performed with nitrogen sorption 

analysis, IR spectroscopy, dynamic light scattering, thermogravimetric analysis, 

transmission and scanning electron microscopy, X-ray diffraction, and fluorescence 

confocal microscopy. 

Thirdly, a further improvement of the reaction conditions for the synthesis of CPCs 

led to an increase of porosity. This was achieved by adding an additional surfactant 

template and by reducing the precipitation kinetics. The particles feature an 

extraordinary BET surface area of 900 m2/g, a very narrow pore size distribution 

with a maximum at 4.8 nm, and a cumulative pore volume of 1.0 cm3/g obtained 

with nitrogen sorption analysis. IR spectroscopy reveals two strong vibrations at 



Preface 

VIII 

1414 cm-1 and 1590 cm-1 that are attributed to citrate incorporated into the structure. 

The incorporation of citrate into the CPCs´ structure was additionally demonstrated 

with solid-state nuclear magnetic resonance spectroscopy. Further physical 

characterization was performed with dynamic light scattering, zeta potential 

measurements, thermogravimetric analysis, transmission and scanning electron 

microscopy, and X-ray diffraction. The loading capacity and release kinetics of CPCs 

were investigated with calcein as model drug and ibuprofen and confirmed with 

fluorescence and UV-Vis measurements. For lipid-coated CPCs there was no 

significant premature release detectable. Cell experiments were carried out on 

fourteen different cell lines. For this purpose seven mesenchymal cancer cell lines 

(HeLa, H1299, MDA-MB-231, LLC, Neuro 2A, AE17, B16), six epithelial cancer 

cell lines (BT-474, MCF7, HuH7, 293T, A549, MC38), and one epithelial cell line 

derived from non-tumorigenic tissue (MCF 10A) were investigated. The cellular 

uptake is dependent on the lipid-coating of CPCs, while uncoated CPCs are not taken 

up by cells. Importantly, internalized CPCs dissolve once the endosomal pH turns 

acidic. However, a rapid release of Ca2+ ions into the cytosol (producing a calcium 

shock) is only induced if small amounts of the amphiphile cetyltrimethylammonium 

chloride are incorporated in the CPCs. Remarkably, mesenchymal cancer cell lines 

are much more strongly affected by the Ca2+ shock and induce apoptosis at lower 

IC50 values than epithelial cancer cells. And strikingly, the non-cancerous cell line 

MCF 10A was not affected significantly by the particles up to concentrations of 

100 µg/mL. To determine cell viability, the established MTT-assays were conducted. 

The correlation of the Ca2+ shock induced by the dissolved particles with cellular 

response was demonstrated with time-resolved cell experiments. After several hours 

of particle uptake the activation of caspase-3/7 was recorded, which was followed by 

a decrease in NADH and ATP depletion, and finally leading to apoptosis. 
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Additionally, a first mouse study on an intrapleural tumor model revealed a decrease 

in tumor mass of 40 wt% after one single injection of CPCs as well as a good 

biocompatibility of the treatment. These results suggest a strong selectivity in the 

toxic effect of CPCs, thus demonstrating their great potential as low-toxicity 

chemotherapeutic nano-agents.  

Fourthly, a systematic study on the exchange of calcium ions against magnesium 

ions in calcium phosphate-citrate nanoparticles was performed. For this purpose, the 

amount of magnesium was gradually increased with respect to the calcium content of 

CPCs. At 60 mol% of magnesium ions in magnesium-calcium phosphate-citrate, a 

drastic increase in size led to objects with 5 µm in length. A strong pH-dependency 

on the formation of colloidal mesoporous magnesium-calcium phosphate-citrate 

nanoparticles during the precipitation was observed. Accordingly, the synthesis of 

magnesium phosphate-citrate nanoparticles (MPCs) was demonstrated. These 

particles feature diameters of around 255 nm measured with dynamic light scattering. 

Nitrogen sorption analysis revealed a large BET surface area of 560 m2/g for MPCs. 

The pore size is calculated to about 6.3 nm with a corresponding pore volume of 

0.8 cm3/g. The incorporation of citrate into the structure of MPCs was proven with 

IR spectroscopy. Further characterization methods were thermogravimetric analysis, 

transmission and scanning electron microscopy, and X-ray diffraction. Additionally, 

the insights into the pH-dependency of the nanoparticle formation were adapted to 

the synthesis of colloidal mesoporous manganese phosphate-citrate nanoparticles. 

Therefore, a general method for the synthesis of mesoporous bivalent cationic 

phosphate-citrate nanoparticles was proposed. 

At last, mesoporous magnesium phosphate-citrate nanoparticles (MPCs) were 

synthesized as biocompatible drug delivery systems. To this end, the impact of the 
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complexing agent, citric acid, was investigated with respect to the formation of 

mesoporous MPCs. A maximum BET surface area of 560 m2/g and a pore size of 

about 6.3 nm with a corresponding pore volume of 0.8 cm3/g could be obtained with 

nitrogen sorption analysis. The amount of incorporated citrate into the structure was 

verified with IR spectroscopic methods and thermogravimetric analysis. 

Characterization techniques including dynamic light scattering, transmission and 

scanning electron microscopy, and X-ray diffraction were applied. Furthermore, 

MPCs were coated with a lipid membrane to encapsulate fluorescent calcein as 

model drug and the anti-cancer drug methotrexate (MTX). The lipid membrane 

encapsulating MPCs prevented the drugs from premature release, which was 

confirmed by fluorescence measurements and UV-Vis spectroscopy. Cell viability 

assays (MTT-assay) on HeLa cells revealed low toxicity of unloaded MPCs with an 

IC50 value of 77 µg/mL compared to MTX loaded MPCs with a drastically lower 

IC50 value of 1.1 µg/mL (MPCs mass). Therefore, with mesoporous magnesium 

phosphate-citrate nanoparticles an advanced biodegradable platform was designed 

that can potentially reduce the side effects of current chemotherapies. 

In summary, we have developed a novel method for the synthesis of colloidal 

mesoporous (alkaline earth) metal phosphate-citrate nanoparticles as stimuli-

responsive agents against cancer. Citric acid plays a key role as complexing agent for 

the cations, presumably by slowing down the precipitation kinetics and inhibiting 

crystallization. The newly obtained materials can either be applied directly as 

chemotherapeutic agent in the case of calcium phosphate-citrate nanoparticles or in 

the case of magnesium phosphate-citrate nanoparticles as advanced biocompatible 

drug delivery system. Additionally, the nanoparticles can be flexibly functionalized 

for special detection or diagnostic reasons. Moreover, the newly developed synthesis 
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strategy opens up many additional possibilities regarding the design of new materials 

such as manganese phosphate-citrate nanoparticles that could enable novel 

applications in the future. 
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1.1 The Challenge of Cancer  

Cancer is known to be the second most common cause for morbidity worldwide, 

affecting about 14 million new patients in 2012.1 In the same year, 8 million cancer 

related deaths were counted from populations in all countries and all regions.2 The 

five most common cancer sites for men are the lung (16.7%), prostate (15.0%), 

colorectum (10.0%), stomach (8.5%), and liver (7.5%), whereas women suffer from 

breast (25.5%), colorectum (9.2%), lung (8.7%), cervix (7.8%), and stomach (4.8%) 

as main cancer sites.2 Therefore, cancer can arise in nearly any part of the body. 

Cancer emerges from the transformation of normal cells into cancerous cells in a 

multistage process.3,4 This process includes failures in the control mechanisms of cell 

cycle, apoptosis, genome integrity, morphogenetic reactions, and cell 

differentiation.3,5,6 Cancerous cells proliferate at a much faster rate than strongly 

regulated normal cells constrained within the boundaries of a proper cell cycle.7,8 

This eventually leads to an alteration of correctly functioning biological cell 

processes, to an accumulation of mutations and to the development of cancer.5 

Fighting cancer has been a challenge and a goal for researchers since decades. 

Knowing that cancer is fundamentally a cellular dysfunction,3 the cancerous cells 

need to be eliminated from the body with therapeutic agents. The first linkage of the 

development, progression, and treatment of cancer to apoptosis has started an 

emerging field in fighting cancer.9,10 Therefore, one major mode of action for 

chemotherapeutic agents is the activation of the apoptotic pathway.11,12,13 Apoptosis 

is the programmed and, as a result, regulated death of a cell.10,14,15 Apoptosis can be 

characterized with morphological changes and biochemical hallmarks, like cell 

shrinkage, nuclear DNA fragmentation, and membrane blebbing.12,16 The 

morphological changes described by Kerr et al.9 are caused by caspases that are 
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activated during apoptotic cell death.16,17 Therefore, the activation of caspases can be 

crucial in attacking cancerous cells. There are different mechanisms to initiate the 

production of caspases in cells, namely the receptor or the mitochondrial 

pathway.12,16 In general, if any of the two pathways is initiated, a cascade of 

signaling steps is triggered and leads to apoptosis. For example, the initiator 

caspases-2, -8, -9, and -10 are activated upon an apoptotic stimulus, which in turn, 

proteolytically activate the effector caspases-3, -6, and -7.18 Their activation leads to 

the cleavage of various substrates, eventually ending in cell death.19  

After understanding the underlying mechanism for inducing apoptosis in cancer 

cells, mankind has invented and developed many chemotherapeutic agents 

addressing the apoptotic pathway.20 However, patients receiving chemotherapeutic 

agents are burdened by severe side effects due to the non-selectivity of the 

anti-cancer drugs. Every cell is affected by a chemotherapeutic molecule - cancerous 

and non-tumorigenic cells as well. For instance, doxorubicin, a well-established 

chemotherapeutic agent, exhibits an IC50 value (half maximal inhibitory 

concentration) for the cancerous breast cell line MCF7 of 0.41 µM and for the non-

tumorigenic breast cell line MCF 10A of 0.31 µM.21 Therefore, the effectiveness of a 

treatment is directly linked to the ability of the therapeutic agent to selectively 

destroy only cancer cells while the healthy cells survive.22 Consequently, a growing 

field has emerged aimed at reducing side effects by enhancing the selectivity of the 

anti-cancer drugs. Two pathways have evolved for achieving that goal: either a more 

specific anti-cancer drug or methods for targeted delivery.22 Nowadays conventional 

anti-cancer drugs still face problems such as limited stability, poor solubility, rapid 

metabolization, fast excretion of the drug, undesired side effects, and the lack of 

selectivity.23,24,25 Thus, the development of drug delivery systems has emerged. 

Typically, these drug delivery systems are based on nanotechnology and employ 
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nanoconstructs in the size range of 1-1000 nm.24 The delivery of therapeutics with 

nanoconstructs potentially improves their stability and solubility, reduces the rapid 

metabolization and fast excretion of the nanoconstruct, and limits undesired side 

effects. Additionally, drug delivery systems can potentially enhance the selectivity 

due to the functionalization of the nanoconstruct with targeting agents.26,27 The first 

nanoconstruct for therapeutic applications was developed in 1955, a polymer-drug 

conjugate.24,28 From that time on, the path for the development of more precise and 

personalized anti-cancer therapies was initialized. 

Until today, however, patients suffer strongly form the diagnosis cancer. In most 

cases this means that they are likely to die from this disease and that they know their 

cause of death the day they were diagnosed. Therefore, scientists all over the world 

still address the challenge of curing cancer but at this point it has not yet been fully 

solved. 

1.2 Introduction to Nanotechnology 

Nanostructured materials were used by mankind since many centuries without 

having an idea what nanomaterials are. This is based on the fact that nature 

developed nanotechnology throughout evolution long before humans were alive. 

Nowadays, there are many known nanomaterials that were initially created by 

evolution. Therefore, nanomaterials were often based on biological systems. For 

example DNA, proteins, viruses, and many more biological systems belong in a 

sense to the category of nanomaterials due to their small dimensions. With the 

implementation or combination of nanomaterials into larger scale domains, nature 

developed certain effects with various outcomes. One could also argue that a living 

cell is a combination of nanomaterials influencing each other and acting together. 
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Nanomaterials or nanostructures were implemented even in larger domains: the 

leaves of Nelumbo nucifera feature the so-called “Lotus effect” based on nanometer 

sized domains causing a hydrophobic effect, which repels water from them. Spiders 

can produce spider silk, a material with very high tensile strength and at the same 

time being very thin.29 Many more biological materials are built from objects at the 

nanoscale that in the end create larger domains, like insect wings, opals, cotton, 

feathers, horns, hair, bone, shells, etc.  

First, nanomaterials were defined by the logical application of the SI unit. Therefore, 

materials with characteristic sizes in the 10-9 m range belong to the class of 

nanomaterials.30 But this definition became unclear and ambiguous as 

nanotechnology continued to evolve. During the last few decades numerous 

nanomaterials definitions have been specified by industry, governments, and 

standard organizations. Naturally, this led to variable definitions how to classify 

nanomaterials.31 As an example: the European Commission defined nanomaterials as 

follows: 

“A natural, incidental or manufactured material containing particles, in an unbound 

state or as an aggregate or as an agglomerate and where, for 50 % or more of the 

particles in the number size distribution, one or more external dimensions is in the 

size range 1 nm-100 nm.”32 

By convention, 1-100 nm is the size range most institutions use in reference to 

nanomaterials. The lower end of this scale is for all institutions identical, because the 

properties of the material are mainly characterized by the chemistry of the molecules 

and not by the physical nature of the material. The upper “end” still needs to be 

interpreted as vague, because a nanomaterial does not abruptly change its properties 

at a 100 nm size. Therefore, some authorities expanded the upper limit as possibly 
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being larger than 100 nm.31,33 The definition of what nanomaterials are is thus still a 

matter of interpretation. 

In former times, one of the better known nano-application was colloidal gold and 

other metals as an additive in stained glass to decorate church windows. For 

example, colloidal gold colored church windows in ruby red.34,35 In 1856, Faraday 

was the first who suggested that the color results from small gold particles which 

were suspended in a medium. He was also the first who formed a suspension of gold 

particles in water and discovered that the color of such solutions is related to the 

particles´ size.35,36 Later, in the first decades of the 20th century, the interest in 

systems on the nano-scale increased strongly. It was Richard Feynman who first 

summarized in 1959 the great opportunities of such systems in his famous speech 

“There’s plenty of room at the bottom”.37 Then, scientists began the search for 

synthesis procedures to create defined nanomaterials. Fullerenes, which are carbon-

based nanomaterials, were prepared in 1985 and helped to push the field of 

nanoscience.38 Five years later, the first carbon based “needle-like tubes” were 

published.39,40 In the following years synthesis procedures for many more 

nanomaterials were published and investigated. Titanium dioxide nanoparticles, for 

example, were developed and are used today as whitening pigments in paints and in 

textile industry, as well as blocker of harmful UVA and UVB radiation in 

sunscreens.41 Additionally, TiO2 nanoparticles, especially in the anatase 

modification, are applied as photo catalyst for the dissociation of water 

molecules.42,43 Therefore, the development of new nanomaterials results in different, 

novel and potentially unexpected properties. Notably, materials at the nanometer 

scale often offer very different physical properties and behavior than the 

corresponding bulk material. One reason for this is that with decreasing size the 

number of surface atoms increases compared to the overall total number of atoms in 
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the material.44 Ongoing research and development of new nanomaterials may lead to 

new application fields and will open up other that will be explored in the future. 

Already, due to the pioneering spirit of today’s industry, nanotechnologies and 

nanomaterials have reached high relevance. Nanomaterials can be found in 

electronics, information and communication technologies, energy production and 

storage, environmental control, textile industry, and healthcare.45 In 2004 almost 

160 billion $ were assigned to nanotechnology in the global product revenue.46,47 

1.3 Mesoporous Nanomaterials as Drug Delivery Systems 

It has been a major goal to enhance the efficacy of a therapeutic anti-cancer drug. 

One approach has been the development of drug delivery systems. The potential 

advantages of drug delivery systems are that drug resistance can be overcome, the 

circulation time can be enhanced, the poor solubility of anti-cancer drugs can be 

enhanced, and large amounts of drug can target the tumorous site.48 Additionally, 

drug delivery systems could either target cancerous cells and tissue actively or 

passively.23 Active targeting of the drug delivery system is potentially achieved by 

linking the nanocarriers with molecules that bind to overexpressed antigens or 

receptors on the cancerous cell.49,50,51 Passive targeting of drug delivery systems is 

based on the enhanced permeability and retention (EPR) effect of cancer tissue, 

which sometimes allows for the accumulation of nanocarriers at the diseased 

site.52,53,54 

In order to ensure targeted drug delivery to the specified location within the body and 

to precisely control the release of drugs, many requirements need to be 

adressed.55,56,57 The nanocarriers have to fulfil the following characteristics: 55,56 
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1. high loading/encapsulation capacity of desired drug molecules, 

2. no premature release and no leaking of loaded drug molecules, 

3. controlled release of drug molecules with a proper rate of release to achieve 
an effective local concentration, 

4. cell type or tissue specificity and site directing ability,  

5. good biocompatibility of nanocarriers. 

Although the application of nanomaterials for medical reasons may seem to be a 

recent trend, the first approaches were already explored in the 1950´s.24,28,58 The 

history of drug delivery systems began with the development of polymer-drug 

conjugates.24,28,59 Jatzkewitz et al. coupled poly(vinylpyrrolidone) to mescaline as 

drug depot for primary amines. Then, lipid vesicles, namely liposomes, were 

published in 1965. The authors described the diffusion of univalent cations and 

anions through the liposomal membrane.60,61 Some date the development of drug 

delivery systems back to these two investigations. Eleven years later a non-

inflammatory polymer construct showed the first sustained release of proteins.62 

Then in 1994, Gref et al. presented a biodegradable polymer coated with 

polyethylene that prolonged the circulation time. They were able to entrap already 

45 wt% of drug in the dense core.63 All together, these developed systems feature the 

possibility to encapsulate anti-cancer drugs and to deliver them to a specific site in 

the body. Nevertheless, these systems had drawbacks regarding flexibility: the 

exchangeability of the anti-cancer drug is difficult. This is caused by the fact that the 

anti-cancer drug is added, encapsulated, and strongly bound to the nanocarrier during 

the synthesis. This defines the entire construct as being the anti-cancer drug. But the 

potential advantage of drug delivery systems lies in the possibility to easily exchange 

and personalize the anti-cancer drug during treatment. Thus, these systems were not 

yet satisfactory as a platform for advanced drug delivery applications. Therefore, 
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scientists were also searching for other approaches for advanced drug delivery 

systems - mesoporous nanoparticles. 

In a classical sense, porous materials are considered as materials traversed by 

voids.64 A recurrence in three-dimensional space is exhibited by the pores, whereas 

no regularity is required for a substance to be designated as “porous”.64 In accordance 

with the recommendations of the International Union of Pure and Applied Chemistry 

porous materials are classified according to their pore diameters: micro- (< 2 nm), 

meso- (2-50 nm) and macro-porous (> 50 nm) solids.65 Zeolites and mesoporous 

silica can be seen as two major classes of (periodic) porous materials. 

Zeolites66,67 were developed in 1956 as adsorbents for industrial separations and 

purifications.68 By now more than 200 zeolite-types are known, of which about 40 

are naturally occurring.69,70 Zeolites are used, e.g., as molecular sieves or as catalysts 

in the cracking process of crude oil.71,72 Tens of thousands of publications and more 

than 10.000 patents68 refer to the zeolite materials. Zeolites are porous crystalline 

aluminosilicate materials consisting of corner-sharing MO4 tetrahedra (M = Na, Si, 

Al, etc.). Most importantly, for the first time crystalline, internal porosity was 

presented. Their typical pore size is less than 1.5 nm for molecularly templated 

aluminosilicates.73,74 Recently, there have been reports on the use of zeolites as drug 

delivery systems.75,76,77 But the limiting factor for zeolites as drug delivery system 

can be explained with the maximal reachable pore size.78 The pore size was too small 

for internal adsorption of larger anti-cancer drug molecules. This restrains the 

possible range of loadable anti-cancer drugs as cargo due to their larger size. 

Things changed dramatically when researchers of the Mobil Oil Company 

discovered a synthesis route for mesoporous silica with a highly ordered pore system 

in 1992. With pore sizes of 2-10 nm these materials presented pore sizes far beyond 
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the limits of zeolites.74,79,80 The first acid-catalyzed sol-gel process for mesoporous 

silica was introduced. The porous structure was obtained by the addition of a 

surfactant template yielding very regular pore structures. From now on, large anti-

cancer drug molecules as well as proteins could be loaded into a mesoporous 

framework. 

The development from bulk mesoporous silica to mesoporous silica nanoparticles 

(MSNs)81, opened the way for novel applications. MSNs have attracted high interest 

for catalytic applications, chemical sensing, biosensing, and especially as containers 

for targeted drug delivery.82,83,84,85,86 The group of Vallet-Regi et al. proposed the use 

of mesoporous silica for drug delivery applications.87 This was achieved with a base-

catalyzed sol-gel process, which has produced colloidal MSNs with around 100 nm 

in size.81,88 By means of hydrolysis and condensation of organosilane precursors 

(TMOS, TEOS, etc.), the formation of a new phase was initiated, the sol-phase. The 

small colloidal particles within the sol then condensed into the gel-phase.89 To yield 

porosity, a cationic surfactant template was added that formed micelles around which 

the silicate source can be directed. The surfactant template forms either lamellar  

(g = 1), cylindrical (g = 0.5), or spherical (g = 0.33) micellar structures described 

with equation (1.1). This depends on reaction parameters such as temperature, pH 

value, and surfactant to solution ratio. Thereby, the characteristic parameter g defines 

the surfactant packing parameter.90 

𝑔𝑔 =
2𝑉𝑉
𝑎𝑎𝑎𝑎

 
(1.1) 

g: Surfactant packing parameter, V: Volume of the micelles, a: Surface 
interface of micelles, d: Diameter of micelles. 

 

 



Introduction 

11 

The colloidal stability of MSNs can be a major advantage allowing for intravenous 

application routes. Colloidal materials were already classified and defined in 1972 by 

the International Union of Pure and Applied Chemistry as objects with a size 

between 1 nm and 1000 nm in at least one dimension, if dispersed in a medium.91 

Additionally, MSNs offer high loading capacity due to their internal surface area and 

pore volume, can specifically be functionalized at the inner pore system and/or at the 

particle´s surface, and are biocompatible.92 For example, MSNs feature BET surface 

areas of around 1150 m2/g, which offer the pore volume for high loading capacity.93 

The introduction of a core-shell synthesis via a delayed co-condensation process 

provided access to very flexible and tunable nanoparticles for advanced drug delivery 

applications.94 With that approach, different functionalizations were introduced that 

control drug uptake and release kinetics95, enable the addition of pore 

blockers96,97,98,99,100, allow attachment of endosomal escape agents101,102,103, enhance 

the blood circulation time104,105, and furnish the surface with targeting ligands95,102. 

Additionally, specific MSNs were incubated with HeLa cells and showed no toxic 

effects up to concentrations of 500 µg/mL.106 

Today thousands of publications concerning mesoporous silica nanoparticles and 

drug delivery are listed in established search engines. This underlines the huge 

relevance of MSNs in the field for advanced drug delivery applications, despite the 

fact that at the same time many other nanosized materials were introduced as 

nanocarriers for drug delivery applications. These materials include polymer 

conjugates, polymeric nanoparticles, micelles, lipid-based carriers, dendrimers, 

carbon tubes, nanoshells, and nanocages.23 Figure 1.1 depicts schematically several 

of the constructs used as drug delivery systems for targeting cancer. 
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Figure 1.1: Examples of nanocarriers for drug delivery applications. Modified from 
reference 23. 

Polymer conjugates are constructs that entrap drugs in a bundle of biocompatible 

polymers.107,108 Polymeric nanocarriers were synthesized from poly(lactic acid), 

poly(lactic co-glycolic acid), and poly(ε-caprolactone) and therein therapeutic 

compounds have been encapsulated.109,110 Micellar drug delivery platforms can be 

formed through a multimolecular assembly of block copolymers under certain 

conditions that hold therapeutic drugs in their core.111,112 Lipid-based nanocarriers, 

so-called liposomes, have attracted great attention due to their structural variety, 

biocompatible composition, surface charge, ability to incorporate almost any drug 

regardless of solubility and to carry cell-specific ligands on their surface.113,114 

Dendrimers are strongly branched three-dimensional macromolecules with very 

controllable structures. Dendrimers can be obtained from poly(amidoamine) and 

many other building blocks and find application due to their biomimetic 
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properties.115,116 Carbon nanotubes have also emerged as a new alternative as 

efficient transporter for therapeutic drugs. Additionally, functionalization of the outer 

surface was published for these materials.117,118 Antibody-drug conjugates link 

chemotherapeutic agents with antibodies that can target the cancer cell.119 And a 

large class of drug delivery systems is summarized with the term “nanoshell and 

nanocages”, that includes zeolites and porous silica nanoparticles, which already 

have been discussed, and furthermore special cases like periodic mesoporous 

organosilica120, metal organic frameworks121,122 and quantum dots123.  

All these nanocarrier constructs have many advantages but still face some 

challenges. Therefore, the development of new and efficient drug delivery systems is 

of fundamental importance and offers the potential to improve the therapeutic 

efficacy of many therapeutic molecules. 

1.4 Advanced Biodegradable Drug Delivery System 

Calcium phosphate materials make up the main inorganic mass in a human 

body.124,125 In nature, different forms of calcium phosphates exist, which mainly 

depend on impurities with other ions and the physiological conditions.126 For 

example, in the form of carbonated hydroxyapatite, this material is found in bone, 

teeth, and tendons as biological hard tissue.124 Thus, calcium phosphate materials are 

remarkably biocompatible and have great medical and biological relevance.124,127 

Therefore, the research on synthetic calcium phosphate materials has been gaining 

increasing interest since the last third of the 20th century.128,129 The calcium 

phosphate materials used for medical applications encompass crystalline 

hydroxyapatite, tricalcium phosphate, biphasic calcium phosphate, monocalcium 

phosphate monohydrate, and amorphous calcium phosphate.130,131 For example, 
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crystalline hydroxyapatite materials find use as coatings for implants, dental filler 

material or as bone cements for repair due to their high stability.132,133 However, the 

success of these materials is limited to the repair of only small bone defects. And 

until today, the osteogenic and osteoinductive properties of synthetic bone does not 

resemble the one from bone autografts.134 

Amorphous calcium phosphate materials have often been encountered as transient 

phase during the formation of hydroxyapatite.135,136 That is the reason why 

amorphous calcium phosphate materials have been investigated as initializing 

material for bone growth. As a result, the better osteoconductivity and 

biodegradability compared to crystalline hydroxyapatite was addressed.137,138,139 

However, the high solubility in biological environments leads to poor strength and 

limits the use of amorphous calcium phosphates as bone cements.140 Therefore, 

functionalization of amorphous calcium phosphates was investigated. Stabilization 

was accomplished with casein phosphopeptides141,142, or magnesium and adenosine 

triphosphate143 which slowed down the transition into crystalline hydroxyapatite. 

Furthermore, calcium phosphate-based materials have been applied in research. 

Transfection of cells with amorphous calcium phosphates in the form of dense co-

precipitates with DNA or siRNA has become an established method.144,145,146,147,148 

With a size of approximately 100 nm, these co-precipitates can enter the cell via 

endocytosis.128 Then, the constructs dissolve in the acidic lysosomes, which leads to 

a proton sponge effect.149 Thereby, the endosome gets ruptured and causes the 

transfection of the cell.150 It has been reported that an increase in the intracellular 

calcium level may become harmful to cells and induce apoptosis.151,152,153 However, 

for transfection purposes the Ca2+-induced cell death has not been observed.154,155,156 
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Therefore, considering the use of calcium phosphate nanoparticles in advanced drug 

delivery systems seems to be very attractive. The backbone of the delivery system 

consists of biomimetic material and does not have to be degraded and removed from 

the body as extrinsic material. Additionally, the particles could potentially get 

dissolved in the lysosome while delivering the drug. In view of these attractive 

potential features, calcium phosphate-based materials have already been investigated 

for biological applications and as drug delivery systems.129,157 Problems have arisen 

to reproducibly prepare stable nanoparticles. Accordingly, many attempts have been 

made to reliably prepare nano-sized calcium phosphate particles.158 The very fast 

crystallization of amorphous calcium phosphate normally leads to large aggregates. 

But nano-sized calcium phosphate particles are mandatory for drug delivery 

applications, because particle uptake by cells is size dependent.159,160 A crucial factor 

during nanoparticle synthesis is the time point of precipitation of the calcium 

phosphate material.158,161 The precipitation kinetics of calcium phosphates can be 

controlled with organic complexing agents, such as ethylenediamine tetraacetic acid 

or citric acid.162,163 Citrate ions are known to play a fundamental role in bone 

formation by not only stabilizing existing apatite nanocrystals, but also in crystal 

nucleation during biomineralization in bone.164,165 The complexation of metal ions 

with hydroxycarboxylic acids to slow down kinetics was initially employed by 

Pechini et al. for the preparation of nanocrystalline metal niobates and titanates.166 In 

a different approach, Eufinger et al. precipitated calcium phosphate nanoparticles 

and immediately adsorbed DNA or siRNA at the surface, which stabilized the 

nanoparticles.167 Bisht et al. employed a reverse micro-emulsion process to slowly 

grow calcium phosphate nanoparticles and simultaneously encapsulated pDNA.150 

Another approach is the control of particle size by using capping agents. 
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Triethanolamine, ethylene glycol, and ethylenediamine tetraacetic acid have been 

investigated yielding calcium phosphate nanoparticles with sizes below 150 nm.168 

Besides the size of the calcium phosphate nanoparticles, the surface charge is crucial 

for cellular uptake. The zeta potential of calcium phosphate nanoparticles is negative 

at physiological pH value.169 Therefore, the shielding of the calcium phosphate 

nanoparticles comprising DNA in bovine serum albumin turned the zeta potential 

into positive values. Then, efficient uptake by cells was demonstrated.170 Reports 

have also been published about co-precipitation of gemcitabine, siRNA and proteins 

with calcium phosphate to yield nanoparticles that were taken up by the cells.171,172 

Li et al. noted, however, that these calcium phosphate particles were not tested via 

systemic administration, which may have been due to strong agglomeration problems 

in body fluid.158 This led them to encapsulate the calcium phosphate constructs with 

a lipid layer to prolong circulation time in the blood stream and to enhance particle 

uptake by cells. In summary, these systems rely on very specific synthesis 

procedures and do not allow many variations of the loadable drug, DNA, protein or 

siRNA. Thus, if an exchange of the drug is desired, the reaction conditions need to 

be adjusted because all molecules take part in the reaction. This may influence the 

required synthesis conditions and the properties of the entire particle construct. 

Therefore, these systems possess difficulties if used as a drug delivery platform in 

that sense.  

For advanced drug delivery applications, internal mesoporosity is desirable to enable 

the facile exchange of drugs depending on therapeutic needs. Yao et al. claimed the 

first synthesis of mesoporous calcium phosphate nanoparticles using the surfactant 

template cetyltrimethylammonium bromide but with very little mesoporosity and a 

corresponding pore volume of only 0.0113 cm3/g, which also could be considered as 
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being textural porosity.173 The maximum known surface area for calcium phosphate-

based nanoparticles was published with 315 m2/g. Here, the authors used a 

microwave assisted synthesis and adenosine triphosphate as phosphate source.174 In 

comparison with the established mesoporous silica based nanoparticles, the surface 

areas of calcium phosphate-based materials obtained so far are rather small, which 

strongly limits the loading capacity. Nevertheless, porous calcium phosphate-based 

materials have been loaded with docetaxel, silybin, ibuprofen, and 

doxorubicin.174,175,176,177,178 

In this context, an effective pore blocking system was missing, which led to 

uncontrolled release of the loaded cargo. Therefore, Li et al. described mesoporous 

calcium phosphates (BET surface area = 75 m2/g) and added a redox-responsive 

closure mechanism. The premature release of a loaded fluorescent model drug added 

up to 20 % of the total loading amount.179 In another approach aptamers were 

decorated at the surface of rod-shaped mesoporous calcium phosphate nanoparticles 

(BET surface area = 99 m2/g) with only 15 wt% of premature drug release.180 

However, access to an advanced and controlled release mechanism for intracellular 

drug delivery systems remains a big challenge in this field.180 

Concluding, the development of mesoporous calcium phosphate-based materials for 

utilization as drug delivery vehicles has been a goal for researchers. Until today, the 

requirements for drug delivery systems could not be fulfilled satisfactorily with the 

use of calcium phosphate-based materials. Research needs to gain insights into the 

control of the precipitation kinetics in order to reproducibly obtain nanoparticles. 

Additionally, the nanoparticles need to stay colloidally stable over a certain time 

period. Furthermore, the degree of mesoporosity needs to be enhanced for efficient 

drug loading. In addition, the drug delivery system can only serve as a flexible 
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platform if the loaded drugs are exchangeable without influencing the synthesis 

conditions. Finally, an appropriate closure mechanism needs to be established to 

prevent premature release. 

 

The following work describes in detail the synthesis and applications of mesoporous 

calcium phosphate-citrate, magnesium-calcium phosphate-citrate, and magnesium 

phosphate-citrate nanoparticles. Briefly, the combination of the Pechini process with 

soft templating methods and the addition of capping agents leads to the desired 

colloidal mesoporous calcium phosphate-citrate nanoparticles for advanced drug 

delivery applications. By coating the calcium phosphate-citrate nanoparticles with a 

lipid membrane, premature release of drugs is prevented. The tunable properties of 

calcium phosphate-citrate nanoparticles can induce a Ca2+ shock in cells, which 

specifically induces apoptosis. Modifying the developed synthesis approach for 

Ca2+-based phosphate nanoparticles, an adaptation to other bivalent metal ions, for 

example magnesium, is achieved. Therefore, mesoporous magnesium phosphate-

citrate nanoparticles were additionally utilized as biocompatible advanced drug 

delivery applications. This work is partially based on a publication with the World 

Intellectual Property Organization.181  
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The physical and chemical characterization of the synthesized products was achieved 

with several techniques. Dynamic light scattering (DLS) was employed to determine 

the hydrodynamic diameter of the nanoparticles. Zeta potential measurements gave 

information about the surfaces´ electrical charge. Fluorescence microscopy was 

applied to visualize fluorescently labeled matter. With fluorescence spectrometry the 

function of the supported lipid membrane encapsulating the nanoparticles as closure 

mechanism was investigated. Infrared (IR) spectroscopy and solid-state nuclear 

magnetic resonance (ssNMR) spectroscopy revealed detailed information on the 

chemical composition and bonding of the obtained materials. Nitrogen sorption 

analysis was used to determine the pore size, the pore volume, and the specific 

surface area. With scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM), the morphology and porous structure of the obtained materials 

were visualized. Furthermore, energy dispersive X-ray (EDX) spectroscopy and 

inductively coupled plasma spectroscopy (ICP) were used to identify the elementary 

composition of the samples. Computer tomography (CT) measurements and 

magnetic resonance imaging (MRI) techniques were applied for the analysis of 

physical properties of the functionalized nanoparticles. Thermogravimetric analysis 

(TGA) was used to investigate the amount of attached organic residues of the porous 

materials. To obtain information about crystallinity and the regularity of the pore 

structure, X-ray diffraction was applied. 

In the following chapter the analysis methods used primarily throughout this work 

are described. 
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2.1 Dynamic Light Scattering 

Dynamic light scattering (DLS) reveals information about the hydrodynamic 

diameter of nanoparticles in solution.1 It is a non-destructive and fast method by 

measuring Brownian motion and correlating it to the hydrodynamic size of the 

nanoparticles. For this purpose a monochromatic and coherent light source, such as a 

laser, is focused in the sample solution (Figure 2.1). 

 

Figure 2.1: Schematic drawing of the analysis method of dymamic light scattering. 

If the particle size is small compared to the wavelength of the laser beam, the latter 

can interfere elastically and therefore is scattered equally in all directions. This effect 

is known as Rayleigh scattering. The particles move in the solution due to Brownian 

motion. Thus, the interparticle distance varies continuously. This results in intensity 

fluctuations of the constructive and destructive interference of the scattered light and 

generates a speckle pattern. Due to the movement of the particles in the solution the 
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intensity of a particular spot of the speckle pattern changes with respect to the time. 

These changes in intensity are detected and a second order autocorrelation function is 

generated.  

𝑔𝑔𝐼𝐼𝐼𝐼 (𝑞𝑞; 𝜏𝜏) =
〈𝐼𝐼(𝑡𝑡)𝐼𝐼(𝑡𝑡 + 𝜏𝜏)〉

〈𝐼𝐼(𝑡𝑡)〉2
 

(2.1) 

q: Wave vector, τ: Delay time, I: Intensity. 

 
 

Single-exponential decays can be gained from the above function, which give 

information about the diffusion coefficient D of the particles. Since smaller particles 

move faster than larger particles in solution, the rate of decay in the correlation 

function is much faster for the smaller particles. In contrast, for larger particles the 

rate of decay is a lot slower. In a monodisperse particle solution, exactly one single-

exponential decay would be obtained. The size of the particles can then be obtained 

from the resulting diffusion coefficient D from the respective correlation function.  

𝑔𝑔𝐼𝐼 (𝑞𝑞; 𝜏𝜏) = 𝑒𝑒−𝑞𝑞2𝐷𝐷𝐷𝐷 (2.2) 

q: Wave vector, τ: Delay time, D: Diffusion coefficient. 

 
 

The hydrodynamic particle diameter d (spherical particle shape is assumed) can be 

calculated with the known diffusion coefficient D from the Stokes-Einstein equation. 

𝐷𝐷 =
𝑘𝑘𝐵𝐵𝑇𝑇

3𝜋𝜋𝜋𝜋𝜋𝜋
 (2.3) 

kB: Boltzmann constant, T: Temperature, η: Solvent viscosity,  
d: Hydrodynamic particle diameter. 

 

 

In the case of particles in solution being much larger than the wavelength of the 

incident laser beam, the particle size would be overestimated, if Rayleigh scattering 
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is used as calculation model. In fact the intensity of Rayleigh scattering is 

proportional to d6.  

𝐼𝐼 = 𝐼𝐼0
1 + cos2𝜃𝜃

2 𝑅𝑅2 (
2𝜋𝜋
𝜆𝜆
)
4

(
𝑛𝑛2 − 1
𝑛𝑛2 + 2

)
2

(
𝑑𝑑
2
)
6

 (2.4) 

I0: Incident light intensity, R: Distance to particle, Ɵ: Scattering angle,  

λ: Wavelength of incident light, n: Refractive index of the particles, 

d: Hydrodynamic particle diameter. 
 

Instead the Mie theory can be applied for particle size calculation, which shows no 

size limitations. Here, the particles are displayed as volume size distribution or 

number size distribution, which are proportional to d3 and d, respectively. Therefore, 

a more realistic size distribution of polydisperse particle solutions with larger 

particles can be obtained.  

Dynamic light scattering measurements were carried out using a Malvern Zetasizer-

Nano instrument with a 4 mW He-Ne laser (λ = 633 nm) and an avalanche photo 

detector.  
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2.2 Zeta Potential Measurement 

By measuring zeta potential (Figure 2.2), information is gained about the surface 

charge of nanoparticles in a solution, often depending on its pH value. Particles in 

suspension can exhibit surface charges that may result from functional groups bound 

to or constituent ions of the nanoparticle, or from ionic species strongly adsorbed to 

the surface.  

 

Figure 2.2: Schematic representation of the ionic interaction of a negatively charged 
particle with positive counter ions (Stern layer) and loosely bound ions (slipping 
plane). 

As a result, the nanoparticle attracts counter ions with opposite charge with respect to 

the initial surface charge, which form a second layer - the so called Stern layer. With 

increasing distance from the surface of the particle the Coulomb attraction is 

decreasing. The resulting loosely bound ions form the slipping plane or 

hydrodynamic shear plane and eventually are connected to the ionic strength of the 

dispersion medium. The zeta potential is defined as the potential difference of a 

particle between the slipping plane and the dispersion medium.2  
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The zeta potential is not measurable directly, but can be obtained indirectly by 

measuring the electrophoretic mobility of nanoparticles in an electrical field with 

given strength and polarization. The particles move to the electrode of opposite 

charge. This motion depends on the dielectric constant of the dispersion medium, the 

strength of the external electric field, the viscosity of the dispersion medium, and the 

zeta potential. The Henry equation connects the electrophoretic mobility with the 

zeta potential.3 The formula is given in equation (2.5). 

𝑈𝑈𝐸𝐸 =
2𝜀𝜀𝜀𝜀𝜀𝜀(𝜅𝜅𝜅𝜅)

3𝜂𝜂
 (2.5) 

UE: Electrophoretic mobility, ζ: Zeta potential, f(κα): Henry function,  

η: Viscosity of the dispersion medium.  

The electrophoretic mobility is measured by using Laser Doppler Velocimetry. The 

laser beam with the incident frequency fL scatters at the particle moving with the 

speed 𝑣⃗𝑣. This leads to a frequency shift f of the emitter´s frequency, which is 

depicted in equation (2.6).  

𝑓𝑓 = 𝑓𝑓𝐿𝐿 (1 −
𝑣⃗𝑣
𝑐𝑐

(𝑒𝑒𝐿𝐿⃗⃗⃗⃗ − 𝑒𝑒𝐷𝐷⃗⃗⃗⃗⃗)) (2.6) 

f: Frequency of the scattered light, fL: Frequency of the laser beam,  

𝑣⃗𝑣: Speed of the particles in solution, c: Speed of light, 𝑒𝑒𝐿𝐿⃗⃗⃗⃗ : Direction of 

the incident beam, 𝑒𝑒𝐷𝐷⃗⃗⃗⃗⃗: Direction from particle to the stationary detector. 
 

The frequency shift of the incident beam passing through the suspension is then used 

to determine the velocity of the particles. The Hückel approximation is an established 

method for particles smaller than 200 nm and low dielectric constant media. The 

Henry function 𝑓𝑓(𝜅𝜅𝜅𝜅) in this case becomes 1.0. The Smoluchowski approximation is 

used for particles larger than 200 nm and solutions with salt concentrations > 1 mM. 
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Then the Henry function 𝑓𝑓(𝜅𝜅𝜅𝜅) becomes 1.5. With these approximations the zeta 

potential of the particles can be calculated. 

Zeta potential measurements were carried out using a Malvern Zetasizer-Nano 

instrument with a 4 mW He-Ne laser (λ = 633 nm) and an avalanche photo detector. 

2.3 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was used to gain information about the 

quantitative amounts of attached organic moieties and/or adsorbed guest molecules. 

Thereby, the mass change of the sample related to the temperature of a heating ramp 

is investigated.4 While the temperature is raised at a constant heating rate the sample 

is weighed. During a heating process different reactions can occur. The sample can 

either evaporate, sublime or react/decompose. Depending on the given conditions the 

sample can also react via oxidation or reduction. This is controlled by an inert gas or 

a synthetic air atmosphere. All these processes can result in a change of the sample 

mass. Additionally, a mass change at a specific temperature can be associated with a 

specific component or intermediate. By carrying out a simultaneous measurement of 

differential scanning calorimetry (DSC), conclusions about physical and chemical 

modifications can be made. Hereby, an inert reference is compared to the sample 

during the heating process and the amount of heat required to increase the sample 

temperature is recorded. Therefore, DSC gives information about endothermic or 

exothermic processes related to a mass change in TGA. Desorption processes are 

endothermic, e.g. desorption of H2O, while combustions are of exothermic nature, 

e.g. decomposition of citric acid to CO2. 
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Thermogravimetric analysis of the samples in this work was performed on a Netzsch 

STA 440 C TG/DSC in a stream of synthetic air with a flow rate of 25 mL/min and a 

heating rate of 10 K/min. 

2.4 Infrared and Raman Spectroscopy 

For infrared (IR) spectroscopy radiation between 200 and 4000 cm-1 is 

predominantly used to gain information about the vibrational and rotational energy 

states of a sample.5 Therefore, this technique offers great potential for determining 

the composition and the chemical bonding of a sample. For samples to be IR-active, 

the dipole moment of the molecules has to change during the excitation (Figure 

2.3a). 

  

Figure 2.3: Schematic representation of electronic energy levels (S0 and S1), of 
vibrational energy states (n0, n1, etc.), and virtual energy states. a, IR absorption. b, 
Fluorescence. c, Rayleigh scattering. d, Stokes-Raman scattering. e, Anti-Stokes-
Raman scattering. 
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In older instruments the intensity of the transmitted or scattered monochromatic IR 

light was detected after it passed through the sample and then was compared to a 

reference beam. With the use of the modern Fourier transform infrared spectrometer 

(FTIR) the analysis of samples became very fast, highly accurate, and easy. 

Polychromatic IR light passes through a Michelson interferometer, then through the 

sample and after a background subtraction, a Fourier transformation is performed 

with the recorded interferogram. 

Raman spectroscopy relies on a different physical phenomenon in comparison to 

IR spectroscopy. Even though Raman spectroscopy was not used in this work, it is 

relevant to describe it at this point. Because Raman spectroscopy is a complementary 

analysis method to IR spectroscopy, it is necessary to distinguish it from 

IR spectroscopy. For vibrations to be Raman active, the polarizability of bonds has to 

change due to scattering of (monochromatic) light. The absorbed light excites an 

electron from a vibrational state into a virtual energy state. Immediately, the 

relaxation process begins and can be classified into three categories (Figure 2.3c-e). 

In case of an elastic scattering process relaxation brings the system back into its 

initial state - the emitted photon has the same energy as the absorbed photon. This 

process is called Rayleigh scattering and occurs most often. However, if an inelastic 

scattering process takes place, relaxation processes bring back the photon to either a 

higher or a lower energy with respect to the initial energy state. These processes are 

known as Stokes-Raman or Anti-Stokes-Raman scattering. With the Boltzmann 

factor the probability of electrons in a certain state can be calculated. The ground 

state N0 exhibits the highest probability to be occupied. This leads to a greater 

probability that the Stokes-Raman process occurs over the Anti-Stokes-Raman 

process. Therefore, the Stokes-Raman process is used to illustrate Raman 

spectroscopy. The Boltzmann factor is depicted in equation (2.7). 
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𝑁𝑁1
𝑁𝑁0

= 𝑒𝑒(
−∆𝐸𝐸
𝑘𝑘𝐵𝐵𝑇𝑇

)
 (2.7) 

N0: Density of electrons at ground state, N1: Density of electrons at 

excited state, ΔE: Difference of energy levels, kB: Boltzmann constant, 

T: Temperature. 
 

Infrared spectra were measured with a Thermo Scientific Nicolet iN 10 infrared 

microscope. 

2.5 Fluorescence Microscopy 

Fluorescence microscopy harnesses the physical principle of fluorescence to 

visualize samples.6,7 Thus the sample needs to fulfill the criteria to be fluorescently 

active. Typically, fluorophores contain an aromatic ring system, like in fluorescein, 

quinine or some amino acids. Conjugated fatty acids can also be fluorescent. 

Parinaric acid can be pointed out as an example.8 Incident light is absorbed by the 

fluorophore and the relaxation from the excited state can then result in fluorescence. 

The process that occurs between the absorption and the emission of light is usually 

depicted in a Jablonski diagram (Figure 2.3b). The electrons from the ground 

electronic energy level are excited into a higher electronic energy level with a 

number of possible vibrational energy levels. Internal conversion generally occurs 

within 10-12 s, when the electron relaxes to the lowest vibrational level of the excited 

electronic energy level S1.9 This is a non-radiative process leading to conformational 

changes in the molecule and is constrained by various environmental interactions. 

The return to the ground state S0 can lead to the emission of light, which is called 

fluorescence. Because the energy of the emitted light is lower than that of the 

excitation light, this process always leads to a red shift of the emission wavelength 

compared to the excitation wavelength. This bathochromic shift is called Stokes shift 
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and is inevitable for the fluorescent process. Therefore, optical filters can be used to 

separate the sometimes overlapping excitation and emission spectra of molecules. 

Next to the fluorescent relaxation of the electrons in the excited state, there are other 

possible relaxation processes to the ground state S0. These non-radiative processes 

include intersystem crossing (leading to phosphorescence), internal conversion 

(fluorescence energy transfer), or quenching. 

For the observation of biological processes fluorescent microscopy has become an 

indispensable tool because of the possibility to resolve even single fluorescent 

molecules. Until the developments initiated by S. Hell the maximum resolution in 

optical microscopy was restricted.10,11 The minimal distance d between the two 

minimally sized objects to be imaged is defined by the Abbe diffraction limit, which 

is proportional to the wavelength λ of the incident beam. The Abbe diffraction limit 

is depicted in equation (2.8). 

𝑑𝑑 =
λ

2𝑛𝑛 sin𝜃𝜃
 (2.8) 

d: Minimal distance between two resolvable objects, λ: Wavelength of 

the light, n: Index of refraction, Ɵ: Maximal half-angle of the cone of 

light. 
 

The distance that is resolvable depends strongly on the hardware of the instrument 

and the aperture but is nearly half of the visible wavelength. Therefore, for a long 

time the maximum resolution was limited to objects with a size of approximately 

200 nm.12 Hell et al. developed a microscopy method for high resolution with two 

different lasers. The first one excites the molecule to emit fluorescence. By canceling 

out all fluorescence (by stimulated emission) with a second laser pulse except 

fluorescence in a nanometer sized volume, and by scanning over the sample, a 

mapped image with spatial resolution below the Abbe diffraction limit is obtained.13 
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For fluorescence microscopy images in this work we used a confocal fluorescence 

microscope based on the Zeiss Cell Observer SD utilizing a Yokogawa spinning disk 

unit CSU-X1. The aim of confocal fluorescence microscopy is to optimize the optical 

resolution in all three spatial dimensions compared to a standard light microscope. 

Minsky invented the confocal microscopy technique by combining a lamp, a lens, 

and a pinhole.14 After illumination of the sample, light coming from different image 

plans, is rejected by the pinhole. Thus, only a single spot of the sample can be 

recorded by a point detector. Therefore, to acquire an entire image the sample needs 

to be scanned over. This time-consuming procedure was then speeded up with two 

spinning disks that contain multiple pinholes and lenses. This unit enables fast 

scanning over the sample leading to an accelerated image acquisition. 

2.6 X-Ray Diffraction 

Direct information about the crystallinity of materials can be obtained with the 

method of X-ray diffraction. Diffraction occurs if a wave encounters an obstacle or a 

slit. Then bending of the wave around the edges of the obstacle is observed in the 

region of the geometrical obstacle’s shadow. If a single wavelength encounters an 

object with two holes, the diffracted light can interfere in a constructive or 

destructive way. A related effect is used for sample analysis with X-rays. 

The wavelength of X-ray photons lies in the range of Ångstrom (0.1 nm)15, which is 

in the same region as the scale of atoms and chemical bonds. Because the distances 

between atoms correspond to the wavelength, the crystalline structure can be 

determined. X-rays are emitted from a metal source with characteristic wavelength 

e.g. Cu-Kα = 1.54182 Å. The interaction of X-rays with electron densities of the 

lattice planes of a periodic network lead to constructive or destructive interference. 
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Bragg´s relation, depicted in equation (2.9),16 is used that defines conditions at which 

scattered X-rays interfere in a constructive way. 

𝑛𝑛𝑛𝑛 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑Ɵ (2.9) 

n: Integer number, λ: Wavelength of X-rays, d: Distance of the lattice 

planes, Ɵ: Angle of incident X-rays.  

Geometric laws lead to the solution of 2δ = 2dsinƟ as being the difference of the 

traversed extra length of one of the two beams. Therefore, constructive interference 

can only occur if the extra length of the path difference is an integral multiple of the 

wavelength of X-rays and can then be detected (Figure 2.4). 

 

Figure 2.4: Scheme of the Bragg condition. 

The smaller the distance between the lattice planes, the larger will be the angles of 

the reflections. Vice versa, if a material exhibits rather large regular domains, the 
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reflections occur at small angles. This can be observed for porous materials with 

periodically arranged porous structures, if the material itself is non-crystalline. 

Therefore, small angle X-ray scattering (SAXS) typically refers to 2Ɵ from 0.5° to 

10°, which was used in this work for determining the mesoporous features of the 

nanoparticles. On the other hand, wide angle X-ray scattering (WAXS) refers to 2Ɵ 

from 10° to 60° and more, which was used for the investigation of the crystalline or 

amorphous nature of the nanoparticles. 

XRD patterns for samples in this work were obtained with a Bruker D8 Discover 

X-ray diffractometer using Cu-Kα radiation with a θ/θ Bragg-Brentano scattering 

geometry. 

2.7 Nitrogen Sorption Analysis 

Sorption analysis is used to gain information about the porosity of a sample. The 

adsorption and desorption behavior of gas (adsorbate) on a porous substrate 

(adsorbent) give information about the specific surface area, the pore size 

distribution, the shape of the pores, and the pore volume.17 The amount of adsorbed 

volume of nitrogen is measured at different relative pressures (p/p0) at constant 

temperature (77 K) during a nitrogen sorption experiment. The interactions of the 

adsorbate and adsorbent rely on van-der-Waals forces in the case of physisorption. In 

that sense, the adsorbent and adsorbate stay unchanged during a sorption 

experiment.18 Depending on the sorption characteristics of the material, the pore 

structure, and the pore size, six different major types of isotherms can be 

distinguished (Figure 2.5). These major types were categorized by the International 

Union of Pure and Applied Chemistry (IUPAC).17  
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Figure 2.5: Six major types of sorption isotherms defined by the International Union 
of Pure and Applied Chemistry. For Typ IV isotherm the BET area (gray box) and 
the area of the capillary condensation (green box) are marked. Adapted from 
reference 17. 

Type I isotherm exhibits a concave curve shape representing microporous materials 

with relatively small external surfaces. Type II isotherm is typical for non-porous or 

macroporous materials which represents materials with unrestricted monolayer-

multilayer adsorption. Type III isotherm is indicated by a convex curve shape where 

the material is non-porous or macroporous and low adsorbate-adsorbent interaction 

occurs. This effect arises if the competing interaction between the adsorbate 

molecules is stronger. Typical for many mesoporous materials is the type IV 

isotherm. Characteristics of type IV isotherm include the monolayer-multilayer 

adsorption (gray box, Figure 2.5) and the hysteresis loop (green box, Figure 2.5), 

which is associated with capillary condensation phenomena. As the relative pressure 

is reduced, the condensed adsorbate molecules in the capillary cracks do not desorb 

as readily as they were adsorbed. The reason for this is that the vapor pressure over 
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the concave meniscus formed by the condensed liquid in the pores, is lower 

compared to the bulk liquid phase.19 Type V isotherms are uncommon and related to 

Type III isotherms, because of the low adsorbate-adsorbent interaction. However, it 

resembles certain porous materials due to the observable hysteresis loop. Type VI 

isotherm arises with stepwise multilayer adsorption on a uniform non-porous 

substrate. The step height gives information about each monolayer capacity of the 

adsorbed layer.17,19,20  

To calculate the surface area of the porous material, some calculation models were 

described. First, the Langmuir interpretation21 was described, which is based on four 

assumptions:22 

1. the adsorbing gas adsorbs into an immobile state, 

2. all adsorption sites are equivalent, 

3. each site can hold at most one adsorbate molecule, 

4. no interaction of the adsorbate molecules on adjacent sites. 

The Langmuir model predicts the adsorption of an adsorbate on an adsorbent 

following a Type I isotherm. Thus, in accordance with IUPAC definitions the 

Langmuir interpretation describes only monolayer adsorption. To also include 

multilayer adsorption the Brunnauer, Emmett, and Teller (BET)23,24 theory became 

more relevant. In their theory the following assumptions were set: 

1. there is no limit for multilayer adsorption, 

2. only the first adsorbed layer has a distinct adsorption enthalpy resulting from 
the interaction with the adsorbate,  

3. the next adsorbed layers exhibit the same adsorption enthalpy due to the fact 
that they only interact with the monolayer underneath. 

These assumptions are depicted in equation (2.10). 



Characterization 

46 

𝑝𝑝
𝑛𝑛𝑎𝑎(𝑝𝑝0 − 𝑝𝑝)

=
1

𝑛𝑛𝑚𝑚𝑎𝑎 𝐶𝐶
+

(𝐶𝐶 − 1)
𝑛𝑛𝑚𝑚𝑎𝑎 𝐶𝐶

∙
𝑝𝑝
𝑝𝑝0

 (2.10) 

𝑛𝑛𝑎𝑎: Amount of the adsorbate at a relative pressure p/p0, 𝑛𝑛𝑚𝑚𝑎𝑎 : Capacity of 

a single monolayer, C: BET constant.  

According to the BET equation, a linear relation of p/na(p0-p) is plotted against the 

relative pressure p/p0. The range of linearity of the BET plot is always restricted to a 

limited part of the isotherm, normally not above p/p0 = 0.3. From that it is possible to 

obtain 𝑛𝑛𝑚𝑚𝑎𝑎 . The BET surface area can then be calculated from equation (2.11). 

𝐴𝐴(𝐵𝐵𝐵𝐵𝐵𝐵) = 𝑛𝑛𝑚𝑚𝑎𝑎 ∙ 𝑁𝑁𝐴𝐴 ∙ 𝑎𝑎𝑚𝑚 (2.11) 

𝑛𝑛𝑚𝑚𝑎𝑎 : Capacity of a single monolayer, NA: Avogadro constant, am: Area of 

one single adsorbate (N2 at 77 K = 0.162 nm2).  

For the calculation of the pore size and pore volume the BJH method25 or the density 

functional theory (DFT) can be applied. The DFT method has gained more relevance 

and developed as standard method. DFT is used to describe the interaction between 

fluids and hard walls of solids. It is based on microscopic methods such as the non-

local density functional theory (NLDFT)26. NLDFT has been demonstrated to be a 

validated method for the calculation of porous siliceous materials and zeolites.26,27 

This method also exhibits limitations due to the fact that smooth and homogeneous 

pore walls are implied. Nevertheless, the use of the NLDFT method allows for an 

accurate pore size analysis over the full range from micro- to mesoporous materials. 

An updated and modern approach relies on the quenched solid density functional 

theory (QSDFT). This also takes into account the surface roughness and 

heterogeneity of the material.28,29  
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Throughout this work the BET model was used for calculations of the surface area. 

Furthermore, the QSDFT method was applied for the analysis of the pore size 

distribution and the pore volume. The inclusion of the heterogeneity of the 

investigated materials led to smaller fitting errors compared to the NLDFT method.28 

Nitrogen sorption analysis was performed on a Quantachrome Instrument Nova 

4000e at 77 K. All samples were degassed previously to the measurements for 12 h 

at 120 °C. 

2.8 Nuclear Magnetic Resonance Spectroscopy 

With nuclear magnetic resonance (NMR) spectroscopy the chemical environment of 

certain nuclear isotopes can be investigated by applying a static magnetic field.18,30 

Therefore, the analysis of samples with NMR spectroscopy provides information 

about the structural properties of individual atoms. The investigated elements need to 

have a spin different from zero, which is the case for the elements, e.g., 1H, 13C, 19F, 

and 31P. An external magnetic field influences the energy states of these nuclei 

possessing a permanent magnetic dipole moment. These energy states are distinct 

with 2J+1, where J indicates the nuclear spin. Without an external magnetic field 

these distinct states are degenerated. The alignment of the nuclear spins is therefore 

dependent on the external magnetic field. For example, the spin quantum number of 

the nucleus for the isotope 13C is ½, so the energy level will split up into two levels 

when a homogenous magnetic field is applied. If radio-frequency in the form of a 

pulse is applied at the Larmor frequency of the nuclear spin, typically ranging from a 

few kHz to several hundred MHz, an imbalance of the aligned nuclear spins is 

generated. This imbalance is leading to a variation of the magnetic field, depicted in 

equation (2.12).31 
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ω0 = γ(B0 + B𝑖𝑖𝑖𝑖𝑖𝑖) (2.12) 

ω0: Larmor frequency, γ: Gyromagnetic ratio, B0: Applied external 

magnetic field, Bint: Change in magnetic field caused by the opposing 

electron magnetic moment. 
 

While the nuclei relax again, characteristic electromagnetic waves are emitted. These 

waves are then specific for the structural properties and chemical bonds of the 

investigated sample. The emitted characteristic radio-frequency is picked up at the 

electromagnetic coil and is called free induction decay (FID). After Fourier 

transformation of the time-dependent domain, the frequency domain is extracted to 

yield the NMR spectrum. 

In solid-state NMR (ssNMR) spectroscopy the anisotropic interactions interfere with 

the sharpness of the signals whereas in liquids this anisotropic effect is averaged out 

due to the very fast Brownian motion. Therefore, these dipole-dipole interactions 

between the magnetic moments of nearby nuclei in solids lead to line broadening in 

the spectra. By means of the “magic angle spinning” technique, the sample is rotating 

at high velocity at the angle of 54.74° with respect to the applied external magnetic 

field. This allows sharpening of the peaks even in solid samples.32 

1H, 13C, and 31P solid-state NMR (ssNMR) measurements were performed on a 

Bruker DSX Avance500 FT spectrometer in a 4 mm ZrO2 rotor under magic angle 

spinning conditions. 1H ss-NMR data were obtained at 500.2 MHz with 1 run.  

13C ss-NMR data were obtained at 125.8 MHz under cross-polarization conditions 

with 52000 transients. 31P ss-NMR data were acquired at 202.5 MHz under cross-

polarization conditions with 8 transients.  
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2.9 Scanning and Transmission Electron Microscopy 

With optical microscopy there is a classical ultimate limit to the resolution due to 

diffraction (which can be circumvented with the modern super-resolution 

techniques). This fact is explained by the Abbe diffraction limit in equation (2.8), 

where the wavelength is proportional to the maximal resolvable object. Therefore, if 

the incident wavelength becomes smaller the resolution of objects is expected to 

become better. De Broglie postulated the wave character of moving particles 

possessing distinct mass in 1924. He based his theory on the previous work of Albert 

Einstein and Max Planck.33 De Broglie correlated the wavelength λ with the 

momentum p of moving particles, see equation (2.13), which won him the Nobel 

Prize for Physics in 1929. 

λ =
ℎ
𝑝𝑝

=  
ℎ
𝑚𝑚𝑚𝑚

 (2.13) 

λ: Wavelength, h: Planck´s constant, p: Momentum,  

m: Mass, v: Velocity.  

Electrons are particles with known mass that generate a wavelength of roughly 

λ = 1.97 pm when accelerated by the high voltage of 300 kV.34 These electrons can 

then be used for electron-optical imaging techniques. 

Accelerated electrons that are focused with electrostatic and electromagnetic lenses 

onto a specimen interact in various ways with the sample (Figure 2.6). No energy is 

transferred to the sample and no directional change of the electrons occurs if they 

pass directly through the sample. These electrons exhibit the same energy as the 

incident beam. 



Characterization 

50 

 

Figure 2.6: Schematic graphic of an electron beam interacting with a sample. 

If the incident beam loses energy, the electrons have had interactions with the matter 

on their path. This electron-matter interaction is typically classified into two types of 

events. Thus, the electrons from the incident electron beam can be scattered 

elastically or inelastically.  

Elastic scattering occurs when the electron is deflected from its path by Coulomb 

interactions with the electron clouds.35 If the distances between the charges of the 

negative electron and the positive nucleus are fairly large, these electrons lose only a 

very small amount of energy and are mainly exploited in transmission electron 

microscopy. Therefore, the scattering angle of the electrons depends strongly on the 

elemental composition of the sample. Heavy elements deflect the electrons stronger 

than lighter elements leading to a variation in brightness on a detection device. The 

deflected electrons are recorded with a CCD camera or a fluorescent screen.36 
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Therefore, in principle the internal structure, the composition, the crystallinity, and 

structural defects can be visualized.  

Back-scattered electrons also result from an elastic scattering event, if the path of the 

electrons is deflected by the nucleus into the opposite direction. This event also relies 

on the atomic number of the elements. Heavy elements cause more backscattering 

than lighter ones resulting in an intensity variation on the detection device. These 

gained images depict the contrast of a material and can be used for evaluation of the 

elemental distribution.37 

Inelastic scattering results in the production of Auger electrons, X-rays, secondary 

electrons and heat, if the incident beam transfers energy to the sample.36 In the case 

of the Auger effect a core electron is removed from an atom leaving a hole behind. 

This hole is filled with an outer shell electron of higher energy, leading to excess 

energy, equal to the difference of the orbital energy of the two electrons. The excess 

energy is transferred to a second electron of an outer shell, which then is ejected into 

the vacuum. This process is very surface sensitive, because the ejected electrons of 

deeper layers are readily absorbed within the material. Therefore, this method is 

mainly used for the analysis of surfaces that have been chemically modified.  

Very similar to the effect of Auger electrons is the emission of X-rays. First, the 

incident electron hits out an inner core electron. Now the hole is filled up with an 

electron from an outer shell. Here, the gained energy is emitted as X-rays and not 

used up to produce Auger electrons. Clearly, these emitted X-rays are characteristic 

for each atomic level the electrons are related to and therefore can be assigned to 

single elements. The energy of these X-rays can be detected and used in energy 

dispersive X-ray analysis to yield the elemental composition of the investigated 

sample. 
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The detection of secondary electrons is the most used effect for the analysis in 

scanning electron microscopy. The secondary electrons are ejected from the sample 

very easily, if the electrons are located in the conduction or the valence band. For 

generating secondary electrons only small amounts of energy need to be transferred 

from the incident beam to the sample to overcome the work function. Then the 

ejection of secondary electrons into the vacuum is enabled. However, secondary 

electrons possess energies below 50 eV and thus only can reach the vacuum if the 

electrons were produced close to the sample surface.34 Then the emerged electrons 

are collected at a fixed detector position.38 In scanning electron microscopy the 

incident electron beam is rastered stepwise over the specimen. The detection of 

secondary electrons with respect to the corresponding spot leads to a contrast image 

of the topography. With this technique the morphology of very small structures 

below the Abbe limit can be investigated.  

Transmission electron microscopy was performed on a JEOL JEM 2011 and a FEI 

TECNAI G2 at an acceleration voltage of 200 kV. Samples were prepared on a 

carbon-coated copper grid. Scanning electron microscopy images were obtained on a 

JEOL JSM-6400F and a FEI HELIOS NanoLab G3 UC. Samples were prepared on 

an aluminum holder and sputtered with carbon.  
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3.1 Introduction 

Calcium phosphate-based materials are the main inorganic components found in the 

human body.1,2 These materials are mainly located in the skeleton and teeth as 

crystalline apatite (Ca10(PO4)6(OH)2). The synthesis of apatite can be achieved using 

different techniques like wet precipitation, hydrothermal, or microwave assisted 

methods.3,4 Depending on the synthesis strategy, different morphologies of apatite 

structures appear. There have been reports about rod-shaped5,6, spherical-shaped7,8, 

and hollow spheres9,10, as well as mesoporous nanoparticles11,12,13,14,15,16 and bulk 

materials17,18,19. Synthetic apatite shows a high potential for artificial bone or teeth 

tissue engineering due to its high biocompatibility and ability to enhance osteoblastic 

activity.20,21,22,23,24 Nevertheless, the risk of infections from surgery is present. To 

overcome this problem the patient receives high doses of antibiotics either orally, 

mixed together with the artificial bone cement, or gentamicin loaded poly(methyl 

methacrylate) (PMMA) beads are implanted at the site of surgery.20 Still, these 

solutions can cause other drawbacks. For artificial bone cements so called “burst-

releases” have been observed25,26, instead of long-term release of antibiotics. The 

implanted PMMA beads have to be removed by a secondary surgery after the 

complete antibiotic release.27,28 Therefore, our initial goal was to synthesize a 

biocompatible and bioactive calcium phosphate nanomaterial with a large surface 

area for enhanced drug loading, which enables slower release kinetics and renders a 

second surgery unnecessary. Recently, citrate has been discussed to be involved in 

the growth of natural bone as a complexing agent for calcium ions.29,30 The 

crystallization process of apatite is drastically slowed down by the addition of citric 

acid.29,31  
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Here, we present a novel synthesis strategy for highly mesoporous calcium 

phosphate-citrate nanoparticles (CPCs) with tunable porosity. Therefore, the amount 

of required drugs like antibiotics can be adjusted by the adsorption capacities of 

CPCs. This enables a personalized fabrication of bone cement for the patient’s needs. 

In aqueous solution, amorphous CPCs transform into crystalline apatite. We 

characterized CPCs with IR spectroscopy, thermogravimetric analysis, X-ray 

diffraction, dynamic light scattering, sorption analysis, and electron microscopy. 

3.2 Results and Discussion 

Calcium phosphate-citrate nanoparticles (CPCs) were synthesized with a modified 

Pechini sol-gel process.32,33 Calcium ions were dissolved in water. After addition of 

citric acid (CA) a complex with calcium ions is formed in aqueous solution. The pH 

of such solutions turns acidic during the complexation process. When adding 

phosphate ions a precipitation of calcium phosphate is prevented. Instead phosphate 

ions can interact with the Ca-CA-complex. In order to obtain a mesoporous structure 

the surfactant template cetyltrimethylammonium chloride (CTAC) was added in a 

concentration above the critical micelle concentration. The precursor complex and 

the micelles form an ordered mesophase. Due to a rapid change in pH to basic 

conditions, precipitation is induced. The extraction of the surfactant template with an 

ethanolic ammonium nitrate solution yielded the mesoporous CPCs. The addition of 

citric acid facilitates the gelation process in the formation of calcium phosphate.34 

Therefore, we believe that the kinetics of the precipitation reaction are slowed down. 

In consequence, the formation of a framework around the micellar structure is 

favored. We investigated the influence of the concentration of citric acid on the 

formation of the mesoporous structure. Here, we kept the concentration of calcium 
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and phosphate ions constant at a molar ratio of 1:0.66 as in stoichiometric apatite 

(Ca10(PO4)6(OH)2). Additionally, the amount of CTAC was kept above the critical 

micelle concentration at a fixed value. The amount of triethanolamine was kept 

constant as well. We synthesized four samples that only differed regarding the molar 

ratio of calcium to citric acid (Ca:CA). The molar ratios of Ca:CA were 1:2, 1:1, 

1:0.6, and 1:0.2. 

After precipitation and extraction of CPCs, we determined the particle size with 

dynamic light scattering (DLS) and scanning and transmission electron microscopy. 

The hydrodynamic particle size of CPCs in ethanolic solution is depicted in Figure 

3.1a. All samples show a narrow size distribution. The smallest particles with a 

maximum at 240 nm were obtained for the sample with a molar ratio of Ca:CA =1:1. 

For the other samples we observed larger particles. The samples with a molar ratio of 

Ca:CA = 1:0.6 and 1:0.2 each exhibited a maximum at 300 nm, whereas the largest 

particles were obtained for the sample with a molar ratio of Ca:CA = 1:2 at a 

maximum of 615 nm. Scanning electron microscopy (SEM) of the sample with a 

molar ratio of Ca:CA = 1:1 showed spherical shape (Figure 3.1b). A wormlike 

mesoporous structure was determined by transmission electron microscopy (TEM). 

The particles aggregated strongly during the drying process and featured an average 

diameter of 50 nm (Figure 3.1c and d). Therefore, electron microscopy supports the 

findings from DLS measurements for the sample with a molar ratio of Ca:CA = 1:1.  
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Figure 3.1: a, Dynamic light scattering measurements of colloidal CPCs with respect 
to the molar ratio of calcium to citric acid in ethanolic solution. The maxima of the 
peaks are at 240 nm (orange colored line), 300 nm (black and red colored lines), and 
615 nm (blue colored line). b, SEM image of the sample with a molar ratio of Ca:CA 
= 1:1 depicts spherical particles with an average diameter of 50 nm. Scale bar: 
200 nm. c, and d, TEM images of the sample with a molar ratio of Ca:CA = 1:1 
depicts mesoporous structure and the strong aggregation due to the drying process. 
Scale bars: 50 nm. 

With increasing concentration of CA we observed an incorporation of citrate ions 

into the calcium phosphate structure. Figure 3.2 illustrates IR-spectra of the four 

different samples. All samples show the typical ν3(PO4) band at 1079 cm-1. This 

vibrational mode is broadened in amorphous calcium phosphates thus the ν1(PO4) 

only appears as a shoulder at 950 cm-1.35,36 The vibrational mode v4(PO4) appears as 

one peak with a maximum at 570 cm-1 due to the amorphous nature.36 The 

incorporation of carbonate ions due to solvation in the aqueous phase from the air is 

indicated by the ν2(CO3) vibration at 844 cm-1 and the strong v3(CO3) vibration at 

1390 cm-1.36,37 The vibrations at 1255 cm-1 and 894 cm-1 indicate a calcium-deficient 
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structure due to H-OPO3
2- and HO-PO3

2-, respectively, to maintain charge 

neutrality.38 The precipitation of calcium phosphate in the presence of citric acid 

leads to vibrations of COO- at 1410 cm-1 and 1590 cm-1.39 With respect to the initial 

concentration of citric acid in the reaction solution, the intensities of the 

corresponding absorption bands decreased with lower concentrations relative to 

calcium ions. For concentrations of citric acid above a molar ratio of 1:1 no further 

increase of the corresponding absorptions was observed. Instead, for the sample with 

a molar ratio of 1:2 the intensities of the COO- vibrations even decreased. Therefore, 

the maximum concentration of incorporated citrate ions into the calcium phosphate 

structure was reached at a molar ratio of Ca:CA of 1:1. The dotted box of Figure 3.2b 

depicts a section of the IR-spectrum from the sample with a molar ratio of  

Ca:CA = 1:1 before and after template extraction. In the region of 3000 cm-1 the 

typical –CH vibrations resulting from the template can be observed. The absence of 

the –CH vibrations in the spectra of all extracted samples indicates complete removal 

of the template. 

 

 

Figure 3.2: IR-spectra of CPCs with respect to the molar ratio of calcium to citric 
acid. a, With lower initial concentration of citric acid the incorporation of citrate ions 
into the structure of CPCs decreased, indicated by the strong COO- vibrations at 
1410 cm-1 and 1590 cm-1. The typical PO4

3- vibrations are assigned to the peaks at 
570 cm-1 and 1079 cm-1. b, CPCs before extraction (green colored line) and after 
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extraction (orange colored line) of the sample with a molar ratio of Ca:CA = 1:1. The 
dotted box displays the –CH vibrations of the alkane chain of the template. 

To quantify the amount of incorporated citrate ions into the calcium phosphate 

structure, we performed thermogravimetric analysis (TGA) on all samples up to 

900 °C with a heating rate of 10 K/min in a stream (25 mL/min) of synthetic air 

(Figure 3.3). The moderate mass loss of all samples up to 200 °C is assigned to 

weakly bound organics and mainly water (~ 7 wt%). Between 200 °C and 450 °C a 

significant mass loss is observed for all samples. Above 450 °C the mass stays 

almost constant up to 900 °C. We attribute the decomposition of strongly bound 

organics to the massive mass loss. Before the extraction of CTAC from the sample 

with a molar ratio of Ca:CA = 1:1 (green colored line) the mass loss of organics adds 

up to 36 wt%. For the same sample after extraction (orange colored line) a mass loss 

of 29 wt% was observed. Therefore, the template CTAC adds up to 7 wt%. We 

attribute the mass loss of 29 wt% to the decomposition of citrate ions incorporated in 

the structure of CPCs. The shift to higher decomposition temperatures compared to 

pure citric acid (175 °C) is attributed to the strong interactions with the calcium ions 

in CPCs. In accordance with IR data, the incorporation of citrate ions into the 

structure of CPCs is dependent on the initial molar ratio of Ca:CA. The mass loss of 

the sample with a molar ratio Ca:CA = 1:0.6 (red colored line) is observed to be 

25 wt%. For the sample with a molar ratio Ca:CA = 1:0.2 (black colored line) the 

mass loss amounts to 21 wt%. With the molar ratio of Ca:CA = 1:2 we observed a 

mass loss of 26 wt%.  
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Figure 3.3: Thermogravimetric analysis measurements of extracted CPCs with 
different molar ratios of Ca:CA, with a heating rate of 10 K/min in a stream of 
synthetic air (25 mL/min). The mass loss of CPCs before (green colored line) 
extraction is depicted for the sample with a molar ratio of Ca:CA = 1:1. 

The integrated areas underneath the IR vibration at 1590 cm-1 and the values for the 

calculated mass losses are listed in Table 3.1 for all samples. For the samples with a 

molar ratios of Ca:CA = 1:0.2, 1:0.6, and 1:1 we obtained a linear correlation with 

the citrate ions incorporated into the calcium phosphate structure (Figure 3.4). When 

comparing the samples with a molar ratio of Ca:CA = 1:1 and 1:2, we observed less 

intensity of the carboxylic IR vibration at 1590 cm-1 and less mass loss from organics 

for the latter one. Instead, more intensity of the IR vibration and a greater mass loss 

would have been expected. Therefore, the obtained values for the sample with a 

molar ratio of Ca:CA = 1:2 were fitted into the linear correlation. According to the 

fit, a ratio of Ca:CA = 1:0.79 regarding the IR data is obtained and 1:0.70 regarding 

the TGA measurement. We believe that the large excess of citric acid during the 

synthesis hinders the complete precipitation of CPCs, which also is confirmed by the 

observed lower yield. Therefore, calcium ions stay complexed during the change in 

pH and remain in solution. 
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Table 3.1: Correlating values of incorporated citrate ions in the calcium phosphate-
citrate samples with different molar ratios of Ca:CA. 

Molar ratio of Ca:CA 1:0.2 1:0.6 1:1 1:2 

Integrated area (a.u.) 39.5 58.9 76.8 67.4 

Mass loss (%) 21 25 29 26 

 

 

 

Figure 3.4: a, Integrated areas of the IR vibrational peak at 1590 cm-1 for the samples 
with a molar ratio of Ca:CA = 1:0.2, 1:0.6, and 1:1 (black squares). The red line 
resembles the linear fit of the values. The blue square marks the initial molar ratio of 
the sample Ca:CA = 1:2, which is calculated to a ratio of Ca:CA = 1:0.79. b, Mass 
loss of the samples with a molar ratio of Ca:CA = 1:0.2, 1:0.6, and 1:1 (black 
squares). The red line resembles the linear fit. The blue square marks the initial 
molar ratio of the sample Ca:CA = 1:2, which is calculated to a ratio of Ca:CA = 
1:0.79 and 1:0.70, repectively. 

The X-ray analysis revealed an amorphous structure for all samples (Figure 3.5). 

This is in accordance with the PO4
3- vibration at 1079 cm-1 observed in the IR-

spectra, which is shifted to higher wavenumbers compared to crystalline apatite. 

After extraction of CTAC we observed different scattering behavior of small angle 

X-rays with respect to the Ca:CA molar ratio. With increasing concentration of citric 

acid a relatively broad reflection arises at 2Ɵ = 1.34°. The intensity of this reflection 

decreased again when the molar ratio of Ca:CA exceeded 1:1. We calculated a 

d-spacing of approximately 6.6 nm for the sample with a molar ratio Ca:CA = 1:1.  



Chapter 3 

64 

 

Figure 3.5: a, Wide angle X-ray scattering of amorphous CPCs with different molar 
ratios of Ca:CA (the graphs were shifted along the y-axis for clarity reasons).  
b, Small angle X-ray scattering of CPCs with different molar ratios of Ca:CA is 
depicted (graphs were normalized for clarity reasons). The regularity of the pore 
structure for the sample Ca:CA = 1:1 is visible at 2Ɵ = 1.34° as a broad peak (dashed 
vertical line). 

The influence of the molar ratio of Ca:CA on the resulting porosity was also 

investigated. Nitrogen sorption analysis was conducted for all samples (Figure 3.6). 

For the molar ratios Ca:CA = 1: 0.6; 1:1, and 1:2 the isotherms exhibit typical type 

IV shape for mesoporous materials. The sample with the molar ratio Ca:CA = 1:0.2 

can also be interpreted as type VI isotherm, even so it looks like type II. Therefore, 

we calculated mesopore sizes from all isotherms and obtained different values with 

respect to the initial concentration of citric acid.40 The calculated pore width varies 

between 4.8 nm and 5.4 nm for all samples. Due to the small size of the particles, 

textural porosity is indicated by the hysteresis loop at higher relative pressures. 

Therefore, the cumulative pore volumes were calculated up to 10 nm pore width in 

order to eliminate the textural porosity. The calculated pore volumes range from 

0.11 cm3/g to 0.56 cm3/g. We observed a maximum BET surface area of 575 m2/g 

for the sample with a molar ratio Ca:CA = 1:1, the BET surface area for the sample 

with a molar ratio Ca:CA = 1:0.2 was 190 m2/g. Table 3.2 presents the calculated 
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data for all samples. Obviously, the degree of porosity is dependent on the 

concentration of citric acid added to the solution.  

Summarizing, the addition of citric acid during the synthesis of CPCs has a strong 

influence on the porosity of the nanoparticles. Therefore, the amount of required 

drugs such as antibiotics in bone cements can be tuned due to the adsorption 

capacities of CPCs. This enables a personalized treatment with antibiotics based on 

the patient’s needs at the site of bone cement induction. 

 

Figure 3.6: a, Nitrogen sorption analysis of mesoporous CPCs with a molar ratio of 
Ca:CA = 1:0.2, 1:0.6, 1:1, and 1:2. b, Pore size distribution of mesoporous CPCs 
with a molar ratio of Ca:CA = 1:0.2, 1:0.6, 1:1, and 1:2. 

 

Table 3.2: Calculated porosity parameters of CPCs with different molar ratios of 
Ca:CA, from nitrogen sorption data. 

Ca:CA  
molar ratio 

Pore size distribution BET surface area 
(m2/g) Size (nm) Volume (cm3/g) 

1:2 4.8 0.32 240 

1:1 5.2 0.56 575 

1:0.6 5.4 0.37 490 

1:0.2 5.4 0.11 190 
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Time-dependent X-ray diffraction measurements were performed to investigate the 

stability of the amorphous CPCs in water at room temperature. 10 mg of the sample 

with a molar ratio of Ca:CA = 1:1 was stirred in bi-distilled H2O at a pH value of 6.5 

and 1.5 mg each was withdrawn from the solution after 2, 4, 8, 96, 265, and 433 

hours. The dried samples were investigated in the range of 2Ɵ = 15-60° (Figure 3.7). 

After 8 hours a transition of the amorphous phase into crystalline apatite is observed. 

The typical reflections for apatite structures increase with increasing storage time in 

water and are indicated with crosses. The decrease of the amorphous phase is 

indicated by the vanishing of the typical amorphous bump within 433 h. After 265 h 

an additional reflex at 2Ɵ = 18° arises (marked with an asterisk). This is attributed to 

crystalline calcium citrate. 

 

Figure 3.7: Wide angle X-ray scattering of CPCs with a molar ratio of Ca:CA = 1:1 
after storage in H2O (pH = 6.5) for 2, 4, 8, 96, 265, and 433 hours. The crosses mark 
the typical reflexes of crystalline apatite. The asterisk marks the reflection of 
crystalline calcium citrate (the graphs were shifted along the y-axis for clarity 
reasons). 

3.3 Conclusion 

We present a novel synthesis of calcium phosphate-citrate nanoparticles with tunable 

porosity. Calcium- and phosphate ions were combined with a surfactant template and 

citric acid in aqueous solution. Due to a rapid change in pH CPCs precipitated. After 
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the extraction of the surfactant template mesoporous spherical particles with a 

particle size of 50 nm were obtained. The incorporation of citrate ions into the 

structure of CPCs was confirmed by IR spectroscopy. Next to the intense phosphate 

vibrations at 570 cm-1 and 1079 cm-1 we observed strong vibrations at 1410 cm-1 and 

1590 cm-1, which are assigned to COO- from the incorporated citrate ions. The 

amount of incorporated citrate ions into CPCs was quantified by TGA measurements 

and revealed a linear dependency of the incorporation with respect to the initial 

amount of citric acid until saturation was reached. Depending on the initial 

concentration of citric acid, the BET surface area varied between 190 and 575 m2/g. 

Pore sizes ranging from 4.8 to 5.4 nm were obtained. Accordingly, the cumulative 

pore volume reached values from 0.11 to 0.56 cm3/g. CPCs exhibited an amorphous 

structure that transformed into crystalline apatite upon the addition of water after 8 h.  

The highly porous nature of CPCs offers many opportunities for molecular 

interactions with pharmaceutical and biological agents. Therefore, our CPCs provide 

a new promising, biocompatible platform for advanced drug delivery applications. 

Additionally, the transformation into crystalline apatite over time enables the 

utilization of CPCs as novel bone cement material with controlled drug release. 

3.4 Experimental 

Chemicals: 

Calcium nitrate tetrahydrate (AppliChem, 99 %), ammonium dihydrogenphosphate 

(Alfa Aeser, 99 %), citric acid (Aldrich, 99.5 %), cetyltrimethylammonium chloride 

(CTAC, Fluka, 25 wt% in H2O), triethanolamine (TEA, Aldrich, 98%), ethanol 

(EtOH, Aldrich, >99.5 %), ammonium nitrate (Sigma, 99 %), dipotassium hydrogen 

phosphate trihydrate (Sigma, 99 %). 
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All chemicals were used as received without further purification. Doubly distilled 

water from a Millipore system (Milli-Q Academic A10) was used for all synthesis 

steps. 

Synthesis of Calcium Phosphate-Citrate Nanoparticles (CPCs): 

The synthesis of CPCs was carried out following a modified Pechini sol-gel 

process.32,33 In a 50 mL polypropylene reactor citric acid (CA, 

480 mg/240 mg/144 mg/48 mg, 2.5 mmol/1.25 mmol/0.75 mmol/0.25 mmol), 

Ca(NO3)2 ∙ 4 H2O (295 mg, 1.25 mmol) and (NH4)H2PO4 (86.3 mg, 0.75 mmol) were 

dissolved in water (20 mL, 1.11 mmol) to obtain solutions with Ca:CA molar ratios 

of 1:2, 1:1, 1:0.6 and 1:0.2, respectively. Then, cetyltrimethylammonium chloride 

(622 mg, 1.94 mmol) was added and stirred for 5 minutes. The solution was added 

under vigorous stirring to another polypropylene reactor containing triethanolamine 

(7.15 g, 48 mmol). The obtained suspension was stirred at 500 rpm at room 

temperature for 10 minutes. Then, the suspension was diluted approximately 1:1 with 

ethanol. The particles were separated by centrifugation at 19,000 rpm (43,146 rcf) for 

15 minutes and redispersed in NH4NO3/EtOH (2 wt%, 80 mL). To extract the 

template, the suspension was heated under reflux conditions at 90 °C for 30 minutes. 

Then, the particles were separated by centrifugation at 19,000 rpm (43,146 rcf) for 

10 minutes and redispersed in 80 mL ethanol. The mixture was again heated under 

reflux conditions at 90 °C for 30 minutes. The particles were separated by 

centrifugation at 19,000 rpm (43,146 rcf) for 10 minutes and redispersed in 20 mL 

ethanol.  
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3.5 Characterization 

Nitrogen sorption analysis was performed on a Quantachrome Instrument Nova 

4000e at 77 K. Samples (25 mg) were outgassed at 120 °C for 12 h in vacuo 

(10 mTorr). Pore size and pore volume were calculated by a QSDFT equilibrium 

model of N2 on carbon, based on the desorption branch of the isotherms. The QSDFT 

method takes into account the effects of surface roughness and heterogeneity.41 Pore 

volumes were evaluated up to a pore size of 10 nm, in order to remove the 

contribution of inter-particle textural porosity. Surface areas were calculated with the 

BET model.42 Thermogravimetric analysis of the samples was performed on a 

Netzsch STA 440 C TG/DSC in a stream of synthetic air with a flow rate of 

25 mL/min and a heating rate of 10 K/min. Dynamic light scattering measurements 

were performed on a Malvern Zetasizer-Nano instrument with a 4 mW He-Ne laser 

(633 nm) in ethanolic suspension with a concentration of 0.5 mg/mL. Scanning 

electron microscopy (SEM) images were obtained on a JEOL JSM-6400F. For 

sample preparation a droplet of the ethanolic colloidal suspension was placed on a 

60 °C preheated carbon pad. Samples were sputtered with carbon before 

measurement. Transmission electron microscopy (TEM) was performed on a JEOL 

JEM 2011 at an acceleration voltage of 200 kV. For sample preparation a droplet of a 

diluted ethanolic colloidal suspension was deposited on a carbon-coated copper grid 

and the solvent was allowed to evaporate. Infrared spectra were measured with a 

Thermo Scientific Nicolet iN 10 infrared microscope. XRD patterns were obtained 

with a Bruker D8 Discover X-ray diffractometer using Cu-Kα radiation (1.5406 Å). 
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4.1 Introduction 

Engineering nanomaterials for drug delivery applications will eventually lead to 

contact of these nanomaterials with humans and the environment.1 Therefore, it is 

mandatory to be able to track the nanoparticles and record their traces. This need 

motivated the introduction of functionalized nanomaterials. The possibility to 

functionalize nanoparticles with other molecules or with active linking groups 

opened many opportunities in this direction.2,3 Additionally, nanoparticles can then 

readily be used for detection and as a diagnostic tool.4 In recent years, many methods 

have been developed to synthesize functionalized nanoparticles, specifically for drug 

delivery to tumor sites, for diagnostics, and for tissue engineering.5,6,7 Depending on 

the functionalization, a number of different properties such as photoluminescence 

(e.g. fluorescence), attachment of targeting ligands, high electron density, or 

magnetic moment can be achieved.8 If nanoparticles are fluorescently labeled, the 

interaction of living matter with nanoparticles could easily be investigated with 

microscopy - not only on the cellular level but also in living tissue.9 If nanoparticles 

are functionalized in a way that targeting ligands could be attached, e.g., at a lipid 

membrane, delivery to the tumor sites could be achieved and/or diagnostic methods 

could be introduced.10,11 If nanoparticles are functionalized with elements with high 

atomic numbers, materials could become radiopaque leading to detectability with 

X-rays.12,13 Finally, if nanoparticles are functionalized with paramagnetic elements, 

the detection could be performed with MRI methods.14,15,16 In any case, it would be 

desirable if a single type of nanoparticle could offer a platform on which all such 

properties can be achieved by functionalization. This would enhance the flexibility of 

the platform for diagnostics and detectability.  
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Here, we describe the functionalization of calcium phosphate-citrate nanoparticles 

(CPCs). Our first goal was the functionalization for detectability of the nanoparticles 

in vitro and in vivo. Furthermore, the molecules introduced into CPCs by 

functionalization were intended to belong to the group of biocompatible substances. 

The tuning of calcium phosphate materials towards medical uses has already become 

an advancing field.17 Thus, a number of divalent cations (Sr2+, Ba2+, Mn2+, Pb2+, etc.) 

have been introduced into the structure of calcium phosphate materials.18,19,20,21 Here, 

we chose as functionalizing agents strontium for its radiopacity properties22,23, 

manganese for paramagnetic properties24, and calcein for fluorescence properties.25 

First, we established the synthesis of Sr-CPCs, Mn-CPCs, and Cal-CPCs. 

Furthermore, we attached a lipid membrane to Cal-CPCs to enable cellular uptake. 

We investigated the functionalized CPCs with IR spectroscopy, thermogravimetric 

analysis, dynamic light scattering, X-ray analysis, and sorption analysis, as well as 

scanning and transmission electron microscopy. In a computer tomography 

experiment we confirmed the enhanced X-ray contrast of functionalized Sr-CPCs 

compared to unfunctionalized CPCs. Using MRI, we monitored the relaxation times 

of functionalized Mn-CPCs and calculated the material´s specific relaxivity. We 

recorded the fluorescent properties of calcein-calcium phosphate-citrate 

nanoparticles (Cal-CPCs) and investigated the interactions with HeLa cells. After 

coating Cal-CPCs with a lipid membrane, we were able to monitor nanoparticle 

uptake by HeLa cells. The above functionalization strategies for CPCs open new 

possibilities for the detection and diagnosis in living matter. 
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4.2 Results and Discussion 

The functionalization of calcium phosphate-citrate nanoparticles (CPCs) was carried 

out following a modified Pechini sol-gel process26,27 and co-precipitation of the 

doping materials. The partial substitution of the divalent calcium cation with Sr2+ or 

Mn2+ led to strontium-calcium phosphate-citrate nanoparticles (Sr-CPCs) or 

manganese-calcium phosphate-citrate nanoparticles (Mn-CPCs). The partial 

substitution of the anionic citrate with calcein led to calcein-calcium phosphate-

citrate nanoparticles (Cal-CPCs). Calcium ions were dissolved in aqueous solution 

containing citric acid. Citric acid leads to a complexation of the calcium ions and a 

drop in pH due to its acidity. This prevents precipitation of calcium phosphate after 

the addition of phosphate ions. Additionally, the addition of citric acid facilitates the 

gelation process in the formation of calcium phosphate-citrate and slows down the 

precipitation kinetics.28 The respective dopants were mixed into the reaction solution 

at fixed concentrations. For the functionalization with strontium or manganese a 

concentration of 10 mol% with respect to the calcium amount was substituted. The 

functionalization with calcein was performed with 1 mol% with respect to the to the 

citric acid amount. To obtain mesoporosity, the template surfactant 

cetyltrimethylammonium chloride (CTAC) was added to form a mesophase 

containing dopant-calcium phosphate-citrate and micellar structures. A rapid change 

in pH to basic conditions induces the precipitation of the functionalized CPCs. 

Extraction of the surfactant template with an ethanolic ammonium nitrate solution 

yielded the mesoporous functionalized CPCs. 

The formation of calcium phosphate-citrate nanoparticles was demonstrated with 

IR spectroscopy and thermogravimetric analysis (TGA). In Figure 4.1a the IR-

spectra of three different CPCs are depicted. All samples show the typical ν3(PO4) 
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band at 1079 cm-1.29 This vibrational mode is broadened in amorphous calcium 

phosphate-citrate, thus the ν1(PO4) only appears as a shoulder at 950 cm-1.30,31 The 

vibrational mode v4(PO4) appears as one peak with a maximum at 570 cm-1 due to 

the amorphous nature of the material.31 The vibrations at 1255 cm-1 and 894 cm-1 

indicate the presence of H-OPO3
2- and HO-PO3

2- and thus a calcium-deficient 

structure to maintain charge neutrality.32 The precipitation of calcium phosphate in 

the presence of citric acid leads to vibrations of COO- at 1410 cm-1 and 1590 cm-1.33 

The above data are in accordance with our mesoporous calcium phosphate-citrate 

nanoparticles introduced in Chapter 3. Additionally, we investigated the 

functionalized CPCs with TGA in the temperature range between 25 and 900 °C with 

a heating rate of 10 K/min in synthetic air (25 mL/min) to quantify the amount of 

citrate ions incorporated into the calcium phosphate structure (Figure 4.1b). In 

comparison to the unfunctionalized CPCs (see Figure 3.3, orange line) we observed a 

similar mass loss for Sr-CPCs. The mass loss of the sample up to 200 °C is assigned 

to weakly bound organics and mainly water (~ 4 wt%). Between 200 °C and 400 °C 

a significant mass loss is observed. Above 400 °C the mass remains almost constant 

up to 900 °C. We attribute the decomposition of strongly bound organics to the 

massive mass loss which is in agreement with unfunctionalized CPCs where the 

same trend is observable. This leads to the conclusion that for Sr-CPCs an organic 

content (citrate) of around 29 wt% is incorporated into the Sr-CPC structure. For the 

sample Mn-CPC we observed similar thermogravimetric results as for the sample 

Sr-CPC. The mass loss up to 150 °C is related to the weakly bound organics and 

water, the mass loss between 150 °C and 450 °C is attributed to citrate and adds up to 

25 wt%. For the sample Cal-CPC we observed a mass loss of 11 wt% up to a 

temperature of 150 °C resulting from weakly bound organics, mainly water, and 

degradation of calcein at the outer surface.34,35 Between 150 °C and 650 °C we 
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assigned the mass loss to the decomposition of citric acid adding up to 20 wt%. 

Above 650 °C we observed an additional mass loss, attributed to the complete 

degradation of the incorporated calcein. In the literature the decomposition of calcein 

is reported to start below 150 °C.34 The mass loss above 650 °C is assigned to the 

combustion of intermediates formed during the heating of Cal-CPCs.35  

 

Figure 4.1: a, IR-spectra of Cal-CPCs, Sr-CPCs, and Mn-CPCs with strong COO- 
vibrations at 1410 cm-1 and 1590 cm-1 due to the citrate incorporated into the 
structure. b, Thermogravimetric analysis of Cal-CPCs, Sr-CPCs, and Mn-CPCs. 

Colloidal stability and the particle size of functionalized CPCs were measured with 

dynamic light scattering (DLS). The hydrodynamic particle size of functionalized 

CPCs in ethanolic solution is depicted in Figure 4.2a. All functionalized CPC 

samples show a narrow size distribution with a maximum at 290 nm. After drying the 

samples from ethanolic solutions at 60 °C for 12 hours, X-ray diffraction analysis 

(Figure 4.2b) revealed amorphous materials. This is in agreement with the shifted 

and broadened vibrational ν3(PO4) band at 1079 cm-1.31 The scanning electron 

microscopy images reveal spherical nanoparticles with a size of around 50 nm for all 

functionalized CPC samples. The particles strongly aggregate due to the drying 

process on the sample holder (Figure 4.2c-e). In transmission electron microscopy 

indications for the mesoporous structure can be observed with all samples. The 
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sponge-like formation of aggregated CPC particles from the drying process was 

observed as well (Figure 4.2f-h). 

 

Figure 4.2: a, Dynamic light scattering in ethanolic solution of Cal-CPCs, Sr-CPCs, 
and Mn-CPCs. b, X-ray diffraction measurements reveal amorphous nature of Cal-
CPCs, Sr-CPCs, and Mn-CPCs. c-e, Scanning electron microscopy images of Cal-
CPCs, Sr-CPCs, and Mn-CPCs. Scale bars: 100 nm. f-h, Transmission electron 
microscopy images of Cal-CPCs, Sr-CPCs, and Mn-CPCs. Scale bars: 50 nm. 

For all functionalized CPCs the analysis of the nitrogen sorption isotherms revealed a 

very large BET surface area and a narrow pore size distribution with a large 
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corresponding pore volume. All isotherms (Figure 4.3) exhibit the typical type IV 

shape for mesoporous materials. We calculated porosity parameters from all 

isotherms.36 The calculated pore size for all samples varies between 4.5 nm and 

4.8 nm. The cumulative pore volumes were calculated up to 10 nm pore size to 

eliminate the influence of textural porosity. The calculated pore volumes range from 

0.52 cm3/g to 0.59 cm3/g. We observed a maximum BET surface area of 600 m2/g 

for the sample Cal-CPC. Table 4.1 presents the calculated data for all functionalized 

CPC samples. The porosity parameters are mostly consistent for functionalization 

with calcein, strontium, or manganese in calcium phosphate-citrate nanoparticles.  

Table 4.1: Calculated parameters from nitrogen sorption data of functionalized CPCs. 

Sample Pore size distribution BET surface area 
(m2/g) Size (nm) Volume (cm3/g) 

Cal-CPCs 4.5 0.59 600 

Sr-CPCs 4.8 0.55 530 

Mn-CPCs 4.5 0.52 590 
 

 

Figure 4.3: Sorption data for CPCs functionalized with calcein (Cal-CPCs, black 
curve), strontium (Sr-CPCs, red curve), and manganese (Mn-CPCs, green curve).  
a, Adsorption and desorption isotherms of Cal-CPCs, Sr-CPCs, and Mn-CPCs. b, 
Calculated pore size distributions of Cal-CPCs, Sr-CPCs, and Mn-CPCs. 
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The energy dispersive X-ray analysis reveals the difference in the chemical 

composition of the functionalized CPCs. For the sample Cal-CPC the quantification 

of the carbon or nitrogen content is not representative due to the small atomic 

numbers of these atoms and the carbon sputtering during sample preparation. 

Therefore, no difference in the elemental analysis data of Cal-CPCs and 

unfunctionalized CPCs can be detected. The averaged ratio of calcium to phosphorus 

is 1.62. This is in accordance with the calcium-deficient structure indicated in the 

IR-spectra. Both Sr-CPCs and Mn-CPCs are functionalized/doped with 10 mol% 

with respect to the calcium content of CPCs. For the sample Sr-CPCs an averaged 

dopant/calcium to phosphorus ratio of 1.79 was obtained. For the sample Mn-CPCs 

an averaged dopant/calcium to phosphorus ratio of 1.78 was observed. In comparison 

to Cal-CPCs, the samples Sr-CPCs and Mn-CPCs exhibit higher dopant/calcium 

amounts with respect to phosphate. 

Table 4.2: Avaraged energy dispersive X-ray (EDX) and inductively coupled plasma 
(ICP) analysis of functionalized CPCs. Previously for ICP anaylsis, the solid samples 
were dissolved in HNO3. 

Sample Analysis Calcium 
(atom%) 

Functionalization: 
Sr2+ or Mn2+ 

(atom%) 

Phosphor 
(atom%) Dopant/Ca:P 

Cal-CPCs 
EDX 8.35 - 5.52 1.51 

ICP 5.78 - 3.34 1.73 

Sr-CPCs 
EDX 4.91 0.72 3.26 1.73 

ICP 4.61 0.87 2.98 1.86 

Mn-CPCs 
EDX 5.51 1.02 3.47 1.88 

ICP 5.48 0.81 3.74 1.68 

 

The obtained functionalized calcium phosphate-citrate nanoparticles can be used for 

diagnostic and sensing applications. Reported investigations on calcium phosphate 
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materials often aim at applications as bone cement.19 This is due to their mechanical 

performance, biocompatibility, bioactivity and osteoconductivity as well as the easy 

handling.37,38 Calcium phosphate bone cements can be functionalized to enhance 

their performance. Strontium ions have attracted attention because of their unique 

potential to stimulate new bone formation.23 Additionally, strontium functionalized 

calcium phosphate materials are radiopaque which leads to better visualization with 

X-rays.22,23 The functionalized Sr-CPCs in this work contain up to 15 atom% of 

strontium. Therefore, we expect Sr-CPCs being a more radiopaque material than 

unfunctionalized CPCs. This enables the combination of better detectability in X-ray 

imaging and the advantages of biocompatible colloidal mesoporous nanoparticles. 

Sr-CPCs were compared to unfunctionalized CPCs with computer tomography. The 

two samples were recorded 6 mm stepwise (standard measurement conditions) in a 

glass vial in ethanolic solution at a concentration of 1 mg/mL to obtain a 3D image. 

Ethanol as a solvent with a purity of 99.9 % shows a mean Hounsfield value 

of -196.8±2.8 HU.39 Sr-CPCs show a larger Hounsfield value (-193.2±1.5 HU) and 

thereby show stronger X-ray absorbance. Compared to unfunctionalized CPCs 

(-197.1±3.1 HU) the Hounsfield value is close to the value of pure ethanol. 

Therefore, for Sr-CPCs a better X-ray contrast is observed and thus can be 

distinguished from unfunctionalized CPCs at least if dispersed in ethanolic 

solution.22 How Sr-CPCs and unfunctionalized CPCs will perform under aqueous 

conditions will be explored in the future. It would be desirable if Sr-CPCs can also 

be distinguished from natural bone. For bone a mean Hounsfield value from 300 to 

3000 HU is reported.40,41  
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Figure 4.4: Computer tomography images of a, Sr-CPCs, exhibiting a greater 
Hounsfield unit (-193.2±1.5 HU) than b, unfunctionalized CPCs (-197.1±3.1 HU). 
Nanoparticles dispersed in ethanolic solution were recorded in a glass vial, which 
appears very bright (995 HU). Sr-CPCs show stronger contrast (brighter) than 
unfunctionalized CPCs. The top row depicts the transverse view while the bottom 
row depicts the coronal view of the images.  

Magnetic resonance imaging (MRI) is a technique that relies on strong magnetic 

fields, field gradients, and radio waves to generate images. For magnetic resonance 

imaging in clinics, hydrogen atoms, in the form of water, are used for detecting the 

emitted radio-frequency signal when an external strong magnetic field is applied. 

The relaxation time of these hydrogen atoms is influenced by the close surroundings 

leading to a contrast in imaging. Therefore, relaxation rates of water can be 

influenced by certain atoms that are MRI active. Due to the paramagnetic properties 

of manganese24 the relaxation rates of Mn-CPCs were analyzed with MRI methods in 

aqueous solution. Four samples of Mn-CPCs at concentrations of 0.5, 1.0, 3.0, and 

6.0 mg/mL in aqueous solution were investigated. For each sample the relaxation 

rates for T1 and T2 were recorded (Figure 4.5). For calculations from mg/mL to 
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mmol/L, a stoichiometric composition of Mn-CPCs with the formula of 

Ca4.5Mn0.5(PO4)3OH was employed, based on elemental analysis data. 

The relaxation rate was measured at a clinical 1.5 T MRI system using T1-weighted 

saturation recovery sequences and T2-weighted multi-echo sequences. 

 

Figure 4.5: Plots of relaxation rates (a, R1 and b, R2) versus the manganese 
concentration of the Mn-CPCs. The slope of the fitting equations indicates the 
specific relaxivity (a, r1 and b, r2). 

The nanoparticles significantly shortened the T1 and T2 values of water protons. The 

specific relaxivity was obtained by fitting the relaxation rates R1/2 = 1/T1/2 of the 

different concentration of Mn-CPCs. The slope of the fitting curve of the obtained 

relaxation rates indicates the material specific relaxivity r1 and r2. For Mn-CPCs the 

specific relaxivity was calculated to be r1 = 3.27 L/mmol/s and r2 = 6.42 L/mmol/s 

with respect to the manganese content. In comparison, a Mn-EDTA complex exhibits 

a specific relaxivity of r1 = 5.8 L/mmol/s.42 Molecular MnCl2 exhibits specific 

relaxivity values at the order of r1 = 7-8 L/mmol/s and r2 = 30-125 L/mmol/s.43 This 

could be interpreted such that if manganese ions are sterically blocked with EDTA or 

in our case embedded into a CPC structure, the r1 value is lowered. Generally, the 

higher the r1 value the better is the positive contrast in imaging. Even more 

significant is the ratio of r2/r1 for imaging in clinics. The closer the ratio of r2/r1 is to 
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1, the better the material is suited as contrast agent.44,45 A commercially available 

gadolinium complex, Magnevist®, has an optimal r2/r1 ratio of 1 (r1 = 4.6 L/mmol/s, 

r2 = 4.5 L/mmol/s) at 1.5 T.35 For our Mn-CPCs the specific relaxivity ratio of r2/r1 

shows a value of 1.96, making them presumably easily detectable with MRI methods 

during in vivo experiments.  

X-ray analysis and magnetic resonance imaging of functionalized Sr-CPCs and 

Mn-CPCs are attractive for detecting and tracing the CPCs in in vivo experiments. 

But for in vitro experiments fluorescence microcopy is the analysis method of 

choice.9 

For the sample Cal-CPC we investigated the fluorescent properties of the colloidal 

nanoparticles. To this end, we recorded the excitation and emission spectra of 

nanoparticles dispersed in bi-distilled water (Figure 4.6a, solid lines). The maxima of 

the spectra are located at 507 nm for the excitation wavelength (emission at 545 nm) 

and 525 nm for the emission wavelength (excitation at 488 nm). In comparison with 

free calcein (Figure 4.6a, dashed lines) we observed spectra red-shifted by 10 nm for 

the excitation and the emission in Cal-CPCs. The incorporation of calcein into the 

structure of the CPCs therefore influences the fluorescent properties of calcein. In 

Figure 4.6b the measurement cuvette is depicted with the blue excitation wavelength 

and the green emission color of the colloidal particles in the cuvette. In Figure 4.6c 

the colloidal yellow-colored Cal-CPCs are depicted. 
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Figure 4.6: Fluorescently functionalized CPCs (Cal-CPCs). a, Excitation and 
emission spectra of Cal-CPCs (solid lines), excitation and emission of free calcein 
(dashed lines). b, Photograph of green fluorescent colloidal Cal-CPCs with blue 
excitation light. c, Colloidal stable calcein-functionalized CPCs. 

Next, we studied the cellular uptake of the functionalized calcein-calcium phosphate-

citrate nanoparticles. Cal-CPCs were incubated with a concentration of 50µg/mL 

with HeLa cells up to 24 h to determine the cell uptake behavior. In Figure 4.7 the 

HeLa cell membranes are colored in red using wheat germ agglutinin Alexa 

Fluor 647 conjugate for visibility and the green dots represent the Cal-CPC particles. 

The fluorescent green bare Cal-CPC particles could neither be localized at the outer 

cell membrane nor inside the cell membrane. Within an incubation of 24 h, no 

particle uptake into cells could be observed. At a physiological pH value of 7.4 HeLa 

cell membranes exhibit a negatively charged surface.46,47 For Cal-CPCs the zeta 

potential is negative as well at pH = 7.4, with a value of -5 mV, apparently leading to 

a repulsion of the particles from the cell membrane.48 
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Figure 4.7: a, and b, Fluorescently functionalized CPCs (Cal-CPCs) excited with 
488 nm in a confocal fluorescence microscope. The green dots represent Cal-CPCs. 
For visualization the HeLa cell membranes were colored in red. The red features of 
the cells visualize internalized dye. Scale bars: 50 µm. 

To enhance the uptake of nanoparticles by HeLa cells, we developed a two-step 

synthesis method for a lipid coating. Elsewhere, lipid calcium phosphate 

nanoparticles (LCPs) have been coated with a supported lipid membrane.49,50,51 As a 

result, the uptake of lipid-coated nanoparticles by cells was observed. Here, we 

formed a lipid coating consisting of 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) encapsulating the 

particles employing the established solvent exchange method52 in combination with a 

layer-by-layer approach. First, after centrifugation of 1 mg of Cal-CPCs we 

redispersed the nanoparticles in a solution containing DOTAP to form a coating. 

Here, the head group part of the positively charged lipid is responsible for the 

interaction with the negatively charged nanoparticle surface.53 After a second 

centrifugation step a lipid mixture consisting of DOTAP/DOPC is added to the 

particles forming a supported lipid bilayer around the Cal-CPCs after the solvent 

exchange to yield lipid@Cal-CPCs. Successful formation of the lipid coating 

resulted in a drastic increase in zeta potential from -5 mV to +20 mV at pH 7.4, due 

to the positively charged DOTAP.54 After 24 h incubation of lipid@Cal-CPCs with 

HeLa cells (Figure 4.8a and b) we observed an attachment of particles to the 
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WGA647-stained cell membrane (blue arrows) and additionally confirmed particle 

internalization (yellow arrows). Hence, we showed that the uptake of Cal-CPCs can 

be facilitated with the formation of a supported lipid bilayer consisting of DOTAP 

and DOPC.  

 

Figure 4.8: a, and b, Fluorescently functionalized lipid-coated CPCs (lipid@Cal-
CPCs) excited with 488 nm in a confocal fluorescence microscope. The green dots 
represent lipid@Cal-CPCs. For visualization the cell membrane was stained in red 
with WGA647. The blue arrows point out lipid@Cal-CPCs that are attached to the 
cell membrane or large aggreates. The yellow arrows represent internalized 
lipid@Cal-CPCs. Scale bars: 20 µm. 

4.3 Conclusion 

Mesoporous calcium phosphate-citrate nanoparticles (CPCs) were synthesized via a 

precipitation reaction. The addition of strontium, manganese, or calcein into the 

reaction solution led to functionalized CPCs. Using energy dispersive X-ray 

spectroscopy, inductive coupled plasma analysis, and fluorescence measurements, 

we demonstrated the successful functionalization of CPCs. We established that the 

functionalization had only minor impact on the mesoporosity and that it led to 

nanoparticles with BET surface areas between 530 m2/g to 600 m2/g, pore sizes 

between 4.5 nm and 4.8 nm and corresponding calculated pore volumes in the range 

from 0.52 cm3/g to 0.59 cm3/g. All functionalized particles exhibited very similar 
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particle size distributions with maxima at 290 nm. The incorporation of citrate into 

the structure of the functionalized CPCs was demonstrated with thermogravimetric 

analysis and was quantified between 20 wt% and 29 wt%. Additionally, the 

vibrations in IR spectroscopy at 1410 cm-1 and 1590 cm-1 were assigned to the COO- 

groups of citrate.  

The functionalization of CPCs with strontium enabled them to have a higher X-ray 

contrast under ethanolic conditions than the calcium-only CPCs. This led to a greater 

Hounsfield unit of Sr-CPCs compared to bare CPCs. Mn-CPCs exhibit a specific 

relaxivity ratio r2/r1 of 1.96 at 1.5 T and therefore show great potential for tracking 

and imaging with MRI methods. 

For calcein functionalized CPCs we recorded fluorescence excitation and emission 

spectra. Cal-CPCs can be excited at 507 nm and exhibit a maximum emission peak at 

525 nm. Additionally, we showed with confocal fluorescence microscopy that bare 

Cal-CPCs are not taken up by HeLa cells. Therefore, we employed a two-step 

approach for coating Cal-CPCs with a cationic lipid membrane. This raised the zeta 

potential of the Cal-CPCs from -5 mV to +25 mV, leading to enhanced attraction to 

the negatively charged cell surface. The lipid coating enabled efficient uptake of the 

lipid@Cal-CPCs by HeLa cells within 24 hours.  

In conclusion, we have demonstrated the diverse functionalization of CPCs without 

compromising the morphology, composition, BET surface area, pore size, or pore 

volume, respectively. With the additional features accessible through the 

functionalization, the CPCs can be better detected with X-ray tomography, magnetic 

resonance imaging, and with fluorescence microcopy techniques. This is expected to 

open up novel biomedical applications for CPCs in detection and diagnosis.  
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4.4 Experimental 

Chemicals for Nanoparticle Synthesis: 

Calcium nitrate tetrahydrate (AppliChem, 99 %), ammonium dihydrogenphosphate 

(Alfa Aeser, 99 %), citric acid (Aldrich, 99.5 %), cetyltrimethylammonium chloride 

(CTAC, Fluka, 25 wt% in H2O), Pluronic® F127 (Aldrich), ethylene glycol (Aldrich, 

99.8 %), triethanolamine (TEA, Aldrich, 98%), ethanol (EtOH, Aldrich, >99.5 %), 

ammonium nitrate (Sigma, 99 %), calcein (Sigma), manganese(II) nitrate 

tetrahydrate (Sigma, 98 %), strontium nitrate (Sigma, 99 %), simulated body fluid 

(SBF, prepared as written elsewhere55, contains: Na+, K+, Mg2+, Ca2+, Cl-, CO3
2-

, 

SO4
2-, PO4

3-, and tris(hydroxymethyl) aminomethane, Sigma, >99 %), 1,2-dioleoyl-

3-trimethylammonium-propane (DOTAP, Avanti Polar Lipids), 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC, Avanti Polar Lipids), sodium hydroxide (Aldrich, 

0.1 M). 

All chemicals were used as received without further purification. Doubly distilled 

water from a Millipore system (Milli-Q Academic A10) was used for all synthesis 

steps. 

Cell Line and Culture: 

HeLa human cervical cancer cells were purchased from and cultured according to 

American Type Culture Collection (ATCC). HeLa cells were grown in DMEM 

medium low glucose (Sigma Aldrich) supplemented with 10 % FCS (Gibco) and 

2 mM L-glutamine (Gibco) at 37 °C and 5 % CO2. Cells were routinely tested and 

confirmed as mycoplasma free. 
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Synthesis of Unfunctionalized and Functionalized Calcium Phosphate-Citrate 

Nanoparticles (CPCs): 

In a 50 mL polypropylene reactor calcium nitrate tetrahydrate (265 mg, 1.13 mmol), 

ammonium dihydrogenphosphate (86.3 mg, 0.75 mmol) and citric acid 

(240 mg, 1.25 mmol) were dissolved in water (20 mL, 1.11 mmol). Depending on the 

functionalization strontium nitrate (26.5 mg, 0.125 mmol, 10 mol%), manganese(II) 

nitrate tetrahydrate (31.4 mg, 0.125 mmol, 10 mol%), or calcein 

(7.8 mg, 12.5 µmol, 1 mol%) were added to the solution and stirred until dissolution 

was complete. If unfunctionalized CPCs were synthesized, supplementary calcium 

nitrate tetrahydrate (30 mg, 0.125 mmol) was added to the initial reaction solution. 

Then, cetyltrimethylammonium chloride (622 mg, 1.94 mmol) and the triblock 

copolymer Pluronic® F127 (100 mg) were added and the synthesis mixture was 

stirred at 500 rpm at room temperature. After 10 minutes of stirring, ethylene glycol 

(7.15 g, 115 mmol) was added and the solution was cooled 5 minutes at 0 °C. Then, 

the clear solution was combined with triethanolamine (7.15 g, 48 mmol) under 

vigorous stirring and was allowed to reach room temperature. The suspension was 

stirred at 500 rpm at room temperature for 10 minutes. Then, the suspension was 

diluted approximately 1:1 with ethanol. The particles were separated by 

centrifugation at 7,830 rpm (7,197 rcf) for 15 minutes and redispersed in 

NH4NO3/EtOH (2 wt%, 80 mL). To extract the template, the suspension was heated 

under reflux conditions at 90 °C for 30 minutes. Then, the particles were separated 

by centrifugation at 7,830 rpm (7,197 rcf) for 10 minutes and redispersed in 80 mL 

ethanol. The mixture was again heated under reflux conditions at 90 °C for 30 

minutes. The particles were separated by centrifugation at 7,830 rpm (7,197 rcf) for 

10 minutes and redispersed in 20 mL ethanol. 
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Functionalization of Calcein-Calcium Phosphate-Citrate Nanoparticles with a 

Lipid Membrane Coating: 

1 mg of calcein-calcium phosphate-citrate nanoparticles was separated by 

centrifugation at 14,000 rpm (16,873 rcf) for 3 minutes. The particles were 

redispersed in a lipid solution of 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP, 100 µL of a solution with 12.5 mg/mL 60/40 vol% H2O/EtOH), and 

bi-distilled water (900 µL, pH adjusted to 9.4 with NaOH) was added. Then, the 

particles were separated by centrifugation at 14,000 rpm (16,873 rcf) for 5 minutes. 

The particles were redispersed in 100 µL of a 1:1 vol lipid solution of DOTAP and 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, 12.5 mg/mL 60/40 vol% 

H2O/EtOH) and SBF (900 µL, pH 7.4) was added. The lipid-coated calcein-calcium 

phosphate-citrate nanoparticles were washed twice by centrifugation at 12,000 rpm 

(12,396 rcf, 13 °C) for 5 minutes with SBF (500 µL, pH 7.4) to yield lipid@Cal-

CPCs. 

Magnetic Resonance Imaging (MRI) methods: 

Samples were prepared in 2 mL tubes (Mn-CPCs at concentrations of 0.5, 1.0, 3.0, 

and 6.0 mg/mL in 2 mL aqueous solution) and placed in a sample holder in a basin 

filled with 650 mL water and 0.4 mL Gd-DTPA at 24 °C. This setup was imaged in 

an MRI head coil. After orientation with standard MRI pulse sequences, a gradient 

echo sequence with a nonselective saturation recovery (SR) preparation pulse was 

applied for the calculation of T1 parameter maps. The saturation recovery time was 

varied from 130-5000 ms in 30 steps (echo time = 1.71 ms, repetition time = 747 ms, 

matrix = 128 x 128, in plane resolution = 1 mm, slice thickness = 6 mm, α = 15°, 

parallel imaging acceleration factor = 2). T2-weighted multi contrast 2D spin echo 

sequences (SE MC) were repeated by varying the echo time 16 times in steps of 
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15 ms starting with 15 ms and ending with 240 ms for T2 parameter map calculation 

(repetition time = 3 s, in plane resolution = 0.5 mm, echo train length = 16,  

matrix = 256 x 256, slice thickness = 6 mm, α = 180°, parallel imaging acceleration 

factor = 2). Calculations were done using mean signal intensity values that were 

determined in the regions of interest. For calculations, a stoichiometric composition 

of Mn-CPCs with the formula of Ca4.5Mn0.5(PO4)3OH was employed, based on 

elemental analysis data. 

Table 4.3: Specific relaxivity values of r1 and r2 per mmol manganese in Mn-CPCs. 

Sample 
Calculation per mmol Mn2+ 

Relaxivity r1 Relaxivity r2 

Mn-CPCs 3.27 L/mmol/s 6.42 L/mmol/s 

 

4.5 Characterization 

Characterization of Nanoparticles: 

Nitrogen sorption analysis was performed on a Quantachrome Instrument Nova 

4000e at 77 K. Samples (25 mg) were outgassed at 120 °C for 12 h in vacuo 

(10 mTorr). Pore size and pore volume were calculated by a QSDFT equilibrium 

model of N2 on carbon, based on the desorption branch of the isotherms. The QSDFT 

method takes into account the effects of surface roughness and heterogeneity.56 Pore 

volumes were evaluated up to a pore size of 10 nm, in order to remove the 

contribution of inter-particle textural porosity. Surface areas were calculated with the 

BET model.57 Thermogravimetric analysis of the samples was performed on a 

Netzsch STA 440 C TG/DSC in a stream of synthetic air with a flow rate of 

25 mL/min and a heating rate of 10 K/min. Dynamic light scattering measurements 
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were performed on a Malvern Zetasizer-Nano instrument with a 4 mW He-Ne laser 

(633 nm) in ethanolic suspension with a concentration of 0.5 mg/mL. Infrared 

spectra were measured with a Thermo Scientific Nicolet iN 10 infrared microscope. 

XRD patterns were obtained with a Bruker D8 Discover X-ray diffractometer using 

Cu-Kα radiation (1.5406 Å). Scanning electron microscopy (SEM) images were 

obtained on a JEOL JSM-6400F. For sample preparation a droplet of the ethanolic 

colloidal suspension was placed on a 60 °C preheated sample holder. Samples were 

sputtered with carbon before measurement. EDX spectra were recorded with an 

EDAX Apollo XLT SDD Detector (30 mm2). For ICP measurements the samples 

were dissolved in concentrated HNO3 and heated at 110 °C for 30 minutes. After 

dilution with H2O the data collection was carried out with a Varian Vista RL ICP-

OES with radially viewed plasma. Transmission electron microscopy was performed 

on a FEI TECNAI G2 with an acceleration voltage of 200 kV. For sample 

preparation a droplet of a diluted ethanolic colloidal suspension was deposited on a 

carbon-coated copper grid and the solvent was allowed to evaporate. Computer 

tomography experiments were carried out with a conventional ECAT EXACT HR+ 

PET tomograph (Siemens/CTI) and the image analysis was performed with the 

software Amide®. Magnetic Resonance Imaging (MRI) was performed with a 1.5 T 

clinical MRI system (Magnetom Aera, Siemens Health Care).  

Live-Cell Fluorescence Microscopy: 

To visualize nanoparticle internalization by cells, live-cell imaging was performed on 

a spinning disc microscope based on the Zeiss Cell Observer SD utilizing a 

Yokogawa spinning disk unit CSU-X1. The system was equipped with a 1.40 NA 

63x Plan apochromat oil immersion objective from Zeiss. For all experiments the 

exposure time was 0.1 s and z-stacks were recorded. Cal-CPCs were imaged with 
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approximately 0.4 W/mm2 of 488 nm excitation light. Atto647 was excited with 

approximately 11 mW/mm2 of 639 nm. In the excitation path a quad-edge dichroic 

beamsplitter (FF410/504/582/669-Di01-25x36, Semrock) was used. For two-color 

detection of calcein and Atto647, a dichroic mirror (560 nm, Semrock) and band-

pass filters 525/50 and 690/60 (both Semrock) were used in the detection path. 

Separate images for each fluorescence channel were acquired using two separate 

electron multiplier charge coupled device (EMCCD) cameras 

(PhotometricsEvolveTM). Immediately before imaging, cell membranes were stained 

using wheat germ agglutinin Alexa Fluor 647 conjugate at a final concentration of 

5 µg/mL. After application of the dye, cells were washed twice. 
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5.1 Introduction 

Conventional chemotherapeutics lead to severe side effects since toxic substances are 

usually administered systemically to the patient at high dosage. In recent years 

strategies have been developed to encapsulate chemotherapeutics and to deliver them 

efficiently and selectively to the target tissue.1,2 However, these concepts still rely on 

transport of toxic substances and any premature leakage or residues of those 

substances can lead to serious side effects. Here, we present a new concept based on 

colloidal mesoporous hybrid calcium phosphate-citrate nanoparticles (CPCs) for 

intracellular delivery of calcium ions that efficiently kill cancer cells without 

encapsulation of additional toxic drugs. After cellular uptake facilitated by a lipid 

coating, CPCs are dissolved by the acidic environment in the endolysosome. 

Endosomal release into the cytosol is induced by small amounts of incorporated 

amphiphile cetyltrimethylammonium chloride. The particles are neither toxic before 

endosomal release nor after their degradation. Remarkably, CPCs affect 

mesenchymal cancer cells even more strongly than epithelial cancer cells, which was 

established using fourteen different cell lines. In first experiments, we treated tumor 

bearing mice in a nude mouse xenograft model implanted in the intrapleural space 

with CPCs. After one single injection of CPCs, we observed a reduction in tumor 

weight of ~40 wt%. 

5.2 Results and Discussion 

Calcium phosphate materials, such as hydroxyapatite (Ca10(PO4)6(OH)2), the main 

inorganic component of bone and teeth, have recently been discussed as a new 

promising platform for advanced drug delivery applications due to their high 

biocompatibility and non-toxicity.3,4,5 Calcium phosphate is biodegradable6 and thus 
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addresses the challenge of finding a material that has no toxic side effects. For this 

reason various drugs7,8,9,10,11 have been adsorbed on calcium phosphate materials and 

their effect has been investigated on cells. Co-precipitation of Ca2+- and PO4
3--ions 

with gemcitabine, siRNA, or proteins12,13 has also been shown to be an efficient 

method to deliver drugs employing Lipid/Calcium/Phosphate (LCP) combinations 

due to their biocompatibility and the encapsulation of the drugs with lipids in the 

calcium/phosphate core.  

However, calcium phosphate has also been reported to have toxic effects on cells at 

high concentrations above 125 µg/mL.14,15,16 This toxicity can be attributed to a 

sudden intracellular release of soluble calcium into the cytosol of a cell;14,15,16,17,18 the 

physiological concentration of free intracellular calcium (100 nM) is very low, 

10.000 fold lower than in plasma. A slow or extracellular increase in calcium from 

nanoparticles can be well managed by cells. Physical cytosolic delivery of Ca2+ at 

toxic levels by electroporation has recently been introduced as a potent tumor 

therapy in vitro and in vivo and clinical studies with cancer patients have been 

initiated.19 Toxic calcium levels were shown to activate Ca2+-ATPases which 

consume and deplete cellular ATP.17,20  

Physical delivery by electroporation requires local tumor injection for calcium 

delivery. Known calcium phosphate nanoparticles can be systemically targeted to 

tumors via the blood circulation, but do not intracellularly release cytotoxic calcium 

levels. Thus, for efficient nanoparticle dissolution in the acidifying endolysosome 

followed by delivery of calcium into the cytosol, we designed novel hybrid 

mesoporous calcium phosphate-citrate nanoparticles (CPCs). 
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Figure 5.1: Schematic pathway of cellular uptake and dissolution of calcium 
phosphate-citrate nanoparticles (CPCs) in the endolysosome, and electron 
microscopy of the mesoporous particles. a, Mesoporous CPCs are loaded with a 
fluorescent dye and coated with a lipid membrane. The particles are internalized by a 
cell via endocytosis, followed by dissolution due to acidification in the endosome. 
The process is aided by small amounts of CTAC, acting as membrane destabilizer, 
eventually leading to endosomal escape. b, Scanning electron microscopy and c, 
transmission electron microscopy images of spherical particles sized about 50 nm on 
average. Scale bars: 100 nm. 

We synthesized CPCs by reacting Ca2+- and PO4
3--ions with citric acid at a molar 

ratio of 5:3:5. Citric acid complexes calcium ions and thus plays an important role in 

the reaction kinetics during formation of calcium phosphates.21 Precipitation of 
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nanoparticles is induced by rapid pH change upon addition of triethanolamine, and 

formation of a mesoporous structure is achieved by addition of the surfactant 

templates cetyltrimethylammonium chloride and Pluronic® F127. Extraction of the 

surfactant templates yielded the desired mesoporous hybrid calcium phosphate-

citrate nanoparticles as depicted in Figure 5.1c. The successful synthesis of 

amorphous (see Experimental Information, Figure 5.9) calcium phosphate-citrate 

nanoparticles was verified by IR-measurements: the IR-spectrum of CPCs, as shown 

in Figure 5.2a, resembles that of crystalline apatite. It also shows two strong 

additional vibrations at 1414 cm-1 and 1590 cm-1 that are attributed to the symmetric 

and the anti-symmetric stretching modes of COO- groups of citric acid incorporated 

into the CPCs structure.22  

 

Figure 5.2: Characterization of mesoporous calcium phosphate-citrate nanoparticles 
(CPCs). a, Infrared spectra of CPCs with strong C-O vibrations at 1414 cm-1 and 
1590 cm-1 (marked with asterisk) due to the incorporated citrate in the structure (blue 
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line), in comparison with crystalline apatite (red line). b, Dynamic light scattering 
data of colloidal CPCs show a maximum at a size of 220 nm. Zeta potential 
measurements (table insert) in simulated body fluid (pH 7.4) show an increase upon 
deposition of a positively charged lipid membrane. c, Nitrogen sorption analysis of 
mesoporous CPCs with a BET surface area of 900 m2/g, pore size of 4.8 nm (insert), 
and a pore volume of 1.0 cm3/g. d, Fluorescence release measurement over 24 hours 
showing no premature release (red line) and a strong increase upon pH-triggered 
release (green line). 

The incorporation of citric acid was further confirmed by solid-state (ss)-NMR 

spectroscopy and determined to be about 20 wt% using thermogravimetric analysis 

(see Experimental Information, Figure 5.8 and Figure 5.10). Energy dispersive X-ray 

and inductively coupled plasma methods yielded an atomic ratio Ca:P of 1.61 (see 

Experimental Information, Table 5.1). Without further filtration, the particles showed 

a narrow size distribution with a hydrodynamic radius of 220 nm in ethanolic 

solution as measured by dynamic light scattering. Electron microscopy images 

showed particles of about 50 nm; taken together with the light scattering data these 

results show that some weak aggregation appears in solution (Figure 5.1b and Figure 

5.2b). The size of 50 nm renders the particles perfectly suited for cellular uptake. The 

porosity of the resulting particles was analyzed with nitrogen sorption measurements. 

As shown in Figure 5.2c, we observed a typical type IV isotherm, which is 

characteristic of mesoporous systems. The particles feature an extraordinary BET 

surface area of 900 m2/g, a very narrow pore size distribution with a maximum at 

4.8 nm (insert), and a cumulative pore volume of 1.0 cm3/g. The loading capacity of 

CPCs was probed with ibuprofen as drug molecule, and showed a significant 

absorption capacity and release of 15.6 wt% within about 48 h (Figure 5.7). These 

characteristics are unprecedented for calcium phosphate-based nanoparticles and 

very similar to those of the well-established mesoporous silica particles.23 Our 

observed surface area is almost three times larger than that reported before for 

calcium phosphate-based materials with surface areas of 315 m2/g.7 
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Next, we studied cellular uptake of the newly synthesized CPCs. Notably, we could 

not detect any cellular uptake of the bare as-synthesized and purified CPCs (see 

Chapter 4, cell experiments with Cal-CPCs). In analogy to LCP particles12,13 that are 

taken up by cells due to their lipid coating, we sought to enhance particle uptake with 

a lipid bilayer. We formed a lipid coating consisting of 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP) and 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) around the particles employing a solvent exchange 

method.24 Successful formation of the lipid coating resulted in a drastic increase in 

zeta potential from -5 mV to +20 mV at pH 7.4, due to the positively charged 

DOTAP. To assess the integrity of the lipid coating, we loaded the particles with the 

membrane non-permeable fluorescent dye calcein and measured its release over a 

time period of 24 h in a two-compartment cuvette experiment (see Experimental 

Information, Figure 5.6). We could not detect any significant premature release 

(< 1 %), thus confirming a successful lipid coating. Acidification by addition of 

0.1 M HCl dissolved the particles and led to a dramatic increase in released 

fluorescent dye, as measured after neutralization to pH 7.4 (Figure 5.2d). 

We then investigated the uptake of lipid-coated CPCs loaded with calcein by HeLa 

cells. As depicted in Figure 5.3a, the lipid-coated CPCs were successfully 

internalized by cells. We monitored the cells over a period of several days. While the 

internalized particles were still very close to the cell membrane after 24 h, they were 

close to the nucleus after 48 h and no further development could be observed during 

the following days (Figure 5.3a). Compared to other nanoparticles such as 

mesoporous silica, endocytosis of CPCs seems rather slow. We attribute this to the 

presence of citric acid and phosphate ions from the lipid-coated CPCs, forming 

effectively a McIlvaine's buffer with high buffering capacity that slows down the 
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proton pump-driven process. We could not detect any impact of the internalized 

CPCs on cell viability up to very high particle concentrations, nor could we observe 

any intracellular release from purely lipid-coated CPCs loaded with calcein (Figure 

5.3c-e and see Experimental Information, Figure 5.11, red line). These particles were 

still caught in the endosome thus preventing release of calcein or toxic calcium 

amounts. 

To enable endosomal release, we loaded the particles with a small amount of 

cetyltrimethylammonium chloride. CTAC is a positively charged surfactant that can 

destabilize lipid membranes. While adsorbed in the particle, its attraction to the 

negatively charged particle prevents leakage and destabilization of the lipid coating 

of the particles. Once the endosomal pH turns acidic25, the particle dissolves and 

releases the CTAC molecules. When incubating HeLa cells with lipid-coated CPCs 

loaded with calcein and CTAC, we observed a release of calcein in the cells within 

72 h, quickly followed by cell death (see Experimental Information, Movie E1). We 

attribute this observation to a rupture of the endosome containing the dissolved 

particle and its cargo calcein. The dissolved particles strongly increase the ionic 

concentration inside the endosome causing an influx of water. This process leads to 

the enlargement and weakening of the endosomal membrane, and eventually to its 

rupture assisted by the destabilizing effect of CTAC.26 The subsequent release of the 

endosomal content leads to a sudden increase of intracellular calcium levels. Calcium 

ions act as second messenger to regulate gene transcription, cell proliferation, 

migration, and cell death.27,28 The level of intracellular Ca2+ is tightly controlled and 

a misbalance may lead to severe cellular malfunction and eventually cell death.29 We 

propose that the efficient calcium release of our novel CPCs is based on their 

amorphous nature and their extremely thin walls with very high surface area. These 
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unique properties create conditions for dissolution and release of high amounts of 

Ca2+, which is suggested to induce the observed apoptosis.17,20 

In order to test the effect of the remaining substances on the viability of the 

surrounding cells after successful treatment, we incubated dissolved CPCs loaded 

with calcein and CTAC on HeLa cells. We did not detect any significant loss in cell 

viability (see Experimental Information, Figure 5.11l). The toxic effect of CPCs 

loaded with calcein and CTAC seems to be limited to sudden intracellular release of 

high amounts of calcium upon endosomal rupture, thus preventing undesired further 

damage to neighboring cells. 

The above results on HeLa cells suggest very promising properties of CPCs when 

applied as chemotherapeutic agents avoiding highly toxic substances. We next 

studied their effect on several other cell lines to assess their general performance. For 

this purpose we chose seven mesenchymal cancer cell lines (HeLa, H1299, MDA-

MB-231, LLC, Neuro 2A, AE17, B16), six epithelial cancer cell lines (BT-474, 

MCF7, HuH7, 293T, A549, MC38), and one epithelial cell line derived from non-

tumorigenic tissue (MCF 10A). All tested cell lines internalized lipid-coated CPCs 

(Figure 5.3a). We then performed MTT assays to measure cell viability after 72 h. 

Neither uncoated CPCs nor lipid-coated CPCs without CTAC showed significant 

toxicity up to concentrations of 100 µg/mL in any of the cell lines (Figure 5.3c-k and 

see Experimental Information, Figure 5.11, red and green lines). However, viability 

of all cancerous cell lines was strongly decreased after incubation with lipid-coated 

CPCs loaded with the small amount of the additive CTAC - even at concentrations of 

less than 30 µg/mL of CPCs (Figure 5.3b, Figure 5.3d-e and see Experimental 

Information, Figure 5.11, black line). Strikingly, the non-cancerous cell line 

MCF 10A was not affected significantly by the particles up to concentrations of 
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100 µg/mL (Figure 5.3c, black line). For cancerous cells we observed activated 

caspase-3/7 protease, which induces the apoptotic execution pathway (see graphs in 

Experimental Information, Figure 5.12).30 The caspase-3/7 protease activity in the 

non-cancerous cell line MCF 10A was not detectable. Thus, no induction of 

apoptosis is initiated in the non-cancerous cell line MCF 10A (see Experimental 

Information, Figure 5.12). These results suggest a strong selectivity regarding the 

toxic effect of CPCs, thus demonstrating their great potential as chemotherapeutic 

agents. 
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Figure 5.3: Cell studies of calcium phosphate-citrate nanoparticles (CPCs) with 
respect to their toxicity towards different cell lines. a, Confocal microscopy images 
of HeLa cells with lipid-coated CPCs in green (arrows) very close to the WGA-
stained cell membrane in red (incubation for 24 h) and the completely internalized 
lipid-coated CPCs after 48 h of incubation. 3D reconstruction31 of the particle uptake 
after 24 h and 48 h of incubation. Scale bars: 20 µm. b, IC50 values of the 
investigated cancerous epithelial (blue bars), the non-tumorigenic epithelial (gray 
bar, no significant cell death observed and no IC50 was calculated), and the cancerous 
mesenchymal (red bars) cell lines after treatment with lipid-coated CPCs that escape 
from the endosome. The horizontal lines mark the average IC50 values from the same 
cell line types (blue for cancerous epithelial and red for cancerous mesenchymal cell 
lines) for comparison of the selectivity of the CPCs. * indicates p<0.05. c, Cell 
viability of the non-tumorigenic epithelial breast cell line MCF 10A with lipid-coated 
CPCs that escape from the endosome (black line), that do not escape from the 
endosome but are taken up (red line), and CPCs without a membrane that are not 
taken up (green line). d, Same as Figure 5.3c) but for epithelial breast cancer cell line 
MCF7. e, Same as Figure 5.3c) but for mesenchymal breast cancer cell line MDA-
MB-231. For details on all investigated cell lines see Experimental Information. 

We further determined the IC50 values for all tested cell lines (see Experimental 

Information, Table 5.2). They are depicted in Figure 5.3b and exhibit a large 

difference between mesenchymal and epithelial cancer cells. Mesenchymal cells are 

about 4.8 fold more affected than epithelial tumor cells. With these unusual 

properties, CPCs belong to the small group of substances such as the cancer stem cell 

drug salinomycin32 that can be used to selectively treat mesenchymal tumor cells. 

Salinomycin also facilitates an elevated intracellular calcium concentration33, which 

was shown to induce natural cell-protective autophagy. In contrast to normal cells, 

mesenchymal cancer cells lack this protective mechanism.34 The enhanced sensitivity 

of mesenchymal cancer cells against CPCs might result from missing such a 

compensation mechanism that attenuates the intracellular calcium levels. In sum, 

CPCs offer a great potential as antitumoral agents. Surface modifications with 

targeting and shielding agents may further enhance the inherent selectivity of the 

new material towards cancer cells. 

To further investigate the mechanism of therapeutically active CPCs in comparison 

to lipid-coated CPCs without CTAC, we measured the NADH and ATP levels in a 
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time course bulk experiment. NADH participates in oxidation-reduction reactions in 

cells.35 ATP stores and regulates the energy balance of cells.35 The levels of NADH 

and ATP are benchmarks for cell activity and vitality. In Figure 5.4a, we show that 

the NADH levels rapidly reduce after incubation with both types of CPCs. We 

ascribe this general observation to processes relating to the nanoparticle uptake by 

cells.36 After 10 h of incubation the NADH levels of therapeutically active CPCs 

decrease (black line), while lipid-coated CPCs (red line) keep a steady level of 

NADH. The downregulation of cell viability is followed by ATP depletion (Figure 

5.4b, black line) after 30 h of incubation with therapeutically active CPCs. Toxic 

levels of cytosolic calcium activate Ca2+-ATPases that consume cellular ATP.17,20 

For lipid-coated CPCs ATP depletion was not observable, which we believe is 

caused by the absent lysosomal rupture for lipid-coated CPCs without CTAC.  

In additional single cell fluorescence microscopy experiments, we measured the 

cytosolic calcium levels with the transfected intracellular Ca2+-sensor CAR-GECO.37 

Simultaneously, we measured the amount of calcein in the cytosol released from 

dissolved therapeutically active CPCs loaded with calcein due to lysosomal rupture. 

Figure 5.4c depicts the area-corrected total cell fluorescence of a single exemplary 

HeLa cell following the fluorescence intensity for each channel. Within 16 hours 

(dashed vertical line, marked with asterisk) after incubating HeLa cells with 

therapeutically active CPCs we observe the internalization of particles (steady 

increase of calcein channel). Then the particular HeLa cell underwent cell division. 

Shortly before the cell division, an increase of intracellular calcium (CAR-GECO 

channel) with a maximum fluorescence after 15 h was observable. Cell division can 

independently be activated with increase of calcium levels, confirming the 

importance of the calcium signaling pathways for cells.38,39,40 Furthermore, within a 
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16 h time span, cell division is a natural process and does not necessarily need to be a 

result of treatment with CPCs. Consequently, fluorescence signal intensity is 

approximately halved after cell division. At hour 35 after incubation, we observed a 

dramatic increase in intensity in both channels, for the calcium as well as for the 

calcein channel. The intensity of the calcein channel increased 4.5 fold, the Ca2+ 

level increased 6 fold. Thereby, we relate the increase in concentration of 

intracellular Ca2+ to the sudden endosomal release of dissolved CPCs. From 47 hours 

on after incubation an additional increase of intracellular Ca2+ is observed, which we 

attribute to the breakdown of the membrane potential typical for apoptotic 

cells.41,42,43 The event of the complete break up into several apoptotic bodies 

coincides with additional ruptures of endosomes and increased Ca2+ levels (vertical 

line marked with pound).44 (For a movie see Experimental Information, Movie E2). 
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Figure 5.4: Time-dependent tracking of therapeutically active CPCs (black line) and 
lipid-coated CPCs (red line) on HeLa cells with respect to the a, NADH content and 
b, ATP content. Therapeutically active CPCs trigger NADH and ATP reduction over 
time, while for lipid-coated CPCs no effect was observed. c, Single cell fluorescence 
measurement of CAR-GECO transfected HeLa cells treated with therapeutically 
active CPCs labeled with calcein. CAR-GECO depicts the relative Ca2+ amount in 
the cytosol, while calcein depicts the release of dissolved CPCs from the endosome. 
The asterisk indicates cell division. At 35 h after treatment a strong increase in 
fluorescence intensity for both channels is observed resembling the induced calcium 
shock into the cell. The pound marks the death of the cell and the apoptotic cell 
compartment disassembly. 
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Moreover, we tested therapeutically active CPCs in a malignant pleural effusion 

(MPE) mouse model. MPE is immensely related to patients with lung or breast 

adenocarcinomas.45,46 There is nearly no treatment available except palliative 

attempts.47 MPE represents a distinct form of metastatic disease from lung cancer 

with a very short survival time.48,49 We implanted Lewis lung carcinoma (LLC) into 

the intrapleural cavity of C57BL/6 mice and let tumors grow for seven days. After 

randomization into two groups, we injected on day seven 3 mg of therapeutically 

active CPCs into the intrapleural space of the treated mice while the control group 

received simulated body fluid. After 12 days post-tumor cell injection, mice were 

sacrificed and the tumor weight was analyzed. After one single injection of 

therapeutically active CPCs, we already observed a reduction in tumor weight of 

40 wt% compared to the control group (significance = p<0.08, Figure 5.5). Taking 

into account that CPCs need three days to unfold their mode of action, this leaves 

only two days for tumor reduction during this experimental setup. The green arrow in 

Figure 5.5b marks agglomerated CPCs that were not effective within the 

experimental window. Due to ethical reasons an earlier treatment with CPCs before 

day seven post-tumor cell injection or a second treatment with additional CPCs was 

not possible. Therefore, these initial findings underline the great potential for 

treatment of the very aggressive mesenchymal cancer model in vivo. Additionally, 

we could not observe any side effects from the treatment with CPCs indicated by the 

constant weight of the mice, their behavior, and the non-inflammatory response at 

the treatment site. 
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Figure 5.5: Depicted is the reduction of tumor of an in vivo mouse experiment after 
treatment with therapeutically active CPCs. a, The tumor weight of the treatment 
group was reduced by 40 wt% with respect to the untreated control group. Error bars 
= ±SEM. * indicates p<0.08. b, The blue arrows mark the areas where the tumorous 
tissue is located. For the treatment group the reduction in tumorous tissue can be 
visualized optically. The green arrow marks agglomerated orange colored CPCs, that 
were not effective during the therapeutic window. The adjacent tissue of the 
treatment group shows no signs of inflammatory responses to the therapeutically 
active CPCs confirming low side effects in vivo. 

5.3 Conclusion 

We reported on a novel synthesis of colloidal mesoporous calcium phosphate-citrate 

nanoparticles (CPCs) with an extremely high BET surface area. We have 

demonstrated the encapsulation with a lipid membrane for efficient cell uptake. After 

cell internalization, CPCs dissolved in the acidic endolysosome. Triggered by a small 

dose of an on-board amphiphile, the dissolved particles can then be released from the 

endolysosome. When dissolved CPC contents escaped rapidly from the 

endolysosome, cells received a Ca2+ shock that is toxic for cancer cells. Additionally, 

CPCs affected mesenchymal cancer cells much more strongly than epithelial cancer 

cells. Therefore, CPCs belong to the small group of substances that can selectively 

kill mesenchymal cancer cells. Importantly, CPCs did not affect non-tumorigenic 

cells. Because CPCs are comprised of non-toxic and biodegradable compounds and 

due to their selective toxicity towards cancer cells, we believe that CPCs show great 
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potential as combined nanocarriers and chemotherapeutic agents in one without the 

need for additional toxic drugs. Thus, they are anticipated to strongly reduce side 

effects in chemotherapy. 

5.4 Experimental Information 

Synthesis of Calcium Phosphate-Citrate Nanoparticles (CPCs): 

The synthesis of CPCs was carried out following a modified Pechini sol-gel 

process.50 In a 50 mL polypropylene reactor calcium nitrate tetrahydrate 

(295 mg, 1.25 mmol), ammonium dihydrogenphosphate (86.3 mg, 0.75 mmol) and 

citric acid (240 mg, 1.25 mmol) were dissolved in water (20 mL, 1.11 mmol). Then, 

cetyltrimethylammonium chloride (622 mg, 1.94 mmol) and the triblock copolymer 

Pluronic® F127 (100 mg) were added and the synthesis mixture was stirred at 

500 rpm at room temperature. After 10 minutes of stirring, ethylene glycol (7.15 g, 

115 mmol) was added and the solution was cooled 5 minutes at 0 °C. Then, the clear 

solution was combined with triethanolamine (7.15 g, 48 mmol) under vigorous 

stirring and was allowed to reach room temperature. The suspension was stirred at 

500 rpm at room temperature for 10 minutes. Then, the suspension was diluted 

approximately 1:1 with ethanol. The particles were separated by centrifugation at 

19,000 rpm (43,146 rcf) for 15 minutes and redispersed in NH4NO3/EtOH (2 wt%, 

80 mL). To extract the template, the suspension was heated under reflux conditions 

at 90 °C for 30 minutes. Then, the particles were separated by centrifugation at 

19,000 rpm (43,146 rcf) for 10 minutes and redispersed in 80 mL ethanol. The 

mixture was again heated under reflux conditions at 90 °C for 30 minutes. The 

particles were separated by centrifugation at 19,000 rpm (43,146 rcf) for 10 minutes 

and redispersed in 20 mL ethanol. 
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Synthesis of Crystalline Apatite: 

For the synthesis of crystalline apatite D-(+)-pantothenic acid calcium salt (476 mg, 

1 mmol) was dissolved in 12 mL water and the pH was adjusted to a value of 1.5 

with hydrochloric acid (2 M). Then, dipotassium hydrogen phosphate trihydrate 

(136.5 mg, 0.6 mmol) was dissolved in 2 mL water and added to the calcium 

containing solution. Sodium hydroxide (2 M) was added dropwise under vigorous 

stirring until the pH reached a value of 12. The particles were washed 4 times with 

ethanol by centrifugation at 19,000 rpm (43,146 rcf) for 10 minutes and were finally 

redispersed in 20 mL ethanol. 

Preparation of Calcium Phosphate-Citrate Nanoparticles for Release and Cell 

Experiments: 

0.5 mg of calcium phosphate-citrate nanoparticles were loaded in 1 mL aqueous 

calcein solution (0.62 mg, 1 mmol, pH 9.4) and if needed with 

cetyltrimethylammonium chloride (6.25 µg, 19.5 nmol, diluted from aqueous stock 

solutions) for 30 minutes. The particles were separated by centrifugation at 

14,000 rpm (16,873 rcf) for 3 minutes. The loaded particles were redispersed in a 

lipid solution of 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP, 100 µL of a 

solution with 12.5 mg/mL 60/40 vol% H2O/EtOH) and bi-distilled water (900 µL, 

pH adjusted to 9.4 with NaOH) was added. Then, the particles were separated by 

centrifugation at 14,000 rpm (16,873 rcf) for 5 minutes. The particles were 

redispersed in 100 µL of a 1:1 vol% lipid solution of DOTAP and 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC, 12.5 mg/mL 60/40 vol% H2O/EtOH) and SBF 

(900 µL, pH 7.4) was added. The lipid-coated calcium phosphate-citrate 

nanoparticles were washed twice by centrifugation at 12,000 rpm (12,396 rcf, 13 °C) 

for 5 minutes with simulated body fluid (SBF, 500 µL, pH 7.4). 
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In vitro Release Fluorescence Measurements: 

Lipid-coated calcium phosphate-citrate nanoparticles were transferred into the cap of 

a homebuilt fluorescence setup (0.5 mg particles in 200 µL SBF) and separated by a 

cellulose membrane from the measuring cell (cuvette), which is filled with SBF 

(Figure 5.6a). Dye that is released from the particles diffuses through the membrane 

and can be detected in the measuring cell over time (Figure 5.6b). While detecting 

the fluorescence of calcein with a spectrometer at 512 nm (excitation at 495 nm) as a 

function of time, the stimulated release can be observed. 

 

Figure 5.6: Examplary setup for release measurements. a, Lipid-coated calcium 
phosphate-citrate particles in green are separated in the reservoir cap from the 
measuring compartment by a cellulose membrane (molecular weight cutoff = 
14,000 Da) in simulated body fluid with pH at 7.4. b, Dissolved lipid-coated calcium 
phosphate-citrate particles release the loaded model drug calcein, which can 
penetrate through the cellulose membrane into the measuring compartment and be 
detected. 

Loading of Calcium Phosphate-Citrate Particles with Ibuprofen: 

Calcium phosphate-citrate particles were loaded with ibuprofen in hexane, and 

release of the drug was shown with UV-Vis methods. The maximal loading was 

15.6 wt% (Figure 5.7). 

For this purpose, 2.5 mg of calcium phosphate-citrate particles were redispersed in 

1 mL hexane and loaded with ibuprofen (4 mg, 19.4 µmol) for 24 hours. The 

particles were separated by centrifugation at 14,000 rpm (16,873 rcf) for 3 minutes 
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and washed with 1 mL hexane. After a second step of centrifugation the supernatant 

was discarded and the particles were dried at 60 °C. The dried particles were 

transferred into the cap of a home built UV-Vis setup (2.5 mg particles in 200 µL 

SBF) and separated by a cellulose membrane from the measuring cell. Ibuprofen 

released from the particles diffuses through the membrane and can be detected in the 

measuring cell (Figure 5.6). While detecting the absorption of ibuprofen at 264 nm 

over time, the release was quantified. 

 

Figure 5.7: a, UV-Vis measurement of the release kinetics of ibuprofen detected at 
264 nm in simulated body fluid at pH 7.4 over 60 hours. b, Absorption fitting curve 
of ibuprofen with different concentrations measured at 264 nm. 

IR-Spectra: 

The obtained IR-spectra (Figure 5.1a main text) are normalized to the PO4
3- 

stretching vibration at 1083 cm-1. The peak at 556 cm-1 is attributed to the bending 

vibration of the PO4
3- group.51 The vibrations at 1414 cm-1 and 1590 cm-1 are 

attributed to the symmetric and the anti-symmetric stretching mode of COO- groups 

of the incorporated citric acid in the structure.22 The vibrations from  

3100 cm-1 to 2800 cm-1 also result from the C-H vibrations of citric acid. We also 

synthesized crystalline apatite, where the C-O vibrations were drastically reduced 

compared to calcium phosphate-citrate. The visible C-O bands result from carbonate-
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containing crystalline apatite.51 The PO4
3- vibration for apatite is shifted to lower 

wavenumbers at 1033 cm-1, indicating crystalline apatite.52 

Elemental Analysis: 

The ratio of Ca:P in calcium phosphate-citrate particles is 1.61, as determined with 

EDX and ICP methods (Table 5.1). This value is similar to the stoichiometric value 

for apatite of Ca:P of 1.66. 

Table 5.1: Atomic ratio of calcium and phosphorus obtained with EDX and ICP 
methods. 

Measurement Calcium (atom%) Phosphor (atom%) Ca:P 

EDX I 8,69 5,30 1.64 

 II 7,04 4,39 1.60 

 III 8,69 5,43 1.60 

 IV 6,04 3,81 1,58 

 V 3,59 2,21 1,62 

 VI 6,20 3,91 1,58 

 VII 8,69 5,43 1,60 

ICP I 6.21 3.89 1.59 

 II 6.19 3.85 1.60 

Average (EDX) 6.99 4.35 1.61 

Average (ICP) 6.20 3.87 1.60 

 

Thermogravimetric Analysis: 

The incorporation of citric acid into the framework of the hybrid calcium phosphate-

citrate particles was additionally established with TGA measurements (Figure 5.8). 

Thus, the mass loss of calcium phosphate-citrate particles before and after the solvent 

extraction was investigated with TGA. A moderate mass loss up to 200 °C is 
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attributed to adsorbed water and weakly bound organics (7 wt%). Between 200 °C 

and 450 °C significant mass loss is observed, which we attribute to strongly bound 

organics. Above 450 °C the mass stays constant up to 900 °C. Before the extraction 

of CTAC and Pluronic® F127, the mass loss of the organics adds up to 36 wt%. For 

particles that have been extracted, the mass loss of organics is lowered to 20 wt% 

which we attribute to the decomposition of citric acid. Due to the incorporation of 

citric acid in the calcium phosphate-citrate structure the mass loss is shifted to higher 

temperatures compared to pure citric acid (decomposition temperature: 175 °C). 

Based on the above data, we can calculate the amount of CTAC/Pluronic® F127 in 

the pore structure to be 16 wt%. 

 

Figure 5.8: Thermogravimetric analysis. Mass loss (left y-axis) of calcium 
phosphate-citrate particles before (red solid line) and after (blue solid line) 
extraction. DSC (right y-axis) of calcium phosphate-citrate particles before (red 
dotted line) and after (blue dotted line) extraction. 

X-Ray Diffraction: 

Small angle X-ray scattering data show a broad reflection at 2Ɵ = 1.44°, which 

corresponds to a d-spacing of 6.13 nm. With a pore size of 5 nm obtained from 

nitrogen sorption analysis, a wall thickness of 1.1 nm is estimated. In wide angle 

X-ray scattering data a typical shape for amorphous compounds is observed (Figure 

5.9). 
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Figure 5.9: Small angle and wide angle (inset) X-ray scattering data of calcium 
phosphate-citrate particles obtained with Cu-Kα radiation. 

ss-NMR: 

The resonance of PO4
3- is located at 1.62 ppm in the 31P ss-NMR spectrum (Figure 

5.10a). Using 13C ss-NMR, we established the successful implementation of citric 

acid. The resonance of the primary C-atoms is located at 179 ppm, the secondary 

C-atoms are observed at 44 ppm, and the tertiary C-atom is located at 74 ppm 

(Figure 5.10b).53 The 1H ss-NMR data show the resonance of structural O-H at 

1.14 ppm and a small shoulder from adsorbed H2O (Figure 5.10c). 



Chapter 5 

124 

 

Figure 5.10: ss-NMR of calcium phosphate-citrate nanoparticles (CPCs). Magic 
angle spinning ss-NMR of CPCs. a, 31P ss-NMR data were acquired at 202.5 MHz 
under proton cross-polarization conditions with 8 transients. b, 13C ss-NMR data 
were obtained at 125.8 MHz under proton cross-polarization conditions with 52000 
transients. c, 1H ss-NMR data were obtained at 500.2 MHz with 1 run. 

Cell Viability: 

Cell viability assays (MTT-assay) were carried out with a total of fourteen cell lines. 

For MCF 10A, MCF7, and MDA-MB-231 see Chapter 5.2. For BT-474, MC38, 

293T, HuH7, A549, AE17, B16, Neuro 2A, H1299, LLC, and HeLa see Figure 
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5.11a-k. As a reference experiment we dissolved 1 mg of lipid-coated CPCs with 

1 mL of 0.1 M HCl that was loaded with calcein and CTAC (6.25 µg, 19.5 nmol). 

Therefore, these particles plus solvent had the same overall composition as the ones 

that induce apoptosis in cancerous cells within 72 hours. HeLa cells were treated 

with this solution that exhibited the same concentrations as the particle solution that 

contained therapeutically active particles. Strikingly, the previously dissolved 

particles had no effect on cell viability in HeLa cells up to concentrations of 

~100 µg/mL, while the therapeutically active CPCs induced apoptosis with an IC50 of 

8.0 µg/mL (Figure 5.11l). In conclusion, the additive CTAC, the model drug calcein, 

and the calcium ions as molecules respectively ions do not affect cell viability, if 

cells were treated directly. However, with therapeutically active CPCs that are able 

to escape from the endosome, we show effective cell death with low IC50 values 

(Table 5.2). 

Table 5.2: IC50 values for investigated cell lines. Therapeutically active CPCs were 
incubated with the corresponding cell lines at concentrations from 1 to 100 µg/mL. 
MTT-assays were performed after 72 h of incubation. IC50 values were calculated 
with GraphPad Prism 5 and OriginPro 9. Detailed discription of the used buffers can 
be found in part: 5.5 Methods. 

Epithelial cell lines Mesenchymal cell lines 

Cell line IC50 (µg/mL) Cell line IC50 (µg/mL) 

MCF 10A - AE17 15.7 

A549 63.8 B16 11.5 

293T 61.0 H1299 8.2 

MC38 44.8 HeLa 8.0 

BT-474 30.0 Neuro 2A 4.7 

MCF7 18.5 MDA-MB-231 4.4 

HuH7 14.0 LLC 4.0 
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Figure 5.11: Cell viability of investigated cell lines. MTT-assay with readout 72 h 
after treatment. a-k, five epithelial cell lines (blue box), six mesenchymal cell lines 
(red box). Cell lines are named in the upper right corner. Green lines display calcium 
phosphate-citrate nanoparticles (CPCs), which were not taken up by cells. Red lines 
display lipid-coated CPCs, which were taken up by cells but did not escape from the 
endosome due to the lack of additive. Black lines display lipid-coated CPCs that 
were taken up by cells and showed endosomal escape. l, Reference experiment of 
previously dissolved lipid-coated CPCs (red line) compared to lipid-coated CPCs 
that escape from the endosome (black line). 

Caspase-3/7 activity:  

The caspase-3/7 activity was measured in a time course after treatment of cells with 

therapeutically active CPCs and with lipid-coated CPCs. We investigated the 

caspase-3/7 activity on HeLa and MCF 10A cells, to establish the cause for the 

different response of cancerous and non-cancerous cells towards therapeutically 

active CPCs. For HeLa cells the caspase-3/7 activity strongly increased after 7 h of 

incubation with therapeutically active CPCs (Figure 5.12a, black line) demonstrating 

the induction of the apoptotic pathway. A second increase in caspase-3/7 activity is 
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observable within 25 h after treatment. The caspase-3/7 activity in the non-cancerous 

cell line MCF 10A was not detectable during the time course (Figure 5.12b, black 

line). Thus, no induction of apoptosis is initiated in the non-cancerous cell line 

MCF 10A. Additionally, the caspase-3/7 activity was not activated for either of the 

cell lines after treatment with lipid-coated CPCs (Figure 5.12, red line). Therefore, 

no apoptotic pathway is induced for lipid-coated CPCs in both cell lines. 

 

Figure 5.12: Caspase-3/7 activity of therapeutically active CPCs (black line) and 
lipid-coated CPCs (red line) in a time course measurement. a, Mesenchymal cell line 
HeLa (red box). b, Non-cancerous cell line MCF 10A (blue box). 

 

Movie E1. Movie of HeLa cells between 48 and 65 h after incubation with 
therapeutically active CPCs. The green dots mark the calcein loaded CPCs. Every 15 
minutes an image of one z-slice was recorded with live-cell confocal fluorescence 
microscopy and joined together to a time-lapse movie with 4 fps. Scale bars: 20 µm. 
a, Start of the movie. White line markes the cell outline. b, After 4 seconds (4 hours 
in real time, 52 hours after incubation) a strong increase in fluorescence of calcein 
released from the endosome is visualized. c, Afterwards, the morphology of the cell 
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undergoes changes due to the apoptotic pathway that was induced after the 
Ca2+ shock from the release of the dissolved CPCs. Movie E1 is available on the data 
CD that accompanies the printed version of this thesis. 

 

 

Movie E2. Movie of HeLa cells between 21 and 54 h after incubation with 
therapeutically active CPCs. Every 12 minutes an image was recorded with high 
content live-cell fluorescence microscopy and cut together to a movie with 4 fps. 
Images are depicted at t = 24.2, 24.4, 37.0, and 46.2 hours. Scale bars: 20 µm.  
a, Transmission images. b, Images of the calcein channel. The green dots mark the 
calcein loaded CPCs. c, Images of CAR-GECO channel. The red color depicts the 
Ca2+ amount in the cytosol. After 24.4 hours of incubation the release of set free 
calcein from the endosome into the cytosol is visualized by a strong increase in 
fluorescence (arrow in b). At the same time the calcium concentration in the cytosol 
increases drastically, visualized by the fluorescence increase of the CAR-GECO 
(arrow in c). After 37.0 hours of incubation the investigated cell changed its 
morphology due to the apoptotic pathway (arrow in a) which eventually resulted in 
apoptotic membrane blebbing (t = 46.2 h). The arrows at t = 46.2 h point out the 
rapid release of calcein for another cell which was randomly not expressing 
CAR-GECO. The intensity increase in the calcein channel was not observable in the 
CAR-GECO channel. This proves the independency of the the two channels. 
Therefore, the effect of a Stokes shift of the calcein channel into the CAR-GECO 
channel can be excluded. Movie E2 is available on the data CD that accompanies the 
printed version of this thesis. 
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5.5 Methods 

Chemicals for Nanoparticle Synthesis: 

Calcium nitrate tetrahydrate (AppliChem, 99 %), ammonium dihydrogenphosphate 

(Alfa Aeser, 99 %), citric acid (Aldrich, 99.5 %), cetyltrimethylammonium chloride 

(CTAC, Fluka, 25 wt% in H2O), Pluronic® F127 (Aldrich), ethylene glycol (Aldrich, 

99.8 %), triethanolamine (TEA, Aldrich, 98%), ethanol (EtOH, Aldrich, >99.5 %), 

ammonium nitrate (Sigma, 99 %), D-(+)-pantothenic acid calcium salt (Sigma, 

99 %), hydrochloric acid (Sigma, 2 M), dipotassium hydrogen phosphate trihydrate 

(Sigma, 99 %), sodium hydroxide (Sigma, 2 M), simulated body fluid (SBF, 

prepared as written elsewhere54, contains: Na+, K+, Mg2+, Ca2+, Cl-, CO3
2-

, SO4
2-, 

PO4
3-, and tris(hydroxymethyl) aminomethane, Sigma, >99 %), calcein (Sigma), 1,2-

dioleoyl-3-trimethylammonium-propane (DOTAP, Avanti Polar Lipids), 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids), sodium 

hydroxide (Aldrich, 0.1 M). 

All chemicals were used as received without further purification. Doubly distilled 

water from a Millipore system (Milli-Q Academic A10) was used for all synthesis 

steps. 

Cell Lines and Culture: 

MCF7, BT-474, and MDA-MB-231 human breast cancer cells, NCI-H1299 human 

lung cancer cells, HeLa human cervical cancer cells, A549 lung carcinoma, and 293T 

human embryonic kidney cells were purchased from and cultured according to 

American Type Culture Collection (ATCC). MCF 10A human mammary cell line 

was purchased from American Type Culture Collection (ATCC) and cultured 

according to reference55. HuH7 human hepatocellular carcinoma cells were 
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purchased from and cultured according to Japanese Collection of Research 

Bioresources (JCRB) Cell Bank. Neuro 2A mouse neuroblastoma, LLC mouse lewis 

lung carcinoma, B16-F0 mouse melanoma, AE17 mouse mesothelioma, and MC38 

mouse colon carcinoma were purchased from and cultured according to American 

Type Culture Collection (ATCC). 

MCF7 cells were grown in DMEM medium high glucose (Sigma Aldrich) 

supplemented with 20 % fetal calf serum (FCS) (Gibco) and 2 mM L-glutamine 

(Gibco) at 37 °C and 5 % CO2. HeLa and 293T cells were grown in DMEM medium 

low glucose (Sigma Aldrich) supplemented with 10 % FCS (Gibco) and 2 mM 

L-glutamine (Gibco) at 37 °C and 5 % CO2. BT-474 and NCI-H1299 cells were 

grown in RPMI 1640 medium (Sigma Aldrich) supplemented with 10 % FCS and 

2 mM L-glutamine (Gibco) at 37 °C and 5 % CO2. A549 cells were grown in Ham's 

F12 medium (Sigma Aldrich) supplemented with 10 % FCS and 2 mM L-glutamine 

(Gibco) at 37 °C and 5 % CO2. HuH7 cells were grown in a 50:50 mixture of DMEM 

and Ham's F12 medium (Sigma Aldrich) supplemented with 10 % FCS and 2 mM 

L-glutamine (Gibco) at 37 °C and 5 % CO2. MCF 10A cells were grown in 

DMEM-F12 medium (Gibco) supplemented with 10 % fetal bovine serum (FBS) and 

20 ng/mL EGF (Gibco) and hydrocortisone (0.5 µg/mL) at 37 °C and 5 % CO2. 

MDA-MB-231 cells were grown in L-15 Leibovitz’s medium (Biochrom) 

supplemented with 10 % FCS and 2 mM L-glutamine (Gibco) at 37 °C without CO2. 

LLC, B16-F0 cells were grown in DMEM medium low glucose (Sigma Aldrich) 

supplemented with 10 % FCS (Gibco) and 4 mM L-glutamine (Gibco) at 37 °C and 

5 % CO2. Neuro 2A cells were grown in DMEM medium low glucose (Sigma 

Aldrich) supplemented with 10 % FCS (Gibco) and 2 mM L-glutamine (Gibco) at 

37 °C and 5 % CO2. AE17 cells were grown in 987 CYM medium (ATCC) at 37 °C 
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and 5 % CO2. MC38 cells were grown in RPMI 1640 medium (Sigma Aldrich) 

supplemented with 10 % FCS and 2 mM L-glutamine (Gibco) at 37 °C and 5 % CO2. 

Cells were routinely tested and confirmed to be mycoplasma free. 

Cell Viability with MTT-Assay: 

For MTT-assays we treated 5000 cells per well containing 100 µL of the respective 

medium with therapeutically active CPCs. As reference, control cells were treated 

with simulated body fluid. After 72 h of treatment, 10 µL 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) was added to the calcium phosphate-

citrate treated cells and incubated for further 2 h. Unreacted MTT and medium were 

removed and the 96-well plates were stored at -80 °C for at least 1 h. Then, 100 µL 

DMSO was added to each well. The absorbance was read out by a Tecan plate 

reader. All studies were performed in triplicates. IC50 values were calculated with 

GraphPad Prism 5 and OriginPro 9. Statistical Analysis: All data are presented as 

mean ± SD, and were analyzed using GraphPad Prism 5. Statistical analysis was 

conducted using Student’s t-test. The asterisk indicates p<0.05. 

Transfection of CAR-GECO1 to HeLa cells: 

For experiments regarding the measurement of cytosolic Ca2+ levels, we used 

CAR-GECO1 as calcium indicator.37,56 The plasmid CAR-GECO1 was purchased 

form Addgene and transfected according to the X-tremeGENE® protocol by Roche 

Diagnostics to HeLa cells. 5.0 x 104 cell/well HeLa cells were grown in 1 mL of the 

respective medium for 24 hours in a 24-well plate. To 500 µL of Opti-MEM I 

Reduced Serum Medium (Sigma Aldrich), 15 µL of X-tremeGENE® 9 DNA 

Transfection Reagent (Sigma Aldrich) was added. Then, 5 µg of CAR-GECO1 

plasmid was added and gently mixed. 100 µL of the transfection solution was added 
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dropwise to each well of the 24-well plate. The cells were incubated for 24 hours. 

One day after transfection, cells were re-seeded into a 96-well plate at a 

concentration of 5.0 x 103 cells/well. 

RealTime-Glo™ MT Cell Viability Assay (Promega): 

To measure NADH content over time, HeLa cells (5.0 x 103 cells/well) were 

incubated in 100 µL of the respective medium for 24 hours in a 96-well plate. Then, 

RealTime-Glo™ MT Cell Viability Substrate and NanoLuc®Enzyme were added 

(0.2 µL/well) after addition of 50 µg/mL therapeutically active CPCs and lipid-

coated CPCs to each well. As reference control, cells were treated with simulated 

body fluid. Luminescence was measured at the given time points. 

CellTiter-Glo® Cell Viability Assay (Promega): 

To measure ATP content over time, HeLa cells (5.0 x 103 cells/well) were incubated 

in 100 µL of the respective medium for 24 hours in a 96-well plate. Then, cells were 

treated with 50 µg/mL therapeutically active CPCs and lipid-coated CPCs for each 

well. As reference control, cells were treated with simulated body fluid. 

CellTiter-Glo® Reagent was added (100 µL/well) at given time points to the wells of 

interest and incubated for another 10 minutes. Then, luminescence of the well of 

interest was measured. This procedure was repeated for all wells to record a time 

series. 

Caspase-Glo® 3/7 Assay (Promega): 

To measure caspase-3/7 activity over time, HeLa cells (5.0 x 103 cells/well) were 

incubated in 100 µL of the respective medium for 24 hours in a 96-well plate. 

Additionally, MCF 10A cells (5.0 x 103 cells/well) were incubated in 100 µL of the 
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respective medium for 24 hours in a 96-well plate. Then, cells were treated with 

10 µg/mL therapeutically active CPCs and lipid-coated CPCs for each well. As 

reference control, cells were treated with simulated body fluid. Caspase-Glo® 3/7 

Reagent was added (100 µL/well) at given time points to the wells of interest and 

gently shaken. After an incubation period of 60 minutes, luminescence of the well of 

interest was measured. This procedure was repeated for all wells to record a time 

series.  

In vivo Experiments: 

For all in vivo experiments C57BL/6 mice (Jackson Laboratories) were housed in 

isolated cages with a 12 h day/night cycle and food/water ad libitum. Animals were 

bred at the Center for Animal Models of Disease of the University of Patras. Animal 

experiments were performed according to guidelines of the European law of 

protection of animal life (2010/63/EU) and were approved a priori by the Veterinary 

Administration. Lewis lung carcinoma (LLC) were cultured according to American 

Type Culture Collection (ATCC). Experimental mice were weight-matched (20-

25 g) and age-matched (6-12 weeks). 24 Mice were anesthetized under isoflurane 

and each mouse was injected 300.000 LLC cells into the intrapleural cavity for MPE 

generation. Intrapleural injections were done under direct stereoscopic vision via a 

small incision in the left anterolateral chest skin and fascia. The tumors were allowed 

to grow for seven days and the mice were separated into two equally sized groups. 

One group was injected a single dose of 300 µL (10 mg/mL) of therapeutically active 

CPCs into the right side of the mouse into the intrapleural cavity. The other 12 mice 

were injected 300 µL of SBF and treated as control group. On day 12 after the 

implantation of the tumor, mice were sacrificed with CO2 and the tumor weight was 

analyzed. Data analysis was performed with GraphPad Prism5. 
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5.6 Characterization 

Characterization of Nanoparticles: 

Nitrogen sorption analysis was performed on a Quantachrome Instrument Nova 

4000e at 77 K. Samples (25 mg) were outgassed at 120 °C for 12 h in vacuo 

(10 mTorr). Pore size and pore volume were calculated by a QSDFT equilibrium 

model of N2 on carbon, based on the desorption branch of the isotherms. The QSDFT 

method takes into account the effects of surface roughness and heterogeneity.57 

Cumulative pore volumes were evaluated up to a pore size of 10 nm, in order to 

remove the contribution of inter-particle textural porosity. Surface areas were 

calculated with the BET model in the range p/p0 = 0.05–0.2. Thermogravimetric 

analysis of the samples was performed on a Netzsch STA 440 C TG/DSC in a stream 

of synthetic air with a flow rate of 25 mL/min and a heating rate of 10 K/min. 

Dynamic light scattering measurements were performed on a Malvern Zetasizer-

Nano instrument with a 4 mW He-Ne laser (633 nm) in ethanolic suspension with a 

concentration of 0.5 mg/mL. Scanning electron microscopy (SEM) images were 

obtained on a JEOL JSM-6400F. For sample preparation a droplet of the ethanolic 

colloidal suspension was placed on a 60 °C preheated carbon pad. Samples were 

sputtered with carbon before measurement. Transmission electron microscopy 

(TEM) was performed on a JEOL JEM 2011 at an acceleration voltage of 200 kV. 

For sample preparation a droplet of a diluted ethanolic colloidal suspension was 

deposited on a carbon-coated copper grid and the solvent was allowed to evaporate. 

EDX spectra were recorded with an EDAX Apollo XLT SDD Detector (30 mm2). 

For ICP measurements the samples were dissolved in concentrated HNO3 and heated 

at 110 °C for 30 minutes. After dilution with H2O the data collection was carried out 

with a Varian Vista RL ICP-OES with radially viewed plasma. UV/Vis 
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measurements were performed on a Perkin Elmer Lambda 1050 UV-Vis/NIR 

spectrophotometer with a deuterium arc lamp and a tungsten filament equipped with 

a 150 mm integrating sphere and an InGaAs detector. Infrared spectra were measured 

with a Thermo Scientific Nicolet iN 10 infrared microscope. XRD patterns were 

obtained with a Bruker D8 Discover X-ray diffractometer using Cu-Kα radiation 

(1.5406 Å). 13C, 31P, and 1H solid-state NMR (ss-NMR) measurements were 

performed on a Bruker DSX Avance500 FT spectrometer in a 4 mm ZrO2 rotor 

under magic angle spinning conditions. 13C ss-NMR data were obtained at 125.8 

MHz under cross-polarization conditions with 52000 transients. 31P ss-NMR data 

were acquired at 202.5 MHz under cross-polarization conditions with 8 transients. 1H 

ss-NMR data were obtained at 500.2 MHz with 1 run. 

Live-Cell Confocal Fluorescence Microscopy: 

To visualize nanoparticle internalization by cells, live-cell imaging was performed on 

a spinning disc microscope based on the Zeiss Cell Observer SD utilizing a 

Yokogawa spinning disk unit CSU-X1. The system was equipped with a 1.40 NA 

63x Plan apochromat oil immersion objective from Zeiss. For all experiments the 

exposure time was 0.1 s and z-stacks were recorded. Calcein-loaded CPCs were 

imaged with approximately 0.4 W/mm2 of 488 nm excitation light. Atto647 was 

excited with approximately 11 mW/mm2 of 639 nm. In the excitation path a quad-

edge dichroic beamsplitter (FF410/504/582/669-Di01-25x36, Semrock) was used. 

For two-color detection of calcein and Atto647, a dichroic mirror (560 nm, Semrock) 

and band-pass filters 525/50 and 690/60 (both Semrock) were used in the detection 

path. Separate images for each fluorescence channel were acquired using two 

separate electron multiplier charge coupled device (EMCCD) cameras 

(PhotometricsEvolveTM). Immediately before imaging, cell membranes were stained 
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using wheat germ agglutinin Alexa Fluor 647 conjugate at a final concentration of 

5 µg/mL. After application of the dye, cells were washed twice. 

High Content Live-Cell Fluorescence Microscopy: 

Image capture was performed using automated multiparametric analysis on the 

ImageXpress Micro XLS (Molecular Devices) wide-field high content imaging 

system, and data were analyzed using MetaMorph software and ImageJ. To 

CAR-GECO1 transfected HeLa cells 5 µL of therapeutically active CPCs were 

added. After 4 hours the cells were washed with DMEM medium low glucose 

(Sigma Aldrich) supplemented with 10 % fetal calf serum (FCS) (Gibco) and 2 mM 

L-glutamine (Gibco). Cells were kept under environmental control at 37 °C with 5 % 

CO2 inside the ImageXpress Micro XLS device, and every 15 minutes an image was 

recorded for each channel. The objective 20x Super Plan Fluor ELWD DM and 

Semrock GFP and Cy5 filter cubes were used. 
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6.1 Introduction 

Cancer is the second most common cause for death in the world.1,2 It has been a 

challenge for researchers to develop appropriate, effective, and selective medication 

against cancer.3 To overcome the drawbacks of medication with small molecules like 

doxorubicin, cisplatin and many more, the focus of research has been shifting to 

personalized medicine.4,5,6,7,8 The concept of personalized medicine in combination 

with nanotechnology-based tools is expected to advance the treatment and even pre-

symptomatic diagnoses of cancer towards highly effective targeted therapy.9,10,11 

Employing nanoconstructs such as dendrimers, liposomes, silica-based nanoparticles, 

etc., great progress has been made regarding the development of targeted 

delivery.6,12,13,14,15,16 Previously, we have demonstrated the synthesis of calcium 

phosphate-citrate nanoparticles as a novel platform for drug delivery applications.17 

We established the synthesis strategy with a variation of the Pechini process to form 

a complex of calcium ions with citric acid.18,19 The precipitation of calcium 

phosphate-citrate nanoparticles (CPCs) in the presence of surfactants by a rapid 

change in pH led to novel porous materials that under certain conditions efficiently 

killed cancer cells without encapsulation of additional toxic drugs due to intracellular 

delivery of calcium ions.20,21,22,23,24 Toxic calcium levels are known to activate 

Ca2+-ATPases, which consume and deplete cellular ATP leading to cell death.23,25 

Although the Ca2+ delivery system acts already as chemotherapeutic agent by itself 

and offers many advantages, we were interested in the development of a calcium free 

drug delivery carrier. Such a drug delivery system could act as a nontoxic and 

vanishing platform to load different chemotherapeutics to enhance the 

pharmacological and therapeutic properties of drugs administered parenterally.26  
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Here, we transferred the knowledge from the synthesis of mesoporous calcium 

phosphate-citrate nanoparticles to the development of a biodegradable and 

biocompatible drug delivery system. Therefore, we exchanged calcium ions with 

magnesium ions in calcium phosphate-citrate nanoparticles. We gradually increased 

the concentration of magnesium ions in CPCs and analyzed the resulting materials. 

We observed a pH dependence in the formation of magnesium-calcium phosphate-

citrate particles. Increasing contents of Mg2+ under fixed pH conditions led to the 

inhibition of nanoparticle formation and instead generated large crystal 

morphologies. By tuning the pH values during the synthesis, we developed a 

preparation method for the incorporation of citrate into the walls of magnesium 

phosphate-citrate structures leading to mesoporosity and nanoparticle formation. 

Thus, here we present mesoporous magnesium phosphate-citrate nanoparticles 

(MPCs) with sizes of about 250 nm and a BET surface area of 560 m2/g. The pore 

size is about 6.3 nm with a corresponding pore volume of 0.8 cm3/g. This enables 

MPCs to become a platform for advanced drug delivery applications.  

Additionally, we adapted the preparation method and applied it to the divalent cation 

manganese. We showed that the incorporation of citric acid into the metal phosphate-

citrate structures leads to mesoporous materials opening the way to new materials 

with different properties. In the case of manganese phosphate-citrate nanoparticles 

(MnPCs), the use as MRI active substance or as cathode material for the exchange of 

lithium could lead to applications in both, diagnosis or Li-ion batteries.27,28,29,30 

Hence, we present novel mesoporous managanese phosphate-citrate nanoparticles 

and establish a previously unknown synthesis route to obtain mesoporous metal 

phosphate-citrate structures. 
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6.2 Results and Discussion 

First, for the characterization of magnesium-calcium phosphate-citrate we 

synthesized calcium phosphate-citrate nanoparticles as a reference material. The 

synthesis of calcium phosphate-citrate nanoparticles (CPCs) was carried out with a 

variation of the Pechini sol-gel process.18,19 The stepwise exchange of the divalent 

calcium cations with Mg2+ led to magnesium-calcium phosphate-citrate particles 

(Mg-CPCs). For CPC synthesis, calcium ions were dissolved in citric acid-containing 

aqueous solution. Citric acid acidifies the solution and leads to a complexation of the 

calcium ions. This prevents precipitation of calcium phosphate after the addition of 

phosphate ions.31 Additionally, the addition of citric acid facilitates the gelation 

process in the formation of calcium phosphate-citrate and slows down the 

precipitation kinetics.32 To obtain mesoporosity, the template surfactant 

cetyltrimethylammonium chloride (CTAC) and Pluronic® F127 was added to form a 

mesophase containing calcium phosphate-citrate and micellar aggregates. A rapid 

change in pH to basic conditions induced the precipitation of the CPCs. The 

extraction of the surfactant template with an ethanolic ammonium nitrate solution 

yielded the mesoporous CPCs. 

For the synthesis of magnesium-calcium phosphate-citrate particles (Mg-CPCs) 

calcium ions were substituted with magnesium ions.33 The stability constant of a 

magnesium citrate complex is smaller compared to a calcium citrate complex.34 This 

leads to a competing system forming an equilibrium. In preparing the synthesis 

mixtures, the addition of phosphate ions, CTAC and Pluronic® F127 to the acidic 

solution was kept constant. The change of pH to basic conditions by addition of 

triethanolamine (TEA) led to the precipitation of Mg-CPCs. We investigated five 

different Mg-CPC samples with varying magnesium concentrations ranging from 0, 



Chapter 6 

147 

20, 40, 60, to 100 mol% with respect to the calcium concentration. Samples are 

labeled according to their content of magnesium 0 Mg-CPC, 20 Mg-CPC, 

40 Mg-CPC, 60 Mg-CPC, and 100 Mg-CPC. For clarification, the sample 0 Mg-CPC 

is identical to plain calcium phosphate-citrate nanoparticles. 

We analyzed the obtained samples with IR spectroscopy and depict the spectra of the 

five different samples in Figure 6.1. All samples show the typical ν3(PO4) band at 

1080 cm-1 to which the spectra were normalized. This vibrational mode is broadened 

in amorphous calcium phosphates35,36 thus the ν1(PO4) only appears as a shoulder at 

950 cm-1. This holds true for the magnesium containing calcium phosphate-citrate 

materials as well, and the broadening can be detected in all samples. The 

incorporation of carbonate ions into all samples due to solvation in the aqueous phase 

from the air is indicated by the ν2(CO3) vibration at around 844 cm-1.36,37 The 

vibrations at 1255 cm-1 and 894 cm-1 are visible in all samples. These vibrations 

indicate calcium-, respectively magnesium-deficient structures. Maintaining charge 

neutrality accounts for the incorporation of H-OPO3
2- and HO-PO3

2-, respectively.38 

These two vibrations were detected in the samples 0 Mg-CPC, 20 Mg-CPC, 40 Mg-

CPC, and 60 Mg-CPC. For comparison, the successful synthesis of calcium 

phosphate-citrate nanoparticles (0 Mg-CPC) leads the incorporation of citric acid. 

Therefore, vibrations from citrate are detectable at 1410 cm-1 and 1590 cm-1.17,39 The 

COO- vibrations were also detected for magnesium-containing samples. However, 

the amount of incorporated citrate into the structure decreases with higher 

magnesium contents, even though the same initial citric acid concentration was used 

during the synthesis. 
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Figure 6.1: Normalized IR-spectra of Mg-CPCs with respect to the increasing 
amount of magnesium. a, IR-spectrum of 0 Mg-CPCs with the strong COO- 
vibrations at 1410 cm-1 and 1590 cm-1. The typical PO4

3- vibration is attributed to the 
broad peak at 1080 cm-1. b, IR-spectra of 20 Mg-CPC, 40 Mg-CPC, 60 Mg-CPC, and 
100 Mg-CPC with a decreasing amount of citrate incorporated into the structure, 
visible at the COO- vibrations at 1410 cm-1 and 1590 cm-1. 

The reduced ability to incorporate citrate ions into the structure of Mg-CPCs with 

increasing magnesium content was also in agreement with the thermogravimetric 

analysis (TGA) that was performed on all samples. The amount of incorporated 

citrate ions into the magnesium-calcium phosphate-citrate structure was quantified 

with thermogravimetric analysis up to 900 °C with a heating rate of 10 K/min in 

synthetic air (Figure 6.2). The moderate mass loss of all samples up to 200 °C is 

assigned to weakly bound organics and mainly water (~8 wt%). Between 200 °C and 

450 °C, a significant mass loss is observed for all samples. Above 450 °C the mass 

stays almost constant up to 850 °C. We attribute the significant mass loss to the 

decomposition of citrate. The mass loss of 0 Mg-CPC, 20 Mg-CPC, and 40 Mg-CPC 

between 200 °C and 450 °C was almost the same of around 25 wt%. For the sample 

60 Mg-CPC the mass loss in that temperature range added up to 23 wt% and for the 

sample 100 Mg-CPC it added up to 14 wt%, respectively. We attribute the mass loss 

in this temperature range to the decomposition of residues of template and citrate 

incorporated in the structure of Mg-CPCs. The shift to higher decomposition 

temperatures compared to pure citric acid (175 °C) is attributed to the strong 
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interactions with the magnesium-calcium ions in Mg-CPCs. In the IR-spectra we 

assigned the vibrational modes at 1410 cm-1 and 1590 cm-1 to citrate incorporated 

into the Mg-CPC structure. These observations correlate with the results from TGA 

methods. 

 

Figure 6.2: Thermogravimetric measurements with a heating rate of 10 K/min in a 
stream of synthetic air (25 mL/min) of a, 0 Mg-CPC and b, 20 Mg-CPC, 
40 Mg-CPC, 60 Mg-CPC, and 100 Mg-CPC. 

To analyze the size distribution and colloidal stability of the Mg-CPCs we performed 

dynamic light scattering experiments with all samples (Figure 6.3). All samples show 

a narrow size distribution. The colloidal particles 0 Mg-CPC exhibit the smallest size 

with a maximum at 220 nm. The samples 20 Mg-CPC and 40 Mg-CPC show a 

hydrodynamic radius with a maximum size of 295 nm and the particles stay 

colloidally stable in ethanolic solution. The samples 60 Mg-CPC and 100 Mg-CPC 

settle down in ethanolic solution within minutes and exhibit sizes with a maximum at 

1500 nm and 1300 nm, respectively. These are approximate values only, since the 

determination of sizes with dynamic light scattering above 1000 nm is not accurate 

due to physical limitations.40,41,42  
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Figure 6.3: Dynamic light scattering (DLS) in ethanol of the samples a, 0 Mg-CPC 
and b, 20 Mg-CPC, 40 Mg-CPC, 60 Mg-CPC, and 100 Mg-CPC. 

To visualize the different samples, we performed scanning electron microscopy 

(SEM). The particles aggregate strongly during the drying process. However, the 

spherical morphologies of the single particles are still visible. They feature an 

average diameter of 50 nm for the samples 0 Mg-CPC, 20 Mg-CPC, and 

40 Mg-CPC. Hence, the particle morphology was not affected by the addition of 

magnesium ions. For the samples 60 Mg-CPC and 100 Mg-CPC a very different 

morphology emerged. Here, a crystalline faceted and partially intergrown 

morphology with particle sizes up to 10 µm in length was observed (Figure 6.4). 
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Figure 6.4: Scanning electron microscopy images of spherically shaped nanoparticles 
with diameters of ~50 nm for the samples a, 0 Mg-CPC, b, 20 Mg-CPC, and c, 
40 Mg-CPC. Scale bars: 100 nm. For the samples d, 60 Mg-CPC and 
e, 100 Mg-CPC a crystal-shaped morphology with sizes of ~10 µm in length was 
observed. Scale bars: 10 µm. 

The concentration of magnesium in the samples was confirmed with energy 

dispersive X-ray spectroscopy (EDX). All obtained values are listed in Table 6.1. For 

the sample 0 Mg-CPC we obtained a Ca:P ratio of 1.61, which is similar to the 

stoichiometric value for apatite of Ca:P = 1.66. With increasing concentration of 

magnesium in the reaction solution, the Mg-Ca:P ratio became smaller. Accordingly, 

for the samples 20 Mg-CPC and 40 Mg-CPC the ratio of Mg-Ca:P was around 1.5. 

Interestingly, the amount of magnesium incorporated into the Mg-CPC structure was 

not identical to the initial molar ratio in the synthesis solution. As indicated above, 

the stability constant for the complex of citrate and Mg2+ compared to Ca2+ is much 

smaller. Therefore, the precipitation is shifted towards the calcium phosphate-citrate 

species and consequently has to be adjusted by increasing the magnesium 
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concentration to obtain higher amounts of magnesium in the Mg-CPC structure. 

However, at concentrations above 40 mol% magnesium in the reaction solution, the 

Mg-Ca:P ratio drastically changes to a stoichiometry close to Mg/Ca:P = 1:1. In this 

context we note that in struvite, a magnesium ammonium phosphate with the formula 

(NH4MgPO4 · 6H2O), a stoichiometric ratio of Mg/P = 1:1 is observed. Struvite 

crystallizes in the orthorhombic system in pyramidal forms.43,44 For the samples 

60 Mg-CPC and 100 Mg-CPC we observed pyramidal morphology as well. Since 

nitrogen atoms, introduced as ammonium dihydrogenphosphate as an educt, are 

undetectable with EDX, we believe that our products resemble calcium-substituted 

struvite rather than magnesium-substituted calcium phosphate. 

Table 6.1: Avaraged energy dispersive X-ray data of Mg-CPCs with different 
magnesium contents. 

Sample Calcium 
(atom%) 

Magnesium 
(atom%) 

Atom% of 
magnesium 

Phosphorus 
(atom%) Mg-Ca:P 

0 Mg-CPC 6.99 - - 4.35 1.61 

20 Mg-CPC 3.65 0.46 11 2.77 1.48 

40 Mg-CPC 3.60 1.14 24 3.13 1.51 

60 Mg-CPC 1.74 2.71 60 3.83 1.16 

100 Mg-CPC - 5.17 100 5.91 0.87 

 

Thereafter, the samples were dried from ethanolic solutions at 60 °C for 12 hours and 

analyzed with X-ray diffraction. We observed amorphous materials for every sample 

(Figure 6.5). For the samples 0 Mg-CPC, 20 Mg-CPC, and 40 Mg-CPC this finding 

is in accordance with the observations in IR spectroscopy, where we found the 

shifted and broadened vibrational mode ν3(PO4) at 1080 cm-1, which is typical for 

amorphous materials.36 Regarding the samples 60 Mg-CPC and 100 Mg-CPC, an 

amorphous structure was not expected for these well-defined faceted morphologies 
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observed in SEM. It has been reported that if struvite is substituted with calcium 

ions, less crystallinity was observed as the calcium content increased.45,46 In 

comparison to our investigation, Le Corre et al.45 could not observe distinct shapes 

resembling crystals anymore after substituting the magnesium with 50 mol% calcium 

and higher. Thus, in accordance with literature we find an amorphous signature in the 

X-ray pattern for these samples. We attribute the highly symmetric morphology 

observed with SEM to the effects of the templating surfactants. Templating 

surfactants strongly influence the morphology of the obtained materials.47 To 

underline our findings, we performed an in situ XRD measurement in ethanoic 

solution to exclude any solvent effects from the drying process. Nevertheless, we 

found amorphous material for the samples 60 Mg-CPC and 100 Mg-CPC (see 

Experimental part, Figure 6.13). 

 

Figure 6.5: X-ray diffraction after drying the samples at 60 °C for 12 hours from 
ethanolic solution a, 0 Mg-CPC and b, 20 Mg-CPC, 40 Mg-CPC, 60 Mg-CPC, and 
100 Mg-CPC. Graphs were shifted in y-direction for clarity reasons. 

The influence of the surfactant templates was analyzed with nitrogen sorption for all 

samples (Figure 6.6). For all samples the isotherms exhibit type IV shape typical for 

mesoporous materials. We evaluated the porosity parameters from all isotherms, the 

values for each sample are depicted in Table 6.2.48 The calculated pore size varies 

between 4.4 nm and 6.6 nm. The cumulative pore volumes were calculated up to 
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10 nm pore size in order to eliminate possible textural porosity. The calculated pore 

volumes range from 0.42 cm3/g to 1.00 cm3/g. We observed a maximum BET 

surface area of 900 m2/g for the sample 0 Mg-CPC, while this value continuously 

decreased with higher magnesium content, to 260 m2/g for the sample 100 Mg-CPC. 

Hence, all samples exhibit mesoporosity due to the surfactant template. A drastic 

drop in mesoporosity was observed for samples 60 Mg-CPC and 100 Mg-CPC. Here, 

the surfactant template seems to direct mainly the overall morphology contributing to 

the crystalline looking shape rather than guiding the mesopore formation. 

Table 6.2: Calculated parameters from nitrogen sorption analysis data of Mg-CPCs 
with different magenesium concentration. 

Samples 
Pore size distribution BET surface area 

(m2/g) Size (nm) Volume (cm3/g) 

0 Mg-CPC 4.8 1.00 900 

20 Mg-CPC 4.4 0.66 740 

40 Mg-CPC 4.5 0.61 710 

60 Mg-CPC 5.0 0.47 370 

100 Mg-CPC 6.6 0.42 260 
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Figure 6.6: a, Nitrogen sorption isotherms of mesoporous Mg-CPCs with different 
magensium content. b, Pore size distributions of mesoporous Mg-CPCs with 
different magensium content. 

Note that for all particles precipitated so far the pH was rapidly changed with 

triethanolamine to a pH value of 8.5, not acting only as complexation agent but also 

as a base.49 As reported, the formation of struvite depends strongly on the pH 

value.50,51 Consequently, to overcome the thermodynamically driven reaction to the 

formation of struvite like morphology in samples with high magnesium content, we 

increased the pH value of the reaction mixture to enhance the kinetics by adding 

ethanolamine, a strong base with complexation ability. We explored this hypothesis 

with pure magnesium phosphate-citrate nanoparticles (MPCs). In order to do so, 

magnesium ions were dissolved in citric acid-containing aqueous solution. Then, 

ammonium phosphate and the template surfactant cetyltrimethylammonium chloride 

(CTAC) were added to the reaction solution. In contrast to the above samples, a rapid 

change in pH to basic conditions was induced with a mixture of triethanolamine and 

ethanolamine. The resulting solution had a pH value of 12.9, compared to solutions 

without the addition of ethanolamine with pH = 8.5. The extraction of the surfactant 

template with an ethanolic ammonium nitrate solution yielded the mesoporous 

MPCs.  
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The IR-spectrum of the obtained MPCs is depicted in Figure 6.7a and was 

normalized to the ν3(PO4) stretching vibration at 1081 cm-1. The presence of citrate 

ions in MPCs is clearly demonstrated by the symmetric and asymmetric vibrations of 

the carboxylic groups at 1423 cm-1 and 1616 cm-1.52 In contrast to the sample 

100 Mg-CPC, these vibrations drastically increased as a result of the adjusted 

synthesis. Therefore, following this approach the incorporation of citrate into 

100 Mg-CPC was successful after all. The vibrations at 1269 cm-1 and 879 cm-1 are 

assigned to the H-OPO3
2- and HO-PO3

2- ions, respectively.53 These vibrations 

indicate a magnesium-deficient structure. The broad band between 3600 cm-1 and 

2200 cm-1 is attributed to the O–H vibration of water remaining in the mesopores of 

the samples.  

The incorporation of citrate ions into the structure of MPCs was also examined with 

thermogravimetric analysis (Figure 6.7b). MPCs were heated at a rate of 10 K/min 

up to 850 °C in synthetic air. The moderate mass loss up to 120 °C is assigned to 

mainly water (~ 8 wt%). Up to 180 °C we attribute the mass loss to weakly bound 

organics (~ 6 wt%). Between 180 °C and 700 °C a significant mass loss is observed. 

We again attribute the decomposition of strongly bound organics to this massive 

mass loss. Above 700 °C the mass stays almost constant up to 850 °C. The amount of 

decomposing organics from MPCs adds up to 28 wt%. These decomposing organics 

are residues of surfactant template and mainly citrate ions incorporated into the 

structure of MPCs. 
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Figure 6.7: a, IR-spectrum of MPCs normalized to the PO4
3- vibration with the strong 

COO- vibrations at 1423 cm-1 and 1616 cm-1. The peak at 1081 cm-1 is assigned to 
the typical PO4

3- vibration. b, Thermogravimetric analysis of MPCs with a heating 
rate of 10 K/min in a stream of synthetic air (25 mL/min). c, Dynamic light scattering 
(DLS) of MPCs in ethanol with a size maximum at 255 nm. d, X-ray diffraction of 
amorphous MCPs after drying at 60 °C for 12 hours from ethanolic solution. 

Figure 6.7c depicts the result from the dynamic light scattering experiment of MPCs 

in ethanolic solution, featuring a size maximum at 255 nm with a narrow size 

distribution of the particles. Due to the increase of the pH during synthesis, much 

smaller and colloidally stable particles were obtained compared to 100 Mg-CPCs. 

Furthermore, the MPCs exhibit an amorphous structure as shown by X-ray 

diffraction (Figure 6.7d). 

Scanning and transmission electron microscopy images of MPCs are depicted in 

Figure 6.8. Strikingly, for the MPCs we observed spherical nanoparticles and not the 

pyramidal morphologies of 100 Mg-CPCs. MPCs strongly aggregate during the 

drying process of sample preparation. Individual particles can be distinguished, 
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showing a diameter of 40-60 nm. The mesoporous structure was visualized with 

TEM. Energy dispersive X-ray analysis revealed a Mg/P ratio of 1.25. This is in 

accordance with the proposed magnesium-deficient structure concluded from IR 

analysis. The obtained Mg/P ratio is rather similar to that of stoichiometric 

Mg3(PO4)2. 

 

Figure 6.8: a, Scanning electron microscopy image of aggregated MPCs. Scale bar: 
100 nm. b, Transmission electron microscopy image with visualisation of the 
mesoporous structure of MPCs. Scale bar: 100 nm. 

As mentioned above, a large surface area would be desirable for the application of 

these porous particles as drug delivery system. Nitrogen sorption analysis revealed 

the typical type IV isotherm for MPCs (Figure 6.9). A BET surface area of 560 m2/g, 

a pore size maximum of 6.3 nm and a corresponding pore volume of 0.8 cm3/g was 

calculated. 
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Figure 6.9: Nitrogen sorption analysis data for MPCs. a, Adsorption and desorption 
isotherms reveal a BET surface area of 560 m2/g. b, Calculated pore size distribution 
with a maximum at 6.3 nm and a corresponding pore volume of 0.8 cm3/g. 

The insights gained in the synthesis of nanoparticles with the modified Pechini 

process18 led to the formation of mesoporous calcium phosphate-citrate and 

magnesium phosphate-citrate nanoparticles. To explore the generality of this 

approach, we wondered if this procedure could be adapted to other divalent cations 

to form metal phosphate-citrate nanoparticles. We were interested in the synthesis of 

manganese phosphate-citrate based on potential attractive applications as MRI active 

substance or as cathode material in Li-ion batteries.27,28,29,30 Hence, we dissolved 

manganese ions and citric acid in aqueous solution. Then, ammonium phosphate and 

the template surfactant cetyltrimethylammonium chloride (CTAC) were added to the 

reaction solution. A rapid change in pH to basic conditions was induced by adding a 

mixture of triethanolamine and ethanolamine, with a final pH value reaching 12.8. 

The subsequent extraction of the surfactant template with an ethanolic ammonium 

nitrate solution yielded the desired mesoporous MnPCs.  

The IR-spectrum of the new MnPCs is depicted in Figure 6.10a, normalized to the 

ν3(PO4) stretching vibration at 1081 cm-1. The presence of citrate ions in MnPCs is 

demonstrated by the symmetric and asymmetric vibrations of the carboxylic group at 

1424 cm-1 and 1590 cm-1.52 The small band at 1244 cm-1 and the one appearing as a 
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shoulder at 879 cm-1 are assigned to H-OPO3
2- and HO-PO3

2-, respectively.53 

Therefore, for MnPCs a manganese-deficient structure was obtained, similar to the 

other metal phosphate citrate materials investigated. The broad band between 

3600 cm-1 and 2200 cm-1 is attributed to the O–H vibration of water remaining in the 

mesopores of the sample. 

Furthermore, the incorporation of citrate ions into the structure of MnPCs was 

investigated with thermogravimetric analysis (Figure 6.10b). MnPCs were heated at 

a rate of 10 K/min up to 800 °C in synthetic air. The moderate mass loss up to 

120 °C is assigned to mainly water (~ 3 wt%). Between 170 °C and 550 °C a 

significant mass loss is observed. The total amount of decomposing organics from 

MnPCs adds up to 10 wt%. Above 550 °C the mass stays relatively constant up to 

800 °C. In agreement with the other samples described here, we attribute the 

decomposing organics to residues of template and mainly citrate ions incorporated 

into the structure of MnPCs.  

Figure 6.10c depicts the result from the dynamic light scattering experiment of 

MnPCs in ethanolic solution, which features a maximum at 240 nm with a narrow 

size distribution of the particles. Furthermore, MnPCs exhibit amorphous structure 

indicated by X-ray diffraction (Figure 6.10d). 
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Figure 6.10: a, IR-spectrum of MnPCs normalized to the PO4
3- vibration with the 

COO- vibrations at 1424 cm-1 and 1590 cm-1. The peak at 1081 cm-1 is attributed to 
the typical PO4

3- vibration. b, Thermogravimetric analysis of MnPCs with a heating 
rate of 10 K/min in a stream of synthetic air (25 mL/min). c, Dynamic light scattering 
(DLS) of MnPCs in ethanol with a maximum at 240 nm. d, X-ray diffraction of 
amorphous MnPCs after drying at 60 °C for 12 hours from ethanolic solution. 

Nitrogen sorption analysis revealed the typical type IV isotherm for MnPCs (Figure 

6.11). A BET surface area of 300 m2/g, a fairly wide pore size distribution from 8 nm 

to 20 nm and a corresponding pore volume of 1.1 cm3/g was calculated. 
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Figure 6.11: Nitrogen sorption analysis data for MnPCs. a, Adsorption and 
desorption isotherms reveal a BET surface area of 300 m2/g. b, Calculated pore size 
distribution with a maximum at 11 nm pore size and a corresponding pore volume of 
1.1 cm3/g. 

Scanning and transmission electron microscopy images of the strongly aggregated 

MnPCs are depicted in Figure 6.12. The aggregation is a result of the drying process 

during the sample preparation. The individual particles can be distinguished and are 

estimated to have a diameter of 40-80 nm. The mesoporous structure was visualized 

with TEM. Energy dispersive X-ray analysis revealed a Mn/P ratio of 1.23. This is 

consistent with the proposed manganese-deficient structure suggested by the IR 

analysis. The obtained Mn/P ratio is rather similar to the stoichiometric Mn3(PO4)2. 

All the characterization techniques employed here thus confirm the successful 

synthesis of amorphous, mesoporous MnPCs. 
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Figure 6.12: a, Scanning electron microscopy image of aggreated MnPCs. Scale bar: 
100 nm. b, Transmission electron microscopy image showing the mesoporous 
structure (insert) of MnPCs. Scale bars: 50 nm. 

6.3 Conclusion 

In this study we have gradually substituted calcium ions against magnesium ions in 

metal phosphate-citrate materials aiming at the use of magnesium phosphate-citrate 

nanoparticles as biocompatible drug delivery vehicles. Starting from the established 

calcium phosphate-citrate nanoparticles and substituting calcium stepwise with 

increasing amounts of magnesium offered insights regarding the precipitation 

behavior of metal phosphate-citrate nanoparticles. The ability to incorporate citrate 

ions into the structure of Mg-CPCs decreased with increasing amounts of 

magnesium. We observed a drastic change in the overall characteristics at 

magnesium concentrations above 60 mol%. In that case, the materials seem to 

resemble struvite, an ammonium magnesium phosphate, regarding the structure and 

chemical composition. However, while the morphology of 60 Mg-CPC and 

100 Mg-CPC showed defined pyramidal structures, surprisingly the materials were 

amorphous.  
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The pH value was identified as a critical parameter during the precipitation of the 

metal phosphate-citrate particles. With an increase of the pH value during the 

precipitation, we were able to synthesize colloidal mesoporous magnesium 

phosphate-citrate nanoparticles. The resulting characteristics make them promising 

candidates as platform for advanced drug delivery systems. 

Based on the above insights, we surmised that if the pH value during the 

precipitation is chosen correctly, the formation of other mesoporous metal 

phosphate-citrate nanoparticles may be possible. This was demonstrated for the 

synthesis of novel mesoporous manganese phosphate-citrate nanoparticles.  

Concluding, we have developed a general method for the synthesis of mesoporous 

metal phosphate-citrate nanoparticles by judiciously tuning the pH value during the 

precipitation reaction. We suggest that this approach could lead to numerous 

additional metal phosphate-citrate nanoparticles with promising characteristics. The 

metals could include for example strontium, zinc, iron etc. In future studies, their 

synthesis will be investigated and suitable applications will be identified. As a first 

example, we will investigate the use of magnesium phosphate-citrate nanoparticles 

for drug delivery applications. 

6.4 Experimental 

Chemicals for Particle Synthesis: 

Magnesium nitrate hexahydrate (Sigma, 99 %), calcium nitrate tetrahydrate 

(AppliChem, 99 %), manganese nitrate tetrahydrate (Sigma, 98 %), ammonium 

dihydrogenphosphate (Alfa Aeser, 99 %), citric acid (Aldrich, 99.5 %), 

cetyltrimethylammonium chloride (CTAC, Fluka, 25 wt% in H2O), Pluronic® F127 
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(Aldrich), ethylene glycol (Aldrich, 99.8 %), triethanolamine (TEA, Aldrich, 98%), 

ethanolamine (Fluka, >99 %), ethanol (EtOH, Aldrich, >99.5 %), ammonium nitrate 

(Sigma, 99 %). 

All chemicals were used as received without further purification. Doubly distilled 

water from a Millipore system (Milli-Q Academic A10) was used for all synthesis 

steps. 

Synthesis of Magnesium-Calcium Phosphate-Citrate Nanoparticles (Mg-CPCs): 

In a 50 mL polypropylene reactor magnesium nitrate hexahydrate (0 mg, 0.00 mmol/ 

64 mg, 0.25 mmol/ 132 mg, 0.50 mmol/ 192 mg, 0.75 mmol/ 320 mg, 1.25 mmol), 

calcium nitrate tetrahydrate (295 mg, 1.25 mmol/ 236 mg, 1.0 mmol/ 177 mg, 

0.75 mmol/ 118 mg, 0.50 mmol/ 0 mg, 0.00 mmol), ammonium 

dihydrogenphosphate (86.3 mg, 0.75 mmol) and citric acid (240 mg, 1.25 mmol) 

were dissolved in water (20 mL, 1.11 mmol), leading to the samples 0 Mg-CPC, 

20 Mg-CPC, 40 Mg-CPC, 60 Mg-CPC, and 100 Mg-CPC. Then, 

cetyltrimethylammonium chloride (622 mg, 1.94 mmol) and the triblock copolymer 

Pluronic® F127 (100 mg) were added and the synthesis mixture was stirred at 

500 rpm at room temperature. After 10 minutes of stirring, ethylene glycol (7.15 g, 

115 mmol) was added and the solution was stirred for another 5 minutes. The clear 

solution was combined with triethanolamine (7.15 g, 48 mmol) under vigorous 

stirring and was allowed to reach room temperature. The suspension was stirred at 

500 rpm at room temperature for 10 minutes. Then the suspension was diluted 

approximately 1:1 with ethanol. The resulting particles were separated by 

centrifugation at 7,830 rpm (7,197 rcf) for 15 minutes and redispersed in 

NH4NO3/EtOH (2 wt%, 80 mL). To extract the template, the suspension was heated 

under reflux conditions at 90 °C for 30 minutes. The particles were separated by 
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centrifugation at 7,830 rpm (7,197 rcf) for 10 minutes and redispersed in 80 mL 

ethanol. The mixture was heated under reflux conditions at 90 °C for 30 minutes. 

The particles were again separated by centrifugation at 7,830 rpm (7,197 rcf) for 10 

minutes and redispersed in 20 mL ethanol. 

XRD measurement of the sample 60 Mg-CPC 

 

Figure 6.13: X-ray diffraction of the amorphous sample 60 Mg-CPC. An ethanolic 
solution of 60 Mg-CPC (10 mg/mL) was transferred into a glass capillary and sealed 
at the end. The capillary was measured in the sample chamber of an Anton Paar 
SAXSpace instrument equipped with an Eiger Detector and a Cu-Kα micro source 
(1.5406 Å). The broad bump at 2Ɵ = 17° results from the capillary background.  

Synthesis of Magnesium Phosphate-Citrate Nanoparticles (MPCs): 

In a 50 mL polypropylene reactor magnesium nitrate hexahydrate 

(320 mg, 1.25 mmol) and citric acid (270 mg; 1.41 mmol) were dissolved in water 

(17 mL, 0.94 mmol). Then, ammonium dihydrogenphosphate (142 mg, 1.25 mmol) 

was added to the solution and stirred until dissolution was complete. Then, 

cetyltrimethylammonium chloride (622 mg, 1.94 mmol) and ethylene glycol (7.15 g, 

115 mmol) were added and the synthesis mixture was stirred at 500 rpm at room 

temperature. The clear solution was combined with triethanolamine (7.15 g, 

48 mmol) and ethanolamine (3.00 g, 49.1 mmol) under vigorous stirring for three 

minutes. The suspension was diluted approximately 1:1 with ethanol. The particles 
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were separated by centrifugation at 7,830 rpm (7,197 rcf) for 5 minutes and 

redispersed in NH4NO3/EtOH (2 wt%, 80 mL). To extract the template, the 

suspension was heated under reflux conditions at 90 °C for 30 minutes. Then, the 

particles were separated by centrifugation at 7,830 rpm (7,197 rcf) for 5 minutes and 

redispersed in 80 mL ethanol. The mixture was again heated under reflux conditions 

at 90 °C for 30 minutes and the particles were again separated by centrifugation at 

7,830 rpm (7,197 rcf) for 5 minutes, and redispersed in 20 mL ethanol. 

Synthesis of Manganese Phosphate-Citrate Nanoparticles (MnPCs): 

In a 50 mL polypropylene reactor, manganese nitrate tetrahydrate 

(314 mg, 1.25 mmol) and citric acid (270 mg; 1.41 mmol) were dissolved in water 

(17 mL, 0.94 mmol). Then, ammonium dihydrogenphosphate (142 mg, 1.25 mmol) 

was added to the solution and stirred until dissolution was complete. 

Cetyltrimethylammonium chloride (622 mg, 1.94 mmol) and ethylene glycol (7.15 g, 

115 mmol) were added and the synthesis mixture was stirred at 500 rpm at room 

temperature. The clear solution was combined with triethanolamine (7.15 g, 

48 mmol) and ethanolamine (3.00 g, 49.1 mmol) under vigorous stirring for three 

minutes. The suspension was diluted approximately 1:1 with ethanol. The resulting 

particles were separated by centrifugation at 7,830 rpm (7,197 rcf) for 5 minutes and 

redispersed in NH4NO3/EtOH (2 wt%, 80 mL). To extract the template, the 

suspension was heated under reflux conditions at 90 °C for 30 minutes. The particles 

were separated by centrifugation at 7,830 rpm (7,197 rcf) for 5 minutes and 

redispersed in 80 mL ethanol. The mixture was again heated under reflux conditions 

at 90 °C for 30 minutes, and the particles were again separated by centrifugation at 

7,830 rpm (7,197 rcf) for 5 minutes, and redispersed in 20 mL ethanol. 
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6.5 Characterization 

Characterization of Nanoparticles: 

Nitrogen sorption analysis was performed on a Quantachrome Instrument Nova 

4000e at 77 K. Samples (25 mg) were outgassed at 120 °C for 12 h in vacuo 

(10 mTorr). Pore size and pore volume were calculated by a QSDFT equilibrium 

model of N2 on carbon, based on the desorption branch of the isotherms. The QSDFT 

method takes into account the effects of surface roughness and heterogeneity.54 

Cumulative pore volumes were evaluated up to a pore size of 12 nm (for Mn-CPCs 

up to 20 nm), in order to remove the contribution of inter-particle textural porosity. 

Surface areas were calculated with the BET model in the range p/p0 = 0.05–0.2. 

Thermogravimetric analysis of the samples was performed on a Netzsch STA 440 C 

TG/DSC in a stream of synthetic air with a flow rate of 25 mL/min and a heating rate 

of 10 K/min. Dynamic light scattering measurements were performed on a Malvern 

Zetasizer-Nano instrument with a 4 mW He-Ne laser (633 nm) in ethanolic 

suspension with a concentration of 0.5 mg/mL. Scanning electron microscopy (SEM) 

images were obtained on a JEOL JSM-6400F and a FEI HELIOS NanoLab G3 UC. 

For sample preparation, a droplet of the ethanolic colloidal suspension was placed on 

a 60 °C preheated aluminum sample holder. Samples were sputtered with carbon 

before measurement. Transmission electron microscopy (TEM) was performed on a 

FEI TECNAI G2 at an acceleration voltage of 200 kV. For sample preparation a 

droplet of a diluted ethanolic colloidal suspension was deposited on a carbon-coated 

copper grid and the solvent was allowed to evaporate. Infrared spectra were 

measured with a Thermo Scientific Nicolet iN 10 infrared microscope. XRD patterns 

were obtained with a Bruker D8 Discover X-ray diffractometer using Cu-Kα 

radiation (1.5406 Å). Small angle X-ray scattering (SAXS) data were obtained with 
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an Anton Paar SAXSpace instrument equipped with an Eiger Detector and a Cu-Kα 

micro source (1.5406 Å). 
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7.1 Introduction 

Since the consideration of nanoparticles for drug delivery applications, many 

materials including inorganic silica1,2,3,4, carbon materials5,6, layered double 

hydroxides7,8, liposomes9,10 and polymers,11,12,13 and DNA-origami14 have been 

investigated.15,16 Nevertheless, the search for improved drug delivery systems with 

respect to their efficient uptake by specific cells, their ability to escape the endosome, 

their increased efficacy, and their biodistribution and biocompatibility has not 

declined.17,18,19,20 Especially the investigation of biocompatible materials has gained 

great interest in this field.21 Magnesium phosphate (MgP) based materials provide an 

attractive alternative to conventional drug delivery systems,22 because the human 

body possesses mechanisms to degrade MgP materials and therefore the risks of side 

effects are decreased.23 Additionally, magnesium and phosphate ions are inherently 

components of a humans body. Generally, different MgP based materials have been 

synthesized under various conditions such as Mg/P ratio, temperature, and pH 

value.24 MgP based materials are mainly investigated as material for bone repair and 

substitution, for example as bone cement or also as a reservoir for anti-inflammatory 

drugs.25 Bhakta et al. presented a co-precipitation synthesis to yield magnesium 

phosphate nanoparticles with encapsulated pDNA.26,27 Their nanoparticles were 

dense precipitates and did not contain any mesoporosity. Mesoporosity is an 

attractive feature as it may enable the design of flexible drug delivery 

platforms.28,29,30 Regarding mesoporous magnesium-based materials, only 

combinations with calcium phosphates31,32, silicates33 or oxides34 have been 

published. For example, a BET surface area of 306 m2/g was reported for a porous 

magnesium oxide structure.34 A much smaller BET surface area of 132 m2/g was 

reported for a magnesium-calcium phosphate structure.31 However, to our knowledge 
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there are no publications on the synthesis of purely magnesium containing colloidal 

mesoporous magnesium phosphate-based nanoparticles. The development of 

colloidal mesoporous magnesium phosphate-based materials at the nanometer scale 

would open the possibility for the use as drug delivery system on the cellular level 

and combine the attractive properties of MgP-based bulk materials with the 

requirements for nano-medical applications. 

Here, we present an advanced drug delivery system that offers large BET surface 

area with negligible premature release of incorporated drugs, which is achieved by a 

lipid membrane coating. Furthermore, the drug delivery system is efficiently taken 

up by cells and exhibits high biocompatibility. We introduce a method for the 

synthesis of mesoporous colloidal magnesium phosphate-citrate nanoparticles 

(MPCs). First, we investigated the influence of the complexing agent on the 

formation of mesopores. For this purpose, we gradually changed the amount of citric 

acid in the reaction solution, while keeping the concentrations of the other reactants 

constant. With optimized conditions, we were able to synthesize MPCs with 

diameters of about 250 nm with a BET surface area of 560 m2/g. The pore size was 

calculated to be about 6.3 nm with a corresponding pore volume of 0.8 cm3/g. 

Further characterization and visualization of the mesoporous framework was 

performed with transmission and scanning electron microscopy. Additionally, we 

also present data on dynamic light scattering, zeta potential measurements, and 

thermogravimetric analysis. We investigated the cellular uptake of fluorescently 

labeled MPCs and their effect in vitro on HeLa cells with viability assays. The bare 

nanoparticles are nontoxic up to concentrations of 100 µg/mL. Loaded with the 

chemotherapeutic agent methotrexate, which is encapsulated in the porous structure 

of the MPCs with a lipid membrane, the drug delivery system induced efficient cell 
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death with an IC50 value of 1.1 µg/mL MPCs mass. These findings open up a new 

approach towards the development of biocompatible drug delivery systems.  

7.2 Results and Discussion 

Magnesium phosphate-citrate nanoparticles (MPCs) were synthesized with a 

modified Pechini sol-gel process.35,36 Magnesium ions are dissolved in a citric acid 

(CA) containing aqueous solution, resulting in complexation of magnesium and an 

acidic pH. This prevents the rapid precipitation of magnesium phosphate after the 

addition of phosphate ions and leads to a stabilized solution of magnesium, 

phosphate, and citrate ions. To obtain a mesoporous structure, the surfactant template 

cetyltrimethylammonium chloride (CTAC) is added, forming micelles in an ordered 

mesophase to yield a Mg-P-CA-complex. The interaction of citric acid with the 

magnesium ions facilitates the gelation ability of the mixed solution and influences 

the precipitation behavior.37 Nanoparticles are formed after a rapid increase of the pH 

to strongly alkaline. This is achieved with a mixture of triethanolamine and 

ethanolamine, which not only act as base but additionally as complexing agents, 

facilitating formation of nanoparticles.38 The extraction of the surfactant template 

with an ethanolic ammonium nitrate solution yielded the mesoporous MPCs.  

Initially, we investigated the influence of citric acid during the reaction while 

keeping the concentrations of the other reactants constant. To this end, we prepared 

three different samples with a molar ratio of Mg/CA = 1:0, 1:0.5, and 1:1.12. After 

extraction of the resulting MPCs, we determined the hydrodynamic radius with 

dynamic light scattering (DLS) and scanning electron microscopy (SEM). The 

hydrodynamic particle size of MPCs in ethanolic solution and corresponding SEM 

images are depicted in  
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Figure 7.1. All samples show a narrow size distribution. However, the samples 

Mg/CA = 1:0 and 1:0.5 have a maximum particle size at 530 nm and 615 nm, 

respectively. For the sample Mg/CA = 1:1.12 the smallest particle size with a 

maximum at 255 nm is observed. SEM images show that all particles exhibit 

spherical morphology and show agglomeration due to the drying process during 

sample preparation (Figure 7.1). In contrast to the findings from DLS, in the SEM we 

measure much smaller particle sizes between 40-120 nm for all samples. The content 

of citric acid during the synthesis may influence the colloidal stability in solution. 

This is of importance for applications as drug delivery systems, which makes sample 

Mg/CA = 1:1.12 preferable for our investigations. 

Additionally, energy dispersive X-ray (EDX) measurements were performed with the 

samples having molar ratios of Mg/CA = 1:0, 1:0.5, and 1:1.12, and the averaged 

results are presented in Table 7.1. The results suggest magnesium-deficient structures 

with respect to the stoichiometry of Mg3(PO4)2. 

Table 7.1: Energy dispersive X-ray analysis for MPCs with a molar ratio of 
Mg/CA = 1:0, 1:0.5, and 1:1.12. 

Mg/CA  
molar ratio 

Magnesium (atom%) Phosphor (atom%) Mg:P 

1:1.12 4.20 3.36 1.25 

1:0.5 5.12 4.23 1.21 

1:0 6.25 5.23 1.19 
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Figure 7.1: Left column depicts the dynamic light scattering data, right column 
depicts the corresponding scanning electron micropcopy images. Scale bars: 100 nm 
a, MPCs with a molar ratio of Mg/CA = 1:0 (green line). b, MPCs with a molar ratio 
of Mg/CA = 1:0.5 (red line). c, MPCs with a molar ratio of Mg/CA = 1:1.12 (black 
line). 

The IR-spectra of the MPC samples obtained with a molar ratio of Mg/CA = 1:0, 

1:0.5, and 1:1.12 are depicted in Figure 7.2a. They are normalized to the ν3(PO4) 

stretching vibration at 1081 cm-1.  
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Figure 7.2: a, Infrared spectra of MPCs with a molar ratio of Mg/CA = 1:1.12 (black 
line), 1:0.5 (red line), and 1:0 (green line). b, Thermogravimetric analysis of the 
samples with a molar ratio of Mg/CA = 1:1.12 (black line), 1:1.05 (red line), and 1:0 
(green line). 

The presence of citrate ions in the samples is clearly demonstrated by the symmetric 

and asymmetric vibrations of the carboxylic groups at 1423 cm-1 and 1616 cm-1 

(marked with asterisks).39 The vibrations at 1428 cm-1 and 1635 cm-1 of the sample 

with no citric acid result from the incorporation of carbonate ions into the structure.40 

The incorporation of carbonate ions is attributed to their presence in the aqueous 

reaction solution. The intensity increase of these COO- vibrations with the relative 

citric acid content Mg/CA = 1:0, 1:0.5, and 1:1.12 in the sample reflects the amount 

of citrate and carbonate ions incorporated into the magnesium phosphate-citrate 

nanoparticle structure. The vibrations at 1269 cm-1 and 879 cm-1 are assigned to 

H-OPO3
2- and HO-PO3

2-, respectively (marked with pounds).41 These findings 

suggest that MPCs exhibit a magnesium-deficient structure, which is in accordance 

with the EDX results. The broad band between 3600 cm-1 and 2200 cm-1 is attributed 

to the O–H vibration of water remaining in the pores of the samples.  

To quantify the amount of citrate in the MPC structure, thermogravimetric analysis 

(TGA) was performed on all samples up to 850 °C with a heating rate of 10 K/min in 
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a stream (25 mL/min) of synthetic air (see Figure 7.2b). The moderate mass loss of 

all samples up to 120 °C is assigned to mainly water (~ 8 wt%). Up to 180 °C, we 

attribute the mass loss in all samples to weakly bound organics (~ 6 wt%). Between 

180 °C and 700 °C a significant mass loss is observed for all samples, attributed to 

the decomposition of strongly bound organics incorporated in the MPCs. Above 

700 °C the mass stays almost constant up to 850 °C. In the sample Mg/CA = 1:0, the 

mass loss of organics adds up to 13 wt%. This drop is caused by residues of 

surfactant template, carbonates and crystal water within the nanoparticles.42 The 

sample Mg/CA = 1:0.5 loses mass of 23 wt%, the sample Mg/CA = 1:1.12 loses 

28 wt%. Therefore, in the samples containing citric acid an additional mass loss of 

10 wt% and 15 wt%, respectively is recorded in comparison to the sample without 

citric acid. We attribute these mass losses to the decomposition of citrate ions 

incorporated in the structure of MPCs. The results show that the incorporation of 

citrate ions into the structure of MPCs is dependent on the initial molar ratio of 

Mg/CA. This finding is in accordance with the IR data, indicating the increase in 

intensity of the COO- vibrations at 1423 cm-1 and 1616 cm-1 with respect to the initial 

CA concentration.  

For the application as drug delivery system a large surface area is desired.28,29 The 

porosity of the MPCs was investigated with nitrogen sorption analysis. The 

measurements revealed the typical type IV isotherm for all samples. The isotherms 

with the molar ratios of Mg/CA = 1:0, 1:0.5, and 1:1.12 are shown in Figure 7.3a and 

the pore size distributions of all samples are represented in Figure 7.3b. With 

increasing amounts of citric acid in the reaction solution, the degree of porosity of 

MPCs increases. While the samples Mg/CA = 1:0 and 1:0.5 show rather low 

mesoporosity, the sample Mg/CA = 1:1.12 exhibits the largest BET surface area with 

560 m2/g, a maximum of the pore size distribution at 6.3 nm and a corresponding 
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pore volume of 0.8 cm3/g. The presence of mesoporosity is also visible in the strong 

increase of adsorbed nitrogen volume at relative pressures between 0.4 and 0.8, while 

a narrow pore size distribution is apparent for all samples. We conclude that the 

amount of citric acid strongly influences the formation of mesoporous MPCs. The 

coordination complex Mg-citrate apparently slows down the kinetics of the 

precipitation reaction, allowing the solid structure to form around the micelles of the 

surfactant template. The obtained porosity parameters are listed in Table 7.2. 

 

Figure 7.3: Sorption data for MPCs with a molar ratio of Mg/CA = 1:1.12 (black 
line), 1:0.5 (red line), and 1:0 (green line). a, Adsorption and desorption isotherms. 
b, Calculated pore size distributions. 

Table 7.2: Sorption data analysis for MPCs with a molar ratio of Mg/CA = 1:0, 1:0.5, 
and 1:1.12. 

Mg/CA 
molar ratio 

Pore size distribution BET surface area 
(m2/g) Size (nm) Volume (cm3/g) 

1:1.12 6.3 0.80 560 

1:0.5 6.2 0.52 390 

1:0 4.8 0.13 215 
 

The X-ray analysis reveals an amorphous structure for all samples (Figure 7.4a). This 

is in accordance with the observed ν3(PO4) stretching vibration at 1081 cm-1 in the 

IR-spectra, which is shifted to higher wavenumbers compared to crystalline 
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magnesium phosphate structures.43 With transmission electron microscopy the 

mesoporous structure of MPCs can be visualized. The nanoparticles are strongly 

agglomerated due to the drying process during the sample preparation (Figure 7.4b). 

 

Figure 7.4: a, X-ray diffraction of the amorphous MPCs with a molar ratio of 
Mg/CA = 1:1.12 (black line), 1:0.5 (red line), and 1:0 (green line). b, Transmission 
electron microscopy image of MPCs with a molar ratio of Mg/CA = 1:1.12. Scale 
bar: 100 nm. 

The initial concentration of citric acid in the range of molar ratios of Mg/CA = 1:0, 

1:0.5, and 1:1.12 makes a great difference in the resulting material. Hence, we have 

successfully introduced a synthesis route that leads to small magnesium phosphate-

citrate nanoparticles. Additionally, we demonstrate the incorporation of citrate into 

the structure of magnesium phosphate-citrate, which leads to stable colloidal 

particles. 

Because of its colloidal stability, the large BET surface area, and the highly 

mesoporous structure, we continued with the sample Mg/CA = 1:1.12 concerning 

investigations for drug delivery applications. 

First, we established a method for the stable and impermeable coating of the MPCs 

with a supported lipid bilayer. For this purpose, we loaded the particles in a solution 

of calcein serving as fluorescent model drug and a small amount of 
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cetyltrimethylammonium chloride (CTAC) as endosomal escape agent32 for 

subsequent cell experiments. For the coating we used the solvent exchange method44 

with a mixture of 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC). This procedure leads to the loaded 

magnesium phosphate-citrate nanoparticles with a supported lipid bilayer 

(lipid@MPCs).  

The lipid@MPCs were transferred into a special measuring cell for fluorescence 

detection of release kinetics. The lipid@MPCs were separated from the measuring 

compartment with a dialysis membrane with a molecular-weight cutoff at 14,000 Da. 

This setup only allows for the penetration of released fluorescent dye through the 

membrane into the measuring compartment (see Figure 5.6a). The release of calcein 

from the lipid@MPCs was measured once for the as-prepared sample (Figure 7.5a, 

red line) and second for a sample where the lipid@MPCs particles were acidified 

(Figure 7.5a, green line). The acidification leads to the dissolution of the MPCs, 

destabilization of the lipid membrane, and therefore release of the fluorescent dye 

into the measuring compartment mimicking the endosomal escape in cells. This is 

depicted by the increase in fluorescent counts with respect to the as-prepared closed 

sample, which reveals only 15 % premature release of the model drug.  

In vitro cell experiments were carried out to investigate the uptake behavior of 

lipid@MPCs with HeLa cells. After an incubation of 24 hours with lipid@MPCs, the 

cells were investigated with a confocal fluorescence microscope, showing efficient 

particle uptake (Figure 7.5b). The green fluorescent particles are localized inside the 

cell, which is clearly visible with the red labeled cell membrane. 
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Figure 7.5: a, Fluorescence release measurement over 20 hours showing the 
premature release behavior (red line) and a strong increase upon triggered release by 
acidification (green line). b, Confocal microscopy image of HeLa cells with 
lipid@MPCs (in green) internalized in the WGA-stained cell membrane in red 
(incubation for 24 h). Scale bar: 50 µm. 

Further, in vitro experiments were carried out to investigate the toxicity of 

magnesium phosphate-citrate particles to cells. Three different kinds of particles 

were incubated for 72 hours on HeLa cells and analyzed with MTT-assay (Figure 

7.6). The sample MPCs@plain (green line) represents the bare magnesium 

phosphate-citrate particles without any further modification. The sample 

MPCs@control (black line) was modified in the same way as the sample 

lipid@MPCs (red line) but without the addition of the endosomal escape agent 

CTAC. The samples MPCs@plain and MPCs@control show no cytotoxicity up to 

particle concentrations of 100 µg/mL. For the sample lipid@MPCs a drop in cell 

viability at a particle concentration of 100 µg/mL was obtained. We calculated an 

IC50 value of 77 µg/mL. Thus, MPCs are quite biocompatible with respect to the 

investigated samples. MPCs appear to be promising candidates for advanced drug 

delivery applications. 
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Figure 7.6: Cell viability of HeLa cells with respect to lipid@MPCs that escape from 
the endosome (red line). The data are compared with those for the particles 
MPCs@control that do not escape from the endosome (black line), and with particles 
MPCs@plain without a lipid membrane that are not taken up by cells (green line). 

Moreover, we investigated the loading capacity of the newly developed MPCs for 

methotrexate (MTX, a hydrophobic anti-cancer drug45), its release behavior, and its 

efficiency in cell experiments. MPCs were loaded for 30 min in an MTX-containing 

solution with small amounts of the endosomal escape agent CTAC. After 

centrifugation of MPCs containing the membrane-impermeable MTX, the particles 

were enclosed with a supported lipid bilayer to yield MPCs@MTX. After further 

washing steps by centrifugation, the maximum loading capacity and the release 

kinetics of MPCs@MTX were investigated with UV-Vis measurements at a 

wavelength of 303 nm46 (Figure 7.7). The spectrum of methotrexate is depicted in 

Figure 7.7d, showing an absorption maximum at 303 nm measured in simulated body 

fluid. 
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Figure 7.7: a, Structure of hydrophobic methotrexate. b, UV-Vis release 
measurement over 12 hours showing only premature release (red line) and a strong 
increase upon triggered release by acidification (green line). c, Absorption fitting 
curve of methotrexate with different concentrations measured at 303 nm. d, UV-Vis 
absorption spectrum of methotrexate in the range between 250 nm and 380 nm with a 
concentration of 15.6 µg/mL. 

The same measurement cuvette as that for fluorescence release measurements was 

used and two different samples were analyzed. MPCs@MTX was measured without 

further purification (Figure 7.7b, closed, red line). The endosomal escape of MTX 

was mimicked by acidification, and MTX was able to penetrate through the dialysis 

membrane (the absorption was detected at 303 nm; Figure 7.7b, opened, green line). 

The premature release of MTX from MPCs@MTX is as low as 13 % with respect to 

the opened sample, which reached an optical absorption of 0.19 after 12 h. This 

absorption value corresponds to a total release of 5 µg/mL. The volume of the 

measurement cuvette is 4 mL, leading to a total mass of 0.02 mg MTX released from 

an initial 0.5 mg of MPCs@MTX. With these results, a release capacity of 4 wt% 
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was established after 12 h for the anti-cancer drug MTX. The MPCs@MTX were 

then incubated for 72 hours on HeLa cells and a viability assay was performed 

(Figure 7.8, black line). The delivery of MTX into HeLa cells results in an efficient 

cytotoxicity with an IC50 = 1.1 µg/mL for MPCs@MTX particles. This refers to an 

estimated 0.044 µg/mL free MTX delivered directly to the cytosol of the cells (under 

the assumption that the particles release 4 wt% MTX from MPCs@MTX after 72 h 

incubation). Furthermore, the supernatant of MPCs@MTX was analyzed to verify 

the safe MTX delivery without premature release. Here, we did observe minor 

changes in cell viability above 20 µg/mL (Figure 7.8, green line).  

 

Figure 7.8: HeLa cell viability measured with MTT-assay. MPCs@MTX (black line) 
with an IC50

 = 1.1 µg/mL, dissolved MPCs@MTX (red line) with an IC50 = 
9.3 µg/mL, and the supernatant of MPCs@MTX (green line) with no IC50 obtained. 

Additionally, we dissolved MPCs@MTX before the incubation with HeLa cells. 

Thus, the approximately same amount of free MTX that was previously loaded into 

the particles becomes available to the cells. Thereby, the effect of free undelivered 

MTX can be obtained, to compare it to the delivery efficacy with MPCs@MTX. 

Dissolved MPCs@MTX (Figure 7.8, red line) increase the IC50 to a value of 

9.3 µg/mL. The experiment with the dissolved MPCs is also a good control yielding 

the amount of MTX that is remaining in adjacent tissue after dissolution of the MPCs 



Chapter 7 

188 

in the target cells. Comparing the above results, the efficacy of our delivery system 

enhances the activity of MTX by a factor of ~ 9.  

7.3 Conclusion 

Here, we have presented a novel approach for the synthesis of colloidal mesoporous 

magnesium phosphate-citrate nanoparticles by investigating the influence of the 

chelating agent citric acid in a modified Pechini process. The level of citric acid 

incorporated into the structure of magnesium phosphate-citrate has an influence on 

the colloidal stability of MPCs in solution. Additionally, incorporated citric acid 

impacts the mesoporosity in the MPCs. A maximum BET surface area of 560 m2/g 

with a pore size of about 6.3 nm and a corresponding pore volume of 0.8 cm3/g was 

reached. With the fluorescent model drug calcein, the release kinetics of MPCs 

closed with a supported lipid bilayer were investigated. Here, we established a 

synthesis method for a rather tight closure and entrapment of drugs with only 15 % 

premature release within 12 h. In subsequent cell experiments we observed very 

good biocompatibility for MPCs. This enables them to become a promising new 

platform for drug delivery applications. To explore this potential, we loaded the anti-

cancer drug methotrexate into MPCs and used the loaded MPCs as delivery vehicle 

for HeLa cells, reaching high cell toxicity with an IC50 value of 1.1 µg/mL. In 

conclusion, we have developed an efficient drug delivery vehicle synthesized from 

biocompatible precursors that are neither toxic by themselves nor in the form of 

nanoparticles. The MPCs furnished with these features may have the potential to 

reduce the side effects of current chemotherapies. 



Chapter 7 

189 

7.4 Experimental 

Chemicals for Nanoparticle Synthesis: 

Magnesium nitrate hexahydrate (Sigma, 99 %), ammonium dihydrogenphosphate 

(Alfa Aeser, 99 %), citric acid (Aldrich, 99.5 %), cetyltrimethylammonium chloride 

(CTAC, Fluka, 25 wt% in H2O), ethylene glycol (Aldrich, 99.8 %), ethanolamine 

(Fluka, >99 %), triethanolamine (TEA, Aldrich, 98%), ethanol (EtOH, Aldrich, 

>99.5 %), ammonium nitrate (Sigma, 99 %), calcein (Sigma), simulated body fluid 

(SBF, prepared as written elsewhere47, contains: Na+, K+, Mg2+, Ca2+, Cl-, CO3
2-

, 

SO4
2-, PO4

3-, and tris(hydroxymethyl) aminomethane, Sigma, >99 %), methotrexate 

(Sigma, >99 %), hydrochloric acid (Sigma, 2 M), 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP, Avanti Polar Lipids), 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC, Avanti Polar Lipids), sodium hydroxide (Aldrich, 

0.1 M). 

All chemicals were used as received without further purification. Doubly distilled 

water from a Millipore system (Milli-Q Academic A10) was used for all synthesis 

steps. 

Synthesis of Magnesium Phosphate-Citrate Nanoparticles (MPCs): 

The synthesis of MPCs was carried out following a modified Pechini sol-gel 

process.35,36 In a 50 mL polypropylene reactor magnesium nitrate hexahydrate 

(320 mg, 1.25 mmol) and different amounts of citric acid (0 mg/ 120 mg/ 270 mg; 

0 mmol/ 0.625 mmol/ 1.41 mmol) were dissolved in water (17 mL, 0.94 mmol). This 

leads to solutions with a molar ratio of Mg/CA = 1:0, 1:0.5, and 1:1.12. Then, 

ammonium dihydrogenphosphate (142 mg, 1.25 mmol) was added to the solution 

and stirred until complete dissolution. Then, cetyltrimethylammonium chloride 
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(622 mg, 1.94 mmol) and ethylene glycol (7.15 g, 115 mmol) were added and the 

synthesis mixture was stirred at 500 rpm at room temperature. Thereafter, the clear 

solution was combined with triethanolamine (7.15 g, 48 mmol) and ethanolamine 

(3.00 g, 49.1 mmol) under vigorous stirring for three minutes. The suspension was 

diluted approximately 1:1 with ethanol. The particles were separated by 

centrifugation at 7,830 rpm (7,197 rcf) for 5 minutes and redispersed in 

NH4NO3/EtOH (2 wt%, 80 mL). To extract the template, the suspension was heated 

under reflux conditions at 90 °C for 30 minutes. Then the particles were again 

separated by centrifugation at 7,830 rpm (7,197 rcf) for 5 minutes and redispersed in 

80 mL ethanol. The mixture was again heated under reflux conditions at 90 °C for 30 

minutes, and the particles were separated by centrifugation at 7,830 rpm (7,197 rcf) 

for 5 minutes and redispersed in 20 mL ethanol. 

Preparation of Magnesium Phosphate-Citrate Nanoparticles for Release and 

Cell Experiments with the Model Drug Calcein: 

The amount of 0.5 mg of magnesium phosphate-citrate nanoparticles was loaded in 

1 mL aqueous calcein solution (0.62 mg, 1 mmol, pH 9.4) and, if needed, 

cetyltrimethylammonium chloride (6.25 µg, 19.5 nmol) for 30 minutes. The particles 

were separated by centrifugation at 14,000 rpm (16,873 rcf) for 3 minutes. The 

loaded particles were redispersed in a lipid solution of 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP, 75 µL of a solution with 12.5 mg/mL 

60/40 vol% H2O/EtOH) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, 

25 µL of a solution with 12.5 mg/mL 60/40 vol% H2O/EtOH) under sonication 

conditions, and bi-distilled water (900 µL, pH adjusted to 9.4 with NaOH) was 

added. Then, the particles were separated by centrifugation at 14,000 rpm 

(16,873 rcf) for 5 minutes. The lipid-coated magnesium phosphate-citrate 
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nanoparticles were washed twice by centrifugation at 12,000 rpm (12,396 rcf, 13 °C) 

for 5 minutes with SBF (500 µL, pH 7.4). 

Preparation of Magnesium Phosphate-Citrate Particles for Release and Cell 

Experiments with the Anti-Cancer Drug Methotrexate: 

The amount of 0.5 mg of methotrexate was dissolved in 50 µL of sodium hydroxide 

solution (0.1 M) and cetyltrimethylammonium chloride (6.25 µg, 19.5 nmol) was 

added. Then 500 µL of bi-distilled water and 0.5 mg of magnesium phosphate-citrate 

particles were added. The particles were loaded for 30 minutes and then separated by 

centrifugation at 14,000 rpm (16,873 rcf) for 3 minutes. The loaded particles were 

redispersed in a lipid solution of 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP, 75 µL of a solution with 12.5 mg/mL 60/40 vol% H2O/EtOH) and 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC, 25 µL of a solution with 12.5 mg/mL 

60/40 vol% H2O/EtOH) under sonication conditions and 900 µL bi-distilled water 

was added. Then, the particles were separated by centrifugation at 14,000 rpm 

(16,873 rcf) for 5 minutes. The lipid-coated magnesium phosphate-citrate 

nanoparticles were washed twice by centrifugation at 12,000 rpm (12,396 rcf, 13 °C) 

for 5 minutes with SBF (500 µL, pH 7.4). 

In vitro Release Fluorescence and UV-Vis Measurements: 

Lipid-coated magnesium phosphate-citrate particles were transferred into the cap of a 

homebuilt fluorescence and UV-Vis setup (0.5 mg particles in 200 µL SBF) and 

separated by a cellulose membrane from the measuring cell, which is filled with 

SBF. Dye or drug that is released from the particles diffuses through the membrane 

and can be detected in the measuring cell (Figure 5.6b). While detecting the 

fluorescence of calcein with a fluorescence spectrometer at 512 nm (excitation at 
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495 nm) as a function of time, the stimulated release can be observed. While 

detecting the absorbance of methotrexate with a UV-Vis spectrometer at 303 nm as a 

function of time, the stimulated release can be observed. All experiments were 

carried out at least twice on different days to evaluate the reproducibility of the tight 

supported lipid bilayer. 

Cell Line and Culture: 

HeLa human cervical cancer cells were purchased from and cultured according to 

American Type Culture Collection (ATCC). HeLa cells were grown in DMEM 

medium low glucose (Sigma Aldrich) supplemented with 10 % FCS (Gibco) and 

2 mM L-glutamine (Gibco) at 37 °C and 5 % CO2. Cells were routinely tested and 

confirmed as mycoplasma free. 

Cell Viability: 

Cell viability assays (MTT) were carried out on HeLa cell line for particles 

MPCs@MTX, its supernatant, dissolved MPCs@MTX, MPCs@control, 

MPCs@plain, and lipid@MPCs. As a reference experiment, we dissolved 1 mg of 

MPCs@MTX that was loaded with MTX and CTAC with 0.1 mL of 0.1 M HCl and 

added then 0.9 mL of SBF to yield a final concentration of 1 mg/mL with a pH value 

of 7.4. Therefore, this test solution had the same ingredients as MPCs@MTX except 

the delivery feature. HeLa cells were treated with this solution that exhibited the 

same concentrations as the particle solution that contained MPCs@MTX. We 

enhanced the efficiency of free MTX by a factor of ~ 9 when using MPCs as delivery 

system. The supernatant of MPCs@MTX was recovered 12 h after preparation of the 

particles and applied to HeLa cells with the same concentration as the particle 

solution. 
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7.5 Characterization 

Characterization of Nanoparticles: 

Nitrogen sorption analysis was performed on a Quantachrome Instrument Nova 

4000e at 77 K. Samples (25 mg) were outgassed at 120 °C for 12 h in vacuo 

(10 mTorr). Pore size and pore volume were calculated by a QSDFT equilibrium 

model of N2 on carbon, based on the desorption branch of the isotherms. The QSDFT 

method takes into account the effects of surface roughness and heterogeneity.48 

Cumulative pore volumes were evaluated up to a pore size of 12 nm, in order to 

remove the contribution of inter-particle textural porosity. Surface areas were 

calculated with the BET model in the range p/p0 = 0.05–0.2. Thermogravimetric 

analysis of the samples was performed on a Netzsch STA 440 C TG/DSC in a stream 

of synthetic air with a flow rate of 25 mL/min and a heating rate of 10 K/min. 

Dynamic light scattering measurements were performed on a Malvern Zetasizer-

Nano instrument with a 4 mW He-Ne laser (633 nm) in ethanolic suspension with a 

concentration of 0.5 mg/mL. Scanning electron microscopy (SEM) images were 

obtained on a JEOL JSM-6400F. For sample preparation a droplet of the ethanolic 

colloidal suspension was placed on a 60 °C preheated carbon pad. Samples were 

sputtered with carbon before measurement. Transmission electron microscopy 

(TEM) was performed on a FEI TECNAI G2 at an acceleration voltage of 200 kV. 

For sample preparation, a droplet of a diluted ethanolic colloidal suspension was 

deposited on a carbon-coated copper grid and the solvent was allowed to evaporate. 

Infrared spectra were measured with a Thermo Scientific Nicolet iN 10 infrared 

microscope. XRD patterns were obtained with a Bruker D8 Discover X-ray 

diffractometer using Cu-Kα radiation (1.5406 Å). UV/Vis measurements were 

performed on a Perkin Elmer Lambda 1050 UV-Vis/NIR spectrophotometer with a 
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deuterium arc lamp and a tungsten filament equipped with a 150 mm integrating 

sphere and an InGaAs detector. 

MTT-Assay: 

For MTT-assays we treated 5000 cells per well containing 100 µL of the respective 

medium with MPCs@MTX, its supernatant, dissolved MPCs@MTX, 

MPCs@control, MPCs@plain, or lipid@MPCs. After 72 h incubation 10 µL 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to the 

magnesium phosphate-citrate treated cells and incubated for further 2 h. Unreacted 

MTT and medium were removed and the 96-well plates were stored at -80 °C for at 

least 1 h. Then, 100 µL DMSO was added to each well. The absorbance was read out 

by a Tecan plate reader. All studies were performed in triplicates. IC50 values were 

calculated with OriginPro 9. 

Live-Cell Fluorescence Microscopy: 

To visualize nanoparticle internalization by cells, live-cell imaging was performed on 

a spinning disc microscope based on the Zeiss Cell Observer SD utilizing a 

Yokogawa spinning disk unit CSU-X1. The system was equipped with a 1.40 NA 

63x Plan apochromat oil immersion objective from Zeiss. For all experiments the 

exposure time was 0.1 s and z-stacks were recorded. Calcein-loaded MPCs were 

imaged with approximately 0.4 W/mm2 of 488 nm excitation light. Atto647 was 

excited with approximately 11 mW/mm2 of 639 nm. In the excitation path a quad-

edge dichroic beamsplitter (FF410/504/582/669-Di01-25x36, Semrock) was used. 

For two-color detection of calcein and Atto647, a dichroic mirror (560 nm, Semrock) 

and band-pass filters 525/50 and 690/60 (both Semrock) were used in the detection 

path. Separate images for each fluorescence channel were acquired using two 
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separate electron multiplier charge coupled device (EMCCD) cameras 

(PhotometricsEvolveTM). Immediately before imaging, cell membranes were stained 

using wheat germ agglutinin Alexa Fluor 647 conjugate at a final concentration of 

5 µg/mL. After application of the dye, cells were washed twice. 
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In this work, the results of the research performed during my PhD thesis concerning 

the synthesis of mesoporous (alkaline earth) metal phosphate-citrate nanoparticles as 

nano-agents against cancer were presented. 

In chapter 3, a novel synthesis strategy for amorphous mesoporous calcium 

phosphate-citrate nanoparticles (CPCs) was reported. Using a soft templating method 

in combination with a modified Pechini method, we developed a process to yield 

mesoporosity. We investigated the influence of the complexing agent, citric acid, on 

the formation of the mesopores. The amount of citrate incorporated into the structure 

correlated strongly with the degree of mesoporosity. The incorporation of citrate into 

the structure of CPCs was verified using IR spectroscopy and thermogravimetric 

analysis. By optimizing the reaction conditions, CPCs were synthesized with 

diameters of around 200 nm (confirmed with dynamic light scattering and electron 

microscopy) and a BET surface area of about 575 m2/g. The pore size is about 5 nm 

with a corresponding pore volume of 0.6 cm3/g. CPCs are of amorphous nature with 

the ability to crystallize over time in aqueous media. The transition of the amorphous 

phase into the crystalline phase was followed by X-ray diffraction. In conclusion, we 

have synthesized colloidally stable mesoporous calcium phosphate-based 

nanoparticles, which has been a research goal for almost 30 years. The developed 

nanoparticles could be applicable in fields such as of drug delivery or regenerating 

bone cement. 

In chapter 4, the synthetic approaches regarding further functionalization of 

mesoporous CPCs was discussed. Using co-precipitation methods, the incorporation 

of manganese and strontium ions into the framework of CPCs was achieved. The 

paramagnetic properties and high radiopacity of the incorporated manganese and 

strontium ions, respectively, were investigated using magnetic resonance imaging 
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and computer aided tomography experiments. The results confirmed the potential of 

these nanoparticles as diagnostic tools or for detection in living matter. Through 

co-precipitation with fluorescent calcein, we produced self-fluorescent CPCs. These 

nanoparticles were only taken up by HeLa cells after coating them with a supported 

lipid membrane, confirmed with fluorescence confocal microscopy. Overall, the 

different functionalizations did not have a negative influence on the BET surface 

area, pore volume, and pore size with respect to the unfunctionalized CPCs. In 

conclusion, we have developed a procedure to functionalize CPCs with different 

bivalent cations and other agents to yield desired physical properties. We 

demonstrated that bare CPCs can be upgraded to become a diagnostic tool or a 

multifunctional drug delivery vehicle with tunable properties permitting the uptake 

by cells. 

In chapter 5, an improved synthesis of CPCs with the addition of Pluronic® F127, 

which led to a significant increase of porosity was presented. As a result, the 

nanoparticles feature an extraordinary BET surface area of 900 m2/g, a narrow pore 

size distribution with a maximum at 4.8 nm, and a cumulative pore volume of 

1.0 cm3/g. The incorporation of citrate into the CPC structure was demonstrated 

applying solid-state nuclear magnetic resonance spectroscopy. The loading capacity 

and release kinetics of CPCs were investigated with calcein as a model drug and 

ibuprofen and were confirmed by fluorescence and UV-Vis measurements. For lipid-

coated CPCs we demonstrated that no significant premature release of calcein or 

ibuprofen occurs. Furthermore, we carried out cell experiments on fourteen different 

cell lines. For this purpose seven mesenchymal cancer cell lines, six epithelial cancer 

cell lines, and one epithelial cell line derived from non-tumorigenic tissue were 

investigated. The cellular uptake was dependent on the lipid-coating of CPCs; 

uncoated CPCs were not taken up by the cells. Internalized CPCs dissolved once the 
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endosomal pH turned acidic. A rapid release of Ca2+ ions into the cytosol was 

induced by small amounts of the amphiphile cetyltrimethylammonium chloride ‘on 

board’ of the CPCs. We demonstrated that mesenchymal cancer cell lines were much 

more strongly affected by the Ca2+ shock and induced apoptosis at lower IC50 values 

than epithelial cancer cells. And strikingly, the non-cancerous cell line MCF 10A 

was not even affected significantly by the CPC particles up to concentrations of 

100 µg/mL.  

Additionally, the correlation of the Ca2+ shock with the endolysosomal escape of 

CPCs was demonstrated with time-resolved cell experiments. Several hours after 

particle uptake, the activation of caspase-3/7 was recorded, which was followed by a 

decrease in NADH and finally by ATP depletion. Additionally, we performed mouse 

studies with an intrapleural tumor model. Firstly, we revealed a decrease in tumor 

mass by 40 wt% after one single injection of CPCs and secondly a good 

biocompatibility of the treatment. In conclusion, we presented a chemotherapeutic 

agent based on calcium phosphate-citrate nanoparticles with strong selectivity in 

toxicity towards cancer cells. Therefore, the treatment of cancer with CPCs may lead 

to significantly reduced side effects due to better selectivity with respect to cell 

types.  

In chapter 6, a systematic study on the exchange of calcium ions against magnesium 

ions in calcium phosphate-citrate nanoparticles was performed. To this end, we 

gradually substituted the amount of magnesium with respect to the calcium content 

of CPCs. At 60 mol% magnesium ions in magnesium-calcium phosphate-citrate, a 

drastic increase in particle size led to objects with 5 µm in length. We investigated a 

pH-dependence regarding the formation of colloidal mesoporous magnesium-

calcium phosphate-citrate nanoparticles during the precipitation. Accordingly, we 
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have obtained the first colloidal mesoporous magnesium phosphate-citrate 

nanoparticles (MPCs). These particles feature a size of 40-60 nm with a large BET 

surface area of 560 m2/g. The pore size is about 6.3 nm with a corresponding pore 

volume of 0.8 cm3/g. The incorporation of citrate into the structure of MPCs was 

proven with IR spectroscopy. Additionally, we adapted the synthesis procedure to 

produce colloidal mesoporous manganese phosphate-citrate nanoparticles. In 

conclusion, we have developed a general method for the synthesis of mesoporous 

bivalent metal phosphate-citrate nanoparticles. 

In the last chapter 7, the potential of mesoporous magnesium phosphate-citrate 

nanoparticles (MPCs) as biocompatible drug delivery systems was investigated. We 

demonstrated the impact of the complexing agent, citric acid, with respect to the 

formation of mesopores in MPCs. A maximum BET surface area of 560 m2/g and a 

pore size of about 6.3 nm with a corresponding pore volume of 0.8 cm3/g were 

obtained. The amount of incorporated citrate into the structure was verified with IR 

spectroscopic methods and thermogravimetric analysis. Furthermore, we coated the 

MPCs with a lipid membrane to encapsulate fluorescent calcein as model drug and 

the anti-cancer drug methotrexate (MTX). The lipid membrane prevented the 

incorporated guests from premature release, which we confirmed using fluorescence 

measurements and UV-Vis spectroscopy. Cell viability assays revealed low toxicity 

of unloaded MPCs with an IC50 value of 77 µg/mL, compared to MTX-loaded MPCs 

with an IC50 value of 1.1 µg/mL. In conclusion, we designed mesoporous magnesium 

phosphate-citrate nanoparticles as advanced biodegradable and biocompatible 

platform that can potentially reduce the side effects of current chemotherapies. 

Summing up, we have established a novel method for the synthesis of colloidal 

mesoporous (alkaline earth) metal phosphate-citrate nanoparticles as nano-agents 
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against cancer. We have demonstrated that citric acid plays a key role as complexing 

agent for the metal cations, thus reducing the rate of the precipitation reaction. The 

newly obtained colloidal mesoporous nanomaterials can either be applied directly as 

chemotherapeutic agent in the case of calcium phosphate-citrate nanoparticles or as 

advanced biocompatible drug delivery system in the case of magnesium phosphate-

citrate nanoparticles. Additionally, we established the flexible functionalization of 

the novel nanoparticles for special diagnostic or detection purposes. The adaptation 

of the developed synthesis approaches also led to the synthesis of new materials such 

as mesoporous manganese phosphate-citrate nanoparticles. 

It is hoped that the insights gained in this work regarding the synthesis of novel 

mesoporous nanoparticles and their function will result in novel strategies for cancer 

therapy in the future. 
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