
1 

Technische Universität München 
TUM School of Engineering and Design 

Magnetic drug delivery: Iron oxide nanoparticles as a drug 
carrier for the antimicrobial peptide lasioglossin 

Chiara Maria Turrina

Vollständiger Abdruck der von der TUM School of Engineering and Design der Technischen 
Universität München zur Erlangung einer  

Doktorin der Naturwissenschaften  (Dr. rer. nat.) 
genehmigten Dissertation. 

Vorsitz:       Prof. Dr.-Ing. Andreas Kremling 

Prüfer*innen der Dissertation: 

1. Prof. Dr. rer. nat. Sonja Berensmeier
2. Assistant Prof. Dr. rer. nat. Sebastian Schwaminger
3. Assoc. Prof. Dr. Martin Himly

Die Dissertation wurde am 17.04.2023 bei der Technischen Universität München eingereicht 
und durch die TUM School of Engineering and Design am 06.10.2023 angenommen. 



2 

“I am among those who think that science has great beauty.” 

Marie Curie 



Acknowledgments 

I 

Acknowledgments 
First and foremost, I would like to thank my supervisor, Ass. Prof. Sebastian Schwaminger. I am grateful 

for everything you have taught me and for the necessary freedom to learn and work on my project. I 

always felt encouraged and supported with plenty of ideas. Even though we mostly worked in different 

countries and time zones, you always found time for discussion and had a sympathetic ear for me. I 

could not have wished for a better supervisor. 

I thank Prof. Sonja Berensmeier for the chance to do my doctorate at your research family and the 

freedom I had to follow my ideas and learn from them. It was a pleasure to work and learn in this 

interdisciplinary group. 

Thank you, Prof. Martin Himly, for your expertise and immediate willingness to be my examiner. It is 

an honor for me. 

Further, thanks go to Prof. Patricia Dankers for hosting me in her laboratory and introducing me to 

supramolecular engineering and cellular work. I really learned a lot during my time in Eindhoven. 

Special thanks to Riccardo Bellan, who supported me with Cryo TEM measurements and Nile red assay. 

I want to thank all the people who helped me during my thesis. Thank you Maria Müller for the kind 

introduction to XRD system. Thank you, Dr. Carsten Peters, for all the time and support during TEM 

measurements. I want to thank Dr. Jennifer Cookman that made beautiful micrographes with HAADF-

STEM combined with iDPC and with low-dose TEM of my nanoparticles. I am very grateful for 

Matthias Opel’s help with SQUID measurements. Thanks to Diana Rojas Gonzalez for the effort of 

testing the nanoparticles for their cytocompatibility.  

My further thanks go to all my colleagues from STT and SBT for a great time, valuable discussions, and 

support. I would like to thank Stefan Rauwolf and Alexander Zanker, who helped me with their work 

experience and ideas, especially in the beginning. Eva Krolitzki, Lea Martin, and Leonie Wittmann, 

thank you for sharing an office with me, for your consistent motivation, and for being there when needed. 

For similar reasons, I would like to thank Dr. Paula Fraga Garcia, Yasmin Kaveh Baghbaderani, Tatjana 

Trunzer, Michael Schobesberger, Lucía Abarca-Cabrera, Tobias Stegmüller, Dennis Röcker, Patrick 

Muschak, Marko Tesanovic, Gregor Essert, and Ines Zimmermann. I want to thank Stefan Darchinger 

for his enthusiasm to keep the lab running and help with many small problems. You all made this time 

special for me. Further, thanks to Tobias and Tatjana for giving me feedback on my final manuscript. 

A special thanks goes to all my students who were involved and contributed to my research significantly. 

Thank you Davide Milani, Anna Klassen, Anne Oppelt, and Michaela Mitzkus. You have helped me 

with hours of work in the laboratory and your joy of discussion. I enjoyed working with every single 

one of you. 



Acknowledgments 
 

II 
 

Finally, I thank my family, friends, and my partner Lukas for their everlasting support and help under 

all circumstances. 

Thanks to everybody who accompanied and shaped my time during my doctorate. I will keep these years 

in good memory. 

 

 



Table of content 
 

III 
 

Table of content 
Acknowledgments .................................................................................................................................... I 

Table of content ...................................................................................................................................... III 

Abbreviations ........................................................................................................................................ VI 

Symbols ................................................................................................................................................... X 

1. Introduction .......................................................................................................................................... 1 

1.1. Iron oxide nanoparticles .......................................................................................................... 2 

1.1.1. Synthesis of iron oxide nanoparticles ................................................................................. 3 

1.1.2. Coatings of iron oxide nanoparticles .................................................................................. 4 

1.1.3. Properties and characterization of iron oxide nanoparticles ............................................... 8 

1.2. Nanomedicine ....................................................................................................................... 14 

1.2.1. Diagnostics ....................................................................................................................... 14 

1.2.2. Therapeutics ...................................................................................................................... 16 

1.2.3. Drug Delivery ................................................................................................................... 17 

1.2.4. Designing nanoparticles for their application in drug delivery ........................................ 19 

1.3. Antimicrobial resistance and cancer ..................................................................................... 24 

1.3.1. Antimicrobial peptides ...................................................................................................... 25 

1.3.2. Lasioglossin ...................................................................................................................... 26 

2. Motivation .......................................................................................................................................... 29 

3. Publications .......................................................................................................................................... 1 

3.1. Bare iron oxide nanoparticles as drug delivery carrier for the short cationic peptide lasioglossin

 .............................................................................................................................................................. 1 

3.2. Silica-coated superparamagnetic iron oxide nanoparticles: New insights into the influence of 

coating thickness on the particle properties and lasioglossin binding ................................................ 19 

3.3. Carboxymethyl-dextran coated superparamagnetic iron oxide nanoparticles for drug delivery: 

Influence of coating thickness on the particle properties ................................................................... 28 

3.4. Iron oxide nanoparticles with supramolecular ureidopyrimidinone coating ............................... 50 

3.5. Iron oxide nanoparticles with supramolecular ureido-pyrimidinone coating for antimicrobial 

peptide delivery .................................................................................................................................. 55 



Table of content 
 

IV 
 

3.6. Superparamagnetic iron oxide nanoparticles for their application in the human body: Influence 

of the surface ...................................................................................................................................... 72 

4. Discussion ........................................................................................................................................... 87 

4.1. Drug Delivery System ................................................................................................................. 87 

4.2. Stability and Agglomeration ........................................................................................................ 92 

5. Summary & Outlook .......................................................................................................................... 95 

6. References .......................................................................................................................................... 98 

7. Appendix .......................................................................................................................................... 115 

7.1. Supporting information ............................................................................................................. 115 

7.1.1. Bare iron oxide nanoparticles as drug delivery carrier for the short cationic peptide 

lasioglossin ................................................................................................................................... 115 

7.1.2. Silica-coated superparamagnetic iron oxide nanoparticles: New insights into the influence of 

coating thickness on the particle properties and lasioglossin binding .......................................... 122 

7.1.3. Carboxymethyl-dextran coated superparamagnetic iron oxide nanoparticles for drug 

delivery: Influence of coating thickness on the particle properties .............................................. 126 

7.1.4. Iron Oxide Nanoparticles with Supramolecular Ureido-Pyrimidinone Coating for 

Antimicrobial Peptide Delivery .................................................................................................... 141 

7.1.5. Superparamagnetic iron oxide nanoparticles for their application in the human 
body: Influence of the surface .................................................................................................. 144 

References ............................................................................................................................................ 148 

7.2. List of publications .................................................................................................................... 149 

7.3. Permissions ................................................................................................................................ 151 

7.3.1. Bare iron oxide nanoparticles as drug delivery carrier for the short cationic peptide 

lasioglossin ................................................................................................................................... 151 

7.3.2. Silica-coated superparamagnetic iron oxide nanoparticles: New insights into the influence of 

coating thickness on the particle properties and lasioglossin binding .......................................... 151 

7.3.3. Carboxymethyl-dextran coated superparamagnetic iron oxide nanoparticles for drug 

delivery: Influence of coating thickness on the particle properties .............................................. 152 

7.3.4. Iron oxide nanoparticles with supramolecular ureidopyrimidinone coating ...................... 152 

7.3.5. Superparamagnetic iron oxide nanoparticles for their application in the human body: 

Influence of the surface ................................................................................................................ 152 



Table of content 
 

V 
 

7.3.6. Iron oxide nanoparticles with supramolecular ureido-pyrimidinone coating for antimicrobial 

peptide delivery ............................................................................................................................ 153 

 

 

 

 

  



Abbreviations 
 

VI 
 

Abbreviations 
Abbreviation Description 

ADH Alcohol dehydrogenases 

ads adsorbed 

ADP3 Antimicrobial peptide database 

AEF Artificial endosomal fluid 

Ala Alanine 

ALF Artificial lysosomal fluid 

AMP Antimicrobial peptide 

AMR Antimicrobial resistance 

ANUC Analytical ultracentrifugation 

Asn Asparagine 

a.u. Arbitrary units 

APTS (3-Aminopropyl)triethoxysilan 

ATR Attenuated total reflectance 

ATP Adenosine triphosphate 

BET Brunauer-Emmett-Teller 

BION Bare iron oxide nanoparticle 

B. subtilis Bacillus subtilis 

BSA Bovine serum albumin 

C BET constant 

CD Charge distribution 

CMD Carboxymethyl dextran 

cov Covalently bound 

CT Computed tomography 

D Dimensional 

dd Double-distilled 

Dartbac Dutch Antimicrobial Resistance Technology 

development and Biofilm Assessment 

Consortium 

DDS Drug delivery system 

Dex Dextran 

DFG German Research Foundation 

DMSA 3-dimercaptosuccinic acid 

DOI Digital object identifier 

DOX Doxorubicin 



Abbreviations 
 

VII 
 

DLS Dynamic light scattering 

DLVO Derjagun, Landau, Verwey, and Overbeek 

DNA Desoxyribunucleic acid 

EDC N-ethyl-N′-(3-

(dimethylamino)propyl)carbodiimide 

E. coli Escherichia coli 

ECR Electron coupling reagent 

e.g. Exempli gratia 

EMA European Medicines Agency 

EPR Enhanced permeability and retention 

et al. Et alii or et aliae (Latin for and others) 

Eq. Equivalents 

Eq. Equation 

FCS Fetal calf serum 

FDA Food and drug administration 

FMS Field magnet system 

FT Fourier-transform 

FWHM Full width at half maximum 

GFP Green fluorescent protein 

Glu L-glutamic acid 

Gly Glycine 

HAADF-STEM High-angle annular dark field scanning 

transmission electron microscopy 

HeLa S3 Human cervix carcinoma 

HK-2 Human kidney cells 

HL-60 Human promyelocytic leukemia 

HS Human serum 

HP Human plasma 

HUASMCs Human umbilical artery smooth muscle cells 

iDPC Integrated differential contrast 

IC50 Half maximal inhibitory concentration 

IEP Isoelectric point 

IGSSE International Graduate School of Sceince and 

Engineering 

Ile Isoleucine 

IPTG Isopropyl-β-D-thiogalactopyranoside 

IR Infrared spectroscopy 



Abbreviations 
 

VIII 
 

ION Iron oxide nanoparticles 

k thousand 

kb Boltzmann constant 

K. pneumoniae Klebsiella pneumoniae 

L1210 Mouse lymphocytic leukemia 

Leu Leucine 

LL Lasioglossin 

Lys Lysine 

M Molar concentration 

M9 Minimal Medium 

Mo Molybdenum 

MIC Minimal inhibitory concentration 

MNP Magnetic nanoparticle 

MPI Magnetic particle imaging 

MPS Mononuclear phagocyte system 

MRI Magnetic resonance imaging 

MRXI Magnetorelaxometry imaging 

n Nano (unit prefix denoting a division by 

1000000000) 

NdFeB Neodymium boron ferrite 

NHS N-hydroxysuccinimide 

nm Monolayer capacity 

NMR Nuclear magnetic resonance 

NR Nile Red 

NP Nanoparticle 

OD Optical density 

OECD Organisation for economic co-operation and 

development 

P. aeruginosa Pseudomonas aeroginosa 

PBS Phosphate buffered saline 

PC 12 Pheochromocytoma of the rat adrenal medulla 

PEG Polyethylene glycol 

PET Positron emission tomography 

PGA Polyglutaraldehyde 

pH Negative logarithm to base 10 of activity of 

hydrogen ions 



Abbreviations 
 

IX 
 

pK Negative base-10 logarithm of the acid 

dissociation constant 

PLA Polylactic acid 

PLGA Poly(lactic-co-glycolic acid) 

PVA Polyvinyl alcohol 

PVP Polyvinylpyrrolidone 

rpm Rounds per minute 

RT Room temperature 

ROS Reactive oxygen species 

S. aureus Staphylococcus aureus 

SI Supporting information 

siRNA small interfering ribonucleic acid 

SBF Simulated body fluid 

STEP Space and time-resolved extinction profiles 

SW480 Human colon adenocarcinoma 

SQUID Superconducting quantum interference device 

TEM Transmission electron microscopy 

TEOS Tetraethyl orthosilicate 

TGA Thermogravimetric analysis 

THP-1 Tamm-Horsfall Protein 1 

Trp Tryptophan 

UPy Ureidopyrimidinone 

UV Ultraviolet 

Val Valine 

VSM Vibrating sample magnetometer 

wt weight 

XRD X-ray diffraction 

XTT 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H- 

tetrazolium-5-carboxanilide 

  



   Symbols 
 

X 
 

Symbols 
Symbol Description Unit 

η Viscosity m2 s-1 

Δ Difference  

% Percent  

Å Ångström  

λ X-ray wavelength nm 

ρ Density kg m-3 

θ Crystallographic measuring 

angle 

° 

amu Atomic mass unit Da 

c Concentration g mol-1 

C Conductivity mS cm-1 

d Diameter m 

D Diffustion coefficient m2 s-1 

dH Hydrodynamic diameter nm 

emu Electromagnetic unit 10-3 A m2 

G Electric conductance S 

H Magnetic field strength Oe 

I Electric current A 

K Shape factor ft 

L Length/ Particle size nm 

m Mass g 

M Molar concentration mol L-1 

n Amount of substance mol 

na Adsorbed amount of gas L 

nm Monolyaer capacity L 

p Pressure Pa 

p0 Saturation pressure kPa 

t Time h 

T Temperature ° C 

U Voltage V 

V Volume L 

 

  



1. Introduction 
 

1 
 

1. Introduction 
The term ‘nano’ is derived from the greek word νάνος [nános], meaning dwarf. One nanometer (1 nm) 

is a billionth meter (10-9 m). A comparison can be made to visualize the size of one nanometer. If the 

diameter of a walnut is compared to the earth's diameter, the ratio is similar to comparing a fullerene 

(1nm) with a walnut (3.5 cm, Figure 1.1). 

 

Figure 1.1: Schematic visualization of the size ratio between a fullerene, a walnut, and the earth. It was created with 
BioRender.com. 

The origin of many life-threatening diseases is at the nanoscale level. The malfunction or 

miscommunication of cells can be caused by bacteria, viruses, misfolded proteins, and mutated genes. 

Biological barriers at nanometer size protect small specific harmful molecules or infectious agents. 

Nanomaterials are at the same scale and can be designed to have several sizes, shapes, and 

functionalizations. In nanomedicine, nanomaterials with ideal biological, chemical, and physical 

properties are used to improve the diagnosis and treatment of diseases on a molecular level [1]. The 

Nobel physicist Richard P. Feynman laid the cornerstone of comtemporary nanomedicine in his 

renowned 1959 talk: “There’s Plenty of Room at the Bottom.” He proposed to make machine tools so 

small that they reach the atomic level [2]. This idea of using nanomachines, nanodevices, and nanorobots 

for manufacturing and instrumentation is the basis of nanotechnology. The concept of nanomedicine is 

built up by this idea. It proposes to design and build nanorobots that could be introduced into the human 

body to perform cellular repairs at the molecular level [3]. Drexler and Freitas were important voices 

from the 1980s to the 1990s in the field of nanomedicine [3–5]. However, Feynman and Albert R. Hibbs 

already knew that nanotechnology has potential for medicine. Their idea to treat heart diseases was the 

following: “Although it is a very wild idea, it would be interesting in surgery if you could swallow the 

surgeon. You put the mechanical surgeon inside the blood vessel, which goes into the heart and looks 

around. It finds out which valve is faulty and takes a little knife and slices it out. Other small machines 

might be permanently incorporated in the body to assist some inadequately functioning organ [2,3].” 

Today nanomedicine already provides miniaturized tools that are sensitive and specific, highly 

controllable, versatile, reliable, and cost-efficient. Nanostructured materials range from dendrimers, 

fullerenes, micelles, hydrogels, liposomes, quantum dots, nanoemulsions, nanoparticles, nanofibers, and 
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nanoshells [3]. Iron oxide-based nanoparticles are used in all areas of nanomedicine, including 

diagnostic, therapeutic, drug delivery, and regenerative medicine [14]. 

1.1. Iron oxide nanoparticles 
Iron oxides are chemical compounds consisting of iron and oxide [15]. Depending on the natural 

conditions, dissolved iron ions can form multiple iron oxides or hydroxides with different iron ion 

content and oxidation state [16]. Overall, sixteen species exist, applied in various areas ranging from 

pigments to thermite (Table 1.1) [15,16].  

Table 1.0: List of the sixteen different iron oxides and oxyhydroxides [16].  

Oxides Hydroxides Oxide/hydroxides 
• iron (II) oxide, wüstite, 

FeO 
• iron (II,III) oxide, 

magnetite, Fe3O4 
• iron (III) oxide, Fe2O3 

o α-phase, hematite 
o β-phase 
o γ-phase, 

maghemite 
o ε-phase 

• iron (II) hydroxide, 
Fe(OH)2 

• iron (III) hydroxide, 
bernalite, Fe(OH)3 

• goethite, α-FeOOH 
• akaganéite, β-FeOOH 
• lepidocrocite, γ-FeOOH 
• feroxyhyte, δ-FeOOH 
• ferrihydrite, Fe5HO84H2O  
• high-pressure FeOOH 
• schwertmannite, 

Fe8O8(OH)6(SO)nH2O 

 

In nanotechnology, particles are classified regarding their size. Fine particles range from 2500 nm to 

100 nm, while nanoparticles (NP) are categorized between 100 nm and 1 nm. NPs can have specific 

size-related properties that strongly deviate from fine particles of the same material [15,17]. 

Semiconducting nano-materials are the research focus due to their exceptional properties [15]. The three 

iron oxide nanoparticles (IONs), hematite, magnetite, and maghemite, are particularly interesting and 

are most commonly used. Hematite (α-Fe2O3) is the most stable ION and an n-type semiconductor. Its 

rhombohedral lattice is an almost ideal hexagonal close-packed oxygen lattice. The Fe3+ ions occupy 

two-thirds of the octahedral sites. Magnetite (Fe3O4) has the lowest resistivity, containing iron (II) and 

(III) with a stoichiometry of Fe2+/Fe3+ = ½, and can be both an n-type and a p-type semiconductor. It has 

a centered cubic spinel lattice structure. Maghemite (γ-Fe2O3) is fully oxidized magnetite and an n-type 

semiconductor with a cubic close-packed array (Eq. 1.1) [18–22].  

Fe3O4 + 2H+ → γ-Fe2O3 + Fe2+ + H2O 1.1 

All three IONs are ferromagnetic at room temperature (RT). Magnetite and maghemite can show a 

saturation magnetization of up to 92 emu g-1, while hematite has a comparable low saturation 

magnetization of < 1 emu g-1 [23]. If the particle size is < 15 nm, the IONs become superparamagnetic 

(at RT) because the anisotropy energy barrier of a single ION can overcome the thermal energy [21]. A 

superparamagnetic curve is characterized by having no coercive force and no hysteresis loop 
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compared to the ferromagnetic one (Figure 1.2). The particles are magnetic only in the presence of 

an external magnetic field [24]. 

 

Figure 1.2: Schematic illustration of ferro-, ferrimagnetic and superparamagnetic materials in an applied magnetic field. 

1.1.1. Synthesis of iron oxide nanoparticles 

Due to their relatively high saturation magnetization, superparamagnetic behavior, low toxicity, 

high surface-to-volume ratio, and simple and affordable synthesis techniques, magnetite and 

maghemite-based IONs are the subject of research for a variety of applications [25]. Co-

precipitation, thermal decomposition, hydrothermal and solvothermal syntheses, sol-gel synthesis, 

microemulsion, ultrasound irradiation, and biological synthesis are just a few of the established 

synthetic pathways. The different synthesis methods can influence typical properties such as shape, 

morphology, size, and biocompatibility [21,26–29]. This work focuses on the chemical co-

precipitation method according to the Massart process [21,22,30]. It is a fast, inexpensive, 

reproducible method with a high yield and allows being influenced towards particle size and 

magnetization. As described by Eq 1.2, IONs form when iron (II/III) ions salts in an aqueous 

solution are added to an alkaline solution (Eq. 1.2) [21,22,29,31].  

Fe2+ + 2 Fe3+ + 8 OH- → Fe(OH)2 + 2 Fe(OH)3 → Fe3O4 + 4 H2O 1.2 

When the iron ion concentration reaches supersaturation, seeds form that nucleate and grow upon an 

equilibrium. Small IONs with a sharp size distribution form when fast nucleation is followed by a short 

growth phase [32,33]. The size, composition, and morphology of the magnetite nuclei formed depend 

on many factors, including Fe3+/Fe2+	ratio, dosing rate, temperature, ionic strength, pH, synthesis 

time, and stirring speed [26,27,33,34]. The particle size generated by co-precipitation is in the range 

of 3 – 17 nm [26,29]. Roth et al. have shown that a high saturation magnetization can be caused by 

using high iron salt concentrations with a Fe3+/Fe2+ ratio < 2:1. Bigger particles can be synthesized 

with high iron salt concentration and adjusting the OH-/Fe3+/2+ balance to 1.4:1 [26]. Stoichiometric 
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ratios form goethite and lepidocrocite instead of magnetite [26]. The stirring rate is indirectly 

proportional to the ION size, as it induces the nucleation process [28,35].  

To prevent the oxidation from magnetite to maghemite, as described above, the synthesis and 

storage of the IONs should occur under a nitrogen atmosphere  [29,31]. The oxidation expands from 

the particle surface to its core and decreases the saturation magnetization. Furthermore, oxidation 

can change the surface reactivity of IONs [8,29]. Bare IONs (BIONs) tend to agglomerate with time 

due to energy reduction. This effect reduces the dispersibility and the usable surface area and 

impedes its application in biomedical fields [21,29,36,37]. BIONs are also known for their non-

specific interactions with blood proteins, which reduce the half-life of the particles in the body due 

to opsonization and subsequent rapid removal from the bloodstream [31,38–40].  

1.1.2. Coatings of iron oxide nanoparticles 
A solution to these problems of BIONs is surface functionalization. Coating with organic (dextran (Dex), 

carboxymethyl-dextran (CMD), polyvinyl alcohol (PVA), polyethylene glycol (PEG), polylactide-co-

glycolide (PLGA)) or inorganic polymers (silica, carbon, gold), bioactive molecules, supramolecular 

structures or organic surfactants (oleic acid, lauric acid, alkyl sulfonic acid) counteract agglomeration 

and oxidation (Figure 1.3) [29,31].  

 

Figure 1.3: Schematic illustration of different particle coatings, including supramolecular structures, bioactive materials, 
inorganic polymers, organic polymers, and organic surfactants. It was created with BioRender.com. 

One coating method is the generation of a core-shell structure. The IONs are enclosed in a coating, 

stabilizing them while maintaining their flexibility [22]. The coatings can either be synthesized around 

the ION core or already formed in situ during the particle synthesis [31]. Surfactants like oleic acid can 
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comprise particles with a lipid bilayer by bidentate coordination of the carboxyl group [41]. Roth et al. 

showed that increasing the oleate bilayer leads to a decrease of the isoelectric point from pH 7.4 to 4.3 

and, therefore, a steric and electrostatic stabilization of IONs [41]. Wang et al. used oleic acid-stabilized 

monodisperse nanoparticles for an efficient phase transfer from hexane to an aqueous cyclodextrin 

solution [42]. Even though good colloidal stability is desirable, the IONs are more susceptible to 

Brownian motion the smaller the agglomerates are. Higher magnetic fields are required for controlled 

separation or guidance of the particles because this effect reduces magnetic interaction [43]. 

Furthermore, due to their hydrophobicity, organic surfactants can be challenging to apply in vivo [42,44]. 

As coatings, bioactive molecules like proteins, peptides, and lipids obtain material magnetization 

[21,31,45]. Jahanban-Esfahlan et al. used desolvation to bind various serum albumins on magnetic 

nanoparticles [46]. Nosratie et al. generated bovine serum albumin (BSA) coated particles as 

biocompatible curcumin carriers for anticancer therapy [46,47]. The negative surface charge of these 

IONs prevents electrostatic interaction with negatively charged plasma proteins or blood cells, which 

keeps them stable in biological media [31,47]. 

Inorganic and organic coating compounds can, apart from enhancing stability, significantly increase the 

range of applications of IONs [31]. One of the most widely used inorganic coatings is the bioinspired 

material silica [21,31]. It is an acid-stable material that improves the dispersion of IONs in aqueous 

solutions and leads to better durability [22,48]. The inert silica shell stabilizes the magnetic core by 

shielding the magnetite-dipole interactions, and the negative surface charge increases the Coulomb 

repulsion [29]. The Stöber process can generate the silica coating by hydrolysis and condensation 

reaction of tetraethoxysilane (TEOS, Figure 1.4 A) [49,50].  

 

  A                                  B                              C                                                           D  

Figure 1.4: Structure of TEOS (A) and PVA (B). Synthesis of CMD (D) by reaction of Dex (C) with monochloric acid under 
alkaline conditions. 

Silanol groups on the surface of IONs reduce toxicity and lead to colloidal stability at physiologic pH 

values. These effects make silica-coated IONs applicable in molecular biology and medicine [45,51,52]. 

In nanomedical applications, silica coating delays the degradation of particles in the human body, 

and its easy functionalization facilitates cellular uptake or drug loading [22,48,53,54]. The enhanced 

reactivity and specificity of the silica surface allow enhanced binding of organic molecules and 
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biological ligands by electrostatic interaction or covalent binding [29,55]. Differently synthesized 

and functionalized ION@Silica have been analyzed in recent years for multiple applications like 

contrast agents for magnetic resonance imaging, adsorption of BSA or pyridine, drug delivery of 

doxorubicin (DOX) or mycophenolic acid, or nanowarming [56–62]. 

Organic polymers are advantageous due to their good biocompatibility and water solubility [31,63]. 

Many of them, e.g., PEG, PVA, polyvinylpyrrolidone (PVP), chitosan, Dex, or CMD, can prolong the 

circulation of IONs in blood [63–67]. PVA is a hydrophilic, non-toxic, biodegradable, synthetic polymer 

prepared by hydrolysis of polyvinyl acetate (Figure 1.4 B) [68]. A base-catalyzed transesterification 

mainly guides the conversion of polyvinyl esters with ethanol [69]. The number of hydroxy groups in 

the polymer defines its physiochemical and mechanical properties [70]. PVA is approved by the food 

and drug administration (FDA) and is an established protective agent for ION stabilization [29,71]. 

Commonly ION@PVA are synthesized by the addition of the polymer to the co-precipitation [72]. PVA 

adsorbs on the ION surface and can form hydrogen bonding with the hydroxylated and protonated 

surface of the iron oxide [73]. The interaction is influenced by the polymer concentration, molecular 

weight, pH, ionic strength, and surface charge [74]. The polymer surface interaction leads to steric 

stabilization and prevents agglomeration of IONs. ION@PVA, which are stabilized both physically and 

chemically, have the ability to form agglomerates ≤ 100 nm in size. This makes it a promising candidate 

for biomedical applications, where hydrodynamic diameters less than 200 nm are considered optimal. 

[73]. Kayal et al. demonstrated that ION@PVA is a potential drug carrier of DOX for magnetically 

controlled drug delivery with a size distribution of 10-15 nm [75]. Ebadi et al. showed good binding and 

high release of the hydrophobic drug sorafenib for tumor treatment with hydrophilic PVA/layered 

double hydroxide-coated IONs [76]. Another often used organic polymer is the water-soluble, bio-

polysaccharide Dex (10-50000 kDa, Figure 1.4 C). It can be produced from sucrose by Leuconostoc 

bacteria [77]. The FDA already approves Dex-coated IONs for ferumoxytol and Feridex IV drug 

delivery to treat anemia and as a contrast agent in magnetic resonance imaging (MRI) [78–81]. 

Unterweger et al. and Peng et al. also investigated Dex-coated particles as a drug delivery system (DDS) 

of DOX or hypericin in cancer therapy [82,83]. The chemotherapeutic efficacy of DOX could be 

improved by loading on the ION@Dex in in vitro and in vivo experiments [82]. Dex can be 

functionalized with carboxymethyl side chains by adding monochloric acid at a basic pH value (Figure 

1.4 D) [81]. Carboxymethyl dextran (CMD) is increasingly used as a coating because of its high density 

of free carboxyl groups [84,85]. ION@CMD can be synthesized in a one-step process or by 

carboxymethyl-activated cross-linking to ION@Dex [84,86]. Ayala et al. showed, based on ION@CMD 

with different amounts of carboxymethyl-substitution, that the cellular uptake in CaCo-2 human colon 

cancer cells could be increased with a rising negative charge [84]. The negative surface charge leads to 

slower clearance of the particles from the bloodstream and fewer fouling activities [85,87]. The carboxyl 

groups have cross-linked the particles to anti-BSA antibodies or alcohol dehydrogenases [88,89]. Das 
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et al. showed that ION@CMD have a high potential as a robust contrast agent for MRI mapping the 

cerebral blood volume [90]. 

Supramolecular polymers as a coating for IONs find a minor biomedical application yet but can induce 

many tunable properties to the system. Supramolecular nanoparticle systems enable the incorporation 

of different hydrophilic or hydrophobic drugs, photosensitizers, radiosensitizers, and biological 

therapeutics [91]. However, research has increased in the last five years [91–93]. Li et al. have designed 

a magnetically controllable, non-viral gene delivery system composed of a cationic star polymer forming 

supramolecular complexes with surface oleyl groups on IONs. The star polymer exists of 

oligoethylenimine chains on an α-cyclodextrin core [92]. Philip et al. report a new stabilizing 

supramolecular β-cyclodextrin coating with antibacterial and antifungal activity [93]. The innovative 

combination of IONs and hydrogels has drawn considerable interest as an emerging delivery system, 

electronics, catalysis, and biosensing. Hydrogels (pluronic F127, hyaluronic acid, alginate, 

hemicellulose) are hydrophilic, three-dimensional network gels of water and cross-linked polymers [94–

98]. They can swell and retain significant water content, which provides excellent biocompatibility 

[94,99]. Hydrogels can be categorized as conventional hydrogels that are insensitive to environmental 

changes or environmentally sensitive hydrogels that can be stimulated by the external environment (e.g., 

temperature (T), pH, light, pressure, electricity). Especially for controlled drug release, stimuli-

responsive hydrogels are of significant interest [99]. Combining IONs and hydrogels can lead to 

synergistic property enhancement of the components, e.g., a reduced agglomeration of IONs due to the 

mechanical strength of hydrogels and magnetic responsive hydrogels [99,100]. IONs can be 

encapsulated in hydrogels (core-shell), embedded in a hydrogel matrix, or synthesized in situ during the 

gelation process [99]. Gonçalves et al. synthesized mercaptosuccinic acid-modified IONs that can bind 

and release nitric oxide and incorporated them in pluronic F127 hydrogel. The system could find usage 

in topical applications such as nitric oxide delivery in the human skin for improved wound healing [101]. 

Zhang et al. synthesized multifunctional hydrogels consisting of folate/polyethyleneimine-conjugated 

poly(organophosphazene) polymers, encapsulating small interfering ribonucleic acid (siRNA) and Au-

IONs, forming a nanocapsule structure. The nanocapsules show potential for prolonged blood 

circulation, magnetically controlled drug delivery, and near-infrared hyperthermia [20]. Most methods 

are a time-consuming, expensive multi-step synthesis of IONs and encapsulation by the hydrogel, drug 

loading, washing, and drying. This limits large-scale production [102]. In contrast to the methods 

mentioned above, Zhao et al. developed an easy one-pot synthesis for stimuli-responsive hemicellulose-

based magnetic hydrogels. IONs were in situ formed during covalent crosslinking of O-

acetylgalactoglucomannan. The system doesn’t need tedious purification and has excellent potential to 

be used for controlled drug release of BSA [102]. Hydrogels can improve drug biocompatibility and 

bioavailability, prevent ION aggregation and oxidation, and keep drugs from degrading prematurely. 

The majority of this field's research is conducted in vitro and in vivo on mice. Human study results are 

still lacking [20,102,103]. 
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Depending on their application, IONs must meet specific criteria. Therefore a good and entire 

characterization is inevitable. 

1.1.3. Properties and characterization of iron oxide nanoparticles 

Composition, surface properties, magnetization, size, including agglomeration, and cytocompatibility, 

are essential parameters that need to be known for applying IONs in nanomedicine (Figure 1.5, Table 

1.2).  

The particle composition can for example, be analyzed by Fourier-transform infrared (FT-IR), 

thermogravimetric analysis (TGA), Raman spectroscopy, and X-ray diffraction (XRD). FT-IR  

spectroscopy is a tool to analyze the organic and inorganic composition of bare and coated IONs. It can 

determine qualitatively if a coating or an adsorption/desorption was successful. Every molecule has a 

unique FT-IR spectrum [104,105]. IR active molecules need at least two atoms to form a molecular bond 

and allow a dipole moment. IR light is absorbed by molecules and converted into molecular symmetrical 

or asymmetrical vibrations or rotations. [106,107]. The absorption bands formed can be assigned to 

existing atom bonds, and thus the sample composition and their functional groups can be determined 

[106].  

Raman spectroscopy detects a substance's polarization using visible, near-infrared, or near-ultraviolet 

laser light. The molecule doesn’t need a permanent dipole moment. Therefore, water can be used as a 

solvent [108]. The Raman effect relies upon inelastic scattering. The induced energy shift determines 

the vibrational modes of the molecule [109–111]. IR and Raman spectroscopy give related yet 

complementary information. Raman indicates the covalent character of a molecule, while FT-IR is 

usable to describe the ionic character [108]. Raman spectroscopy has been used to analyze the oxidation 

process from magnetite to maghemite of IONs [8]. A potential alternative for analyzing the oxidation 

state of IONs is Mössbauer spectroscopy. It is based on the Mössbauer effect and can differentiate 

between divalent and trivalent iron ions [8]. 

Thermogravimetric analysis (TGA) is a quantitative technique for determining the amount of coating 

material, adsorbed components, or moister and their characteristic decomposition temperatures [112]. It 

calculates the mass loss of a material as a function of temperature and time while it is heated in a 

controlled environment. Steps in the TGA curve can indicate mass changes caused by evaporation, 

drying, desorption or adsorption, sublimation, or thermal decomposition. It is a powerful tool for 

analyzing ION surface coatings when combined with FT-IR, mass spectrometry, or gas chromatography 

[113].  
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Figure 1.5: Illustration of different particle characterization methods regarding their size, composition, surface properties, 
magnetization, and cytocompatibility. It was created with BioRender.com. 

X-ray diffraction (XRD) allows for determining a material's crystallinity and phase purity. Therefore it 

is a standard method to analyze the crystal type. Magnetite or maghemite, e.g., have an inverse and 

distorted spinel crystal lattice, respectively [31,114]. X-rays are scattered by the electron shell of an 

atom producing elastic scattering. Significant diffraction is created when the spacing between the 

scatters is comparable to the wavelength of the radiation. A regular arrangement of atoms in the lattice 

produces a regular diffraction array of spherical waves. This diffracted radiation forms interferences 

with reflection having a distinct Bragg angle [115–118]. Additional to the crystal structure, the size of 

nanoparticles can be determined by XRD. The size can be determined by changes in the Bragg reflection 

due to higher defect rates in nanomaterials. Using the Scherrer equation (Eq. 1.3), the crystalline particle 

size (L) can be calculated using the shape factor (K) with a value of 0.89, the X-ray wavelength (λ), the 

Bragg angle (θ), and the broadening of the half maximum intensity (FWHM) after the subtraction of the 

instrumental broadening (Δ2θ) [119,120]. 

L=
0.89∙λ

Δ2θ∙cos(θ)
 1.3 

Transmission electron microscopy is an alternative method for imaging the size, shape, and surface 

topography of IONs in high resolution (TEM). This technique is frequently used to examine 

microstructures, nanostructures (particles, fibers), and atom imaging [121,122]. An electron gun in a 
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high vacuum produces electrons (200-300 keV) [122]. When the electron beam hits the probe prevalent, 

primary, secondary electrons, and X-rays are emitted from the specimen. The transmitted primary 

electron signal is used for TEM and detected by charge-coupled device cameras. The arrangement of 

atoms can be examined using high-resolution TEM [121].  

Dynamic light scattering (DLS) is an optical method to analyze the hydrodynamic size of IONs. DLS is 

an essential tool for improving the knowledge of IONs before application as their agglomeration depends 

on the concentration, T, pH, and medium composition. When a light beam collides with the particles, it 

is scattered in all directions due to the different refraction indices. Backscattered light intensity is 

measured over time. Particle movement, according to Brownian motion, causes changes in intensity. 

Attraction, repulsion, and sedimentation can all influence the measurement. According to the Stokes-

Einstein law, smaller particles move faster than bigger ones (Equation 1.4) [123]. The hydrodynamic 

diameter (dH) can be calculated with the diffusion coefficient (D), the Boltzmann constant (kb), T, and 

the viscosity (η) [124,125]. 

D=
kb∙T

6∙π∙η∙dH
 

1.4 

Analytical ultracentrifugation (ANUC) is an alternative quantitative method for determining 

hydrodynamic diameters. Unlike DLS, it relies on sedimentation velocity analysis and is more time-

consuming. However, ANUC offers several advantages, including the ability to analyze a wide range of 

sample types, high accuracy, and the ability to directly measure the molecular weight of the sample. 

[9,126]. 

The surface properties can be characterized by zeta potential and Brunauer-Emmett-Teller (BET) 

measurements. The zeta potential is used to analyze colloidal dispersive systems' electrokinetic potential 

and stability by electrophoretic light scattering (Table 1.3) [127]. Particles suspended in a specific 

medium adsorb ions in a double layer. Different models of the electrical double layer exist. An advanced 

concept is the stern model, combining a static layer (Helmholtz plane) with a diffuse layer. It consists 

of the surface charge of the particles that interact with oppositely charged ions. 

Table 1.3: Coherence of zeta potential and the stability of a colloidal dispersive system [127]. 

Stability Zeta potential (mV) 

Rapid coagulation or flocculation 0 to ±5 

Incipient instability ±10 to ±30 

Moderate stability ±30 to ±40 

Good stability ±40 to ±60 

The inner layer includes adsorbed ions, and the outer layer, called the slipping plane, consists of 

diffusely arranged ions dependent on electrical forces and temperature (Figure 1.6). The net electrical 

charge of this outer area causes the zeta potential. The zeta potential measurement indicates the degree 
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of electrostatic repulsion [128–130]. The zeta potential can be used to confirm a coating, determine 

potential adsorption and desorption properties and the isoelectric point (IEP). It is mainly influenced by 

the ionic strength, pH, functional groups, and particle concentration [29,131]. 

 

Figure 1.6: Schematic illustration of the surface charge and the surrounding diffuse double layer with stern layer and slipping 
plane. Adapted from Lunardi et al. [131].  

The DLVO theory (named after Derjagun, Landau, Verwey, and Overbeek) describes the colloidal 

stability based on attractive and repulsive forces between dispersed particles, e.g., Van-der-Waals, 

sterical, and electrostatic interactions. It is assumed that the electrochemical double layers of particles 

overlap when they get closer. The repulsive force range is bigger than the Van-der-Waals force, which 

stabilizes particle dispersions electrostatically. Agglomeration occurs if no stability maxima is reached 

at a specific distance between two particles. [132,133]. A further theory is the charge distribution model 

(CD) model, where surface complexes are treated as spatial distribution, and the surface structure is 

included [134]. An alternative is combining the dissociative electrical double layer model (DEDL) and 

Lubetkin-Middleton-Ottwil (LMO), which uses Maxwellian electrostatics with linear distribution laws. 

Compared to the DLVO theory, larger coulombic forces and no universal Van-der-Waals adhesion are 

predicted [135].  

The specific surface area can be determined with BET measurements. A specific amount of gas (often 

nitrogen) is adsorbed in a monolayer on the material depending on the surface and pore area. Adsorption 

is measured in equilibrium with the adsorptive gas pressure and plotted against the relative pressure 

p/p0. The adsorbed amount of gas (na) at a specific pressure (p) is described by the linear BET adsorption 
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isotherm (Eq. 1.5). Further parameters are the BET constant (C), the monolayer capacity (nm), and the 

saturation pressure (p0). This equation can determine the specific surface area [10,136,137]. 

p/p0
na∙(1-

p
p0
)
=	

1
nm∙C

∙
C-1
nm∙C

∙p/p0 1.5 

 

The magnetical behavior of IONs can be determined with a superconducting quantum interference 

device (SQUID) and Space-and-Time-resolved Extinction Profiles (STEP) technology. SQUID is a 

sensitive technique that can analyze the ferromagnetic properties and the saturation magnetization of 

nanoparticles. It uses a superconducting loop interrupted by Josephson contacts. An external magnetic 

field leads to a decreased potential at these contacts. The responding qualities of SQUID are linearized 

by a flow control loop that allows for the detection of minimal changes in the magnetic flux 

[11,138,139]. An alternative method using periodic vibrations in a homogeneous magnetic field is a 

vibrating sample magnetometer (VSM) [140]. 

The magnetophoretic behavior of the particles can be determined by STEP technology. Sensors analyze 

the transmission profile in dependence on the distance, and the Lambert-Beer law determines the 

magnetically induced sedimentation velocity. The resilience counteracts gravity and magnetophoretic 

behavior. The efficient magnetophoretic speed depends on the change in the height of the IONs at a 

particular time. The agglomeration behavior and the magnetophoretic separation of IONs are highly 

influenced by pH, salt concentration, and viscosity [12,141].  

Especially for the application in medicine, the cytocompatibility of IONs is essential. It can be analyzed 

by calorimetric cell viability assays for eukaryotic cell activity, like XTT (2,3-bis(2-methoxy-4-nitro-5-

sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide)-assay or Resazurin assay [142]. 

By metabolic activity, XTT is conversed to colored formazan due to flavoprotein oxidases, 

mitochondrial succinoxidase, and cytochrome P450 system [143]. Watersoluble formazan can be 

measured in the cellular supernatant [144]. Viable cells can reduce the cell-permeable resazurin into 

pink fluorescent resorufin. Both dyes are quantitatively proportional to the number of viable cells. The 

resazurin reduction assay is slightly more sensitive compared to the tetrazolium reduction [145]. 

Live/dead viability staining is an alternative approach. Live cells are colored green, commonly with 

Calcein AM, a membrane-permeable dye metabolized with viable cells. Esterases cleave it to 

cytoplasmic green fluorescence that can be visualized by microscopy [146]. Propodium iodide colores 

dead cells red-fluorescent. It can only penetrate disrupted cell membranes and is excluded from viable 

cells [147]. The fluorescent of the nucleic acid stain gets enhanced 20-30 fold when bound to 

desoxyribunucleic acid (DNA) [148]. The live/dead ratio can be analyzed by counting [146]. 
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1.2. Nanomedicine 
Nanotechnology is used in a variety of sectors, including pigments, energy, and the environment, as well 

as catalysis, biology, and sensors [16,149–156]. Yet nanotechnology has an enormous potential to 

transform medicine and healthcare in the following years. New ideas and solutions have been developed 

to improve diagnosis, therapeutics, drug delivery, and regenerative medicine (Figure 1.7). In the future, 

nanomedicine could lead to a faster diagnosis, treatment, and prevention of diseases like cancer or 

antibiotic-resistant infections at a cellular level [14,156,157]. Nanomedicine is “the comprehensive 

examination, control, development, repair, resistance, and enhancement of all human natural 

frameworks, working from the atomic dimension, utilizing designed nano-devices and nanostructures” 

[14]. 

 

Figure 1.7: Illustration of the four main fields in nanomedicine: diagnostics, therapeutics, drug delivery, and regenerative 
medicine. It was created with BioRender.com. 

1.2.1. Diagnostics 

Diagnostics aims to detect diseases as early as possible under the given conditions. At the cellular and 

subcellular levels, nanotechnology enables early detection and prevention. It enables efficient and 

accurate clinical diagnostics in vitro and in vivo [158]. Especially cancer diagnosis and treatment can be 

improved by nanotechnology. The use of antibody-functionalized gold nanoparticles for biopsy 

diagnostics in vitro is a potential application. They bind epidermal growth factor receptors, which are 

abundant on malignant growth cells. When attached, they emit a characteristic light spectrum that 

indicates the presence of harmful cells [14,159]. Molecular imaging allows for non-invasive imaging of 

diseases in vivo. Once the stage of the disease has been determined, effective image-guided treatment 

can follow [14]. Nanoparticles can improve the imaging of biological processes in cells by acting as a 

contrast agent. They require unique characteristics to facilitate accumulation at a target and imaging 
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[160]. Materials that are electron-dense, fluorescent, radioactive, paramagnetic, or superparamagnetic 

can boost contrast generation. Therefore noble metal nanoparticles, quantum dots, and magnetic 

nanoparticles are focused [161]. Magnetic resonance imaging (MRI) creates spatial, anatomic, high-

resolution images using nuclear magnetic resonance (NMR) active nuclei. Magnetic dipoles align under 

a strong magnetic field and revert to their original orientation at varying speeds and relaxation durations. 

T1 and T2 contrast agents can enhance contrast by altering the relaxation time. T1 contrast agents 

(lanthanides as gadolinium compounds) are paramagnetic and can shorten the longitudinal recovery, 

resulting in a lighter spot. T2 contrast agents (iron oxides) are superparamagnetic and increase the 

transverse decay rate leading to a darker signal [162–164]. Most approved MRI contrast agents are based 

on gadolinium. Due to the toxic side effects of Gd3+ ions, the European Medicines Agency (EMA) 

restricted the use of most linear Gd3+ agents for body scans in 2017, while macrocyclic gadolinium 

compounds are still allowed [165–167]. This restriction leads to a clinical need for safe MRI contrast 

agents. Unterweger et al. demonstrated the potential of new dextran-coated superparamagnetic IONs as 

a biocompatible and safe contrast agent. Their ultra-small IONs (30 nm) showed no hypersensitivity 

reactions, irritation potential, and no internalization by non-phagocytic cells [168]. IONs can find 

application in further quantitative imaging techniques called magnetic particle imaging (MPI) and 

magnetorelaxometry imaging (MRXI). MPI is a new, non-invasive imaging method based on 

superparamagnetic ION tracers established in 2005 by Philips [169]. MPI systems use particular 

changing magnetic fields to generate a single field-free point that can move through the sample. The 

applied magnetic tracers create a signal without a background [170]. Usually, electrical coils are used 

to generate fast-moving gradient fields, but Vogel et al. demonstrated a concept utilizing mechanically 

rotating permanent magnets (Halbach rings) [171,172]. This method needs no electrical power and can 

improve the signal-to-noise ratio [172]. MPI has high potential in cardiology, visualizing blood flow in 

real-time or the heart’s pumping motion [169]. Solid tumors could be detected within rats after 

accumulation of the IONs in the tumor-induced by enhanced permeability and retention effect [173]. 

For MRXI, a net magnetic moment is generated by the alignment of superparamagnetic IONs in an 

external magnetic field. The relaxation of the net magnetic moment can be monitored by sensitive 

magnetometers like SQUID, fluxgates, or optically pumped magnetometers [174–176]. The method can 

quantify the spatial ION distribution in the body, which is essential for developing magnetic 

hyperthermia or magnetic drug targeting. Jaufenthaler et al. quantified the iron amounts to 6 µg and 

generated a high-precision 1D and 2D imaging setup [177]. Nanoparticle contrast agents can enhance 

the contrast of computed tomography (CT) measurements. Therefore, the exposure time of the x-ray 

radiation can be reduced [14]. Functionalized gold nanoparticles have been used to improve the visibility 

of small breast tumors or differentiate between cancerous or inflamed tissue [178]. Due to their 

physiochemical properties, biocompatibility, and non-toxicity, gold nanoparticles are used as tags, 

nucleic acid probes, or to bind DNA for diagnostic purposes [179]. Positron emission tomography (PET) 

uses positron-emitting radionucleotides as radiotracers to visualize metabolic processes and detect 
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tumors early. It can be improved by using radiolabeled nanoparticles and is often combined with MRI 

or CT [180,181]. PET can further be used for image-guided therapy and drug delivery of nanomaterials 

with real-time monitoring [181]. Thorek et al. used 89Zr ferumoxytol-labeled superparamagnetic IONs 

for a high-resolution PET/MR investigation of deep-tissue lymph nodes. IONs can bind isotopes 

(radioarsenic, germanium-69) that can not be labeled with traditional chelator-based routes [182]. 

Liposomes and polymeric micelles have great potential to load positron-emitting radionucleotides for 

contrast imaging and use for cancer detection and combination with drug delivery [183].  

1.2.2. Therapeutics 
Nanotechnology-based therapeutics have the potential to significantly improve antimicrobial or 

anticancer treatment. Antimicrobial activity is high in nanocrystals or nanoparticles made of silver, zinc 

oxide, or antibiotic-coated nanoparticles. Silver nanocrystals can emit silver ions from their surface for 

up to seven days. Silver ions exhibit antibacterial properties against a variety of species, including 

vancomycin-resistant enterococci and methicillin-resistant staphylococci [14,184]. Silver nanoparticles' 

antibacterial activity is based on a variety of mechanisms, including a breakdown of the cell wall by 

Ag+ or reactive oxygen species (ROS), denaturation of the membrane or ribosomes, interruption of 

adenosine triphosphate (ATP) generation, and interference with DNA replication [185]. Hyperthermia 

is an alternate, risk-free cancer therapy method. While cancer cells are more heat-sensitive than healthy 

cells, controlled heating can eradicate them without causing injury to surrounding tissue. Hyperthermia 

treatment raises the body temperature to 40 °C - 43 °C. The therapy is most effective when the cancer 

tissue is heated at 41 °C for one hour [186,187]. Hyperthermia has been used to treat liver, breast, and 

prostate cancer and glioblastoma [187,188]. Although many ideas exist to heat cancer cells ranging from 

microwaves or ultrasound to infrared radiators, the most promising technique seems to be nanosystems 

[186,188]. These systems are based on carbon nanotubes, graphene, gold, iron oxide, or silica [186]. 

Therefore, the nanosystems can be injected directly into subcutaneous tumors or targeted at cancer by 

surface modification, antibodies, or magnetic guidance [187]. Von Maltzahn et al. used long-circulating 

PEG-coated gold nanorods for irradiating tumors in mice by computational therapy. Near-infrared light 

is absorbed by the nanorods, leading to an oscillation of the electron cloud and creating heat [189]. 

Superparamagnetic IONs can be magnetically guided to cancer after injection (Figure 1.8A). An 

alternating magnetic field creates magnetic hysteresis of IONs. The heat generated by Brownian rotation 

and Néel’s rotation depends on the nanoparticles’ size and the magnetic moment (Figure 1.8B) [186].  
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A B 
Figure 1.8: A Illustration of steps for magnetic hyperthermia treatment. B Scheme of Néel or Brownian relaxation of IONs. It 
was created with BioRender.com. 

Magnetic IONs can enhance membrane permeability and lead to microtubule or protein damage, 

improving anticancer treatment. The therapy induces apoptosis and necrosis and inhibits cell growth 

[186,188]. Jang et al. used magnesium-doped γ-Fe2O3 superparamagnetic nanoparticles for massive 

magnetic heat induction. They showed hyperthermia effects and complete tumor killing with in vitro 

and in vivo studies [190]. Hemery et al. could induce 80% glioblastoma cell death with PEGylated 

multicore IONs by hyperthermia treatment [191].  

1.2.3. Drug Delivery 
Drugs frequently fail clinical trials due to inaccuracy in delivery or cytotoxicity. As a result, novel 

strategies for effective drug delivery are being investigated. Conventional drug delivery is frequently 

hampered by the medication's poor solubility or stability, as well as its low specificity or therapeutic 

index. Furthermore, due to the short half-life and high distribution throughout the body, a high 

pharmacological dose is required, resulting in side effects and limited patient compliance [192]. 

Nanoparticles, with their high surface area-to-volume ratio, are ideal for targeted drug delivery. They 

can carry a high drug dose directly to a target, like cancer cells or inflamed tissue. With a targeted 

delivery, the overall drug amount can be reduced, and side effects to healthy cells are minimized. This 

specific efficient treatment and reduced drug consumption decrease the general patient cost [186,193]. 

Recent progression in nanotechnology led to various drug-binding carriers, ranging from gold or iron 

oxide nanoparticles to fullerenes, liposomes, micelles, or dendrimers [186]. Combining drugs with 

nanoparticle carriers helps reduce toxicity, protect the drug from degradation or clearance, and improve 

temporal and spatial presentation. A high drug loading can be achieved by incorporating it during the 

nanoparticle formation or adsorbing afterward. The ideal mechanism depends on the material and drug 

properties. Commonly high binding efficiencies for macromolecules or proteins can be achieved near 

the IEP at low solubility and high adsorption. Electrostatic interactions with the material can bind 

smaller molecules [194].  
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A controlled drug release can be sustained or stimuli-responsive. A sustained release is used to deliver 

a drug at a certain rate over a specific period and can happen through diffusion or erosion control [194]. 

An example is hollow and porous magnetite particles that release cisplatin by a slow diffusion-controlled 

process [195]. The stimuli-responsive release can be induced by pH, temperature, enzymes, or light, 

depending on the polymer or particle type [194]. Anti-cancer drug delivery systems often use the pH 

difference between healthy tissue with a pH of 7.4 and a pH of ~6.5 around solid tumors. Therefore 

different polymer-based carriers (poly(acryl amide), poly(acrylic acid), poly(methyl acrylate), 

poly(dimetylaminoethyl methacrylate)…) can be used that change their structure and hydrophobicity 

depending on the protonation state [194,196]. Furthermore, the drug can be conjugated on the carrier 

with cleavable bonds like imine (pH < 5-7), hydrazone (pH < 5), acetal (pH < 4-5), amide (amidase), 2-

nitrophenyl ester (ultraviolet (UV) light) [194].  

Two types of targeted drug delivery systems exist: active and passive targeting. Passive targeting occurs 

as a result of the body's reaction to the physiochemical properties of the drug and the drug carrier [192]. 

Due to the enhanced permeability and retention (EPR) effect and slow lymphatic drainage, nanoparticles 

enter blood vessels better at the disease site, leading to drug accumulation at the target [197]. Active 

targeting uses specific ligands like antibodies, proteins, polysaccharides, nucleic acids, or peptides 

bound to the nanoparticles to target the biological interface [192].  

Figure 1.9: Illustration of magnetically controlled drug delivery. Drug-loaded polymer-coated IONs are guided to cancer cells 

by a magnetic field. After drug release, cell death is induced. It was created with BioRender.com. 

Specific physical environments like a magnetic field can create active transport. Magnetic drug targeting 

is based on magnetic drug carriers, commonly IONs, guided by an external magnetic field to the target. 
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Magnetic fields are safe for the human body. Therefore they can be used to direct IONs to deep tissue. 

Once the drug-loaded particles have reached their target, the drug can be released, e.g., cancer cells 

treated (Figure 1.9) [198]. Between the 1950s and 1960s, the first experiments with magnetic particles 

were done. Meyers et al. used a horseshoe magnet to accumulate iron particles in dogs [199]. Today, 

multiple magnet designs exist for magnetic targeting. While static field magnet systems (FMS) are 

simple and convenient to handle, the target accuracy is comparatively low. Varying FMS leads to better 

accuracy with the potential of precise 3D targeting, yet leads to more complex hardware systems. 

Permanent magnets have lower magnetic fields and field gradients compared to electromagnets. 

However, the latter ones are more energy-consuming [198]. As magnetic nanocarriers, mostly polymer-

coated IONs are used. Wang et al. encapsulated IONs and DOX in poly(ε-caprolactone), generating a 

pH-sensitive system with an initial and sustained release [200]. The drug delivery approach is often 

combined with imaging or hyperthermia to create a controllable synergistic system. Qu et al. combined 

magnetic hyperthermia and thermosensitive drug release by using polymer (polylactide-b-poly(N-

isopropyl acrylamide-co-N, N-dimethyl acrylamide) coated magnetic nanoparticles with a lower critical 

solution temperature at 42.5 °C. The particles were loaded with the chemotherapeutic drug 

camptothecin. The method demonstrated high anticancer activity based on heat-shock protein over-

expression and hyperthermia improved drug uptake by the cancer cells [201]. 

1.2.4. Designing nanoparticles for their application in drug delivery 

Size, shape, surface chemistry, and material are critical factors in designing new nanocarrier systems 

for drug delivery (Figure 1.10). The particle properties highly influence immune activation, the passage 

of biological barriers, and internalization into cells [194]. Nanoparticles can be introduced into the 

human body by injection, oral administration, or inhalation. Often nanosystems are injected to shorten 

the response time from the human body, overcome absorption problems in the gastrointestinal tract and 

control the drug rate and availability. Especially for expensive drugs like peptides or proteins, 

intravenous delivery is preferred [202]. When the nanoparticles enter the circulatory system they are 

immediately exposed to the immune system, renal clearance, and the mononuclear phagocyte system 

(MPS). The design of the nanoparticles has a significant impact on their application. IONs are frequently 

coated with a biocompatible polymer to optimize their behavior in the body and prevent aggregation 

and oxidation. The particle characteristics considerably influence the blood circulation time, which must 

be sufficient to achieve the targeting. The hydrophobicity, surface charge, size, and shape of 

nanoparticles all have a significant impact on their applicability. Toxicity can be caused by a high 

positive surface charge due to hemolysis, platelet aggregation, and accelerated clearance by the MPS. 

Negatively charged systems, as well as neutral systems in general, have a longer blood half-life [194]. 

To reach their target tissue, the nanoparticles must pass various biological barriers, including blood, 

liver, spleen, kidneys, blood-brain barrier, and the tumor vasculature for cancer treatment (Figure 1.11). 

In blood, poorly designed drug delivery systems can deteriorate and destabilize, resulting in particle 

aggregation or embolism. Furthermore, the drug could be released early [37]. Larger particles clear 
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faster than smaller ones in the blood [194]. Blood consists of cells, enzymes, vitamins, hormones, 

proteins (albumin, globulin, fibrinogen), amino acids, inorganic components, carbohydrates, fats, and 

multiple small molecules [203]. 

 

Figure 1.10: Illustration of the four parameters size, shape, surface chemistry, and material that mainly influence the properties 
of a drug delivery system. It was created with BioRender.com. 

These elements can interact with the nanoparticle surface. PEG or zwitterionic coating materials, in 

particular, isolate the magnetic core and result in longer blood circulation durations. It is, therefore, 

advantageous to encapsulate sensitive medications within the covering [37]. Xue et al. showed that 

increased molecular weight of the PEG layer around IONs affected the clearance ratio and prolonged 

their half-life time. The particles had good biocompatibility and were predominantly cleared by the liver 

[204]. The particle size impacts the active clearance by the MPS, including the liver and the spleen. The 

liver rapidly clears particles with a diameter between 10-20 nm by phagocytic uptake or hepatic 

filtration. And the spleen removes particles larger than 200 nm by a filtration system composed of 

interendothelial cells [194]. If the hydrodynamic diameter of IONs is > 100 nm, the particles get 

eliminated by the reticuloendothelial system [194]. The kidneys physically filter nanoparticles by 

glomerular filtration and tubular secretion. Renal clearance removes particles less than 6 nm quickly 

and particles larger than 6-8 nm slowly. Charged nanoparticles can interact with the glomerular capillary 

wall and absorb serum proteins, but neutrally charged particles have the longest circulation period. When 

serum proteins bind, particle size increases, restricting filtration [194]. PEGylation can reduce protein 
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adsorption [205]. IONs with 10 – 100 nm hydrodynamic sizes are optimal for reduced kidney, liver, and 

spleen clearance [37]. 

 

Figure 1.11: Summary of physiological barriers nanoparticles have to pass. It was created with BioRender.com. 

After circulation in the bloodstream, the drug delivery system must extravasate from the vessel to the 

cell. This passage is determined by the size of the junction. In particular, endothelial cells in the brain 

have tight connections, resulting in a blood-brain barrier that limits passive access. Coating of IONs 

with PEG, chitosan, chlorotoxin, or amphipathic peptides and unique functionalization increases 

transcytosis, adsorption, or receptor-mediated endocytosis [37]. Usually, in healthy tissue, nanoparticles 

cannot passively pass the tight junctions. In the area of a tumor, the vessels have leaky walls, which 

allow passive tumor targeting. The enhanced permeability and retention are, in short, called the EPR 

effect. It enables the increased uptake of macromolecules and nanoparticles, leading to good tumor 

delivery and improved therapeutic effect [37,206]. Typical, the size of the significant gaps between the 

endothelial cells range between 100-800 nm, depending on the tumor type. While particles larger than 

200 nm are cleared rapidly from the blood, nanoparticles < 200 nm are optimal for efficient extravasation 

into tumors [194]. 

Cellular uptake of the nanoparticles is essential for good drug delivery efficiency and the reduction of 

non-specific accumulation. After reaching their target, the nanoparticles are internalized into a cell by 

endocytosis. Depending on the particle properties, the internalization is initiated by the selective binding 

of a ligand on the particle to the cells’ receptor or nonselective by hydrophobic or electrostatic 

interactions (Figure 1.12). The negatively charged cell membrane is a phospholipid bilayer containing 

cholesterol, glycolipids, and glycoproteins. The four major endocytic pathways are clathrin-mediated 

endocytosis forming vesicles ~100 nm size, caveolae-mediated endocytosis (~50 nm), pinocytosis, also 

known as cell drinking (~0.5-5 µm), and phagocytosis (>250 nm). Phagocytosis can only occur in 

macrophages, monocytes, and neutrophils.  
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As a result, the particle size and surface properties of the cell type determine the pathway. In tumors, 

cationic nanoparticles have more internalization but reduced distribution, whereas anionic nanoparticles 

have higher distribution but lower cellular absorption [37,194,207]. Vesicles transport the nanoparticles 

to organelles. The different stages have different pH values, getting more acidic from sorting endosomes 

(pH 6) to late endosomes (pH 5.5) and lysosomes (pH 4.5) [194,208]. Specific functionalization of IONs 

can target organelles or lead to intracellular escape. Lipids can fuse through the lipid bilayer, while 

amphiphilic molecules can induce endosome disruption at reduced pH. Furthermore, proton sponges, 

like polyethyleneimine, lead to osmotic swelling and rupture of the endosome [37]. Fast release from 

endosomes or lysosomes can be induced by pH-sensitive peptides that can interact with the membrane. 

One of them is GALA, a negatively charged amphiphilic α-helical peptide [194].  

 

Figure 1.12: Illustration of different endocytosis pathways for nanoparticles and their intracellular transport [194]. It was 
created with BioRender.com. 

If IONs are not released from the endosome or lysosome, they get degraded based on the acidic 

environment, iron-chelating molecules such as citrate, and hydrolytic enzymes. During degradation, the 

particle size decreases, preserving its crystalline structure and magnetic properties while releasing iron 

ions. Endogenous ferritin proteins store the released iron as a protein complex in ferritin iron depots. 

Ferritin can store excess iron (up to 4500 atoms of iron) in a non-toxic form until it is required by the 

metabolic process. Filled with iron, it is called holoferritin. The degradation rate is affected by the 

particle size and surface coating [209].  

Biocompatibility and biodegradability are primary factors when designing particles for nanomedicine. 

Biocompatible materials are those that are not immunogenic, thrombogenic, carcinogenic, or cytotoxic. 

The biocompatibility of IONs is determined by the material properties, the type of tissue that is contacted 
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during the application, and the relationship between risks and benefits. Long-term toxicity studies, 

including degradation profiles, are lacking in the majority of drug delivery system studies [194,210]. 

The drug delivery system should be completely degraded in the body after drug administration. The 

biodegradability of ION-based systems is determined by their coating materials. Biodegradable 

polymers that are commonly used include PLGA, chitosan, gelatin, polylactic acid (PLA), 

polyglutaraldehyde (PGA), and poly (alkyl cyanoacrylates). If a drug is encapsulated in the coating, 

biodegradation and drug release can be combined [194].  

Table 1.4 summarizes important properties and parameters to consider for the use of IONs in 

nanomedicine, specifically for influencing blood circulation time, clearance, extravasation, cellular 

uptake, and targeting. However, it's important to note that the specific requirements vary depending on 

the intended application and the specific needs of the patients [37,194, 206,207]. 

Table 0.4: Summary of different ION properties and parameters influencing the application in nanomedicine [37,194, 206,207]. 

Property/Parameter Description 

Size A hydrodynamic diameter of 10-200 nm is preferred for use in nanomedicine 

as the particles can extravasate and target tumor tissues while avoiding 

clearance by the immune system. 

Surface coating A biocompatible surface coating, such as PEG, can increase the blood 

circulation time and prevent uptake by the reticuloendothelial system (RES), 

reducing clearance. 

Surface charge A neutral or slightly negative surface charge is preferred to avoid uptake by 

RES and reduce cytotoxicity. 

Magnetization A high magnetization allows magnetic targeting and guidance of the 

nanoparticles to the site of interest, reducing off-target effects. 

Superparamagnetism A superparamagnetic behavior allows for rapid heating and cooling under 

alternating magnetic fields, enabling hyperthermia therapy for cancer 

treatment, and improving safety due to a non remanent behavior. 

Biodegradability Biodegradable IONs and coatings can be metabolized and excreted by the 

body, reducing toxicity and potential long-term side effects. 

Stability Stable nanoparticles can ensure consistent performance and reduce toxicity 

associated with degradation products. 

The Food and Drug Administration (FDA) has not yet approved magnetic nanoparticles with an iron 

oxide core as drug delivery systems. Though magnetite-based designs have been approved for iron 

deficiency therapeutics, and different IONs are accepted as MRI contrast agents, including Feraheme®, 

Feridex I.V.®, and Gastromark® [211]. 
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1.3. Antimicrobial resistance and cancer 
Starting in 1910 with the development of salvarsan, antibiotics have radically improved healthcare. The 

possibility of effectively curing infectious diseases has prolonged the human life by an average of 23 

years [212]. The golden era of antibiotics between 1928 and 1950 is based on the discovery of penicillin 

by Alexander Fleming [212]. By producing an antibiotic-destroying enzyme, Staphylococcus aureus (S. 

aureus) became resistant to penicillin in 1950. Within a short time frame, it formed similar enzymes 

leading to resistance to other chemically unrelated antibiotics. The development of bacterial resistance 

highly reduces the effectiveness of antimicrobial agents. These staphylococci with multiple-antibiotic 

resistances were the primary cause of hospital-acquired septic infections [213]. Since then, various 

human pathogens have formed antibiotic resistances, and the discovery and development of new 

antibiotics have drastically diminished, leading to a global health crisis [212]. In 2019 bacterial 

antimicrobial resistance (AMR) existed for 23 pathogens and 88 pathogen-drug combinations. These 

AMRs were associated with 4.96 million deaths, with 1.27 million deaths directly attributed to them. 

Escherichia coli (E.coli), S. aureus, and Klebsiella pneumoniae (K. pneumoniae) are the strands most 

affected by AMR [214]. The Organisation for Economic Co-operation and Development (OECD) 

predicted in a report of 2018 that AMR could cost up to 3.5 billion US$ per year within the next 30 

years. In countries with high resistance rates (e.g., Brazil, Indonesia, Russia), the resistance is forecast 

to rise 4-7 times faster in the future [215]. This global health problem caused by AMR needs urgent 

action to avoid preventable deaths [214]. Due to the quick resistance formation against antibiotics and 

the comparably low profit that pharmaceutical companies expect for the development of new antibiotics, 

replacing antibiotics with new systems is highly considered [216]. 

A further global health issue with high mortality is cancer. In 2020 it caused nearly 10 million deaths 

worldwide, one in six deaths. The most common types are breast (2.26 million cases), lung (2.21 million 

cases), colon and rectum (1.93 million cases), prostate (1.41 million cases), skin (1.20 million cases), 

and stomach cancer (1.09 million cases) [217]. Before 1950, cancer was mainly treated by surgical 

removal, followed by radiation therapy after 1960. Both methods could not efficiently treat cancer 

because not every organ and metastatic cancer were reached [218]. A key step was the usage of 

chemicals to treat the disease, called “chemotherapy” [219]. Starting with the use of nitrogen mustard 

to treat lymphoma patients in 1943 until now, many new drugs have been developed for specific cancer-

related treatments [218,219]. Even though chemotherapy has highly improved cancer treatment and 

healing, the diffusion of cytotoxic drugs through the whole body leads to severe side effects, including 

loss of hair, shortness of breath, vomiting, and tiredness that have a high impact on the quality of life 

[220]. In long-term chemotherapy, patients often get resistant to conventional drugs [221]. Therefore, 

screening for new drugs and improving targeted treatments is essential [219]. 
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1.3.1. Antimicrobial peptides 
Antimicrobial peptides (AMPs) have broad-spectrum antimicrobial activity and are ideal for 

overcoming antibiotic resistance. Unlike antibiotics, AMPs can kill drug-resistant bacteria by acting on 

multiple targets on the plasma membrane and intracellularly [221]. The Antimicrobial Peptide Database 

(ADP3) reports 3425 different AMPs of six life kingdoms, containing 385 from bacteria, five archaea, 

eight from protists, 25 from fungi, 368 from plants, and 2489 from animals, and also synthetic ones 

[222]. AMPs contain between 10 to 60 amino acids (an average of 33) and are generally positively 

charged (average net charge 3.3). Only a few negatively charged AMPs exist with excess aspartic 

glutamic acid. AMPs can be divided into four structural classes: α-helix, β-sheet, a combination of both, 

and linear extensions [216].  

The different compositions of the cell membranes can explain the specific targeting of AMPs. While 

mammalian cell membranes contain the uncharged phosphatidylcholine and phosphatidyl ethanolamine, 

bacterial pathogens are built by the negatively charged phosphatidylserine, cardiolipin, and 

phosphatidylglycerol. Furthermore, mammalian cells contain sterols that don’t appear in prokaryotic 

cell membranes. The negatively charged membrane of bacteria can specifically and selectively interact 

with the cationic AMP [221]. Cancer cells are also more negatively charged than healthy cells. They 

contain phosphatidylserine and anionic components gangliosides and heparan sulfates. Furthermore, 

cancer cells have many microvilli that increase the potential area available for AMP interaction 

[221,223]. During their action, AMPs bind electrostatically to the negatively charged microbial 

membrane and interact with its components. AMPs pass through the cell wall by capsular 

polysaccharides, lipoteichoic acid, and peptidoglycan (Gram-positive) or lipopolysaccharides (Gram-

negative). While binding, ß-sheet AMPs maintain their conformation, whereas alpha-helical peptides 

are transformed from a disordered structure to the amphiphilic alpha-helix. The hydrophilic side faces 

the solution, while the hydrophobic side interferes with the phospholipid bilayer; depending on the 

membrane's peptide-lipid ratio, AMPs orient parallel or vertically to the surface [216,221]. The 

interaction with the surface leads to higher permeability, cell membrane lysis, the release of intracellular 

components, and cell death. Four models describe the potential pore formation: barrel-stave, toroidal-

pore, carpet, and aggregate (Figure 1.13) [221]. A non-membrane mode of action is that AMPs inhibit 

the protein and nucleic acid biosynthesis, the protease activity, or the cell division after penetration into 

the cytoplasm [216]. Environmental factors can affect the activity of AMPs. Monovalent or divalent 

metal ions can affect the activity against bacteria by shielding the zwitterionic membrane or influencing 

the assembly of the peptides. The pH manipulates the charge of amino acids and functional groups, 

leading to improved activity at low pH values [216]. Proteases can destroy AMPs. Diosa et al. showed 

that solid support of chitosan and silica improves the proteolytic stability of the AMP K-12 [224]. 
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Figure 1.13: Four models of the antibacterial mode of action of AMPs: Barrel-stave model, toroidal-pore model, carpet model, 
and aggregate model [221]. It was created with BioRender.com. 

Antibacterial peptides like nisin, cecropsins, and defensins are active against Gram-positive and Gram-

negative bacteria [216]. In addition to their antimicrobial activity, many AMPs have an immune 

regulating, angiogenic, wound healing, or antitumor activity. Due to their high specificity, low 

accumulation in tissues, no propensity to trigger resistance, and low toxicity, AMPs are already used to 

cure pathogenic infections and inflammations and improve wound healing [221,225]. The FDA 

approved the seven AMPs bacitracin, Polymyxin B and E, Tyrothricin, Gramicidin D and S, and 

Daptomycin [225]. However, no AMPs have yet been approved for cancer treatment, though a few are 

in the clinical stage [226]. Even so, due to stability, efficacy, and toxicity issues, the clinical application 

of AMPs has been limited in recent years. New technologies are required to minimize proteolytic 

enzyme degradation, relatively fast clearance by the kidney and liver, and the loss of anticancer activity 

due to interactions with negatively charged proteins and density lipoproteins [221]. Furthermore, a 

significant problem of many AMPs is their hemolytic activity [227].  

1.3.2. Lasioglossin 
In 2009 Čeřovský et al. identified a new class of AMPs found in the venom of wild bees. Lasioglossins 

(LLs) and melectin are strongly antimicrobial and have low hemolytic activity [227]. LLs are 

pentadecapeptides isolated from the European eusocial bee Lasioglossum laticeps [227]. The bee lives 

in nests in clay soil, between stones or wall clefts [228]. Three new LL structures were isolated with a 

primary sequence of H-Val-Asn-Trp-Lys-Lys-Val-Leu-Gly-Lys-Ile-Ile-Lys-Val-Ala-Lys-NH2 (LL-I), 

H-Val-Asn-Trp-Lys-Lys-Ile-Leu-Gly-Lys-Ile-Ile-Lys-Val-Ala-Lys-NH2 (LL-II) and H-Val-Asn-Trp-

Lys-Lys-Ile-Leu-Gly-Lys-Ile-Ile-Lys-Val-Val-Lys-NH2 (LL-III). They have a cationic, α-helical 

structure with a concave hydrophobic and a convex hydrophilic side (Figure 1.14). LLs have an optimal 

charge for antimicrobial activity with a net charge of +6. The amidation of the C-terminus improves the 

antimicrobial activity and leads to no hemolytic activity. The different primary structures influence the 

physical and biological properties. LL-III has the highest mean hydrophobicity, calculated by the 

hydrophobicities of the amino acids (Table 1.5). All three are highly antimicrobial against Gram-positive 
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(Bacillus subtilis, S. aureus) and Gram-negative (E.coli, Pseudomonas aeruginosa (P. aeruginosa)) 

bacteria, low hemolytic, and active for mast cell degranulation. In general, P. aeruginosa is the most 

resistant compared to other strains. LL-III is highly antimicrobial against S. aureus  [227].  

Table 1.5: The mean hydrophobicities of the three LLs calculated using the Eisenberg consensus scale. The minimal inhibitory 
concentration of LLs for B. subtilis, S. aureus, E.coli, and P. aeruginosa. The concentration of the peptides leading to the lysis 
of 50% of red blood cells [227]. 

Peptide Hydrophobicity 

Antimicrobial activity MIC [µM] Hemolytic 

activity 

LC50 [µM] 
B. subtilis S. aureus E. coli P. aeruginosa 

LL-I -0.117 0.8 14.3 1.7 15.8 >200 

LL-II -0.104 0.7 9.0 1.4 14.4 >200 

LL-III -0.085 0.7 3.9 1.4 18.7 >200 

 

 

Figure 1.14: Illustration of the lasioglossin III structure as an α-helical system with and without the amino acids [227]. It was 
simulated based on its Van der Waals interactions with Avogadro (Wireframe, Forcefield GAFF, 4 Steps per update) based on 
the peptide sequence and the molecule properties (C86H152N22O17, Number of residues: 15, Number of atoms: 277, Number of 
bonds: 278 Molecular Weight 1766.26 g mol-1). 

LL-III showed the most promising antimicrobial activity profile and high activity against leukemia cells 

and cervix carcinoma with a half maximal inhibitory concentration (IC50) ~ 5 µM and slightly less 

activity against the solid tumors PC12 and colon adenocarcinoma (Table 1.6) [227]. 

Table 1.6: LL-III activity against malignant cell lines: L1210 (Mouse lymphocytic leukemia); CCRF-CEM T (human 
lymphoblastic leukemia); HL-60 (human promyelocytic leukemia); HeLa S3 (human cervix carcinoma); PC12 
(pheochromocytoma of the rat adrenal medulla); SW480 (human colon adenocarcinoma) [227].  

 L1210 CCRF-

CEM T 

HL-60 HeLa S3 PC12 SW480 

IC50 [µM] 4.7 5.0 4.5 5.0 10.0 15.0 

 

While many AMPs lose antimicrobial activity when exposed to ions, LL-III retains its activity at 

physiological salt concentrations. Mishra et al. confirmed that membrane interaction is involved in its 

mechanism of action and demonstrated that LL-III could bind to the outer and inner membranes of 

E.coli, S. aureus, and P. aeruginosa. It is active, soluble, and immobilized and it can prevent biofilm 



1. Introduction 
 

28 
 

formation [229]. Even though the mode of action of LL-III is not yet fully understood, Battista et al. 

could show that the peptide interacts selectively with an anionic model membrane leading to 

permeabilization by reorganizing the membrane. At this moment, little cellular fluid was released. In 

the cytosol, LL-III can potentially interact with intracellular biomolecules like plasmid DNA [230]. 

However, by molecular dynamics simulations, Saha et al. revealed that lysine residues of LL-III form 

H-bonds with the lipid-head groups. Once the peptide enters transmembrane orientation, the indol ring 

of Trp3 permeates into the hydrophobic tail region of the lipid. The orientation stayed the same during 

the whole simulation. If the N-terminal lysine residue would release from the surface-bound state, it 

might snorkel into the inner leaflet. The orientation of LL-III in bilayers leads to destabilization at the 

membrane/water interface [231]. LL-III can be used as an anticancer or antimicrobial drug combined 

with a drug delivery system [227]. 
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2. Motivation 
Two of the biggest global health problems are cancer and antimicrobial resistance (AMR)-related 

mortality. Per year approximately 10 million people die due to various cancers, and 5 million deaths are 

directly associated with AMR. Therefore, a global need for new effective, and innovative drugs and 

drug delivery systems exists [214,217]. 

One of these novel drugs is the antimicrobial peptide lasioglossin III (LL). The short, cationic, α-helical 

peptide is highly active against Gram-positive and Gram-negative bacteria and various cancer cells, 

while it has low hemolytic activity [227].  Its mode of action is not affected by physiological salt 

concentrations and has a low risk of resistant formation. Combined with an efficient drug delivery 

system, problems like stability, efficacy, and toxicity can be improved. 

Magnetic drug delivery is based on cost-efficient, easy-to-synthesize superparamagnetic iron oxide 

nanoparticles. Their low-volume-to-area ratio bears the ability to bind a large drug dose. They can be 

guided by an external magnetic field directly to a target and accumulated there [21]. The target can be 

cancer cells or inflammatory tissue. The system enables the usage of a low drug dose with high local 

concentration, leading to reduced side effects and harm to healthy tissue. 

This work aimed to generate, for the first time, an efficient, effective, cytocompatible, and magnetically 

controllable drug delivery system for LL. Therefore this project was split into three steps. Iron oxide 

nanoparticles (IONs) with different biocompatible coatings (bare, inorganic, organic, and 

supramolecular) and surface properties should be analyzed for suitability. Here, one focus point was a 

small particle size and good stability with a low and controllable agglomeration to make the particles 

applicable to the human body. This part also included analyzing the effects of the particle sizes, 

hydrodynamic diameters, and coatings on their magnetic behavior. In the second step, LL needed to be 

efficiently bound to the drug carrier without losing its antimicrobial activity. Different binding types 

(adsorption, covalent binding, self-assembly) should be tested and quantified for their potential drug 

loading. With antimicrobial experiments, the influence of binding on the activity of LL should be 

determined. The last part was testing the cytocompatibility of the most promising systems to ensure safe 

applicability to the human body. With the analysis of a variety of ION-based drug carriers and different 

binding mechanisms, this work lays the groundwork for generating a magnetic drug delivery system for 

cationic antimicrobial peptides (AMPs) and therefore improved treatment of cancer and inflammatory 

tissue. 

Furthermore, the work wanted to improve the knowledge about the behavior of coated IONs in human 

body fluids. The newfound understanding of coated IONs has the potential to accelerate upcoming pre-

clinical evaluations of these particles. The particular focus was here on the long-term agglomeration and 

degradation profile of various commonly used biocompatible coated IONs in simulated body fluids. To 

achieve this goal, a fast and reliable experimental setup needed to be designed. 
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3. Publications 

3.1. Bare iron oxide nanoparticles as drug delivery carrier for the short cationic 

peptide lasioglossin 
The drug's therapeutic effect, efficiency, and safety depend on the administration and delivery system. 

Magnetically controlled drug delivery enables a delivery directly to the target, leading to a high local 

concentration. The overall drug amount can be reduced, which minimizes toxic side effects. IONs are 

the focus of research due to their superparamagnetic behavior and potential high binding capacity. 

Especially BIONs without expensive coating are a cost-efficient magnetically controllable drug carrier. 

It is essential to understand a drug's binding and release processes to the ION surface and analyze its 

activity for a medical application.  

This study gives fundamental and new insights into the binding patterns of the cationic peptide LL on 

BIONs, depending on the composition and pH of the medium, the particle concentration, and time. The 

particles are fully characterized by BET, TEM, XRD, FT-IR, DLS, SQUID, and Zeta potential 

measurements. Easy and quick absorption of LL is possible. Absorbance analysis and IR spectroscopy 

confirm the drug loading of 22.7%. The reversible, electrostatic binding leads to reduced drug loading 

with each washing step. The hydrodynamic diameters of BION@LL are compared in water, PBS, and 

HS, showing the best behavior in HS. A temperature and time-dependent desorption of LL is possible 

but not necessary because the bound LL showed improved antimicrobial activity in growth experiments 

with E. coli. While efficient binding and high antimicrobial activity were proven, the limiting factor of 

the BION@LL system is the high agglomeration (>100 nm), which impedes its usability in the human 

body. In further studies, the properties of BIONs should be improved by biocompatible coatings that 

enhance colloidal stability. 

The substantial contributions of the doctoral candidate were the conception and design of the 

experiments after a critical review of existing literature. The doctoral candidate carried out all presented 

experimental work, did the data analysis and was the leading author of the manuscript. 

  



pharmaceuticals

Article

Bare Iron Oxide Nanoparticles as Drug Delivery Carrier for the
Short Cationic Peptide Lasioglossin

Chiara Turrina , Sonja Berensmeier and Sebastian P. Schwaminger *

����������
�������

Citation: Turrina, C.; Berensmeier, S.;

Schwaminger, S.P. Bare Iron Oxide

Nanoparticles as Drug Delivery

Carrier for the Short Cationic Peptide

Lasioglossin. Pharmaceuticals 2021, 14,

405. https://doi.org/10.3390/

ph14050405

Academic Editor: Serge Mordon

Received: 23 March 2021

Accepted: 21 April 2021

Published: 24 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Bioseparation Engineering Group, Department of Mechanical Engineering, Technical University of Munich,
80333 München, Germany; c.turrina@tum.de (C.T.); s.berensmeier@tum.de (S.B.)
* Correspondence: s.schwaminger@tum.de

Abstract: New drug delivery systems are a potential solution for administering drugs to reduce
common side effects of traditional methods, such as in cancer therapy. Iron oxide nanoparticles (IONs)
can increase the drugs’ biological activity through high binding efficiency and magnetically targeted
drug delivery. Understanding the adsorption and release process of a drug to the carrier material
plays a significant role in research to generate an applicable and controlled drug delivery system.
This contribution focuses on the binding patterns of the peptide lasioglossin III from bee venom on
bare IONs. Lasioglossin has a high antimicrobial behavior and due to its cationic properties, it has
high binding potential. Considering the influence of pH, the buffer type, the particle concentration,
and time, the highest drug loading of 22.7% is achieved in phosphate-buffered saline. Analysis of
the desorption conditions revealed temperature and salt concentration sensitivity. The nanoparticles
and peptide-ION complexes are analyzed with dynamic light scattering, zeta potential, and infrared
spectroscopy. Additionally, cytotoxicity experiments performed on Escherichia coli show higher
antimicrobial activity of bound lasioglossin than of the free peptide. Therefore, bare IONs are an
interesting platform material for the development of drug-delivery carriers for cationic peptides.

Keywords: iron oxide nanoparticles; magnetically controlled drug delivery; cationic peptide;
lasioglossin; agglomeration behavior in human serum; antimicrobial behavior

1. Introduction

The method of administering a pharmaceutical compound highly influences the
therapeutic effect, efficiency, and drug safety [1,2]. Magnetically controlled drug deliv-
ery is attracting increasing attention due to the potential to carry a large drug dose to
the target, which leads to a high local concentration and thereby high efficiency while
avoiding toxicity [1,3–6] Z. Superparamagnetic iron oxide nanoparticles (IONs), also
known as magnetite/maghemite or magnetic nanoparticles (MNP), are especially in the
focus of this research field due to their non-remanent behavior, non-toxicity, and low-cost
production [7–11]. IONs are non-porous and can have high specific surface areas of above
100 m2/g, leading to a huge drug loading capability [12]. The classic synthesis route is co-
precipitation via the Massart process. This method can be used to generate IONs with a size
range between 4 and 16 nm that have a high magnetization of around 80 emu/g [9,13–15].
The key points of IONs as a drug carrier are the possibility of targeted delivery through a
magnetic field, the visualization of the delivery process via MRI, and that heat generated
through hyperthermia can lead to a controlled release [16,17]. For the internalization of
IONs into the cell, the ideal particle size for drug delivery ranges from 10 to 100 nm because
this leads to the most prolonged blood circulation times [9,13,18]. The drug can be localized
at the target site by applying an external magnetic field, where it can be efficiently released
from its carrier, as shown in Figure 1a [15].

IONs are often coated with functionalized, biocompatible compounds to form a core–
shell structure for biomedical application [9]. Therefore, drugs can bind to the coating
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or are dispersed in the polymer matrix [16,19]. The polymers have the function of sta-
bilizing the particles, preventing early immunogenic action, or are used to generate a
controlled release mechanism [15,18,20]. In this case, the interaction with the drug, the
cationic peptide lasioglossin (LL), should occur with the bare surface of IONs without
coating. In drug delivery or bioseparation, the controlled adsorption and release of small
biomolecules to and from the adsorbent material plays a major role. During the last few
years, much research has been conducted to understand small biomolecules’ interaction
with the inorganic bare IONs (BIONs) and amphoteric hydroxyl groups on the metal oxide
surface [21,22]. The surface charge influences the adsorption behavior of amino acids
as well as the amount of charged groups such as carboxylic acids and side chains. The
coordinative complex formation due to ionic interactions of the iron ions on the surface
of BIONs is pH-dependent [22,23]. Rawlings et al. have proven that lysine can undergo
strong hydrogen bonds with the surface of BIONs through the amine group and the peptide
carbonyl [24]. This makes LLs an interesting counterpart for adsorption on BIONs.
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Figure 1. (a) Drug delivery of magnetic IONs accumulating in a target tissue, guided by an external
magnetic field. (b) Wheel diagram of lasioglossin III: hydrophilic amino acids are shown in orange,
and hydrophobic amino acids are shown in green.

LLs are cationic, α-helical pentadecapeptides isolated from bee venom of Lasioglossum
lacticeps. They belong to the group of antimicrobial peptides that are a new alternative
for antibiotics, based on their divergent mode of action. The ability of LL to form an
amphipathic α-helical structure highly influences their biological activity [25–28]. Cationic
peptides can target the negatively charged bacterial cell envelope and accumulate in the
cell wall. This leads to the formation of transmembrane pores into the lipid bilayer, the
leakage of cytoplasmic components, and therefore to cell death [29,30]. LLs appear in
three different natural forms (LL I: H-Val-Asn-Trp-Lys-Lys-Val-Leu-Gly-Lys-Ile-Ile-Lys-
Val-Ala-Lys-NH2, LL II: H-Val-Asn-Trp-Lys-Lys-Ile-Leu-Gly-Lys-Ile-Ile-Lys-Val-Ala-Lys-
NH2, LL III: H-Val-Asn-Trp-Lys-Lys-Ile-Leu-Gly-Lys-Ile-Ile-Lys-Val-Val-Lys-NH2). They
all show low hemolytic and high antimicrobial behavior even at physiological salt con-
centrations [31]. LL III is shown in Figure 1b. The peptide is positively charged due to its
five lysine residues, and it can undergo electrostatic interactions with a negatively charged
BION surface [24]. The peptide has a concave hydrophobic and a convex hydrophilic
side through the α-helical shape. All LLs show similar antimicrobial behavior against
Gram-negative and Gram-positive bacteria such as E. coli, P. aeruginosa, and B. subtilis [25].
Out of the three natural peptides, LL III shows the highest activity in growth studies of S.
aureus due to its highly hydrophobic behavior. While all LLs show potency to kill various
types of cancer cells, LL III has the highest toxicity against PC-12 cancer cells [25].

This work aims to successfully generate and analyze BION@LL complexes. The par-
ticles are characterized in detail before their application in adsorption and desorption
is described. The particle size and size distribution are important parameters regarding
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particle delivery through the human vascular system and removal through the organs and
the immune system [16]. They are determined by transmission electron microscopy (TEM)
and X-ray diffraction analysis (XRD). The diffractograms are further used for the study of
the crystal structure that influences the magnetic behavior. The saturation magnetization
and magnetic behavior are analyzed with a superconducting quantum interference device
(SQUID). Additionally, the zeta potential is investigated in dependence of the pH to cal-
culate the isoelectric point (IEP). The knowledge of the surface charge makes it possible
to understand the interaction with LL in adsorption and desorption experiments. The
peptide loading to BION’s surface is verified by photometric measurements and infrared
spectroscopy (IR). The hydrodynamic diameter of the BION@LL complexes is analyzed
with dynamic light scattering, as the size of the system plays a major role in the application
in drug delivery [16]. The binding behavior of LL is tested at different pH values. Addi-
tionally, the influence of PBS buffer, particle concentration, and time are determined. For
the elution process, other conditions such as a pH shift, rise of temperature, and variation
of the salt concentration are analyzed. The antimicrobial behavior of LL, BIONs, and the
BION@LL complex is compared to test the applicability in drug delivery. The aim is to
generate a fast, controllable, efficient, and reversible LL interaction with the BIONs and
high antimicrobial activity of the resulting magnetic complexes.

2. Results and Discussion
2.1. Characterization of the BIONs

The BIONs are characterized by particle size, size distribution, crystal structure, BET
surface, and magnetization behavior. All these parameters play an essential role in the
application in magnetic drug delivery. They influence the particle lifetime in the human
vascular system, the possibility of magnetic separation, and the amount of peptide bond to
the surface. With TEM analysis, the optical diameter of the particles is examined (Figure 2).
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Figure 2. TEM microscopy: (a) image of BIONs and (b) number distribution of various particle
diameters.

With an average diameter of 9.93 nm, the results are comparable to previous measure-
ments of BIONs [32]. The particle size distribution of BIONs synthesized by co-precipitation
lies between 6 and 14 nm [32,33]. In addition to TEM measurements, the particle size was
determined with XRD analysis. Here, the magnetic particles show an average diameter
of 9.2 nm ± 0.43 nm, with a deviation of 0.73 nm, similar to the TEM measurements
(Figure 3a, Table S1). BET measurements have shown a specific surface area of 115 ± 0.25
m2/g (Figure S1). This value is slightly higher compared to preceding determinations of
the specific surface area of BIONs of around 80.0 m2/g [32].
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In addition to the particle size, the crystal structure composition and the particles’
magnetic behavior play an important role in developing a magnetic drug delivery system as
these parameters influence the controllability by an external magnetic field [33,34]. Exami-
nation of the crystal structure with XRD analysis shows the typical reflections ((220), (311),
(400), (511), and (440)) for magnetite with its cubic structure (Figure 3a) [35]. SQUID analysis
of the BIONS (Figure 3b, Table S2) displays the typical sigmoidal curve of superparamag-
netic nanoparticles in a magnetic field [36]. There is no hysteresis and no remanence at
0 Oe. The maximal reached magnetization is 63.2 emu/g. The modified Langevin fit is not
describing the ideal curve shape of a superparamagnetic substance [37]. The slopes at high
magnetic fields indicate the existence of paramagnetic material within the sample. This
can occur due to free paramagnetic iron ions, water residues, or oxygen [38–40]. Figure 3c
shows the zeta potential of BIONs at different pH values from pH 4 to pH 10. The IEP
of 7.98 is determined by a Boltzmann fit [41]. This lies between the value of comparable
measurements of magnetite with an IEP of 7.0 and the IEP of BIONs that were oxidized by
air at 8.4 [32]. In summary, the determined particle size is near the ideal size between 10 and
100 nm, essential for a prolonged blood circulation time. The high magnetizability offers
good manageability by a magnetic field with the necessary superparamagnetic behavior
for drug delivery [13,42].

2.2. Performance of BIONs as Carrier Material for Antimicrobial Peptides

Adsorption and release experiments are performed with LL III under different condi-
tions to examine the BIONs as drug delivery system for short cationic peptides. Since the
buffer composition and the pH influence the binding states of short peptides to the BION
surface, these parameters are analyzed in the binding experiments [43].

The BION surface charge (IEP 7.98) at pH 7 in water is expected to be heterogeneous,
predominantly positive (Figure 3c). However, small negatively charged domains on the
particles can be expected at this pH [44]. On the other hand, we observe a mainly negative
charged surface at pH 9 (Figure 4d). This significantly influences the ionic interaction with
the peptide LL to the BION surface (Figure 4e). The five lysine groups that generate a
positive charge up to pH 9 mainly influence the peptide loading (Figure 4d) [45]. Therefore,
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they give the peptide a cationic character. Hence, LL is anticipated to have a stronger ionic
interaction with the negatively charged BIONs at pH 9 than at pH 7 with the prevalently
positive charged surface [45]. The pH-dependent binding behavior of LL to BIONs is
presented in Figure 4a (Figure S2, Table S3). As estimated, the highest loading of 0.35 g/g
of the BIONs in water is reached at pH 9 (equilibrium concentration: 1.64 g/L), where
the particles are negatively, and LL is positively charged. At pH 7, LL shows a maximum
binding capacity of 0.20 g/g to BIONs. For both experiments, one washing step leads to
a high decrease in loading, so the final loading of BIONs at pH 9 and pH 7 is 0.18 g/g.
The average loss of 37% of LL can be explained by the non-covalent reversible binding of
the peptide to the iron oxide surface due to electrostatic interactions. The change of the
supernatant during the washing step leads to a new equilibrium concentration with a lower
loading, since weakly bound LL is removed. The maximal reached drug loading after one
washing step in both experiments is 15.2% (Equation (S3)). Other post-loaded nanocarriers
where the interaction is also based on hydrophobic, electrostatic interactions, π-π stacking,
or hydrogen bonding show drug loading between 11.8% and 68.1% depending on the drug
and the material [46]. For iron-based systems, Qu et al. achieved a loading of 9.8% to
11.8% of 10-Hydroxycamptothecin on polyethylene glycol-chitosan coated IONs [47]. In
comparison, Luo et al. were able to prepare mesoporous magnetic colloidal nanocrystal
clusters that showed a loading capacity of 35% for paclitaxel [48].

The peptide and the BION@LL complex are analyzed with IR for independent val-
idation of the BION LL interaction. LL shows spectroscopy bands between 3000–2800 cm−1,
1655–1650 cm−1, and 1542–1539 cm−1 due to backbone vibrations. The ones at 3000–2800 cm−1

are caused by stretching vibrations of the C–H groups. The band at 1655 cm−1 can be affili-
ated to stretching vibrations of C=O groups and the one at 1539 cm−1 to bending vibrations
of N–H groups. Additionally, bands at 3400–3300 cm−1 are visible in consequence of N–H
stretching vibrations and at 3550–3200 cm−1 due to the OH group’s stretching vibrations
in threonine. Furthermore, LL has characteristic bands at 1203 cm−1 and at 1133 cm-1 due
to C-N stretching of amines and the stretching vibrations of the C–O groups, respectively
(Figure 4f) [49,50]. Examining the BION@LL complexes with IR spectroscopy shows the
characteristic double bands of LL at 1654 and 1539 cm−1 additional to the magnetite peak at
~572 cm−1 [51,52] (Figure 4g,h), which proves the formation of the BION peptide complex.
Due to inhomogeneities of the sample preparation, the integrals of the bands cannot be
used quantitatively. Still, they give a qualitative hint that more LL loading leads to higher
characteristic double bands. Further, measurements of the hydrodynamic diameter have
shown a significant influence of the presence of LL on particle agglomeration. In different
media, the BIONs form different agglomerates. The hydrodynamic diameters are larger
than the diameters determined via TEM measurements (Section 2.1). For both aqueous
conditions, higher LL concentration led to bigger hydrodynamic diameters and broader
particle size distribution. LL can allegedly act as a binder agent due to the multiple cationic
functional groups. This effect explains the larger agglomerates along with an increased
peptide loading. The starting peptide concentration of 0.25 g/L LL led to agglomerates
larger than 4 µm. In contrast, at pH 9 smaller agglomerates were formed, so at 0.25 g/L
peptide the hydrodynamic diameter is between 0.50 and 1.70 µm (Figure 4b,c). Other iron
post-loaded carriers show sizes between 100 and 600 nm [46–48]. In general, the ideal size
for a nanoparticle-based drug delivery system is between 10 and 100 nm to achieve long
blood circulation times and make cellular uptake possible [18].
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The amount of LL loading shows an effect on the stability of the colloidal dispersions
(Figure 5). With a higher peptide amount the zeta potential is increasing. Low amounts of
LL (0 g/L and 0.25 g/L) led to a zeta potential between−10 and−30 mV, so this system
shows incipient instability. Higher peptide starting concentrations increase the potentials
up to a range of −10 and +10 mV that are characteristic for the formation of agglomer-
ates [53]. This trend corresponds to the measurements of the hydrodynamic diameter.
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The influence of the buffer on the system is analyzed by interaction studies in compa-
rable physiological conditions of 50 mM PBS buffer at pH 7.4. This favors the adsorption of
LL up to a loading of 0.55 g/g (LL equilibrium concentration 0.46 g/L), while in water the
highest loading was 0.35 g/g (Figure 6a). Different effects hereby play a role: (1) the buffer
effect completely stabilizes the pH during the adsorption, which could have a positive
impact; (2) the negative charge of phosphate can act as a linker between the positive BION
surface and the cationic peptide (Figure 6d) and (3) the increase in ionic strength could
positively influence the adsorption. Phosphate anions belong to a group that adsorbs
by inner-sphere complexation and respond to increasing salt concentration (NaCl) with
higher adsorption to metal oxides [54]. Point (2) can be underlined by the zeta potential
measurements in Figure 5. Higher peptide loading in PBS does not lead to a significantly
increased positive potential. The potential for the higher load is in the same range as the
reference sample in water at pH 7. This shows that the phosphate anions affect the surface
charge and shield the positive charge of the cationic lasioglossin. Again, washing led to
a strong decrease in LL loading. The highest loading after one washing step lowered to
0.23 g/g, due to the new equilibrium adjustment. The determined drug loading is therefore
22.7%. In general, a loss of 41.9% was measured through one washing step.

Further washing steps lead to a decrease in the peptide loading of 28.6% per washing
step. More detailed data can be found in the SI in Table S4. Once more, the increase in
LL loading was observed in higher characteristic IR peaks (Figure 6b). As anticipated,
the behavior of the hydrodynamic diameter and the zeta potential is comparable to the
results in water (Figure 6c). The hydrodynamic diameter measurements show that the
agglomeration of BIONs and the peptide BION complexes depend on the medium and
the lasioglossin loading. Therefore, further experiments are conducted in human serum
(HS) to analyze the behavior of BIONs in a more realistic drug delivery environment.
HS contains various substances, such as many electrolytes, proteins and peptides, small
organic molecules, and nutrients, that can influence the aggregation behavior of BIONs [55].
Furthermore, the viscosity of HS is significantly higher with an average value between
1.10–1.30 mPa·s at 37◦C compared to water (0.69 mPa·s) [56]. The viscosity can especially
influence the colloidal stability of particles [57]. The experiments were carried out with a
concentration of 0.5 g/L BIONs because at these conditions the BION agglomerates are not
overlayed by the signals of HS (Figure S3). Experiments with 0.5 g/L BIONs show a lower
hydrodynamic diameter in HS (79.1 nm) compared to water at pH 7 (243 nm) (Figure 6e).
For BION@LL complexes, this effect is more distinct: the determined hydrodynamic
diameters are 1302 nm in PBS, 1070 nm in water, and 470 nm in HS. Therefore, in HS, the
particles show diameters in the nanoscale <1000 nm and are better comparable with sizes of
other iron-based drug carriers [46–48]. Still, the size is not in the ideal range of 10–100 nm.
Though the media’s viscosity seems to influence the agglomeration behavior strongly, it
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can be assumed that blood, with even higher viscosity of around 4 mPa·s, leads to even
smaller agglomerates [58].
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LL on BIONs, (c) hydrodynamic diameters after LL adsorption at pH 7 in 50 mM PBS buffer, (d) illustration of the BION LL
interaction in dependence with PBS buffer (e). Agglomeration behavior of BIONs and BION@LL in water, human serum
(HS) and PBS buffer, (f) binding kinetic of 1 g/L LL at pH 7.4 in 50 mM PBS and 1 g/L of BIONs, and (g) adsorption of
0.5 g/L LL at pH 7.4 in 50 mM PBS at different BION concentrations.

Lower BION concentrations led to an increase in LL loading, while after one washing
step all loadings are comparable (Figure 6e). This effect can probably be ascribed to
diffusion effects, so LL binds in lower amounts to denser floating agglomerates and particle
bulks because it must diffuse into the pores. In contrast, it can bind more efficiently if more
space is available around each agglomerate (geometrical heterogeneity). After washing,
the loading is comparable for all BION concentrations. For that reason, on every particle an
equal amount of binding sites (chemical homogeneity) seem to interact with the peptide.
Research in the field of adsorption of inorganic compounds to char has already shown
that the chemical nature of the adsorbent material influences the binding more than the
geometrical heterogeneity through pores [59].

Furthermore, the binding kinetics in PBS buffer play an important role (Figure 6f). It
is determined that significantly rapid adsorption occurs within the first five minutes. After
30 min, the equilibrium of 0.49 g/g LL is reached, not changing in the next 24 h.
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2.3. Desorption of the Bound Peptides from BIONs

Elution experiments are performed for the analysis of the ability of drug release from
the BION peptide complex. When magnetite permeates the cell wall of microorganisms,
such as bacteria, an oxidative stress reaction is induced, leading to a pH shift to lower pH
values in the cell [60,61]. Furthermore, different compartments of the cell have varying
pH values. Endosome and lysosome have an especially low pH of 5 [20]. The impact of a
pH shift is tested with elution conditions of PBS buffer at pH 5. Magnetic hyperthermia
is a method in which the temperature can be increased up to 40–45 ◦C by the application
of an alternating magnetic field to BIONs [62–64], though it is important to note that
the agglomeration behavior of the BIONs can have a negative effect on its hyperthermia
properties [65]. The desorption is analyzed under possible hyperthermia conditions at
a temperature of 40 ◦C. The temperature sensitivity of the binding is also tested under
extreme conditions of 60 ◦C. Figure 7a shows the effect of the different elution conditions
after one hour of incubation. The pH shift from pH 7.4 to pH 5 led only to an elution of
19% LL. Considering that the new equilibrium adjustment plays a role, the pH shift does
not influence the elution notably. At pH 5, the surface of the BIONs is predominantly
positively charged and can repel the cationic peptide, but the buffer effect of PBS seems to
counteract. The additional increase in temperature leads to higher desorption. After one
hour at 40 ◦C 30%, and at 60 ◦C 51% of LL were desorbed. The peptide binding is therefore
temperature-sensitive and the effect of hyperthermia can control elution. The influence of
time on the desorption process has been tested by binding kinetics at room temperature in
the PBS buffer. Even after 3 h, the elution equilibrium did not change. Only after 13.5 h,
30% of LL have been desorbed (Figure 7d). A temperature of 40 ◦C leads to elution of 30%
after one hour and 44% after 27 h (Figure 7c). The most significant part of the elution takes
place in the first minutes, subsequently it is only rising mildly over more extended periods.
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The binding properties are analyzed by variation of the sodium chloride amount
(0.68 M in PBS buffer, 1.00 M in modified PBS buffer). Higher salt concentration led to
elution of 44% at room temperature that is more than twice as much compared with the
unmodified PBS buffer. Moreover, a higher temperature of 60 ◦C led to the highest elution
of 57%. This shows that the interaction of LL with the BIONs is electrostatic and non-
covalent. Measurements of the hydrodynamic diameter show higher agglomeration after
elution with higher salt concentration and higher temperature (Figure 7b). In general,
agglomeration can increase the heating efficiency of BIONs but makes it difficult to control
the local heating at the target side [66]. For antimicrobial tests in Section 2.4. an M9 medium
is used. Analysis of the LL desorption in this medium shows only an elution of 4.7% after
27 h (Figure 7c, Figure S4). Indeed, the full desorption of the peptide from the BIONs is not
necessary if it still shows antimicrobial activity while being bound to the particles.

Furthermore, the stability in lysosomal fluid needs to be annotated. Milosevic et al.
demonstrated that IONs dissolve in artificial lysosomal fluid within 24 h while forming
free iron ions [67]. This iron transfer leads to the degradation and recycling of IONs into
ferritin storage [68]. This dissolution could lead to LL release during endocytosis.

2.4. Antimicrobial Behavior

LL belongs to the group of antimicrobial peptides (AMPs) and shows antimicrobial
activity against various bacteria. For example, for E. coli LL-III has a minimum inhibitory
concentration (MIC) of 1.4–3.7 µM [25,69]. Furthermore, Zaccharia et al. are reporting
a slightly lower MIC of 7.5 µM if LL-III is bound covalently to ureido-pyrimidinone
antimicrobial biomaterial [69]. Other short AMPs with many lysines like SYM11KK (KKFP-
WWWPFKK) or L9K6 (LKLLKKLLKKLLKLL) show MIC at comparable or slightly higher
concentrations of 15 µM and 3.7 µM against E. coli [69–71]. Various studies of the antimi-
crobial activity of IONs have already been made. In general, BIONs have an antimicrobial
activity at very high concentrations (>50 µM), which can be modified through the surface
charge and addition of functional groups. Previous studies have shown that the decrease
in BIONs’ size can lead to lower cell growth of P. aeroginosa [72–74]. The growth rate of
green fluorescent protein (GFP) expressing E. coli (BL 21 resistant against ampicillin) was
tested to compare the antimicrobial behavior of LL to the BION@LL complex (Figure 8a).
First, the influence of BIONs on cell growth was analyzed. Microscopic cell counting
showed that in a 1.00 mg/L BION solution, the growth is comparable to experiments
with no presence of BIONs. As expected, higher BION concentrations led to a decrease
in E. coli growth, but not to full inhibition. The curve shows a negative exponential shape
with the smallest colony count for 1.00 g/L BIONs. The antimicrobial peptide LL leads
to complete inhibition with a concentration of 1.13 µM, while at lower concentrations a
negative linear coherence was observed (Figure 8b). It has to be emphasized that in the
Neubauer chamber only fluorescent colonies could be counted and the expression of GFP
could be influenced under strong antimicrobial conditions. This could explain the slightly
higher MIC compared to the literature discussed above [25,69]. Analysis of the toxic effects
of the BION@LL complex shows less bacterial growth with comparable LL concentrations
(Figure 8c). Already 0.53 µM LL on the particles lead to complete inhibition, while the
peptide only showed less E. coli growth. Therefore, the MIC is lower than of bound LL to
ureido-pyrimidinone material (7.5 µM) [69]. This can be explained by a better exposure
of the peptide and the drug being bound more tightly to the E. coli because BIONs can
interact with bacteria [75]. Another possibility is the combination of a slight antimicrobial
effect of BIONs and the antimicrobial effect of LL which might lead to earlier inhibition.
The peptide is fully active while being bound to the particles. Further information and
pictures of the E. coli in the Neubauer chamber can be found in the Supporting Information
in Figures S5–S8.
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phere. A solution of 34.6 g FeCl3(H2O)6 (128 mmol, 1.82 Eq.) and 14.0 g FeCl2(H2O)4 (70.4 
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Figure 8. Growth of E. coli (BL21 (RH)4GFP expressing) in M9 medium under different (a) BION concentrations, (b) LL
concentrations, and (c) amounts of the MNP@LL complex. Analysis with microscopy.

Growth studies with optical density (OD600) measurements give comparable results,
showing that MNP concentrations up to 0.10 g/L do not negatively influence bacterial
growth (Figure 9a). LL leads to less growth at a concentration of 1.13 µM and full inhibition
at 2.83 µM or higher (Figure 9b). The BION peptide complexes show a slower growth rate
at 0.85 µM of LL and full inhibition at 1.76 µM and higher ones (Figure 9c). The slight
differences between these two measurement methods can be ascribed to more intense
mixing of the culture in an overhead shaker before microscopy compared to linear shaking
of the 96-well plate. Furthermore, for OD600 measurements, the ability of GFP expression
does not play a role in detection. Both experiments show that the antimicrobial behavior of
LL is improved by the binding of LL to the BIONs.
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3. Materials and Methods
3.1. Synthesis of BIONs

The BIONs are synthesized by co-precipitation. We dissolved 28.9 g sodium hydroxide
(723 mmol, 10.3 Eq.) in 400 mL of degassed deionized water under nitrogen atmosphere. A
solution of 34.6 g FeCl3(H2O)6 (128 mmol, 1.82 Eq.) and 14.0 g FeCl2(H2O)4 (70.4 mmol,
1.00 Eq., Sigma Aldrich, Merck KGaA, St. Louis, MO, USA), in 160 mL degassed deionized
water is slowly added under stirring and temperature control with a water bath at 27 ◦C.
Immediately, a black precipitate forms after the complete addition of all chemicals. The
reaction is continued for half an hour under constant conditions. The resulting particles are
washed with degassed deionized water (15×) by magnetic decantation until a conductivity
of less than 200 µS/cm is reached. The particles are stored in degassed deionized water
under nitrogen atmosphere at 4 ◦C.
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3.2. Characterization

The magnetic susceptibility is analyzed with a superconducting quantum interference
device (SQUID) Quantum Design MPMS XL-7 at 300 K. The magnetic field varied from
−50 kOe to +50 kOe. Before the analysis, the particles are lyophilized and glued into a
small tube. Transmission electron microscopy (TEM) is performed with the JEM 1400 Plus
microscope from JEOL. The sample (10 µL) dispersed in chloroform is dried on a carbon-
coated copper grid that has been prepared via glow discharge for sample preparation.
The recorded images are subsequently evaluated by using ImageJ software. For this,
30 particles are measured in at least three different areas. Furthermore, powder X-ray
diffraction (XRD) is executed with a STOE Stadi-P diffractometer with a molybdenum
source (λ = 0.7093 Å) and freeze-dried IONs. The determination of the zeta potential and
the hydrodynamic diameter by DLS is performed with a Beckman Coulter Delsa Nano C
Particle Analyzer of a 1 g/L ION solution. Each sample is measured in triplicate (cuvette,
10 mm length). The Fourier-transform infrared spectra (FTIR) measurement is carried
out with a Bruker ALPHA II spectrometer and the matching platinum attenuated total
reflection module, 64 scans per sample. After the measurements have been performed,
a concave rubber band method is used to subtract a background in the software OPUS
8.1. For absorbance analysis, the photometer Tecan Infinite M200 PRO Series is used with
the evaluation software Magellan. Analysis of the OD600 value is implemented with an
Eppendorf BioSpectrometer. The BET surface evaluation took place with a Gemini VII
(Micromeritics) at 77 K and nitrogen atmosphere, while the volume was determined with
helium. Microscopic images are made with an AXIO Observer from Zeiss with an Axiocam
506 mono. For fluorescence analysis, a 475 nm LED is used with 20% intensity for 500 ms,
while pictures of BIONs are generated with a transmitted light lamp in brightfield with
12% intensity for 500 ms.

3.3. Binding of Peptides to the Nanoparticles

pH and peptide concentration: Before conducting the adsorption experiments, the ab-
sorbance of LL III solutions, obtained from Gen-Script (Netherlands), with different concen-
trations are measured in triplicates. We mixed 250 µL of peptide solutions with different
concentrations and pH values with 250 µL of a 2 g/L BION stock solution to generate a
BION concentration of 1 g/L (LL end concentration: 2.00 g/L, 1.00 g/L, 0.50 g/L, 0.25 g/L,
0.10 g/L, 0.05 g/L, 25.0 mg/L, and 0.00 g/L). Prior, the BIONs are ultrasonicated (20%,
7 min, 10 s on, 15 s off). The experiments are performed in Millipore water (water type 1)
at pH 7 and pH 9. The samples are incubated for one hour at 23 ◦C (1000 rpm) to induce
peptide binding. After magnetic decantation, 100 µL of the supernatant are photometrically
analyzed at 280 nm. For washing, the particles are resuspended in water at the same pH
value and incubated for ten minutes (23 ◦C, 1000 rpm). Afterwards, the supernatant of the
washing step is also analyzed.

Buffer and peptide concentration: The LL stock solution and further dilutions are pre-
pared with 100 mM PBS buffer (3.20 g NaCl, 80.0 mg KCl, 576 mg NaH2PO4, 96.0 mg
KH2PO4 in 40 mL Millipore water) and afterwards mixed with the BION stock solution in
Millipore water at pH 7.4 to generate an overall PBS concentration of 50 mM. Adsorption
experiments are performed as described above. The BIONs are washed three times, and
the supernatant is analyzed at 230 nm and 280 nm. All further experiments are performed
with BION@LL complexes formed in PBS buffer.

Particle concentration: BION solutions of different concentrations in Millipore water at
pH 7 (resulting particle concentration: 2.00 g/L, 1.00 g/L, 0.50 g/L, and 0.25 g/L) are mixed
with a 2 g/L LL solution in 100 mM PBS buffer. Adsorption experiments are performed as
described above and the supernatant is analyzed at 280 nm.

Time: 575 µL of 2 g/L LL solution in 100 mM PBS buffer at pH 7 are combined with
575 µL of 2 g/L BION stock solution at pH 7 and incubated at 23 ◦C (1000 rpm). After 1 min,
5 min, 15 min, 30 min, 60 min, 180 min, and 24 h, each 120 µL of suspension are removed,
magnetically decanted, and the supernatant is analyzed photometrically at 280 nm.
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3.4. Agglomeration Behavior in HS

Suspensions of 0.5 g/L of BIONs and BION@LL (1 g/L LL starting concentration for
adsorption in PBS) are ultrasonicated in an ultrasonic bath for 10 min. Through magnetic
decantation, the supernatant is exchanged with PBS 50 mM pH 7.4, water pH 7.0, or
heat-inactivated AB HS of a human male (Sigma Aldrich). Before the DLS measurement,
the particle suspensions are brought to a temperature of 37 ◦C and then analyzed with the
Zetasizer at a measurement temperature of 37 ◦C.

3.5. Elution of Lasioglossin from the Nanoparticles

Salt concentration and temperature: The washed lasioglossin-magnetite particles are
brought to the same concentration with a 50 mM PBS buffer (1.20 g NaCl, 30.0 mg KCl,
216 mg NaH2PO4, 36.0 mg KH2PO4 in 30 mL Millipore water) and a modified PBS buffer
(1.75 g NaCl, 30.0 mg KCl, 216 mg NaH2PO4, 36.0 mg KH2PO4 in 30 mL Millipore water)
at pH 5. After one hour, 17 h or 27 h of incubation (1000 rpm) at 25 ◦C, 40 ◦C or 60 ◦C, and
magnetic decantation, the supernatant’s LL concentration is analyzed at 230 nm.

Time: After one washing step, the BION@LL complexes are mixed with 50 mM PBS
buffer and incubated at 23 ◦C (1000 rpm). After 1 min, 5 min, 15 min, 30 min, 60 min,
180 min, and 13.5 h 120 µl of each suspension are removed, magnetically decanted and
then the supernatant is analyzed photometrically at 230 nm.

3.6. Growth Studies

A 1 g/L LL solution in 50 mM PBS buffer (pH 7.4) is sterilized by filtration (0.22 µm
filter). Furthermore, a 10 g/L BION solution is prepared in 50 mM PBS buffer. For the
BION@LL complex, an adsorption experiment including one washing step is performed in
1 g/L LL solution and 1 g/L BIONs according to Section 2.4. Before, the tests solutions with
different concentrations of LL (1.00 g/L, 0.50 g/L, 0.25g/L, 0.10 g/L, 0.05 g/L, 0.02 g/L,
0.01 g/L, 0.001 g/L, and 0.0001 g/L) and BIONs (10.0 g/L, 1.00 g/L, 0.10 g/L), are prepared
by dilution of the stock solution with 50 mM PBS buffer in sterile LoBind reaction tubes
(Eppendorf).

Cell number: M9 medium is mixed with a 100 g/L ampicillin solution (1:1000) (Table S5).
An overnight culture of (RH)4-GFP expressing E. coli BL21 (DE3) (resistance against ampi-
cillin, incubation at 37 ◦C) is diluted to OD600 0.01, and 270 µL are mixed with BION
and LL and BION@LL solutions in LoBind reaction tubes as described above. As a blank,
30 µL of 50 mM PBS buffer are used. The suspensions are incubated at 37 ◦C in an
overhead shaker for 5 h (500 rpm). After the addition of 3.00 µl of a 0.10 M isopropyl-
β-D-thiogalactopyranoside (IPTG) solution, the samples are further incubated for 18 h.
After dilution of 10−2, they are microscopical analyzed in a Neubauer chamber improved.
Through the fluorescence of GFP, the bacteria can be differentiated to the BION agglomer-
ates and counted.

Cell density: 180 µL of the same E. coli dilution are mixed with 20 µL of the BION, LL,
and MNP@LL solutions in a sterile 96-well plate. For the blank, 20 µL of PBS buffer are
used instead. Furthermore, for each sample, the same amount of probe is mixed with M9
medium to subtract the influence on the OD600 from the different amounts of particles and
LL. The probes are incubated at 37 ◦C and measured every 10 min, with a 60 sec linear
amplitude, 1 mm frequency, 173.9 rpm, and 25 read operations.

4. Conclusions

It is possible to couple LL as a cationic peptide efficiently to the BION surface. The
pH and PBS buffer application play a particular role in LL interaction with BIONs and the
binding capacity. The absorbance measurements and IR spectroscopy verify the successful
drug loading of 22.7% in PBS buffer. The equilibrium loading is already reached after
30 min and is not further influenced by time. The amount of bound LL and the medium
highly influence the agglomeration behavior of BIONs and the electrical potential on the
surface. In HS, the hydrodynamic diameter is distinctly smaller than in water or PBS.
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Each washing step leads to a new equilibrium and, therefore, to LL loss due to reversible
binding. Experiments with different amounts of BIONs have shown that this equilibrium
is independent of the particle concentration.

Desorption of LL from BIONs is possible. While a pH shift is not showing effective
desorption, the binding is temperature-sensitive. Incubation time does not significantly
affect LL elution. Only long incubation times of 12–27 h lead to higher elution. The
hydrodynamic diameter is strongly influenced by increasing salt concentration and higher
temperature leading to big agglomerates. In bacterial growth experiments, the BION@LL
complexes show higher antimicrobial activity compared to the antimicrobial peptide alone.

Thus, LL can be bound in high amounts to the BION surface, and the system is
especially effective in growth studies; BIONs show agglomeration beyond 100 nm during
all tested conditions. This impedes the applicability in the human body. Biocompatible
coatings should be analyzed to stabilize the particles and enhance the tolerability of the
human system. The washing and desorption processes need to be further analyzed to
generate particles usable for controlled drug delivery.

The experiments have shown that new antimicrobial peptides can be combined with
cost-efficient BIONs to generate a new drug delivery system. The adsorption process can
be performed quickly and simply due to electrostatic binding, while the antimicrobial
activity is not affected by the binding. The excellent combination of LL with IONs could
lead to an efficient magnetic drug delivery system for anticancer treatment in the future,
even if further optimization steps are needed.

Supplementary Materials: The following materials are available online at https://www.mdpi.com/
article/10.3390/ph14050405/s1: Figure S1: BET measurement: Adsorbed nitrogen to relative pressure;
Figure S2: E. coli colony grown in M9 media incubated with different concentrations of BIONs; Figure
S3: E. coli colony grown in M9 media incubated with different concentrations of LL; Figure S4: E. coli
colony grown in M9 media incubated with different concentrations of BION@LL; Figure S5: Amount
of LL loaded on BIONs; Table S1: Modified Langevin fir for SQUID Analysis; Table S2: BION size
calculation with Scherer equation from XRD; Table S3: Components of M9 Medium for 1 L; Table S4:
Components for LB agar plates for 500 mL water title; Equation (S1): Boltzmann fit for Zeta Potential
Analysis; Equation (S2): Scherer equation; Equation (S3): Drug loading.
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3.2. Silica-coated superparamagnetic iron oxide nanoparticles: New insights into 

the influence of coating thickness on the particle properties and lasioglossin 

binding 
BIONs tend to agglomerate if uncontrolled, oxidize from magnetite to maghemite over time, and 

undergo undesired interactions. These adverse properties can be improved with a specific coating. 

Silica-coated IONs play an essential role in catalysis, biotechnology, and nanomedicine. The standard 

method by Stöber uses TEOS to generate the inorganic silica coating. Even though multiple synthesis 

approaches and applications for ION@TEOS exist, a complete characterization of the particle properties 

is missing.  

This work synthesized and characterized four different ION@TEOS (0.98 Eq., 1.96 Eq., 3.91 Eq., and 

7.82 Eq.). The study illustrates the significant influence of the coating thickness on particle properties 

and, therefore, their usability. Several analytic methods are used to analyze this effect, containing TEM, 

XRD, TGA, BET, DLS, SQUID, STEP, and zeta potential measurements. All ION@TEOS have a core-

shell character. The investigations revealed new insights into the agglomeration behavior in different 

media, magnetophoresis, and surface properties in dependency on the coating thickness. Thinner coating 

led to smaller particle sizes, higher surface-to-volume ratio, lower IEP, and higher saturation 

magnetization. Though, the slowest sedimentation speed was measured for ION@TEOS0.98. The silica 

coating can generally prevent oxidation and improve the colloidal stability in water and PBS, making 

the particles an exciting material in biotechnology and nanomedicine. 

This work enhances the understanding of the peptide interaction in dependence on the coating thickness. 

The negatively charged silica coating improves the interaction with the cationic peptide lasioglossin. 

Electrostatic interactions and hydrogen bonds strongly bound the peptide to the silica surface. Therefore, 

the loading stays constant after one washing step. ION@TEOS0.98 generated the highest LL loading of 

0.23 g g-1. The ION@TEOS@LL system could find applications in magnetically controlled drug 

delivery or in biotechnology with an LL tag. Due to the improved knowledge, ION@TEOS can be 

specifically designed and synthesized with different silica-thicknesses for their target application. 

The doctoral candidate's substantial contribution was the study's conception and design after critically 

reviewing existing literature. A. Oppelt, M. Mitzkus, and the doctoral candidate carried out the 

experiments, data analysis, and data processing. The doctoral candidate was the leading author. 
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Abstract
Silica-coated iron oxide nanoparticles are of enormous importance in biotechnology, nanomedicine, and catalysis. The study demonstrates the signifi-
cant influence of the coating thickness on the particle properties. Though slow magnetophoresis, a thinner shell leads to higher surface areas, lower 
isoelectric points, and higher magnetizations. However, thick layers prevent oxidation and lead to stabilization. The coating thickness influenced the 
binding of the cationic peptide lasioglossin, with a maximal loading of 0.23 g  g−1 for the smallest particles. This knowledge can be used to specifically 
design particles for usage with a cationic tag system in biotechnology or drug delivery with antimicrobial peptides.

Introduction
Iron oxide nanoparticles (IONs) can be applied in various 
fields: in biotechnology, they can be applied to purify proteins, 
peptides, and other molecules or to immobilize enzymes.[1] In 
nanomedicine, they show a huge potential as contrast agents 
for imaging, hyperthermia, drug delivery, or cell therapy.[2] 
The IONs are also in the focus of the research field of hetero-
geneous and homogeneous catalysis.[1,2] Especially magnetite 
impresses through high biocompatibility and high magnetic 
saturation with superparamagnetic properties. Moreover, these 
particles can be produced through easy, fast, and cost-efficient 
synthesis methods with a small particle size distribution and a 
high specific surface area.[3] Though bare IONs (BIONs) tend 
to agglomerate uncontrolled, oxidize over time, and undergo 
undesired interactions.[4,5] Specific coatings can prevent these 
negative aspects and even improve the interaction with the 
desired target molecule. Commonly organic coatings such as 
dextran, alginate, polyvinyl alcohols, or inorganic silica coat-
ings are used to stabilize the BIONs.[4,5] ION@Silica are in 
the focus of research for multiple applications, from protein 
binding to nanomedicine (SI-Table 1). Even though various 
synthesis methods and applications have been analyzed before. 
Often a full characterization regarding the core and shell size, 
magnetophoretic properties, agglomeration behavior, and sur-
face properties are missing (SI-Table 2). The Stöber-method 
is mainly used to generate a silica coating. This process uses 
the slow hydrolysis and fast condensation of tetraethyl ortho-
silicate (TEOS) to form a shell structure around the BIONs 
in controlled growth.[3,6] The inert silica layer stabilizes the 
iron oxide core by shielding magnetic dipole interactions, and 

the negative surface charge increases the electrostatic repul-
sion between particles.[7] Moreover, the negative charge facili-
tates the possibility of electrostatic interaction with positively 
charged peptides. Antimicrobial peptides are generally short, 
positively charged and found in various microorganisms or 
animals. Examples are pexiganan, omignanan,  hLF1-11, and 
lasioglossin.[8] Especially the short cationic peptide Lasioglos-
sin-III (LL, H-Val-Asn-Trp-Lys-Lys-Ile-Leu-Gly-Lys-Ile-Ile-
Lys-Val-Val-Lys-NH2) from the bee Lasioglossum laticeps is 
an exciting molecule as it could be used as affinity peptide tag 
in biotechnology or as an anticancer and antimicrobial drug in 
drug delivery.[4,9] The peptide interaction with surfaces depends 
highly on the peptide structure and conformation and the bind-
ing conditions like pH, temperature, and salt concentration.[10] 
LL is an α-helical pentadecapeptide with a hydrophilic and a 
hydrophobic side. The five lysine residues give a strong posi-
tive character.[9] Guo et al. have analyzed the interaction of 
fumed silica nanoparticles and l-lysine. They demonstrate a 
strong hydrogen bonding between the amine groups of lysine 
and the hydroxy groups on the silica surface. Especially at high 
salt concentrations the potential of the amino acid to form a 
monolayer on the silica surface rises.[11]

To apply silica-coated IONs in biotechnology or nano-
medicine with antimicrobial peptides, it is of central interest 
to improve the understanding of the peptide interaction that 
highly depends on the particle properties. In this work, differ-
ent silica-coated IONs, synthesized with varying amounts of 
TEOS (0.98 Eq., 1.96 Eq., 3.91 Eq., and 7.82 Eq.) are analyzed 
regarding their particle composition with Fourier-transform 
infrared spectra (FT-IR), thermogravimetric analysis (TGA), 
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and X-ray diffraction (XRD). The influence on the thickness 
of the silica layer on the surface properties is analyzed by zeta 
potential and Brunauer, Emmett, Teller (BET) method. The par-
ticle size distribution is determined with transmission electron 
microscopy (TEM) and dynamic light scattering (DLS). With 
this, specifically, the influence of phosphate-buffered saline 
(PBS) on the agglomeration behavior is analyzed. The behav-
ior of the IONs@TEOS in a magnetic field is investigated by 
the superconducting quantum interference device (SQUID) 
magnetometer and space and time-resolved extinction profiles 
(STEP) technology. The particle properties are highly depend-
ent on the silica layer, influenced by the variation of TEOS 
equivalents. The knowledge about these differences is used to 
give a better understanding of the LL binding. The adsorption 
is analyzed in PBS buffer at different peptide concentrations, 
giving insights into the cationic peptide binding on the silica 
surface.

Materials and methods
Synthesis of IONs@TEOS
The BIONs are synthesized by co-precipitation analogously to a 
previous paper by Turrina et al.[4] The silica coating is prepared 
by the Massart process, similar to the prescription by Zanker 
et al.[12] Four mmol of bare IONs are dispersed in 180 mL of 
a citric acid solution (AppliChem GmbH, 2.00 g, 10.4 mmol). 
The stabilized particles are ultrasonicated to ensure homo-
geneity. A neutral pH is generated by titration with 25 wt% 
tetramethylammonium hydroxide (Sigma-Aldrich). Under a 
nitrogen atmosphere, the particle suspension is mixed with 
absolute EtOH (VWR, 2.72 L), bi-distilled water (720 mL), 
ammonium hydroxide (Sigma-Aldrich, 180 mL), and differ-
ent amounts of tetraethyl orthosilicate (Sigma-Aldrich, ION@
TEOS0.98, 0.87 mL, 3.89 mmol, 0.98 Eq.; ION@TEOS1.96, 
1.74 mL, 7.78 mmol, 1.96 Eq.; ION@TEOS3.91, 3.47 mL, 
15.6 mmol, 3.91 Eq.; ION@TEOS7.82, 6.94 mL, 31.1 mmol, 
7.82 Eq.) in a 4-L round bottom flask. In an ultrasonic bath, the 
suspension is sonicated for 1 h at 0°C. The IONs@TEOS are 
washed by magnetic decantation and centrifugation (4000 rpm, 
15 min) to a neutral pH with EtOH. Subsequently, the particles 
are washed several times with bi-distilled, degassed water until 
the conductivity drops below 200 µS  cm−1. The silica-coated 
IONs are stored under a nitrogen atmosphere at 4°C.

Characterization
The SQUID magnetometer MPMS XL-7 (Quantum Design) is 
used to measure the magnetization of the IONs. 10 mg of a sam-
ple are glued in the middle of a small plastic tube (Fixogum) and 
analyzed at 300 K and a magnetic field variation between ± 50 
kOe. The FT-IR spectra are generated by an Alpha II (Bruker 
Corporation, Billerica) with a platinum attenuated total reflec-
tion module. For each sample, 3 µL (> 1.00 g  L−1) spectra 
between the wavenumber range of 4000–400  cm−1 (24 scans) 
are measured. With the software OPUS8.1, the background is 
subtracted by the concave rubber band method. The spectra 

are normalized to the vibration corresponding to magnetite 
(~ 570  cm−1). The BET method is used to determine the specific 
surface area of the IONs with the Gemini VII, Micromeritics 
Instrument Corp. (software Gemini VII version 2.00) at 77 K. 
The nitrogen adsorption isotherms are generated between 0.05 
and 0.30 mPa. The diffractometer STOE Stadi-P Diffractometer 
with a molybdenum source (0.7093 Å, l = 0) is used for flatbed 
XRD of freeze-dried IONs (Alpha 1–2 Ldplus, Christ, − 60°C 
overnight in vacuum). To determine the silica content, TGA 
is applied on STA 449C Jupiter of freeze-dried IONs (50 µL 
aluminum oxide jar) over a temperature range between 25 and 
700°C (constant for 10 min). For TEM 10 µL of a 0.02 g  L−1 
ION solution are dried on a carbon-coated copper grid that has 
been glow discharged. The device JEM JEOL 1400 plus is used 
for creating images in ×100k–120k magnification. The images 
are analyzed with the software ImageJ to measure at least 90 
different particles in three other areas. The Zetasizer Ultra (Mal-
vern Panalytical) is used to determine the zeta potential (flow 
cell, DTS1070, Malvern Instruments) and hydrodynamic diam-
eters by DLS (Cuvetta STD UV clear side, KARTELL S.p.a). A 
1 g  L−1 solution (25°C) is used for all measurements. The iso-
electric point is determined via Boltzmann fit. The LUMiReader 
(4532–123, LUM GmbH; for STEP measurements) is used to 
analyze the sedimentation rate of the IONs under a magnetic 
field (five stacked cylindrical neodymium boron ferrite magnets 
(d = 12 mm, h = 2 mm, N45, Webcraft GmbH, magnetization 
between 29.1 and 54.4  Am2  kg−1). The measurements take place 
at the wavelength 870 nm (profile: 700, 300; interval: 0 s,1 s, 
angle 0°, light factor 1.00, temperature 25°C). The data is pro-
cessed with the software PSA-Wizard (SEP view™, Analysis 
positions: 12.3 mm, 15.0 mm, 16.9 mm, and 18.7 mm).

Peptide binding
The electrostatic binding of LL (Genscript, Netherlands) is 
tested in triplicates. 250 µL of a 2.00 g  L−1 ION@TEOS solu-
tion in 50 mM PBS at pH 7.4 is mixed (1:1) with 250 µL LL 
concentration (4.00 g  L−1, 2.00 g  L−1, 1.00 g  L−1, 0.50 g  L−1, 
0.20 g  L−1, 0.10 g  L−1, 0.05 g  L−1, 0.00 g  L−1) in 50 mM PBS 
at pH 7.4. The suspensions are incubated at 25°C (1000 rpm) 
for 1 h. After magnetic decantation, the clear supernatant is 
removed and measured at 280 nm (Tecan, Magellan-Data 7). 
The particles are resuspended in a fresh buffer for the wash-
ing steps and incubated for 10 min (25°C, 1000 rpm). Each 
supernatant is analyzed, and the LL content is calculated via a 
calibration line.[4]

Results and discussion
Particle characterization
The silica-coated IONs are synthesized with four differ-
ent equivalents of TEOS (0.98 Eq., 1.96 Eq., 3.91 Eq., and 
7.82 Eq.) to generate four different thicknesses of coating. 
All IONs@TEOS and BIONs, for comparison, are analyzed 
regarding their composition, particle size, surface properties, 
and magnetization. The different coating properties influence 
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the adsorption of the cationic peptide LL. The BIONs used 
as base material show comparable characteristics to previous 
measurements of BIONs (Figs. 1 and 2).[4,13] The diameter is 
8.25 nm determined with TEM and 9.00 nm calculated with 

the Scherrer equation of XRD data (Table I, SI-Table 4), the 
BET surface is 103  m2  g−1 (Table I), and the magnetization 
is 64.9 emu  g−1 [Fig. 1(d)].  
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Figure 1.  Comparison of different IONs@TEOS with BIONs by (a) IR spectra normalized on the magnetite peak (~ 570 nm), (b) size distribu-
tion by number at 25°C in water for a 1 g  L−1 solution at pH 7, and (c) in 50 mM PBS buffer (pH 7.4), (d) magnetization fitted with Lan-
gevinMod, (e) cumulative speed distribution in contact with a magnetic field in water, and (f) TGA curves until 700°C.
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Furthermore, via IR spectroscopy, the typical Fe–O stretch-
ing vibration at ~ 570  cm−1 is visible [Fig. 1(a)], and the XRD 
diffractogram shows the iron oxide reflections [(220), (311), 
(400), (511), and (440)] exemplary for magnetite or maghemite 
[Fig. 2(a)].[14–16]

Particle composition
The compositions of the IONs@TEOS are determined with 
IR, TGA, and XRD measurements. The successful silica coat-
ing is examined with FT-IR spectroscopy [Fig. 1(a)]. In addi-
tion to the magnetite peak at 570  cm−1, all IONs@TEOS show 
the Si–O rocking vibration at 452  cm−1, the Si–O bending 
vibrations at 794  cm−1, the Si–OH bond at 949  cm−1, and the 
Si–O–Si stretching vibrations at 1058  cm−1.[17] The intensity 
of the typical silica peaks rises with the higher used TEOS 
amounts, showing the thickest coating for ION@TEOS7.82. 
The thermal stability based on TGA gives information about the 
silica amount of each particle [Fig. 1(e)]. The BIONs exhibit 
high thermal stability with an overall mass loss of 2.52%. This 
behavior is based on the melting point of magnetite, which is 
1538°C.[18] To calculate the amount of bound silica, the dif-
ference between the residual weight of each particle and the 
BIONs is used. The curve shapes of all IONs@TEOS are com-
parable. The first weight loss below 200°C can be explained 
by the evaporation of adsorbed water and ethanol.[19] Between 
200 and 350°C, the degradation of the silica layer takes 
place.[20] The slope gets steeper with higher amounts of silica 
degrading. After the complete silica degradation, the course 
of the curve stays constant. The amount of bound silica varies 
between 1.38 and 12.3%, depending on the TEOS equivalents. 
By XRD measurements of all IONs@TEOS, the characteristic 
iron oxide reflexes are visible, which means that the coating 
is not influencing the crystal structure [Fig. 2(a)]. Addition-
ally, the diffractograms show a typical hump of the amorphous 
silica between 2° and 10°, which increases with the used TEOS 
amount.[21] The diameter of the magnetic core can be calculated 
by the Scherer equation (Table I, SI-Table 4, SI-Eq. 1). All 
IONs@TEOS show comparable diameters to the BIONs around 
9.00 nm, except the ION@TEOS7.82 with 7.68 nm. The lat-
tice constants are not influenced by the coating (SI-Table 2). 
The deviation can be explained by the thick layer shielding the 
magnetic core, leading to a higher signal-to-noise ratio. The 

silica coating does not modify the iron oxide core. All three 
analytical methods show that the generated particles have a 
crystalline iron oxide core surrounded by a silica layer which 
size varies with the used TEOS equivalents.

Surface properties
The surface properties are determined by zeta potential and 
BET measurements (Table I, SI-Fig. 2). The specific surface 
area of ION@TEOS0.89 of 115  m2  g−1 (ION@TEOS0.98) is 
comparable to BIONs of around 100 m.2  g−1[4] Here, the effect 
of silica coating is comparably thin and does not influence 
the surface significantly. However, rising TEOS equivalents, 
which means thicker silica coating, lead to a decrease of the 
BET surface to 23.2  m2  g−1 (ION@TEOS7.82). This effect is 
similar to previous studies by Mendonca et al.[22] The particles 
size consequently lowers the specific surface area. This effect 
highly influences the amount of free reactive groups on the 
particle surface. The silica surface exists of siloxane groups 
(Si–O–Si) that can form through dissociative chemisorption 
silanol groups (Si–OH) that can create depending on the pH 
deprotonated hydroxy groups (Si–O−).[23] Since the surface area 
of the smaller IONs@TEOS is bigger than the thicker ones, the 
ION@TEOS0.98 have the most deprotonated hydroxy groups 
compared to the other particles. Zeta potential measurements 
determine the IEP electric point. It shows comparable values 
for ION@TEOS7.82 and ION@TEOS3.91 at around pH 4.20, 
while the thinner coatings lead to lower IEP until 1.87 for 
ION@TEOS0.98 (Fig. 1 Table, SI Fig. 1). These values fit into 
the range of previously synthesized magnetic silica particles 
that had an IEP between 1.0 and 4.50.[23,24] The IEP of BIONs 
lies between 7.00 and 8.40 depending on the oxidation state 
from magnetite to maghemite.[4,13] The curious behavior that 
lower TEOS equivalents lead to lower IEP could be explained 
by the fact that these particles have a higher specific surface 
area and smaller agglomerates, with more silanol groups on the 
surface that can be ionized. This trend is a sign of a consistent 
silica coating, not showing the magnetite surface.

Particle size distribution
The particle size is influenced by the thickness of the coating 
and the agglomeration behavior. Therefore, all IONs@TEOS 
are analyzed by TEM and DLS. TEM images of the particles 

Table I.  The particle’s diameter and hydrodynamic diameter measured with TEM, XRD, and DLS, the IEP, BET area, and the weight loss dur-
ing TGA.

The IEP of BIONs is used from a previous publication by Turrina et al.[4]

Particles TEM (nm) XRD Scherrer (nm) DLS (nm) IEP BET
(m2  g−1)

TGA silica 
amount (%)

BIONs 8.25 ± 0.16 9.00 ± 1.77 153 ± 21.5 7.98 [4] 103 ± 0.36
ION@TEOS0.98 8.67 ± 0.36 8.83 ± 1.03 88.2 ± 22.7 1.87 115 ± 0.65 1.38
ION@TEOS1.96 12.0 ± 0.13 8.96 ± 0.87 125 ± 17.8 3.77 50.6 ± 0.77 6.74
ION@TEOS3.91 22.7 ± 0.07 8.99 ± 0.82 223 ± 4.33 4.20 27.9 ± 0.38 10.7
ION@TEOS7.82 31.3 ± 3.92 7.68 ± 0.91 329 ± 19.9 4.17 23.2 ± 0.13 12.3
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clearly show a core–shell structure for ION@TEOS1.96 until 
7.82 [Fig. 2(d–f)]. Therefore, the iron oxide core is visible as 
a dark crystal surrounded by lighter silica. Only for ION@
TEOS0.98 [Fig. 2(c)], the silica shell is not visible because 
it is too thin. The size difference with a diameter of 8.67 nm 
to BIONs (8.25 nm) is only 0.42 nm (Fig. 1, Table I). Higher 
equivalents of TEOS lead to a particle size between 12.0 and 
31.3 nm. That means the ION@TEOS1.96 have a 3.75 nm, 
the ION@TEOS3.91 a 14.5 nm, and the ION@TEOS7.82 a 
23.1 nm thick silica shell.

It is well known that the TEM diameters vary from the 
hydrodynamic diameters depending on the medium and pH. In 
water at pH 7 (around the IEP), the BIONs tend to agglomerate. 
Therefore, DLS measurements show a hydrodynamic diameter 
of around 150 nm.[4] The IONs@TEOS diameters between 88.2 
and 329 nm are measured, rising with the silica thickness. If the 
TEM diameter is used to calculate the number of particles for 
an average agglomerate, this leads to a number of 18.5 BIONs. 
For all IONs@TEOS, this value lowers to only ~ 10.2 parti-
cles. Therefore, all IONs@TEOS show the same amount of 
stabilization toward the BIONs, indicating a comparable con-
tinuous silica surface. That different TEOS equivalents form 
uniform homogenous silica coatings has already been shown 
by Lu et al.[25] In 50 mM PBS, agglomeration behavior is very 
different in comparison to deionized water. As shown in other 
publications, BIONs possess high hydrodynamic diameters 
of more than one micrometer in PBS buffer.[4] This effect can 
be explained by free potassium and sodium ions that could 
interact with the free hydroxy groups on the BION surface and 
therefore balance the surface loading.[26] Figure 1(c) shows that 
this behavior is highly dependent on the particle concentra-
tion. High BIONs concentrations between 0.07 and 0.70 g  L−1 
show a comparable diameter of around 2 µm. While for lower 
concentrations such as 0.05 g  L−1 or 0.03 g  L−1, the particles 
form smaller agglomerates, smaller than 1 µm (518 nm and 
428 nm). Even for the lowest concentration, the aggregation 
is 2.85 times higher than in water, with an average amount 
of 51.9 nm. The silica coating shows an apparent stabiliza-
tion leading to less agglomeration with a thicker layer. ION@
TEOS1.96 and ION@TEOS3.91 show a similar behavior at 
the concentrations 0.3 to 0.7 g  L−1 with an average diameter of 
1327 nm. ION@TEOS7.82 builds the smallest agglomerates 
at these particle concentrations of around 657 nm. This is a 
factor of only 2.00 times as high as in water. The lowest ION@
TEOS7.82 concentrations of 0.03 g  L−1 even show compara-
ble agglomeration to water with a hydrodynamic diameter of 
331 nm. In summary, the particle size increases with a thicker 
silica coating, and the silica coating leads to the formation of 
smaller agglomerates in water and PBS buffer.

Behavior in a magnetic field
The magnetization of all particles is determined by SQUID 
measurements, and further magnetic sedimentation is ana-
lyzed in water by STEP technology. As XRD experiments 
have shown, all particles, BIONs, and IONs@TEOS, have 

the same iron oxide core. It is typical for magnetite to show 
a superparamagnetic behavior, which means that the particles 
have no hysteresis and are only magnetic in the existence of an 
external magnetic field.[27] The BIONs and IONs@TEOS show 
the characteristic sigmoidal curve [Fig. 1(d)]. Though, with 
a thinner coating, the ION@TEOS and especially the BIONs 
experience a higher slope from the ideal curve shape simu-
lated by the LangevinMod fit, starting with the magnetic field 
of around ± 20 kOe. If magnetite oxidates to maghemite, the 
paramagnetic content rises, explaining the curve variation.[28] 
That effect means that the increasing thickness of the silica 
coating leads to preventing the magnetite core from oxidation. 
The coating shields the magnetic core; thus, the magnetization 
decreases from ION@TEOS0.98 from a maximal magnetiza-
tion of 66 emu  g−1, comparable to the BIONs, to 11.8 emu  g−1 
for ION@TEOS7.82. In solution, the magnetic behavior is not 
only influenced by the magnetization. The STEP technology 
is used to analyze the sedimentation under magnetophoresis 
in water. Figure 1(e) shows the cumulative speed distribu-
tion dependent on the sedimentation speed. Contacted with 
a magnetic field, the BIONs sediment the fastest. The com-
parably high magnetization and agglomeration can explain 
this behavior. The ION@TEOS7.82, ION@TEOS3.91, and 
ION@TEOS1.96 have a similar sedimentation speed distribu-
tion, which is notably lower than the one of the BIONs. ION@
TEOS0.98 is sedimenting even slower, ~ 291 times slower than 
the BIONs (SI-Table 2). The measured sedimentation speed 
is contrary to the magnetization of the silica-coated particles. 
In water, the IONs@TEOS form agglomerates with the same 
amount of particles, so this factor can be neglected. However, 
the sedimentation behavior of the BIONs and the IONs@TEOS 
is influenced by a significant difference: The surface is covered 
in silanol groups that lead to electrostatic stabilization. The 
particles are repelled by each other because of their dissociating 
behavior.[29] The amount of silanol groups rises with a higher 
specific surface area. This explains the slowest sedimentation 
of ION@TEOS0.98 in the magnetic field. All in all, the IONs@
TEOS have a core–shell structure. The rising thickness of the 
silica coating leads to bigger particles and, therefore, lower 
specific surface area, less magnetization, higher IEP, and bet-
ter electrostatic repulsion. The silica shell prevents the parti-
cles from oxidation and leads to a better stabilization in water 
and PBS buffer. All these characteristics majorly influence the 
applicability of the different IONs@TEOS.

Performance of ION@TEOS 
for electrostatic peptide binding
All IONs@TEOS are predominantly negatively charged at pH 
7.4 regarding their IEPs. The peptide LL has five lysine resi-
dues which mainly influence its cationic character. Between 
its two pK values of  pK1 2.2 and  pK2 9.2, lysine is in the form 
H2Lys

+.[30] Previous binding experiments of LL with BIONs 
have shown the best electrostatic interaction in 50 mM PBS 
buffer (pH 7.4), due to its pH stabilization, increase in ionic 
strength, and phosphate ion linkage between the mainly 
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positive charged BION surface and the LL. As a result, 
0.55 g  g−1 of LL was adsorbed, but each washing step led to a 
loss of an average of 35% of the bound peptide. For example, 
only 0.23 g  g−1 was left after three washing steps.[4] Adsorp-
tion experiments of all IONs@TEOS in 50 mM PBS buffer 
at pH 7.4 are shown in Fig. 3. The loading of LL for all four 
particles rises with higher starting concentrations of LL up to 
a specific maximal loading. For ION@TEOS1.96, the effect 
is less visible due to the high standard deviation of the last 
point. As thicker the coating gets as sooner the maximal load-
ing is reached. For example, the ION@TEOS0.98 [Fig. 3(a)] 
reach a constant LL loading from a peptide starting concentra-
tion of 0.5 g  L−1, while ION@TEOS7.82 [Fig. 3(d)] experi-
ences the saturation already at 0.1 g  L−1 of the peptide. The 
maximal loading decreases from 0.28 g  g−1 at an equilibrium 
concentration of 1.70 g  L−1 of ION@TEOS0.98 to 0.10 g  g−1 
at 1.89 g  L−1 of ION@TEOS7.82 with the increasing silica 
thickness. The higher specific surface area can explain this 
trend, and with this, the higher number of reactive silanol 
groups on the surface for the ION@TEOS with a thinner silica 
layer. The stabilizing effect of silica on the agglomeration in 
PBS does not outweigh this behavior. On the contrary, to the 
BIONs, the bound LL is not washed away continuously with 
every washing step.[4] The first washing step removes LL bound 
to the electrochemical double layer, while the peptide loading 
stays constant after a second washing step for all four IONs@

TEOS. That behavior demonstrates that LL is bound stronger 
to the silica surface than to the bare iron oxide surface because 
of the different IEPs. Furthermore, the five lysines of LL can 
form hydrogen bonds with the silanol groups.[11] In Fig. 3(e) 
the ION@TEOS are compared after the second washing step. 
The highest reached peptide loading is 0.23 g  g−1 for ION@
TEOS0.98, 0.21 g  g−1for ION@TEOS1.96, 0.12 g  g−1 for 
ION@TEOS3.91, and 0.07 g  g−1 for ION@TEOS7.82 after 
washing. The loading of ION@TEOS0.98 is comparable to the 
one of BIONs after three washing steps. Still, it shows a more 
robust and more efficient electrostatic binding because the load-
ing will stay constant with further washing steps.[4]

Conclusion
Four different silica-coated nanoparticles have been suc-
cessfully synthesized. All ION@TEOS have a core–shell 
character. The characterization of the particles gave new 
insights into the agglomeration behavior, magnetophoresis, 
and surface properties depending on the diameter of the silica 
layer. The thickness of the silica layer influences the par-
ticle composition, size, agglomeration, magnetization, and 
surface properties. ION@TEOS0.98, the particles with the 
thinnest coating, showed the smallest particle size, highest 
specific surface area, lowest IEP, and highest magnetization. 
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Figure 3.  Adsorption isotherms of the electrostatic interaction of LL and (a) ION@TEOS0.98, (b) ION@TEOS1.96, (c) ION@TEOS3.91, and 
(d) ION@TEOS.7.82. (e) Comparison of the LL loading depending on the particle species and the peptide starting concentration.
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However, these particles also experienced the slowest sedi-
mentation speed in a magnetic field. The silica coating, in 
general, can prevent the oxidation of the magnetite core and 
leads to the formation of smaller agglomerates in water and 
PBS buffer. Significantly, the ION@TEOS7.82 showed the 
lowest aggregation in buffer due to its thick silica coating. 
The stabilization and protection of silica make the ION@
TEOS an exciting material for multiple applications in bio-
technology and nanomedicine.

All four particles bind the cationic peptide LL by strong 
electrostatic interactions and hydrogen bonds. The peptide 
loading stays constant after one washing step. The highest 
LL loading of 0.23 g  g−1 was reached with ION@TEOS0.98. 
The silica-coated IONs are a promising material for adsorb-
ing cationic, antimicrobial peptides in general and specific 
to LL, which could also be used as a tag. These facts give 
them a huge potential for application in nanomedicine and 
biotechnology. Depending on their potential applications, the 
IONs@TEOS can be specifically designed and synthesized 
with different coating thicknesses. In combination with LL 
or other short positively charged drugs, IONs@TEOS could 
be used in cancer therapy as a magnetically controlled drug 
delivery system.
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Abstract: Carboxymethyl-dextran (CMD)-coated iron oxide nanoparticles (IONs) are of great interest
in nanomedicine, especially for applications in drug delivery. To develop a magnetically controlled
drug delivery system, many factors must be considered, including the composition, surface proper-
ties, size and agglomeration, magnetization, cytocompatibility, and drug activity. This study reveals
how the CMD coating thickness can influence these particle properties. ION@CMD are synthesized
by co-precipitation. A higher quantity of CMD leads to a thicker coating and a reduced superpara-
magnetic core size with decreasing magnetization. Above 12.5–25.0 g L−1 of CMD, the particles
are colloidally stable. All the particles show hydrodynamic diameters < 100 nm and a good cell
viability in contact with smooth muscle cells, fulfilling two of the most critical characteristics of drug
delivery systems. New insights into the significant impact of agglomeration on the magnetophoretic
behavior are shown. Remarkable drug loadings (62%) with the antimicrobial peptide lasioglossin
and an excellent efficiency (82.3%) were obtained by covalent coupling with the EDC/NHS (N-ethyl-
N′-(3-(dimethylamino)propyl)carbodiimide/N-hydroxysuccinimide) method in comparison with
the adsorption method (24% drug loading, 28% efficiency). The systems showed high antimicrobial
activity with a minimal inhibitory concentration of 1.13 µM (adsorption) and 1.70 µM (covalent). This
system successfully combines an antimicrobial peptide with a magnetically controllable drug carrier.

Keywords: carboxymethyl dextran; iron oxide nanoparticles; antimicrobial peptide; magnetically
controlled drug delivery; agglomeration behavior

1. Introduction

Nanomedicine has introduced novel therapeutic and diagnostic capabilities that can
address previously inaccessible issues in medicine, e.g., targeted delivery or improved
medical imaging [1]. As a result of their simple and inexpensive production, good biocom-
patibility, high surface area to volume ratio, and superparamagnetic behavior, functional-
ized iron oxide nanoparticles (IONs) are ideal for applications in nanomedicine [2,3]. Their
properties render them appropriate for use as T2 contrast agents in magnetic resonance
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imaging (MRI), cancer therapy such as hyperthermia treatment or inhibitory factor replace-
ment, and even as carriers in magnetically controlled drug delivery systems [4–8]. The
implementation of IONs as drug carriers for the targeted drug delivery of, e.g., anticancer
(doxorubicin) or antimicrobial drugs (lasioglossin (LL)) increases the efficacy by improving
the bioavailability of the drug and reduces the dose and associated systemic toxicity, includ-
ing undesirable side effects [1,9–11]. IONs can be taken up by a cell through adsorptive
endocytosis or by the macrophages. The binding of a drug, e.g., a peptide, to IONs can
improve its cellular uptake [12]. When developing a new nanomedicine product such as a
drug delivery system, a complete physicochemical characterization of the product must
be carried out and be made readily available [13–15]. In addition, the biocompatibility
and pharmacokinetic or pharmacodynamic behavior of the nanomedicine must be known
before its use in the human body and in therapy [16–18]. The European Medicines Agency
(EMA) has emphasized the importance of these criteria for developing new nanomedicines
to ensure and simplify the development and approval process [1,19].

Magnetite (Fe3O4) is one of the variants of iron oxide found in nature and is often used
for applications in nanomedicine due to its superparamagnetic behavior, high specific sur-
face area, and biocompatibility [20]. The most common synthesis route used to produce iron
oxide nanoparticles is co-precipitation using the Massart process (Equation (1)) [2,20,21]:

Fe2+ + 2Fe3+ + 8OH− → Fe(OH)2 + 2Fe(OH)3 → Fe3O4 + 4H2O (1)

Magnetite is unstable in an oxygen atmosphere and can quickly oxidize to maghemite
(γ-Fe2O3), leading to a decrease in the saturation magnetization [22,23]. Furthermore, un-
coated iron oxide cores tend to agglomerate over time due to surface energy minimization,
thus reducing the dispersibility and usable surface area [20]. Agglomerates of >100 nm may
be formed, which impede the application in biomedical fields [23–25]. Bare IONs (BIONs)
can form non-specific interactions with blood serum proteins [22,26]. This interaction can
reduce the half-life of the particles in the body due to their opsonization and subsequent
rapid removal from the bloodstream [27–29]. The abovementioned disadvantages limit the
usability of BIONs in the field of drug delivery.

A solution to these problems is the method of coating with organic or inorganic
polymers [22,23]. Carboxymethyl dextran (CMD) is an interesting coating for drug delivery
applications for the following reasons. ION@CMD can be easily synthesized by an in situ
co-precipitation (Figure 1) [21,30,31].
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Figure 1. Schematic illustration of ION@CMD synthesis by the in situ co-precipitation technique
according to Massart. It was created with BioRender.com.

The Food and Drug Administration has already approved IONs with a modified dex-
tran coating in combination with the drugs Ferumoxytol and Feridex IV for the treatment of
anemia and as a contrast agent in MRI [32–34]. The variant of dextran is increasingly used



Int. J. Mol. Sci. 2022, 23, 14743 3 of 21

as a coating due to its high density of free carboxyl groups [35,36]. The carboxyl groups are
efficient tools for cross-linking the particles with primary amines in therapeutic proteins or
peptides. Li et al. exploited this hypothesis by covalently binding anti-BSA antibodies to
the particle surface via EDC/NHS (N-ethyl-N′-(3-(dimethylamino)propyl)carbodiimide/N-
hydroxysuccinimide) activation [37]. Vasic et al. immobilized alcohol dehydrogenases
(ADH) onto the particle surface without activity loss [30]. In previous studies of CMD-
coated IONs, the negative surface charge led to a slower clearance from the bloodstream
and less fouling activity and promoted the cellular uptake in Caco2-cells [35,36,38]. Fur-
thermore, the negatively charged coated IONs enable the adsorption of positively charged
drugs, such as antimicrobial peptides (AMP) [31].

AMPs, with their cationic properties, can accumulate on the negatively charged
membrane surface of bacteria and disrupt the structure of the lipid bilayer. Therefore,
cytoplasmic components can leak out, eventually leading to cell death [39]. Due to their
rapid action and complex resistance formation, AMPs have proven to be an excellent
alternative to conventional antibiotics [40,41]. The cationic peptide lasioglossin III (LL,
H-Val-Asn-Trp-Lys-Lys-Ile-Leu-Gly-Lys-Ile-Ile-Lys-Val-Val-Lys-NH2) is isolated from the
venom of the bee Lasioglossum laticeps and belongs to the group of AMPs. It is an alpha-
helical peptide with a hydrophobic and a hydrophilic side [39,40,42]. It shows a high
antimicrobial activity against Gram-positive and Gram-negative bacteria, such as B. sub-
tilises, S. aureus, and E. coli [42], and anticancer activity against PC12 or leukemia cells [42].
Due to its activity at physiological salt concentrations, LL is a promising substance for
cancer therapy [42]. The positive charge and free amine groups make the peptide suitable
for loading on IONs@CMD carrier particles [31,40,42].

Although many research groups have focused on the use of particles in therapeutic
settings, little is known about the influence of the coating thickness on the particle properties.
Thus, a need has arisen to identify critical parameters that can influence and help to
standardize the design of CMD-coated IONs, as emphasized by the EMA. Yet, in particular,
a lack of knowledge exists regarding the influence on agglomeration, magnetophoretic
behavior, and oxidation. [1,43]. Furthermore, it is of general interest to improve the
knowledge about the application of antimicrobial peptides for targeted drug delivery.
In this work, five CMD-coated IONs were synthesized with a systematic increase in the
CMD quantity (6.25 g L−1, 12.5 g L−1, 25.0 g L−1, 125 g L−1, and 250 g L−1), which were
fully characterized. The presented data provide new insights into the applicability of
CMD-coated IONs for magnetically controlled drug delivery in combination with the
antimicrobial peptide LL.

2. Results and Discussion

IONs@CMD were synthesized by applying increasing amounts of CMD to the re-
action mixture: 6.25 g L−1 (ION@CMD6.25), 12.5 g L−1 (ION@CMD12.5), 25.0 g L−1

(ION@CMD25.0), 125 g L−1 (ION@CMD125), and 250 g L−1 (ION@CMD250). The particle
properties and the influence of the coating thickness on them were analyzed in detail, pro-
viding new trends and results regarding their agglomeration behavior, magnetophoresis,
oxidation, and cytocompatibility. Two different TEM techniques were used to visualize
the coating. The new knowledge was used to choose the ideal ION@CMD for the drug
delivery of LL. The system was analyzed for its binding abilities of the AMP and its
antimicrobial properties.

2.1. Particle Composition

The particle composition defines the critical parameters of IONs@CMD influencing
the particle size, surface properties, agglomeration, and magnetic behavior. The successful
binding of CMD to the ION surface was determined by FT-IR (Figure 2a). The BIONs
show a characteristic νFe-O peak at 582 cm−1 and additional bands at 1630 cm−1 and
3386 cm−1 that can be assigned to the νO-H vibration. These result from adsorbed water
on the iron oxide surface [44,45]. The IONs@CMD have further νO-H and δO-H vibrations
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at 3363 cm−1 and νC-H and δC-H vibrations at 2922 cm−1 and around 1410 cm−1, and
νC=O vibration is visible at 1593 cm−1. The peak at 1017 cm−1 is attributed to the νC-O
bonds [30,44]. Increasing CMD concentrations led to higher characteristic CMD bands
and a thicker CMD layer [35,46]. Das et al. confirmed this trend with ATR-IR and XPS
measurements, finding that increasing the addition of the polysaccharide in co-precipitation
led to a higher C–Fe ratio on the particle surface [47]. Raman spectroscopy can observe a
similar trend to FT-IR but also provides information about the oxidation state of the iron
oxide core (Figure 2c). The typical vibration for Fe-O in iron oxide is visible at 680 cm−1 [48].
Two bands are characteristic in the CMD spectrum and suggest that the (C-OH) and (C-
O-C) frequencies form a broad band between 1060 cm–1 and 1125 cm−1, respectively
(SI-Figure S1) [49,50]. The intensity of the iron oxide peak decreases with the increasing
CMD on the surface. In the case of ION@CMD250, the signal is significantly stronger than
that of ION@CMD6.25–125 and probably blankets that of the IONs. Specifically, the iron
oxide peak is composed of magnetite (660 cm−1) and maghemite (710 cm−1), depending
on the oxidation state [48,51,52]. Therefore, the Raman spectra were used to calculate the
magnetite content (Figure 2d, SI-Formula (S1), SI-Table S1). The BIONs have a calculated
magnetite content of 15.6%. The content is consistent with those in the literature [48,52].
The magnetite content increases with the thicker CMD coating from ION@CMD6.25, with
15.6%, to ION@CMD25.0, with 47.5% (Table 1). ION@CMD125 consists of 41.6% magnetite,
suggesting that a plateau was reached. The increasing magnetite content is illustrated in
Figure 2d by Voigt fits, showing that the CMD coating slightly protects the IONs from
oxidation [53]. The crystal structure of the IONs was determined using XRD measurements
(ION@CMD12.5: Figure 2b, other particles: SI-Figure S2). All the particles show the
characteristic iron oxide reflections at 13.7◦, 16.1◦, 19.5◦, 25.4◦, and 27.7◦, which can be
assigned to the crystal plane of iron oxide located at (220), (311), (400), (511), and (440),
according to Miller’s index [23].

Table 1. Magnetite contents of BIONs and ION@CMD6.25 to 125, determined by comparing the
magnetite peak area (660 cm−1) and maghemite peak area (710 cm−1). For ION@CMD250, no iron
oxide peak could be measured due to the thick CMD coating. The mean diameter was determined
via TEM and Scherrer equation and IEPs.

Particles Fe3O4
(%) dTEM (nm) dScherrer (nm) IEP

BIONs 15.6 8.7 ± 1.6 8.8 ± 0.9 7.1
ION@CMD6.25 21.0 11 ± 2.1 10 ± 0.5 4.6
ION@CMD12.5 33.9 11 ± 2.8 8.6 ± 0.1 4.4
ION@CMD25.0 47.5 8.0 ± 1.7 5.6 ± 0.6 3.9
ION@CMD125 41.6 7.6 ± 1.6 4.7 ± 0.4 2.4
ION@CMD250 6.3 ± 1.2 0.6 ± 0.3 1.7

Therefore, the coating does not influence the crystal structure of the particles. Further-
more, CMD leads to amorphous signals between 2◦ and 10◦. A comparable phenomenon
has been observed with silica-coated IONs [54]. FT-IR and Raman show that higher CMD
concentrations increase the CMD coating thickness, protecting the magnetite from oxidation
to maghemite. The particles have a characteristic crystalline iron oxide core (spinel).
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Figure 2. FT-IR Spectra of synthesized IONs@CMD and BIONs at wavenumbers between 4000 and
450 cm−1 (a). All spectra were normalized on the magnetite band around 582 cm−1. Raman spectra
of ION@CMDs and BIONs (b). The fit of the A1g band is between 600 and 750 cm−1 using Voigt
functions in Origin (c). X-ray diffractogram of ION@CMD12.5 (d).

2.2. Surface Properties

In biomedical applications, the particles are subjected to the different pH values and
ionic strengths in the human body. The pH values vary from pH 7.4 in the blood and
cytosol to pH 6.4 in cancer cells, pH 4–5 in endosomes and lysosomes, and pH 2 in gastric
acid [55–57]. Consequently, obtaining colloidal stable particles over a broad pH spectrum
is essential. The stability and surface charge of the particles were determined by zeta
potential and DLS measurements (SI-Figure S2, Equation (S2)). The IEP of the BIONs was
determined to have a pH of 7.10, which is consistent with the literature values [31]. The
BIONs show significant agglomeration (dH = 503.9 nm–2042 nm) around the IEP, since
they have a zeta potential of ±10 mV, making the particles unstable [58]. At pH < 6.5 and
>8.5, the BIONs have a hydrodynamic diameter (dH) of around 100 nm. Here, the zeta
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potentials are in a range in which the particles are moderate to very stable. The isoelectric
point (IEP) of the IONs@CMDs is between 4.6 and 1.7, shifting in the acidic pH region
as the coating of the particles becomes thicker (Table 1) [35]. The charge density of the
CMD-coated IONs varies with the pH by changing the degree of ionization of the CMD.
With a modification degree of one carboxyl group per glucose unit, the pKa value may
vary from 3.3–4.5 [59]. Since it is assumed that the number of carboxyl groups increases
with the coating thickness, the trend can be explained. ION@CMD6.25 and ION@CMD12.5
have IEPs of 4.6 and 4.4, respectively. These particles agglomerate around the IEP (zeta
potential of ± 10 mV). The CMD side chains’ steric repulsive forces are hypothesized to
be insufficient to ensure colloidal stability around the IEP. In addition, for the low CMD
concentrations, the threshold value necessary for the complete coating of the particles is
not exceeded and, thus, the particles are not entirely coated [47]. Therefore, ION@CMD6.25
and ION@CMD12.5 are influenced by the BION-like properties.

Nonetheless, both particle types are in the ideal size range of <100 nm at a phys-
iological pH, with hydrodynamic diameters of 66.3 ± 7.35 nm for ION@CMD6.25 and
87.1 ± 11.0 nm for ION@CMD12.5. Thicker CMD coatings lead to a good colloidal sta-
bility over the broad pH spectrum and no agglomeration (dH < 100 nm) at the IEP at
pH 3.9 for ION@CMD25.0, pH 2.4 for ION@CMD125, and pH 1.73 for ION@CMD250
(SI-Figure S3). However, agglomeration with a plate-like shape is visible in the SAXS
curve of ION@CMD250 at pH 7, while the primary particle size is determined to be 20 nm
(SI-Figure S4). All the particles have a negative surface charge from a pH value of ~4.6
and higher, making them a promising material for nanomedicine. It is well known that
negatively charged particles experience prolonged blood circulation, increased cellular
uptake, and a lower cytotoxicity [35,60]. Furthermore, they have the potential to adsorb the
positively charged LL.

2.3. Particle Size

The size and agglomeration behavior of the nanoparticles are crucial criteria for
their applications in nanomedicine. Here, adverse effects and the blood circulation time
depend strongly on the hydrodynamic diameter, shape, and surface chemistry [24,25]. An
ideal particle diameter lies between 10 and 100 nm for intravenous injection, avoiding
extravasation and rapid elimination by the kidneys (<10 nm) or opsonization and removal
from the bloodstream by the macrophages (>100 nm). For the crossing of the blood–brain
barrier, similar sizes are favorable [61]. Popovtzer et al. showed that gold nanoparticles
with a size of 20 nm accumulate in the brain within two hours post-injection [62]. In
addition, a large specific surface area and functional groups are desirable for high drug
loadings [23,24]. Before the influences of various simulated body fluids can be analyzed,
it is necessary to determine the diameter of the iron oxide core and the coating thickness.
The magnetic core size is calculated from the data of the XRD spectra using the Scherrer
equation (SI-Equation (S3), Table 1). The BIONs’ size of 8.8 ± 0.9 nm is comparable with
the literature data [23,31]. The ION core decreases from ION@CMD6.25, with 10 ± 0.5 nm,
to ION@CMD250, with 0.6 ± 0.3 nm. The larger diameter of ION@CMD6.25 compared to
the BIONs can be explained by the higher reaction temperature (85 ◦C vs. 25 ◦C) [63,64].
Increasing CMD concentrations lead to smaller core sizes. The reason, therefore, lies in the
conventional nucleation theory [63,65]. With higher amounts of polymer added, the CMD
is more likely to meet the freshly formed crystals and stop the nuclei growth. Thus, more
CMD accumulates on the particle surface [30]. Even with extended measurement times, the
thicker the CMD coating is, the higher the signal-to-noise ratio will be during XRD analysis
(SI-Figure S2). For that reason, the inaccuracy of the calculated diameters slightly increases.
The average dTEM of 8.7 ± 1.6 nm for the BIONs fits the literature and is comparable to
the dScherrer (Table 1, SI-Figure S5) [23,31,48]. ION@CMD6.25 and ION@CMD12.5 reach a
similar size of 11 ± 2.1 nm and 11 ± 2.8 nm. Thus, ION@CMD12.5 accumulates in smaller
clusters (SI-Figure S5c). With the increasing input of CMD in the co-precipitation reaction,
the size of the particles decreases. ION@CMD250, 125, and 25 have smaller diameters than
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the BIONs, with measurements of 6.3± 1.2 nm, 7.6± 1.6 nm, and 8.0± 1.7 nm, respectively.
This trend is consistent with the decrease in the dScherrer. ION@CMD25, 125, and 250 also
tend to collect in larger clusters.

This phenomenon can be attributed to the fact that smaller particles have a higher
surface-to-volume ratio and high surface energy. Accordingly, they agglomerate to reduce
this surface energy [46]. Since the diameters of the BIONs determined by XRD and TEM
coincide, the thickness of the CMD coating was calculated by determining the difference
between dTEM and dScherrer.

It is necessary to emphasize that liquid conditions can influence the properties of the
polymer coating. In agreement with the IR and Raman spectra, it can be observed that
the CMD layer increases from ION@CMD6.25 to ION@CMD250. With a ∆d of 5.68 nm,
ION@CMD250 has the thickest coating. The thicknesses of ION@CMD125, 25, 12.5, and 6.25
are 2.82 nm, 2.42 nm, 2.35 nm, and 0.77 nm, respectively. The particles of ION@CMD12.5
appear to have a suitable layer thickness, because they fall in the size range of 10–100 nm
and do not collect into larger clusters. Imaging with high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) provides further insight. The particles
show atomic lattice planes (Figure 3, SI-Figure S6). With differential phase-contrast (DPC)
imaging, the nanoparticle core can be easily distinguished from the polymer due to the
fact that the sample deflects the beam significantly in both DPCx and DPCy. Again, in the
experiments, atomic lattice planes were observed in the core, confirming the presence of
a crystalline core and amorphous exterior polymer coating. The CMD coating showed
sensitivity to the scanning electron beam in the STEM mode, leading to the growth of the
polymer layer and causing unforeseen artifacts (Figure 3b orange circle). To ensure that
the CMD layer’s visual representation was minimally influenced by the electron beam
and, hence, artifact-free, the TEM mode was coupled with a direct electron detector to
quantify and control the imminent electron dose. To conduct the imaging in this manner,
the dose rate was kept under 15 e-/Å2/s by monitoring the dose rate output according to
the direct electron readout and adjusting the monochromator accordingly. By applying
a slight defocus, the CMD layer became more apparent compared to the iron oxide core
(Figure 4).
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Figure 3. HAADF-STEM micrographs indicate the nanoparticle core with an amorphous coating for
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electron beam. Scale bars are inset.
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Figure 4. Low-dose TEM micrographs of (a) ION@CMD250, (b) ION@CMD12.5, and
(c) IONs@CMD6.25. These micrographs were acquired using the dose fractionation method, where
40 micrographs were taken with bursts of 0.1 s of exposure and subsequently aligned and summed.
Scale bars: 20 nm.

Our detailed analysis of the low-dose TEM micrographs showed a core diameter of
6.6 nm and a medium coating thickness of 1.4 nm for ION@CMD250, while ION@CMD12
had a core size of 9.7 nm and a CMD layer of 2.1 nm, and ION@CMD6.25 showed values of
8.9 nm and 2.6 nm (SI-Figure S7). These data fit the trends observed previously. The size of
the dried, not perfectly round agglomerates lies between 92 and 101 nm for ION@CMD250,
296 and 404 nm for ION@CMD12.5, and 146 and 275 nm for ION@CMD6.25 (SI-Figure S8).
The agglomeration behavior, which is highly dependent on the medium, is essential for
analyzing the applicability of drug delivery systems [40,59]. Figure 5 shows the size
distributions of the BIONs and IONs@CMD in water (pH 7.4), PBS (pH 7.4), and human
plasma, determined by DLS. For all the media, the BIONs have a higher tendency to
agglomerate than the CMD-coated particles. In water, at a pH close to the IEP, the BIONs
experience a lack of electrostatic repulsion due to their unfunctionalized surface. They form
agglomerations of around 57.9 particles, with a dH of 503 ± 10.5 nm. The CMD coating
positively influences the particles’ stability. Therefore, all the IONs@CMD experience
less agglomeration (Figure 5) [35,46]. For ION@CMD12.5, 25, 125, and 250, in ascending
order, the agglomeration rises with the increasing coating thickness to 87.1 nm (7.99×
dTEM of one particle), 94.2 nm (11.8× particles), 162 nm (21.5× particles), and 200 nm
(31.6× particles, Figure 5a, SI-Table S2). The only exception is the particles with the
thinnest CMD coating, with a hydrodynamic diameter of 137 nm (12.6 particles), being
higher than ION@CMD12.5. Das et al. also observed increasing DLS sizes when the
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Fe/CMD ratio was reduced to a limit where the particle surface is no longer entirely
coated (17.143:1 to 12.000:1) [47]. The stabilizing effect of CMD can be explained by the
negative surface charge and resulting repulsion of the particles with the same net charge.
All the coated particles have a zeta potential of <−15 mV at a pH of 7–7.4, reflecting
moderately stable particles (SI-Figure S3) [58,66]. The effect of the electrolytes was studied
in 50 mM PBS (pH = 7.4). The high electrolyte concentration of the medium stimulates the
agglomeration of the BIONs. With a diameter of 1902 nm, which is 3.78× (dH,PBS/dH,H2O)
greater than that in water, the uncoated particles reach agglomerate sizes in the µm range
(Figure 5b, SI-Table S2) [31,67]. CMD-coated particles are stably dispersed in biological
media throughout a wide range of pH and ionic strength values [35,47,68]. Therefore, CMD
coating also leads to stabilization in PBS buffer. ION@CMD6.25, 12.5, 25, 125, and 250 have
hydrodynamic diameters in PBS of 165.7 nm (dH,PBS/dH,H2O = 1.21×), 157.6 nm (1.81×),
73.6 nm (0.78×), 34.5 nm (0.21×), and 69.3 nm (0.35×), respectively (SI-Table S2).
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Figure 5. DLS measurements of BIONs and IONs@CMD in (a) dH2O pH = 7, (b) 50 mM PBS
(pH = 7.4), and (c) human plasma. The equilibration time was set as 120 s. The temperature set
for the water and PBS was 25 ◦C and the human plasma temperature was 37 ◦C. SQUID analysis
at a temperature of 300 K using the LangevinMod fit (d), cumulative velocity distribution at room
temperature, and (e) a pH ~ 7 in water. Cytocompatibility was analyzed by XTT assay with smooth
muscle cells (f) with a negative control (NC) and a positive control (PC). Results are normalized
to NC.

With higher CMD amounts, the agglomeration in PBS is less significant than that in
water. Almasri et al. reported that negatively charged phosphate ions can be adsorbed
more strongly on negative surfaces in the presence of other anions [69]. The ionic effects
enhance the stability of the particles. PBS buffer at pH 7.4 corresponds to the cytosol
conditions in the human body. The good stabilization renders the IONs@CMD favorable
in drug delivery systems. For this application, the CMD-coated particles are analyzed in
human serum (Figure 5c). The BIONs and IONs@CMD show a reduced agglomeration
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behavior due to the increased viscosity (4 mPa·s) and the potential stabilizing biomolecular
corona formation [31,70–72]. The BIONs are agglomerated 0.87 times less than they are
in water, with a diameter of 442 nm, while the increasing CMD amounts lead to up
to 0.13 times less agglomeration for ION@CMD250, with 25.8 nm. The decrease in the
hydrodynamic diameter in human plasma with the increasing CMD coating correlates
with the charge of the particles. Tekie et al. showed that particles with increasing carboxyl
groups on the surface and, correspondingly, more negative charges are very stable in serum
conditions [73].

In summary, a reduction in the magnetite size with increasing CMD was detected. The
particles are more stable than the BIONs in all the media used and, thus, show advantageous
properties for their use as drug delivery systems. A trend can be seen with the PBS and
human serum, where the particles with thicker coatings form smaller agglomerates than
those with thinner layers.

2.4. Magnetization

SQUID and STEP technologies analyze magnetic behavior depending on the
particle composition, size, surface properties, and agglomeration. The BIONs and
IONs@CMD show the characteristic sigmoidal curve typical of a superparamagnetic
behavior (Figure 5d) [2,23]. Superparamagnetic particles are only magnetic in the presence
of an external magnetic field and have no remanence [74]. The ideal curve shape is
simulated using the LangevinMod fit (SI-Equation (S4)). With less CMD coating, the
particles’ slope deviates from the fit more significantly above a magnetic field strength of
±20 kOe. The saturation magnetization decreases with a thicker layer and a smaller iron
oxide core. ION@CMD6.25, with a maximum saturation magnetization of ±60 emu g−1, is
comparable with the BIONs (±67 emu g−1), while ION@CMD20 has a significantly lower
saturation magnetization of only 25 emu g−1. Unterweger et al. observed a decrease in
the saturation magnetization in the case of dextran-coated IONs [75]. The hydrodynamic
diameters of the particles influence the magnetophoretic behavior in water to a greater
extent than the magnetization (Figure 5e). Agglomeration increases the sedimentation
velocity, therefore explaining the increasing sedimentation rate [76]. The BIONs sink
the fastest in a magnetic field compared to the coated particles, with a sedimentation
velocity of 1152 µm s−1 (SI-Table S3). Similar to the DLS measurements in water, the
increasing stabilization of the particles can be seen from ION@CMD250 to ION@CMD12.5.
ION@CMD250, 125, and 25 settle at 160 µm s−1, 90.2 µm s−1, and 30.7 µm s−1, respectively.
The most stable particles, ION@CMD12.5, have a sedimentation velocity of 18.4 µm s−1. At
the lowest coating thickness, the ION@CMD6.25 particles sink faster at a rate of 78.9 µm s−1,
proving the agglomeration behavior. Previous studies of oleate-coated IONs have shown
the effect of a distinct acceleration of the magnetic field on the sedimentation velocity [77].

In conclusion, all the particles exhibit superparamagnetic properties, with lower
magnetizations detected with higher CMD coatings due to the smaller iron oxide cores
and higher polymer mass. The agglomeration of the particles strongly influences the
magnetophoretic sedimentation rate. All the IONs@CMD, compared with the BIONs, show
a slower sedimentation speed because of their better stabilization. The ION@CMD12.5
particle type proved to be the most stable.

2.5. Cytocompatibility

The cytocompatibility of the BIONs and the various IONs@CMD was analyzed in
direct contact with the HUASMCs after one and three days (Figure 5f). All the particles
show more than 70% viability at the tested concentrations, the threshold suggested by
ISO-10993 for cytocompatibility. Furthermore, there are no visible influences on the cell
morphology and proliferation compared to the negative control (SI-Figure S9). The data fit
several cell viability tests of IONs in the literature. For example, Kumar et al. showed a
good cell viability for MCF-7 and HepG2 cells, with values between 0.06 and 1.00 g L−1

for superparamagnetic IONs and folic-acid-coated ones [78]. Zhang et al. found a slight
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decrease of up to 20% in the cell viability of smooth muscle cells incubated with three differ-
ent coated IONs (DMSO, APTS, GLU) [79]. The excellent cytocompatibility of IONs@CMD
makes them suitable for application in drug delivery.

Characterizing the different CMD thicknesses provided us with a better understanding
of the size intervals, stability in physiological-like media, controllability in magnetic fields,
and the negative surface charge. ION@CMD12.5 stands out as the particle type with the
best properties due to the ideal diameter dTEM of >10 nm, the colloidal stability in water
and human plasma with a hydrodynamic diameter in the range of 10–100 nm, and the
good magnetization. In this context, we decided to examine the loading of LL on the
ION@CMD12.5 particles.

2.6. Electrostatic and Covalent Binding of Lasioglossin

For the generation of a new and efficient drug delivery system, the binding of the
antimicrobial peptide lasioglossin was examined by electrostatic and covalent binding. The
adsorption was performed in 50 mM PBS buffer (pH = 7.4), showing a peptide loading
of 0.32 ± 0.06 g g−1 (equilibrium concentration 3.68 g L−1, Figure 6a, SI-Figure S10c).
Comparable to Turrina et al., where the interaction of LL with BIONs was analyzed, a
substantial decrease in the loading was observed after one wash step, with a loading of
0.09 ± 0.05 g g−1 and 0.02 ± 0.02 g g−1 after the second wash step (Figure 6a) [31]. The LL,
bound by weak electrostatic forces, detached from the surface as the supernatant changed
with each wash step, and new equilibrium concentrations were established [31]. Although
good drug loadings (24.27%) were achieved in the adsorption step, only 1.30% of LL (stock
solution of 4.00 g L−1) remained on the surface after the two washing steps. Comparable
values were also obtained by Qu et al. and Luo et al., with a maximum loading of 11.8% for
10-hydrodycamptothecin on PEG-chitosan-coated IONs and 35% for paclitaxel on magnetic
colloidal nanocrystal clusters [80,81]. The peptide adsorbs quickly on the ION surface, and
after only five minutes, an equilibrium is formed (SI-Figure S10b). Contrary to electrostatic
bonds, covalent bonds are stronger, pH-independent, and more thermostable [82]. The
following covalent binding was performed using a two-step EDC/NHS coupling protocol
(Figure 6b) [83]. A peptide bond was formed between the activated carboxyl group of
CMD on the particle surface and a free amine group of LL. Five concentrations of LL
(0.80 g L−1–2.50 g L−1) were added, and FT-IR, DLS, and the zeta potential were used to
characterize the particle–peptide complex.

The loading was determined by UV/VIS analysis of the supernatants at 280 nm and
by TGA measurements. A loading of 0.55 g g−1 was achieved with a 0.80 g L−1 LL input.
With a drug loading (DL) of 35.4% (280 nm), 11.2% more was loaded than the highest
loading during adsorption (Table 2). From this point, increasingly higher loadings were
achieved with the progressive addition of LL (Figure 6a). At the initial LL concentrations
of 1.00, 1.50, 2.00, and 2.50 g L−1 peptide, loadings of 0.60 g g−1 (DL 15.0%), 0.94 g g−1

(DL 43.8%), 1.32 g g−1 (DL 52.4%), and 1.65 g g−1 (DL 62.3%) were achieved (Table 2). The
binding efficiency varied between 28.4% and 8.07% (SI-Table S4). Studies on the conjugates
of xylane- and dextran-coated particles with ibuprofen and naproxen achieved comparably
high drug loadings (30–70 wt%) by covalent coupling [84,85]. Analogous with adsorption,
the FT-IR spectra of the loaded particles show the characteristic LL bands at 1653 cm−1

(νC=O) and 1535 cm−1 (δC-N, Figure 6d). The loading was additionally confirmed and
determined using TGA measurements of the dried particles (Figure 5c).

The TGA measurements of the pure peptide show a multistep breakdown process,
which is consistent with the thermal behavior of freeze-dried proteins (SI-Figure S11). At
a temperature of 450 ◦C, approximately 20.0% of the LL is not completely burned, which
is included in the calculations [86–88]. A constant profile with no further decrease in the
weight can be seen from 300 ◦C until the final process temperature of 700 ◦C is reached. The
magnetite is not completely burned, since its melting point is 1538 ◦C [89]. Drug loadings
of 15.4%, 15.3%, 26.9%, 33.2%, and 49.7% are achieved with inputs of 0.80, 1.00, 1.50, 2.00,
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and 2.50 g L−1 LL, respectively (Table 2). The two different analytical methods vary from
each other. The TGA profiles of the unbound and bound LL deviate from each other.
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Figure 6. (a) Adsorptions of LL at pH 7.4 in 50 mM of PBS buffer and 1 g L−1 of ION@CMD12.5. Co-
valent binding of cationic peptide LL (0.0 g L−1–2.5 g L−1 input) to the surface of the ION@CMD12.5
particles. (b) EDC reacted with the free carboxyl group of CMD to form an unstable O-acylisourea es-
ter intermediate. Sulfo-NHS was added to the reaction to form a more stable NHS ester, which reacts
slowly with primary amines of LL to form stable amid bonds. LL was created with BioRender.com.
(c) TGA measurements until 700 ◦C. (d) FT-IR spectra of the ION@CMD and ION@CMD@LL particles
(24 scans) with labeled characteristic LL bands at 1653 cm−1 and 1535 cm−1 and the characteristic
CMD band at 1595 cm−1. (e) Hydrodynamic diameters of the unloaded (ION@CMD) and loaded
particles in an aqueous medium (pH = 7–8).

Table 2. Loadings achieved by covalently bound LL. Drug loadings were calculated from the
photometric and TGA data. Zeta potential sand DLS measurements were performed in Millipore®

H2O at a pH between 7 and 7.5.

LL Used (g L−1) Loading
280 nm (g g−1)

Drug Loading
280 nm (%)

Drug Loading
TGA (%) Zeta Potential (mV) dH

(nm)

0.8 0.55 35.4 15.4 −29 ± 1.0 96.4 ± 45.7
1.0 0.60 35.0 15.3 2.9 ± 1.0 1599 ± 401
1.5 0.94 43.8 26.9 2.4 ± 0.3 4662 ± 797
2.0 1.32 52.4 33.2 13 ± 0.4 5274 ± 11.2
2.5 1.65 62.3 49.7 32 ± 0.9 5340 ± 263

Higher peptide binding increases the hydrodynamic diameters, leading to a plateau of
around 5 µm (1.32 g g−1 and 1.65 g g−1). The smallest hydrodynamic diameter is achieved

BioRender.com
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at a loading of 0.55 g g−1 (96.4 nm). Here, the peptide binds with an efficiency of 82.2%
(SI-Table S4). Compared to the adsorption, the zeta potential of the particles rises with the
increasing loading (Table 2). In the experiments, charges of −29 ± 1.0 mV, 2.9 ± 1.0 mV,
2.4 ± 0.3 mV, 13 ± 0.4 mV, and 32 ± 0.9 mV were measured.

In summary, significantly higher drug loadings and a higher efficiency were achieved
with the two-step EDC/NHS protocol than with the adsorptive method. The weak interac-
tions during adsorption (electrostatic binding, van der Waals forces) are not sufficient for
the efficient loading of the particles [90,91]. High-bound peptide amounts increased the
hydrodynamic diameters.

2.7. Antimicrobial Activity

With their antimicrobial properties, ION@CMD12.5, ION@CMD@LL (ads), and ION
@CMD@LL (cov) were co-incubated with green fluorescent protein (GFP)-expressing
E. coli (BL21, amp resistance). Two different methods, namely OD600 measurements
(SI-Figure S12) and microscopy, were used to determine the antimicrobial activity (SI-
Figure S13). First, ION@CMD12.5 without the bound peptide was investigated (Figure 7a).
Concentrations between 0.01 g L−1 and 0.40 g L−1 led to comparable E. coli growth, as was
the case without the particles. The LL’s minimum inhibition concentration (MIC) lay at
1.13 to 3.70 µM [31]. Adsorbed to BIONs, the antimicrobial activity of LL could be slightly
improved to 0.53 µM in previous works [31]. ION@CMD12.5@LL (ads) showed less bac-
terial growth with comparable LL (≤1.13 µM) concentrations. Starting at a concentration
of 1.13 µM of adsorbed LL, the inhibition of E.coli could be seen for 13 h in the OD600
measurements (SI-Figure S12). At 1.70 µM of adsorbed LL, the growth was completely
inhibited. In microscopic cell counts, the complete inhibition of cell growth was evident at
a concentration of 1.13 µM (Figure 7b, SI-Figure S13). The slight difference between the two
methods can be explained by the fact that the samples used for the microscopy were shaken
more intensively with an overhead shaker than the linear gentle shaking of the 96-well
plate [31]. Covalently bound LL affected the cell growth, starting with a concentration of
2.83 µM (OD600) or 0.40 µM for the microscopy experiment (Figure 7b).
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Figure 7. Growth of E. coli (BL21 (RH)4GFP-expressing) in M9 medium at different (a) ION@CMD12.5
concentrations and (b) amounts of the ION@CMD@LL complex obtained through adsorption and
covalent binding. The concentration of ION@CMD@LL in diagram B describes the LL concentration.

The complete inhibition of the cell growth was seen at the 4.42 µM (OD600) and
1.70 µM bound LL concentrations, respectively. Although the MIC was slightly higher than
the LL bound by physisorption, the biological activity of the covalently bound LL could
be confirmed. The covalent binding of other drugs on CMD-coated IONs showed no or a
slightly negative effect on the drugs’ activity [30,92].
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In summary, the ION@CMD showed no or little effect on the cell growth. ION@CMD@LL
(ads) and ION@CMD@LL (cov) could completely inhibit the bacterial growth at concentrations
of bound LL as low as 1.13 µM and 1.70 µM.

3. Materials and Methods
3.1. Synthesis of ION@CMD

According to the Massart process, the CMD-coated IONs were synthesized by co-
precipitation [30,31]. A total of 20 mL of CMD solution (250 g L−1 (CMD250); 125 g L−1

(CMD125); 25 g L−1 (CMD25.0); 12.5 g L−1 (CMD12.5); 6.25 g L−1 (CMD6.25); CMD sodium
salt, BioXtra, Sigma Aldrich, Darmstadt, Germany, 39422-83-8); and 2.5 mL of aqueous
25% ammonium hydroxide solution (Aldrich Chemistry) were added to a 100 mL round-
bottomed flask in a nitrogen atmosphere. The reaction was induced by adding 20 mL of an
iron (II/III) solution (FeCl2·4H2O (1 eq., 347 mg 1.75 mmol), EmsureTM; FeCl3·6H2O (2 eq.,
945 mg, 3.50 mmol), Fluka Sigma Aldrich, Darmstadt, Germany) to the reaction mixture
and by stirring it uniformly for one hour at a temperature of 85 ◦C. After the completion of
the reaction, the synthesized particles were centrifuged (CMD250, CMD125) at 4000× g
for 10 min or magnetically separated (CMD25.0, CMD12.5, CMD6.25) and washed with
ethanol absolute (2×) and degassed using double-distilled water (ddH2O, 2–3x) until a
conductivity lower than 200 µS cm−1 was obtained. The particles were stored in an N2
atmosphere at 4 ◦C in degassed ddH2O.

3.2. Characterization

The presence of the functional groups of CMD and the presence of LL (lasioglossin III)
on the particle surface were confirmed by FT-IR spectroscopy (Fourier-transform infrared
spectroscopy) (Alpha II; Bruker Corporation; Billerica, MA, USA) and platinum attenuated
total reflection module. A total of 3 µL (>1.00 g L−1) of the particle solution was measured
over a wavenumber range of 4000 cm−1 to 400 cm−1 (24 scans). The background was
subtracted with the software OPUS8.1 using the concave rubber band method. Each
spectrum was normalized to the magnetite band at approx. 580 cm−1. Transmission
electron microscopy (TEM) was used to determine the particles’ morphology and size.
After ultrasonication, the samples (10 µL) with a concentration of 0.03 g L−1 were deposited
onto a carbon-coated copper grid that was prepared via glow discharge and dried by
blow-drying. Images at a magnification of ×120 k were recorded with the TEM JEM JEOL
1400 plus and analyzed using ImageJ software, v1.52a. At least 100 particles were measured
per synthesis from a minimum of three different areas.

High-angle annular dark-field scanning TEM (HAADF-STEM) and integrated differen-
tial contrast (iDPC) STEM imaging were conducted using a Thermo Fisher Scientific Titan
Themis Cubed microscope operating at an acceleration voltage of 300 kV and tuned with a
monochromator and probe corrector. HAADF-STEM and iDPC imaging were conducted
using Velox software (Thermo Fisher Scientific, Ma, USA). TEM imaging was conducted
using the same instrument and tuned with the image corrector. The micrographs were
acquired with a direct electron detector (K2, Gatan Inc., Ca, USA) using the dose fraction-
ation method (40 micrographs taken with bursts of 0.1 s of exposure), and the electron
dose was kept under 15 e−/Å2/s to ensure minimal damage due to the electron beam.
The dose fractionation data were processed in Gatan Microscopy Suite 3 by importing
each stack. The image stack was then subjected to 2× automated alignment procedures
and then summed. To prepare the samples, a Lacey carbon 200 mesh copper grid (Agar
Scientific, Essex, UK) was plasma treated using a Gatan Solarus 950 Advanced plasma
system (Gatan Inc.) with O2 for 30 s at 65 W. The TEM grid was suspended using reverse-
action tweezers and using a micropipette, and a 7 µL aliquot of 100× diluted sample was
deposited on the grid and left under cover overnight to enable the droplet to evaporate. To
ensure complete evaporation and to minimize imaging artefacts, the grid was placed in
an opened Eppendorf tube and kept under high vacuum overnight. The hydrodynamic
diameters were determined by dynamic light scattering (DLS) and the zeta potential with
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the Zetasizer Ultra (Malvern Panalytical) of a 1 g L−1 solution. For the measurements in
different media (ddH2O pH = 1–8, 50 mM PBS pH = 7.4, human plasma (Blutspendedienst
des BRK, Munich, Germany)), 1 mL of the sample was sonicated for 30 min and then placed
in a cuvette (Cuvetta STD UV 4 clear side, KARTELL S.p.a.) and measured at 25 ◦C or 37 ◦C.
Each determined number distribution resulted from a triple measurement evaluated with
the Zetasizer software. The isoelectric point (IEP) was determined by the zeta potential
measurements at different pH values (pH = 1–8). For the measurements, 800 µL of the
sample was added to the flow cell (DTS1070, Malvern Instruments, 5× measured). A
Boltzmann fit was used to determine the pH value at which the surface charge reached
zero. By powder X-ray diffraction (XRD), the lyophilized particles (Alpha 1-2 Ldplus,
Christ, −60 ◦C overnight in vacuum) were analyzed with the diffractometer STOE Stadi-P
(flatbed measurement, molybdenum source (0.7093 Å)). The saturation magnetization of the
particles was determined with the use of the superconducting quantum interference device
(SQUID) magnetometer. The samples (10 mg) were fixed in the center of a small plastic tube
with the adhesive Fixogum (Marabu GmbH & Co KG, Tamm, Germany) and measured
with the SQUID magnetometer MPMS XL-7 (Quantum Design, San Diego, CA, USA) at
300 K with a magnetic field variation of−50 kOe to +50 kOe. Raman spectroscopy measure-
ments were carried out using a Raman Senterra spectrometer from Bruker Optics, Germany
(488 nm laser, 1 mW, exposure 10 s, 2 co-additions). The A1g band of iron oxide was fitted
between 600 and 750 cm−1 using PsdVoigt functions (Origin) to investigate the influences
of the different coatings on the magnetite to maghemite ratio [48]. The thermogravimetric
analysis (TGA) of the lyophilized samples was carried out using STA 449C Jupiter in a
50.0 µL aluminum oxide crucible (5 mm × 4 mm). The weight change was detected from
25 ◦C to 700 ◦C, holding an isotherm at 700 ◦C for ten minutes. The sedimentation rate
as a function of the magnetic field was assessed with the LUMiReader (4532-123; LUM
GmbH, Berlin, Germany). After ultrasonication, samples of 1.00 g L−1 (pH 7–7.4) were
placed in contact with five stacked cylindrical neodymium boron ferrite (NdFeB) magnets
(d = 12 mm; h = 2 mm, N45, Webcraft GmbH, Gottmadingen, Germany) and measured at
wavelengths of 870 nm, 630 nm, and 420 nm (profile: 1000; interval: 1 s; angle: 0◦; light
factor: 1.00; temperature: 25 ◦C; magnetization 29.1–54.4 Am2 kg−1). The processing of
the obtained data was performed using the software PSA-Wizard (SEPviewTM; analysis
positions: 13.0 mm, 15.0 mm, 17.0 mm, 19.0 mm).

3.3. Cytocompatibility

The cytocompatibility was assessed following the ISO-10993 guidelines. For the
cytocompatibility assay, human umbilical artery smooth muscle cells (HUAECs, Promocell)
were expanded in a culture medium consisting of DMEM supplemented with 10% fetal
calf serum (FCS, Gibco) and a 1% antibiotic/antimycotic mix (ABM, Gibco). HUASMCs
between passages 4 and 5 were used for the experiments. Before the experiments, the BIONs
and IONs@CMD were sterilized using H2O2 low-temperature plasma and resuspended in
the culture medium. After intense overhead shaking (30 min), the samples were diluted to
0.075 g L−1. For the experiments, the cells were seeded on 96-well plates (Greiner Bio-One,
Frickenhausen, Germany) at a concentration of 10.000 cells cm−2 and incubated at 37 ◦C
with 5% CO2 for 24 h to allow for cell adhesion. Subsequently, the BIONs and IONs@CMD
suspensions were added to the cells, and the cytotoxic effects were determined after 24
and 72 h qualitatively through cell imaging using a phase-contrast microscope (BZ-X800E,
Keyence, Neu-Isenburg, Germany) and quantitively using a commercial cell proliferation
test (XTT; Roche, Mannheim, Germany). A culture medium served as a negative control,
while a culture medium supplemented with 2% Triton x-100 (Sigma) was used as a positive
control. The XTT test was performed according to the manufacturer’s instructions. Briefly,
after preparing the work solution by combining the electron coupling reagent (ECR) with
the XTT solution (1:50), 50 µL was transferred to each well, and the cells were incubated
for two hours. The optical density of the formazan was measured at a wavelength of
450 nm and a reference wavelength of 630 nm using a spectrophotometer (Spark, Tecan,
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Männendorf, Swiss). An additional measure at 0 h served as a reference to exclude the
contribution of the particles to the optical density. The results are presented as normalized
to the optical density of the negative control.

3.4. Peptide Loading

Electrostatic Binding: For the adsorption, different LL III (Genscript) solutions of
8 g L−1, 4 g L−1, 2 g L−1, 1 g L−1, 0.5 g L−1, 0.2 g L−1, and 0 g L−1 (also used as the
calibration line) in 50 mM of PBS buffer (pH 7.4) were mixed (1:1, total volume 400 µL) with
a 2 g L−1 ION@CMD12.5 particle solution. The triplicates were incubated for one hour at
25 ◦C and 1000 rpm in a shaking incubator (Thermomixer C, Eppendorf). After incubation,
the supernatant was removed for analysis via magnetic decantation for 10 min. The
following two washing steps were performed with 200 µL of fresh PBS buffer (incubation:
10 min, 25 ◦C, 1000 rpm). After the second washing step, 400 µL of PBS was added again
to reach a particle concentration of 1 g L−1. Before the LL content in the supernatant
was determined, the samples were centrifuged for 5 min at 17,000× g (Centrifuge 5418,
Eppendorf, Hamburg, Germany) to separate any nanoparticles. After each step, 2.5 µL of
supernatant was photometrically analyzed at 280 nm using the NanoPhotometer (Implen
Nanophotometer N129).

Covalent Binding: For the generation of a covalent peptide bond between LL III and the
free carboxyl group on the surface of the ION@CMD12.5 particles, a protocol developed by
Merck Millipore was used [83]. Deviating from the protocol, a particulate stock solution
of 2 g L−1 was washed and activated and then mixed in a 600:400 ratio with the LL stock
solutions (6.25 g L−1, 5 g L−1, 3.75 g L−1, 2.5 g L−1, and 2 g L−1). The incubation times,
washing steps, and buffer compositions were performed analogously to the protocol. After
the completion of the reaction, the samples were washed (2×) with Millipore water.

3.5. Antimicrobial Behavior

The antimicrobial behavior of the covalent and adsorptive bound LL, as well as the
ION@CMD12.5 particles, was tested with (RH)4-GFP-expressing E. coli (BL21, DE3), per-
formed analogously to Turrina et al. [31]. The ION@CMD@LL were diluted to 7.8 mg L−1,
5 mg L−1, 3 mg L−1, 2 mg L−1, 1 mg L−1, 0.5 mg L−1, 0.2 mg L−1, and 0 mg L−1. For the
unloaded particles, a dilution series of 0 g L−1, 0.1 g L−1, 0.3 g L−1, 0.5 g L−1, 0.7 g L−1,
1 g L−1, 2 g L−1, and 3 g L−1 was prepared. In the experiment, both particle types were
finally diluted at 1:10.

4. Conclusions

Five CMD-coated IONs were successfully synthesized. Higher CMD concentrations
in the synthesis led to an increasing polymer layer thickness and a reduced core size. With
FT-IR, Raman, and XRD, a core–shell character was determined that can reduce the oxida-
tion from magnetite to maghemite. While all the particles exhibited superparamagnetic
properties, the saturation magnetization decreased due to the reduced core size. This study
provides new insights into the physicochemical characteristics, e.g., particle agglomeration,
magnetophoresis, and the zeta potentials. The coating could be visualized using different
TEM techniques. Between a threshold range of 12.5–25.0 g L−1, the CMD particles were
deemed colloidally stable over a broad pH spectrum (pH 1.5–8). All the IONs@CMD
exhibited a negative surface charge at physiological pH values, promoting their stability in
PBS and human plasma. Moreover, the negative zeta potentials were beneficial in binding
an antimicrobial peptide to the surface. All the IONs@CMD were significantly more stable
than uncoated IONs and showed hydrodynamic diameters of <100 nm, fulfilling one of the
most critical characteristics of drug delivery systems [23,25]. The STEP analysis demon-
strated the significant impact of agglomeration on magnetophoresis (18.4–160 µm s−1) and
the overall stability attributed to the electrostatic and static repulsion of the CMD side
chains. All the particles showed cytocompatibility (>70%) over three days in smooth muscle
cells. The ION@CMD12.5 particles showed ideal properties due to their ideal diameter
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dTEM > 10 nm, colloidal stability in water and human plasma, and good magnetization,
making these nanocomposite materials an excellent candidate for magnetically controlled
drug delivery.

The ION@CMD12.5 materials were suitable for both the adsorptive and covalent bind-
ing of therapeutic peptides. Significantly higher drug loadings (up to 62%) and an excellent
efficiency (82.3%) were obtained with EDC/NHS coupling compared to the adsorptive
method (DL 24%). The weaker electrostatic interactions were insufficient for efficient
particle loading (28% efficiency). The DLS, zeta potential, FT-IR, and TGA measurements
also proved the peptide loading capacity. Although the particles tended to agglomerate
with increasing LL loading, an optimal hydrodynamic diameter was achieved at a drug
loading of 0.55 g g−1. The antimicrobial experiments showed that the unloaded particles
had little or no effect on the cell growth. ION@CMD@LL (ads) and ION@CMD@LL (cov)
have MICs of 1.13 µM and 1.70 µM, respectively. These experiments demonstrated that
the IONs@CMD can be successfully combined with antimicrobial peptides, producing an
inexpensive and effective drug carrier.
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3.4. Iron oxide nanoparticles with supramolecular ureidopyrimidinone coating 
Uniquely designed nanostructures and nanomaterials can be used to overcome current medical issues. 

A new and innovative approach is the combination of supramolecular engineering and IONs. IONs offer 

a fast and cost-efficient synthesis, superparamagnetic behavior, a high surface-to-volume ratio, and the 

possibility to bind a considerable amount of drugs. Furthermore, they can be visualized by MRI and 

heated by an alternating magnetic field. This process is called hyperthermia. The combination with UPy-

molecules allows the formation of a supramolecular network as a coating. UPy-moieties can form dimers 

with hydrophobic pockets by hydrogen bonding. These dimers can stack and form long fibers.  

In this study, UPy-coated IONs are synthesized in a three-step process. The particles get coated with 

APTS, functionalized with PGA, and UPy-NH2 can interact with the free aldehydes by imine formation. 

The successful binding was demonstrated with FT-IR and TGA measurements. Furthermore, the 

properties of the new ION species were determined by XRD, SQUID, DLS, Zeta potential, and the Nile 

red analysis. The UPy-layer leads to a positive surface charge around the superparamagnetic core. NR 

indicates the formation of hydrophobic pockets and the formation of fibers due to a significant blue shift. 

ION@UPy-NH2 have a hydrodynamic diameter of 177 nm at pH 7 and a saturation magnetization of 

31 emu g-1. This successful coating is the first essential step in generating an innovative magnetically 

controlled drug delivery system that can flexibly bind UPy-drug molecules by self-assembly. 

The study was carried out supported by our cooperation partner Prof. Patricia Y.W. Dankers at the 

Eindhoven University of Technology. The doctoral candidate's substantial contribution was the study's 

conception and design after a critical review of existing literature. The doctoral candidate carried out all 

experimental work, data analysis, and processing and was the leading author. 
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Abstract: Superparamagnetic iron oxide nanoparticles are a 

promising material in nanomedicine, especially for generating 

magnetically controlled drug delivery systems. We developed 

an innovative ureidopyrimidinone (UPy) coating based on 

supramolecular hydrogen bonding units. The synthesized 

nanoparticles possess a positively charged surface with a 

hydrodynamic diameter of 177 nm at pH 7 and magnetization 

of 31 emu g-1. The system has the potential to be modified by 

drugs or bioactive molecules altered with UPy units. 

Keywords: Iron oxide nanoparticles, ureidopyrimidinone, 

cationic coating, supramolecular system 

1 Introduction
In nanomedicine, specially designed nano-devices or 

nanostructures are used to offer new solutions to biomedical 

problems. The focus of research are mainly the four big 

multidisciplinary areas of diagnostics, therapeutics, drug 

delivery systems, and regenerative medicine[1]. Iron oxide 

nanoparticles (IONs) are biocompatible, can be fast and cost-

efficient synthesized by co-precipitation, have a high specific 

surface area with the potential to bind a considerable amount 

of drug, and have the possibility of external guidance by a 

magnetic field because of their superparamagnetic character 

[2]. The IONs can be used as T2 contrast agents for magnetic 

resonance imaging and in cancer therapy through 

hyperthermia [1]. An external alternating magnetic field can 

be applied to generate heat, leading to cell death by lysosomal 

permeability [3].

Furthermore, the IONs can be used for magnetically guiding 

stem cells for tissue engineering [1, 4]. Magnetically 

controlled drug delivery allows carrying the drug directly to 

cancer cells and generates a high local concentration [5]. This 

accumulation can lead to an overall drug reduction and 

efficient treatment by avoiding the drug's toxicity to healthy 

cells [5, 6]. Organic or inorganic coatings are often applied to 

improve the particle properties of bare IONs (BIONs). 

Specially designed layers generate a biocompatible core-shell 

structure and protect the BIONs from uncontrolled oxidation 

and aggregation [2, 7].

Supramolecular systems based on the fourfold hydrogen 

bonding ureido-pyrimidinone moieties can be applied as 

coating materials. The amphiphilic supramolecular molecule 

is based on a UPy unit combined with a urea moiety, a 

hydrophobic alkyl spacer connected to an amine-

functionalized, water-soluble oligo ethylene glycol group by a 

urethane unit. [8]. The UPy molecules can assemble into 

fibrous aggregates by hydrogen bonding protected by 

hydrophobic pockets composed of additional hydrogen 

bonding of the urethane groups [9]. UPy-moieties can be 

designed to form different biomaterials like hydrogels, 

elastomers, or self-healing polymers. Dankers et al. have

analyzed eleven different UPy-compounds regarding their 

cytotoxicity. They showed that the UPy-based materials did

not affect the cell viability and did not show immunogenic or

mutagenic behavior. The in vitro experiments have shown 

good biocompatibility for the UPy-based biomaterials. A large 

library of differently covalently functionalized UPy units 

exists [10]. For example, a drug bound to a UPy moiety can be 

easily mixed in to form a multi-component functional 

supramolecular system [11, 12] UPy-coated IONs have the 

potential to be used for magnetically controlled drug delivery 

with flexible added UPy functionalized drugs.

In this work, UPy-coated IONs are synthesized by imine 

formation of polyglutaraldehyde functionalized IONs with 

UPy-NH2 (C50H97ClN8O16, UPy-C6-Urea-C12-Urethane-

PEG12-C2-NH3Cl, 1101.82 g/mol) The ION@UPy-NH2 are 

characterized by Fourier-transform infrared spectra (FT-IR), 

X-ray diffraction (XRD), and thermogravimetric analysis 

(TGA) regarding their composition. The magnetization is 

analyzed by the superconducting quantum interference device 

(SQUID). The surface properties are determined with zeta 

potential measurements. The formation of hydrophobic 
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pockets was analyzed with the dye Nile Red, which is strongly 

fluorescent when encapsulated in a hydrophobic compartment. 

The hydrodynamic diameters are compared at different pH 

values in the last step.  

 

2 Materials and methods 

2.1 Synthesis of ION@PGA@UPy-NH3 
BIONs are synthesized by co-precipitation via the 

Massart process [13]. To prepare ION@APTS, 2.00 g 

BIONs are dispersed in 600 mL absolute ethanol and 

ultrasonicated for one hour. After adding 12.0 mL 

(3-Aminopropyl)triethoxysilan (APTS, Sigma-Aldrich), 

the particles are ultrasonicated for one hour. Via magnetic 

decantation, the ION@APTS are washed with ethanol 

(4x) and water (3x) until the conductivity drops below 

150 μS/cm.  

400 mg ION@APTS are dispersed in 400 mL of a 2% 
glutaraldehyde water solution. The pH is adjusted to 
pH 11 NaOH solution, and the dispersion is stirred for one 
hour. The ION@APTS@PGA are washed multiple times 
with water (10x), 0.50 M NaCl (2x), water (10x), and 
0.50 M NaCl (2x), and finally three times with water. 
20.0 mg of ION@APTS@PGA are dispersed in 1.00 mL 
20.0 mM Na3PO4 and 1.00 M NaCl buffer (pH 6.8). 
Before adding 6.70 mg UPy-NH2, the particles are 
ultrasonicated for 15 min. The suspension is again 
ultrasonicated for 5 min and incubated at 25 °C, 1000 rpm 
overnight, washed with buffer (5x), and water (2x) by 
magnetic decantation (conductivity <150 μS/cm). 

2.2 Characterizations 

Zeta potential and dynamic light scattering (DLS) experiments 

are performed with the Malvern Zetasizer Ultra of 1.00 g/L 

ION solutions. For DLS, the samples are measured in 

triplicates (disposable 10x10 plastic cell) and zeta potential 

(disposable, folded capillary cell) in quintuplets with an 

equilibration time of 120 s at 25 °C. A Bruker ALPHA II 

spectrometer obtains FT-IR spectra (24 scans, 4000-400 cm-1). 

Background subtraction is done with a concave rubber band 

method (OPUS 8.1). The magnetization is measured with the 

SQUID magnetometer MPMS XL-7 (Quantum Design) at 

300 K and a magnetic field variation between ±3979 kA/m (10 

mg sample). The amount of bound UPy-NH2 is analyzed by 

TGA of freeze-dried IONs (50 μL aluminum oxide jar) with 

the STA 449C Jupiter between 25-700 °C. 

 

3 Results and discussion 
The cationic supramolecular moiety UPy-NH2 was 

successfully coupled to polyglutaraldehyde functionalized 

IONs (ION@PGA) via imine formation by reaction of the 

aldehyde group and the amine of the UPy (Figure 1 a) [14]. 

The IONs@UPy-NH2 are characterized by their particle 

composition, surface properties, magnetization, and 

hydrodynamic diameters. 

3.1 Particle composition 

XRD, FT-IR, TGA, and SQUID are used to analyze the 

particle composition of the IONs@UPy-NH2. The effective 

UPy coating is visualized by FT-IR measurements (Figure 1 

b). 

(a) 

 

(b)

 

(c)

 
(d) 

The iron oxide core is represented by its characteristic Fe-O 

stretching vibration at 574 cm-1 [13]. Typical peaks of UPy 

are visible at 2853 cm-1 and 2923 cm-1 for C-H stretching 

vibrations, 1700 cm-1 and 1669 cm-1 for C=N and C=O 

Figure 1: Schematic illustration of ION@UPy-NH2 with the PGA 
coating in green and the imine formation. The Hydrogen bonding 
is proposed (a). FT-IR Spectra of UPy-NH2, ION@PGA, and 
ION@UPy-NH2 (b), XRD spectra of ION@UPy-NH2 (Mo source, 
(c)), TGA curve of the both particle species (d). 
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stretching vibrations, and at 1262 cm-1 and 1123 cm-1 for C-N 

and C-O stretching vibrations [15]. The typical iron oxide 

reflexes (220), (311), (400), (511), and (440) for magnetite are 

visible in the X-ray diffractogram (Figure 1 c) [13]. The 

amorphous coating generates a brought reflex between 2° and 

10°. Similar behavior was already seen by amorphous silica 

coatings [16]. The UPy coating does not influence the crystal 

structure of the magnetite core. The amount of bound UPy-

NH2 was determined by TGA (Figure 1 d). The weight 

difference between ION@UPy-NH2 and its precursor 

ION@PGA is 7.23wt%; this is the UPy-NH2 bound to the 

nanoparticle surface. SQUID measurements of ION@UPy-

NH2 show the characteristic sigmoidal curve of 

superparamagnetic nanoparticles, which is only a slighty 

deviating to the simulated curve by the LangevinMod Fit 

(Figure 2 a). The UPy coated particles show a magnetization 

of ±31.3Am2/kg. As the particles contain additional 

nonmagnetic material as coating the magnetization is lower 

than the one of BIONs at around 60Am2/kg [12]. The analytics 

show that ION@UPy-NH2 comprises a superparamagnetic, 

crystalline iron oxide core and a UPy coating. The influence 

of the coating on the surface properties and the particle size is 

analyzed by dynamic light scattering (DLS), zeta potential, 

and Nile Red assay. 

3.2 Surface properties and particle size 

Zeta potential and Nile Red assay are used to determine the 

surface properties of the ION@UPy-NH2. Contrary to 

ION@PGA, ION@UPy-NH2 particles have a positive surface 

charge for pH 5, 7, and 9 (Figure 2 c). It is hypothesized that 

the hydrogen bonding between the UPy-NH2 moieties builds 

fibrous networks with a positive charge on the outside (Figure 

1 a). The zeta potential rises with lower pH indicating a 

stabilization from moderate to good stability [17]. This effect 

can also be seen in DLS measurements. The hydrodynamic 

diameters in water at pH 5 and 7 (168 ± 44.1 nm, 177 ± 32.0 

nm) are 0.5 times smaller than at pH 9 (345 ± 61.5 nm, Figure 

2 a). The ION@UPy-NH2 fit into the range of other 

nanoparticles synthesized for drug delivery of around 60 to 

400 nm [18]. The Nile Red (NR) assay is used to determine 

the formation of hydrophobic pockets that form in the lateral 

direction of the UPy-network [9]. It becomes strongly 

fluorescent if the NR is encapsulated into the hydrophobic 

pockets. The fluorescent dye's red color in water shifts to a 

lower wavelength (blue shift) in a hydrophobic environment 

[19]. The more UPy-aggregates, the higher the fluorescence of 

the NR [20]. A shift to lower wavelength with higher particle 

concentrations because of more hydrophobic pockets available 

and a slightly increasing peak intensity with decreasing pH 

(Figure 2 d). It is proposed that covalently bound UPy-units 

can interact with free molecules by H-bonding and form 

supramolecular structures. This behavior could also explain 

the better stability at more acidic pH values. 

(a) (b)

(c) (d)

 

4 Conclusion 
The IONs are successfully functionalized with UPy-NH2. The 

UPy shell generates a positively charged layer surrounding the 

superparamagnetic crystalline magnetite core. It is proposed 

that hydrophobic pockets form by hydrogen bonding of UPy 

units. The stability of the particles is slightly influenced by pH, 

generating smaller aggregates at pH 5 with higher zeta 

potential. The work shows that the free UPy units are self-

assembled around the IONs by hydrogen bonding to the 

covalently bound ones. This supramolecular interaction allows 

adding UPy-drug molecules and generating an innovative 

magnetically controlled drug delivery system.  
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3.5. Iron oxide nanoparticles with supramolecular ureido-pyrimidinone coating for 

antimicrobial peptide delivery 
AMPs are an ideal alternative to antibiotics that highly suffer from antimicrobial resistance. AMPs are 

highly active against Gram-positive and Gram-negative bacteria and show activity against various 

cancer cells. Due to their unique mode of action, they are hardly affected by resistance formation. Yet 

their application in medicine has been limited by their potential toxicity to human cells. A combination 

of supramolecular engineering and targeted magnetic drug delivery could overcome this problem by 

influencing their activity in healthy cells and reducing the necessary amount of drug. 

This study uses UPy-coated IONs as a drug carrier for the AMP LL, functionalized with a UPy-unit. 

The cytocompatibility of the carrier and the drug delivery system was analyzed by resazurin assay and 

live dead staining. The carrier by itself showed high cytocompatibility with human kidney cells (HK-2) 

and a concentration-dependent effect on the metabolic activity of macrophagic THP-1 cells. 

Internalization experiments determined a successful delivery into both cell types within 24 hours.  

The binding of UPy-LL on the ION@UPy-NH2 is generated by the highly efficient (99%) self-assembly 

of the UPy-dimers. Combining Cryo-TEM, HAADF-STEM, and NR assay could visualize a core-shell 

system with fibers directly bound to the surface. The introduction of UPy-LL showed an effect on fiber 

formation, leading to new and shorter fibers. The binding of the peptide increased the antimicrobial 

behavior against E.coli (MIC 1.77 µM) and improved the cytocompatibility with HK-2 cells (10.6 µM). 

This new drug delivery system proves that supramolecular engineering leads to a reduced cytotoxicity 

and enhanced antimicrobial activity. The system improves the usability of AMPs and could be used to 

cure intracellular infections or improve cancer treatment.  

The majority of the study was carried out at the Eindhoven University of Technology supported by Prof. 

Patricia Y.W. Dankers. The doctoral candidate's substantial contributions were the study's conception 

and design after critically reviewing existing literature. The doctoral candidate was the leading author 

of the manuscript, carried out the assembly, antimicrobial, and cell experiments, and did data processing. 

J. Cookman and R. Bellan provided the micrographs with different TEM technics. 
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Abstract: Antimicrobial peptides (AMPs) can kill bacteria by disrupting their cytoplasmic membrane,
which reduces the tendency of antibacterial resistance compared to conventional antibiotics. Their
possible toxicity to human cells, however, limits their applicability. The combination of magnetically
controlled drug delivery and supramolecular engineering can help to reduce the dosage of AMPs,
control the delivery, and improve their cytocompatibility. Lasioglossin III (LL) is a natural AMP
form bee venom that is highly antimicrobial. Here, superparamagnetic iron oxide nanoparticles
(IONs) with a supramolecular ureido-pyrimidinone (UPy) coating were investigated as a drug carrier
for LL for a controlled delivery to a specific target. Binding to IONs can improve the antimicrobial
activity of the peptide. Different transmission electron microscopy (TEM) techniques showed that
the particles have a crystalline iron oxide core with a UPy shell and UPy fibers. Cytocompatibility
and internalization experiments were carried out with two different cell types, phagocytic and
nonphagocytic cells. The drug carrier system showed good cytocompatibility (>70%) with human
kidney cells (HK-2) and concentration-dependent toxicity to macrophagic cells (THP-1). The particles
were internalized by both cell types, giving them the potential for effective delivery of AMPs into
mammalian cells. By self-assembly, the UPy-coated nanoparticles can bind UPy-functionalized LL
(UPy-LL) highly efficiently (99%), leading to a drug loading of 0.68 g g−1. The binding of UPy-
LL on the supramolecular nanoparticle system increased its antimicrobial activity against E. coli
(MIC 3.53 µM to 1.77 µM) and improved its cytocompatible dosage for HK-2 cells from 5.40 µM to
10.6 µM. The system showed higher cytotoxicity (5.4 µM) to the macrophages. The high drug loading,
efficient binding, enhanced antimicrobial behavior, and reduced cytotoxicity makes ION@UPy-NH2

an interesting drug carrier for AMPs. The combination with superparamagnetic IONs allows potential
magnetically controlled drug delivery and reduced drug amount of the system to address intracellular
infections or improve cancer treatment.

Keywords: iron oxide nanoparticles; ureido-pyrimidinone; supramolecular system; antimicrobial
peptide; intracellular delivery; cytocompatibility

1. Introduction

The 17 global grand challenges stated in the United Nations Sustainable Development
Goals target good health and well-being. One of the goals within this challenge is to
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address the growing resistance of pathogenic bacteria to conventional antibiotics [1–3].
A newly developed therapeutic option is the use of antimicrobial peptides (AMPs) that
appear in various life forms, have a broad spectrum of antimicrobial activity, and differ
from traditional antibiotics’ mode of action [4–7]. Most AMPs are cationic and contain
between 10 and 60 amino acids [8]. The specific targeting of the positively charged peptides
is based on the cell membrane composition. The bacterial cell envelope contains negatively
charged components like phosphatidylserine, whereas human cell membranes are based
on neutral units such as phosphatidylcholine. The AMPs interact electrostatically with
the negatively charged membranes and accumulate there. This behavior induces higher
permeability, membrane lysis, release of intracellular components, and, therewith, cell
death [7,8]. AMPs are highly specific and have a low tendency to trigger antimicrobial
resistance [7]. The best-analyzed group of AMPs comprises linear, amphiphilic, α-helical
peptides [9]. One of these is lasioglossin III (LL, H-Val-Asn-Trp-Lys-Lys-Ile-Leu-Gly-Lys-
Ile-Ile-Lys-Val-Val-Lys-NH2), a part of the venom of the bee Lasioglossum laticeps [10].
It shows high antimicrobial activity against Gram-positive and Gram-negative bacteria,
e.g., B. subtilis, S. aureus, and E. coli [10]. Furthermore, it has anticancer activity against
leukemia cells and solid tumors like PC12, HeLa S3, and SW480 and has a low hemolytic
potential [10]. Though AMPs show multiple advantageous properties, their application
in the human body is often limited due to stability and toxicity problems [4,7]. Therefore
only a few AMPs are already approved by the FDA or are in the clinical stage [4,11,12].
Effective drug delivery can help overcome high pharmacological doses that result in toxic
side effects [13,14]. Both supramolecular engineering and nanoparticles as drug carriers
have the potential to improve the behavior of AMPs, for example, by reducing cytotoxicity
and enhancing antimicrobial behavior [15–19].

Supramolecular engineering is the deliberate design and assembly of molecular struc-
tures and materials through noncovalent interactions to create functional systems with
specific properties. Prominent examples are the self-assembly of DNA, host–guest chem-
istry, and supramolecular polymers [20,21]. A supramolecular AMP assembly is a modular
and tunable approach, allowing the flexible incorporation of functionalized molecules
to generate multifunctional systems [22–24]. The ureido-pyrimidinone (UPy) unit is a
common monomer that is connected to a urea group and a hydrophobic alkyl spacer linked
with a water-soluble oligo (ethylene glycol) by a urethane unit. The UPy unit can form
amphiphilic supramolecular systems based on a fourfold hydrogen bonding approach [25].
It can form hydrogen-bonded dimers protected by hydrophobic pockets [26]. The UPy
dimers can laterally stack and assemble into fibrous structures [26,27]. LL can be functional-
ized with a UPy unit and self-assembled with other UPy moieties like amine-functionalized
UPy (Figure 1) [28]. Song et al. formed UPy–AMP assemblies by self-assembly and with
controlled antimicrobial activity. Furthermore, they influenced the cytocompatibility by
adjusting the AMP concentration [28].

Nanotechnology has the potential to reinvent medicine in the future, leading to
improved diagnosis of, therapy for, and drug delivery for diseases [29,30]. Combining
supramolecular engineering with iron oxide nanoparticles (IONs) enables a magnetically
controlled drug delivery system [31,32]. IONs have the potential to carry a large drug dose
due to the high surface area compared to its volume and can be guided by an external mag-
netic field directly to a target. Therefore, a high local concentration can be reached while
lower drug amounts must be incorporated into the human body, which reduces toxicity and
side effects [32–35]. Furthermore, IONs can be visualized by magnetic resonance imaging
(MRI) and administered for hyperthermia patients by alternating the magnetic field to
generate heat [36–38]. A fast and cost-efficient synthesis method used to manufacture the
IONs is coprecipitation using the Massart process [17,39]. In this method, superparam-
agnetic iron oxide nanoparticles ranging in size between 4 and 16 nm and with a high
specific surface area >100 m2 g−1 are generated [40–43]. The combination of bare IONs
with LL showed improved antimicrobial activity yet led to uncontrolled agglomeration
and a nonspecific weak binding with potential loss of the AMP [17].
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containing UPy fibers [27].

The usage of UPy-coated IONs can combine the advantages of supramolecular en-
gineering like efficient binding by self-assembly, adjustable cytocompatibility, and a con-
trolled magnetic drug delivery with enhanced antimicrobial activity [44]. We showed the
synthesis route and characterization (infrared spectroscopy, X-ray diffraction, thermogravi-
metric analysis, dynamic light scattering, zeta potential, Nile red assay, and superconduct-
ing quantum interference device) of ION@UPy-NH2 in a previous work [44]. Bare IONs
(BIONs) synthesized by the Massart process built the magnetic core of ION@UPy-NH2 with
a dTEM of 8.74 ± 1.61 nm [15]. After a two-step functionalization with polyglutaraldehyde
(PGA), UPy-NH2 can interact with the particles via imine binding [44]. ION@UPy-NH2
was previously characterized by Turrina et al. as showing a crystalline iron oxide core with
superparamagnetic behavior, saturation magnetization around 31 Am2 kg−1, a hydrody-
namic diameter of 177 nm (pH 7), and a positive surface charge [44]. An amount of 7.23 wt%
of UPy-NH2 was bound, and Nile red assay indicated the lateral UPy stacking [44]. Yet, the
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particle’s morphology, cytocompatibility, internalization behavior, and interaction with a
potential drug have not been analyzed.

This study aims to add to the knowledge of ION@UPy-NH2 as a potential supramolecular-
based, magnetically controllable drug carrier for LL. Its morphology was analyzed by com-
bining high-angle annular dark field scanning transmission electron microscopy (HAADF-
STEM), integrated differential phase contrast (iDPC), and cryo-TEM imaging. Its biological
performance, including antimicrobial activity, cytocompatibility, and internalization with
THP-1-derived macrophages as phagocytic cells and human kidney cells (HK-2) as non-
phagocytic cells of the drug carrier alone and in combination with UPy-LL, was analyzed.

2. Results and Discussion
2.1. ION@UPy-NH2

The multiple-step synthesis route is described in a previous publication of Turrina
et al. [39]. The bare IONs were synthesized by coprecipitation. For the UPy coating, first,
the particles were functionalized with (3-Aminopropyl)triethoxysilan (APTS), followed by
a poly(glutaraldehyde) (PGA) coating, and finally a coating with UPy-NH2 [39].

2.1.1. Particle Morphology

The morphology of ION@UPy-NH2 was analyzed with a combination of different TEM
techniques. Imaging with HAADF-STEM provided more insights into the composition and
shape of the ION@UPy-NH2 (Figure 2). In combination with DPC imaging, the crystalline
nanoparticle core (green circle), showing atomic lattice planes, can be differentiated from
the amorphous supramolecular core. Moiré fringes were also observed (Figure 2, red
outline), suggesting that a smaller crystalline particle is present, causing a lattice plane
overlap, creating the larger planes known as Moiré fringes. Due to the size and low z-
contrast of the combined nanoparticle construct, HAADF-STEM does not allow for easy
distinction between the ION core and the biomolecular coating. By using an alternative
imaging technique known as integrated differential phase contrast imaging, this distinction
can be made. The iDPC-STEM imaging technique takes advantage of the phase signal
resulting from electron beam interactions with the sample. In magnetic materials such as
IONs, the transmitted phase signal is drastically deflected compared to the nonmagnetic
coating. The coating showed sensitivity to the scanning electron beam in STEM mode
(Figure 2b,c, red arrow).
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DPC allowed lower electron doses to be used while acquiring higher-resolution images
(Figure 2). In the HAADF-STEM, atomic lattice planes could not be clearly identified, but
when the DPCx and DPCy images were observed, atomic lattice planes and even atomic
resolution were visible. Figure 3 shows the agglomerate where the iron oxide core can be
identified with respect to the amorphous exterior.
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Cryo-TEM analysis indicated the formation of ~1 µm (928 nm ± 128 nm) sized, UPy-
NH2-based fibers that could not be visualized with the former techniques (Figure 4a,b) [45].
Two fibers interact directly with the ION@UPy-NH2 agglomerate, while one appears to
be loose, which could be induced by the preparation. UPy-NH2 binds on the surface
and forms a core–shell structure. The fibers can either grow from the surface or form
independently and complex afterward with the particles. Because after synthesis, the
particles were ultrasonicated and intensely washed (7×) by magnetic decantation, we
hypothesize a binding. Previous Nile red assay showed a huge shift from approximately
656 nm to a lower wavelength of 632 nm, confirming UPy-NH2 fiber formation [44].
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2.1.2. Cytocompatibility

The cytocompatibility of ION@UPy-NH2 and its precursors ION@PGA and BIONs
were analyzed quantitatively and qualitatively at various concentrations. Inside the body,
the particles meet phagocytic cells and nonphagocytic cells; therefore, the effect of the
particles’ interactions on HK-2- and THP-1-derived macrophages was investigated by
resazurin assay and, additionally, live/dead staining (Figure 5) [46]. The cell viability assay
uses the reducing agent nicotinamide adenine dinucleotide (NADH) as an electron source
to transform resazurin and induce a color shift [47]. Therefore, it can be used as a marker
for metabolic activity [47]. Calcein-AM is used as green staining for the entire living cell.
Propidium iodide stains the dead cells red [48]. For HK-2 cells, all investigated particles
(concentrations between 0.03 g L−1 and 0.50 g L−1) showed cell viability greater than 70%, a
threshold value for cytocompatibility (ISO-10993, Figure 5a). Good cell viability for BIONs
and IONs with various coatings, e.g., folic acid and carboxymethyl dextran (CMD), was
previously reported for multiple cell lines [44,49]. In contrast, resazurin experiments with
THP-1 cells demonstrated concentration-dependent cytotoxicity for all particles (Figure 5b).
Particle concentrations higher than 0.30 g L−1 reduced the metabolic activity by around
53%. It is hypothesized that high particle concentrations embody a nonideal environment
for the THP-1 cells, where the conditions are unfavorable for proliferation and the metabolic
activity is reduced while the cells remain alive. This state of reversible cell cycle arrest
is called quiescence [50]. Similar behavior was analyzed by Fernandes et al., who used
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doxorubicin-loaded nanocubes in combination with magnetic hyperthermia to induce low
proliferation quiescence to cancer stem cells [51]. Furthermore, IONs can release free iron to
the cytoplasm when endosomes or lysosomes transport them under acidic conditions [52].
Toxic reactive oxygen species (ROS) can be generated by free radical formation due to
the Fenton reaction [53]. Kim et al. showed that dextran-coated IONs increased ROS
production in hematopoietic stem cells [54,55].
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Figure 5. Cytocompatibility examination of ION, ION@PGA, and ION@UPy-NH2 by resazurin assay
for (a) HK-2 cells and (b) THP-1 cells, and live/dead staining of (c) HK-2 and (d) THP-1 cells. The
living cells were stained green, and the dead cells were stained red. Scale bars represent 200 µm.

After the drug carrier and its precursors showed good cytocompatibility to both cell
types at various concentrations, the next step is to check if internalization is taking place.

2.1.3. Internalization

The ION@UPy-NH2 shape is a combination of spherical nanoparticles and UPy fibers
as evidenced by the cryo-TEM analysis in Figure 4. For internalization experiments,

Endocytosis is a dynamic and versatile internalization process that leads to the inter-
nalization of extracellular IONs [56]. IONs can nonspecifically adsorb on the cell surface
by electrostatic interaction, which induces the activation of endocytic mechanisms and
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leads to internalization [57]. Also, for macrophagic cells (RAW264.7), it was shown that
endocytic pathways, including macropinocytosis or phagocytosis, internalize IONs [58].
Specifically, positively charged IONs are attracted by the negatively charged phospholipids
and proteins on the plasma membrane [57]. Our experiments did not allow us to identify
the internalization mechanism of the here-synthesized materials conclusively.

ION@UPy-NH2 were labeled with UPy-Cy5 (Figure S1) to generate red fluorescent
particles. HK-2 cells showed complete adsorption of the particles on the cellular envelope
within 120 min (Figure 6). After 24 h, the visible particles were internalized. Size shape
and surface charge highly impact internalization [59]. In THP-1 macrophages, ION@UPy-
NH2 adsorbed in the first 5 min and showed a high degree of internalization after 2 h,
which increased within 24 h. While spherical particles were internalized within 2 min,
wormlike particles were not internalized in the first 30 min and showed a lower degree of
internalization after 22 h [60]. Champion et al. analyzed the internalization of differently
shaped particles into alveolar macrophages by phagocytosis [60].
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Figure S1), and the nuclei (DAPI) and cell skeleton (Phalloidin Alexa 488) of the cells were stained
blue and green, respectively. Scale bars represent 30 µm. All samples were examined under the
same settings.

The cell experiments demonstrated good cytocompatibility (>70%) of ION@UPy-NH2
for HK-2 cells and potential toxicity for macrophagic cells (THP-1) at high concentrations.
The particles were internalized in both cells types. Because of these aspects, ION@UPy-NH2
represents a promising new drug carrier system.

2.2. Binding of UPy-LL to ION@UPy-NH2

The supramolecular interaction caused by hydrogen bonding of UPy units allows the
addition of UPy-based drug molecules and generates an innovative magnetically controlled
drug delivery system.

The binding of UPy-LL on ION@UPy-NH2 was analyzed in binding experiments.
UPy-LL can self-assemble with UPy-NH2 [28]. After magnetic decantation, the supernatant
was photometrically analyzed at 280 nm, and the bound UPy-LL amount was calculated.
The binding was highly efficient (Figure 7a). To find the ideal binding conditions, different
particle and UPy-LL concentrations were analyzed. Independent of the particle concentra-
tion, 99% of UPy-LL (<0.5 g L−1) was bound. Compared to the binding of bare IONs with
LL, where a maximal loading of 0.23 g g−1 LL on bare IONs with a starting concentration of
2 g L−1 was reached (efficiency: 11.5%), the supramolecular engineering highly improved
the binding efficiency (99%) [17]. It is hypothesized that saturation occurs because of
sterical hindrance due to the α-helical shape of LL. The highest reached drug loading was
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0.68 g UPy-LL per gram ION@UPy-NH2 (Figure S2, Table S1). Nile red assay demonstrated
a blue shift from 656 nm to 638 nm by increasing the UPy-LL amount (Figure 7b). The
shift indicates the formation of UPy-LL or UPy-NH2-UPy-LL fibers. Cryo-TEM imag-
ing of ION@UPy-NH2@UPy-LL showed particle agglomerates with directly bound short
fibers with a size of 135 ± 55 nm (Figure 7c). The following experiments were conducted
with ION@UPy-NH2@UPy-LL in which the particle concentration during adsorption was
0.4 g L−1.
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Figure 7. (a) Binding of UPy-LL to different concentrations of ION@UPy-NH2 and (b) Nile red
assay of ION@UPy-NH2@UPy-LL with different UPy-LL concentrations. Growth studies with
E. coli and (c) different concentrations of ION@UPy-NH2 and (d) various amounts of UPy-LL and
ION@UPy-NH2@UPy-LL complexes.

The high binding efficiency allows the generation of a drug delivery system with high
drug loading. Antimicrobial tests can be used to analyze if the drug is still active while
being bound to the drug carrier.

2.2.1. Antimicrobial Activity

The antimicrobial properties of ION@UPy-NH2, ION@UPy-NH2@UPy-LL, and free
UPy-LL were analyzed by culturing these materials with a green fluorescent protein (GFP)-
expressing E. coli (BL21, ampicillin resistance). Therefore, the fluorescent bacteria were
counted after 24 h. ION@UPy-NH2 without AMP led to comparable growth of the negative
control (cells that were not combined with particles or AMP) for concentrations≤ 0.03 g L−1
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(Figure 7c). Higher particle concentrations induced less growth with 28% viability. Previous
experiments with BIONs showed a reduction in E. coli growth at high particle concentrations
of around 68% viability [17]. The stronger decrease could come from the positive ION@UPy-
NH2 surface being more attracted to the negative bacteria surface. Free LL-III has a
minimum inhibitory concentration of 1.13–3.7 µM for E. coli [10,17,19]. In our experiments,
the UPy-LL led to nearly no bacteria growth at 1.77 µM and complete inhibition at 3.53 µM
(Figure 7d). Bound to ION@UPy-NH2, the antimicrobial behavior is slightly improved,
leading to a MIC of 1.77 µM (0.02 g L−1 particle concentration). Measurements of the growth
with OD600 confirm these data (Figure S3). Because of the low particle concentration, the
effect of ION@UPy-NH2 can be neglected. A similar effect of bound LL showing higher
antimicrobial activity was shown by Turrina et al. for BION@LL and ION@CMD@LL
(adsorbed) [15,17]. Because of the efficient UPy-LL binding, low particle concentrations
can generate the highly efficient antimicrobial behavior of ION@UPy-NH2@UPy-LL.

2.2.2. Cytocompatibility

The cationic nature of AMPs is likely to make them highly antibacterial but also bears
potential cytotoxicity against mammalian cells, limiting their successful usage [4,61,62].
Similar to ION@UPy-NH2, the cytocompatibility of ION@UPy-NH2@UPy-LL and free
UPy-LL was investigated (Figure 8). UPy-LL showed cell viability >70% until 5.4 µM for
HK-2 and 3.53 µM for THP-1 in resazurin assay (Figure 8a,b). Live/dead staining showed
a similar trend: UPy-LL was more cytotoxic for the macrophagic THP-1 cells than for HK-2
(Figure 8c,d). For both resazurin assay and live/dead staining, nearly no living cells were
left at 14.1 µM for HK-2 and 10.6 µM for THP-1. The resazurin data show ION@UPy-
NH2@UPy-LL led to good cytocompatibility (>70%) until 10.6 µM (0.12 g L−1 particle
concentration) for HK-2 cells and 3.53 µM for THP-1-derived macrophages (0.04 g L−1

particle concentration). At the respective particle concentration, no cytotoxic effect was
measured for ION@UPy-NH2 (Section 2.1.2). Especially for higher concentrations of UPy-
LL, the combination with the particles improves the cytocompatible behavior for both
HK-2 and THP-1. At 14.1 µM of bound UPy-LL, metabolic activity is 50.4% HK-2 and
34.7% THP-1.
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The cytotoxic effect of UPy-LL is impeded by binding to the particles, and ION@UPy-
NH2@UPy-LL is less cytotoxic towards HK-2 cells than towards THP-1 cells (Figure 8a,b).
Figure 8c,d illustrate differences in live and dead staining for different lasioglossin concen-
trations. Čeřovský et al. observed toxicity against rat epithelial cells (IEC-6) of 19 µM for
free LL [10].

3. Materials and Methods

We showed the detailed three-step synthesis route and characterization (infrared
spectroscopy, X-ray diffraction, thermogravimetric analysis, dynamic light scattering, zeta
potential, Nile red assay, and superconducting quantum interference device) of ION@UPy-
NH2 in a previous work [39]. The bare IONs were synthesized by coprecipitation. For the
UPy coating, first, the particles were functionalized with (3-Aminopropyl)triethoxysilan
(APTS), followed by a poly(glutaraldehyde) (PGA) coating, and finally a coating with
UPy-NH2 [39]. ION@UPy-NH2 showed superparamagnetic behavior with a saturation
magnetization of 31 Am2 kg−1, a positively charged surface, and a hydrodynamic diameter
of 177 nm at pH 7. Thermogravimetric analysis determined that 7.23 wt% of the overall
particle weight is the bound Upy-NH2. Nile red assay showed a shift to lower wavelength
(631 nm at pH 7), indicating the formation of hydrophobic pockets [44].

3.1. Morphology

High-angle annular dark field scanning transmission electron microscopy (HAADF-
STEM) and integrated differential contrast (iDPC) STEM imaging were conducted on
a Thermo Fisher Scientific Titan Themis Cubed operating at an acceleration voltage of
300 kV and tuned with a monochromator and probe corrector. HAADF-STEM and iDPC
imaging were acquired using Velox (Thermo Fisher Scientific, Dreieich, Germany) software.
For sample preparation, a Lacey carbon 200 mesh copper grid (Agar Scientific, Stansted,
UK) was plasma-treated using a Gatan Solarus 950 Advanced plasma system (Gatan Inc.,
Berwyn, PA, USA) with O2 for 30 s at 65 W to induce a hydrophilic surface on the grid.
The TEM grid was suspended using reverse-action tweezers, and using a micropipette,
a 7 µL aliquot of 100× diluted sample was deposited on the grid and left under cover
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until the droplet was evaporated. Furthermore, the grid was kept under a high vacuum
overnight, ensuring complete evaporation and minimizing imaging artifacts. For the DPC
measurement the detector is segmented into different areas (A–D). The sample can deflect
the electronic beam. Such deflection can create images where the A-C (DPCx (A–C)) and
B-D (DPCy (B–D)) detector segments are differentiated. Cryo-TEM imaging was performed
on samples with 0.5 g L−1 particles and incubated overnight in Millipore water using
quantifoil carbon-covered grids (Electron Microscopy Sciences, Hatfield, PA, US 200 mesh,
50 µm hole size). Before sample addition, grids were surface-plasma-treated (at 5 mA for
40 s) using a Cressington 208 carbon coater. Using an automated vitrification robot (FEI
Vitrobot™ Mark III, Hillsboro, OR, US) operating at 22 ◦C and a relative humidity of 100%,
a 3 µL sample was applied to the grids. The excess sample was removed using blotting
filter paper for 3 s at −3 mm. The thin film formed was vitrified by plunging the grid into
liquid ethane and subsequently, liquid nitrogen. The vitrified grid was transferred to a
cryo-transfer holder and prepared for TEM imaging. TEM imaging was conducted using
a CryoTITAN equipped with a field emission gun operating at an acceleration voltage of
300 kV, a postcolumn Gatan energy filter, and a 2048 × 2048 Gatan CCD camera. Vitrified
films were observed with the CryoTITAN microscope at temperatures below −170 ◦C.
Micrographs were taken at low-dose conditions using a defocus setting of−5 µm or−1 µm
at 25 k magnification.

3.2. Cell Culture

For cell culture, Dulbecco’s Modified Eagle Medium (DMEM (1×), gibco, ref. 42430-025)
and Roswell Park Memorial Institute 1640 (RPMI (1×), gibco, ref. A10491-01) were supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S), respec-
tively. Human kidney cells (HK-2, passaged 2× per week) and monocytic human THP-1
cells (ATCC, passaged every 2nd day) were cultured at 37 ◦C in 95% air/5% CO2 atmo-
sphere with DMEM and RPMI medium, respectively. The differentiation of THP-1 mono-
cytes into macrophages was induced by adding 50 ng/mL phorbol 12-myristate 13-acetate
(PMA) to the culture medium and incubated for 48 h. The experiments were carried out
with a seeding density of 2.5 × 105 cells/cm2 for the THP-1 cells and 2.5 × 104 cells/cm2

for the HK-2 cells.

3.3. Cytocompatibility

The cytocompatibility of BIONs, ION@PGA, ION@UPy-NH2, ION@UPy-NH2@UPy-LL
(preparation can be found in 2.6 UPy-LL binding), and free UPy-LL for THP-1 macrophages
and HK-2 cells was investigated by resazurin assay. The cells were seeded onto a 96-well
plate (n = 3). The THP-1 cells were induced with PMA for 48 h, and the HK-2 cells were
cultured overnight to allow cell adhesion. The particles were suspended in 70% EtOH
by magnetic decantation and sterilized for two hours under UV light. Afterward, the
supernatant was changed to PBS by magnetic decantation, removing the EtOH supernatant
and resuspending the nanoparticles in PBS. The IONs were then ultrasonicated for 30 min in
an ultrasonic bath to ensure full resuspension. The respective medium exchanged the buffer.
After attachment, the culture medium was exchanged for a medium containing BIONs,
ION@PGA, and ION@UPy-NH2 at the concentrations of 0 g L−1, 0.03 g L−1, 0.05 g L−1,
0.08 g L−1, 0.10 g L−1, 0.30 g L−1, and 0.50 g L−1, respectively, or ION@UPy-NH2@UPy-LL
and UPy-LL at 0 µM, 1.77 µM, 3.53 µM, 5.40 µM, 10.6 µM, 14.1 µM, 17.7 µM, 26.5 µM,
or 35.3 µM (based on the UPy-LL concentration, detailed explanation in Table S1). After
24 h of incubation, the medium was removed, and the cells were washed with PBS buffer.
After adding 200 µL of culture medium enriched with 44 µM resazurin (three empty wells
were filled as control samples without cells), the cells were incubated for 3.5 h at 37 ◦C.
Amounts of 2 × 80 µL of resazurin-enriched medium were transferred to a flat black
96-well plate, and the fluorescence was measured with a SynergyTM HT plate reader and
Gen5TM software (BioTek Instruments, Inc.) at λex = 550 nm and λem = 584 nm. Results
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were presented normalized to the fluorescence of the negative control (cells that were not
in contact with the nanoparticles or the AMP).

3.4. Live/Dead Staining

The cell viability of both cell types in combination with BIONs, ION@PGA, ION@UPy-
NH2, ION@UPy-NH2@UPy-LL, and free UPy-LL was determined by live/dead stain-
ing. An amount of 50 µL of cell suspension was seeded (with a seeding density of
2.5 × 105 cells/cm2 for the THP-1 cells and 2.5 × 104 cells/cm2 for the HK-2 cells) into a
15-well Ibidi slide (n = 3). The particles were sterilized as described above in Section 3.3.
After the cell’s attachment (HK-2 overnight, THP-1 with PMA-induced medium for 48 h),
the respective medium was exchanged for a medium containing 0.05 g L−1 or 0.50 g L−1

BIONs, ION@PGA, and ION@UPy-NH2 or 5.40 µM, 10.6 µM, or 14.1 µM ION@UPy-
NH2@UPy-LL or UPy-LL. The cells were incubated for 24 h and washed with PBS (2×),
incubated with 10 µM calcein AM and 10 µM propidium iodide-enriched medium (30 min,
37 ◦C), and washed with PBS (2×). Imaging acquisition of the cells was performed using a
Zeiss Axio Observer 7 with a 10× objective.

3.5. Internalization

The internalization experiments of ION@UPy-NH2 containing UPy-Cy5 (Figure S1)
were prepared by adding 2 µL of a 1.25 g L−1 UPy-Cy5 solution in chloroform to 100 µL of
an 11.6 g L−1 ION@UPy-NH2 suspension in water. The particles were shaken at 30 ◦C and
1500 rpm for 6 h and washed by magnetic decantation (3×) to ensure the binding. They
were sterilized as described before and diluted to a 0.1 g L−1 suspension in the respective
medium. An amount of 50 µL of THP-1 or HK-2 cells was seeded onto a 15-well Ibidi slide
(n = 3). After incubation with ION@UPy-NH2/UPy-Cy5 for 5 min, 2 h, 24 h, and 48 h,
the cells were washed with PBS (2×), fixed with 15 µL of 10% formaldehyde solution at
room temperature (25 ◦C), and washed with PBS (2×). The cells were sequentially stained
with Phalloidin Alexa 488 staining solution (1:300, 30 min, 25 ◦C) for the membrane and
4′,6-Diamidin-2-phenylindol solution (DAPI, 2:1000, 10 min, RT) for the nuclei in PBS,
respectively. After washing (2× PBS), imaging was performed with a Zeiss Axio Observer
7 with a 40× objective.

3.6. UPy-LL Binding

To combine ION@UPy-NH2 with UPy-LL, 1.0 mg of UPy-LL was dissolved in 176.5 µL
99:1 MeOH:1× PBS pH 7.4 (gibco) containing 2 mM 2-hydroxyethylpiperazine-N′-2-ethane
sulfonic acid (HEPES) [28]. An amount of 28.7 µL of this solution was combined with
1.12 mL of 0.56 g L−1 ION@NH2 solution in PBS. The particles were shaken at 1000 rpm
overnight. The particles were sterilized under UV light for 30 min, and the buffer was
changed by magnetic decantation.

To analyze the binding behavior, different ION@UPy-NH2 concentrations (8 g L−1,
6 g L−1, 4 g L−1, 2 g L−1) in PBS were mixed 1:1 with various UPy-LL solutions (2 g L−1,
1 g L−1, 0.75 g L−1, 0.5 g L−1, 0.3 g L−1, 0 g L−1). The experiment was conducted in
triplicate. The suspensions were mixed for one hour at room temperature at 1000 rpm. After
magnetic decantation, the supernatants were photometrically measured at 280 nm, and the
concentrations of unbound UPy-LL were calculated with the help of a calibration line.

The formation of the UPy-NH2 (bound to the IONs) and UPy-LL assemblies was
examined by the Nile red (NR) encapsulation test on a Varian Cary Eclipse fluorescence
spectrometer (Agilent Technologies, Santa Clara, CA, USA). A 0.1 g L−1 ION@UPy-NH2
suspension was combined with 0 µL, 0.08 µL, 0.16 µL, 0.32 µL, 0.64 µL, 1.28 µL, and 2.56 µL
of UPy-LL as described above. After overnight incubation to let the fibers assemble, 0.53 µL
of a 1 mM Nile red solution in MeOH was added (NR to UPy-LL 10:1). The particles were
shaken at 400 rpm at room temperature for 20 min and then measured five times using a
quartz cuvette (emission 565–800 nm, excitation 550 nm).
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3.7. Antimicrobial Activity

The antimicrobial activity of ION@UPy-NH2, ION@UPy-NH2@UPy-LL, and free UPy-
LL was analyzed with (RH)4-GFP-expressing E. coli (BL21, DE3) performed in a manner
analogous to the method stated in Turrina et al. [17]. ION@UPy-NH2 in 50 mM PBS at
pH 7.4 was diluted to 0, 0.1 g L−1, 0.3 g L−1, 0.5 g L−1, 0.8 g L−1, 1.0 g L−1, 2.0 g L−1,
3.0 g L−1, 4.0 g L−1, and 5.0 g L−1. After dissolving, probes containing 0.0 µM, 2.2 µM,
4.4 µM, 8.9 µM, 18 µM, 35 µM, 54 µM, and 106 µM of the free UPy-LL were prepared. After
binding, ION@UPy-NH2@UPy-LL was diluted to similar UPy-LL concentrations (reaching
a maximal particle concentration of 1.17 g L−1). During the experiment, all samples were
finally diluted 1:10.

4. Conclusions

ION@UPy-NH2 is an interesting drug carrier material combing the favorable proper-
ties of IONs and supramolecular self-assembling systems. The UPy network forms a shell
around the iron oxide core and small agglomerates, and it forms fibers. ION@UPy-NH2 and
its precursor showed high cytocompatibility in HK-2 cells and a concentration-dependent
effect on the metabolic activity of macrophagic THP-1 cells. The particles were internalized
faster by THP-1-derived macrophages and were fully internalized after 24 h by both cell
types. ION@UPy-NH2 binds UPy-LL with high efficiency (99%), inducing the reassembly
and formation of smaller fibers. Attached to the drug carrier, the antimicrobial activity
of UPy-LL is improved, leading to a MIC of 1.77 µM in E. coli. The combined system
improved the cytocompatibility from 5.4 µM to 10.6 µM of the antimicrobial peptide for
HK-2 cells, while it reduced the metabolic activity of THP-1-derived macrophages. The
experiments demonstrated that ION@UPy-NH2 can be easily combined with UPy–drug
molecules and could be used as a magnetically controlled drug delivery system for the
antimicrobial peptide LL. The usage of low concentrations and improved cytocompatibility
makes the AMP applicable.
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3.6. Superparamagnetic iron oxide nanoparticles for their application in the 

human body: Influence of the surface 
IONs are the focus of research in nanomedicine, especially for the topics of diagnosis, therapeutics, and 

drug delivery. For application in the human body, IONs are often coated to introduce specific 

functionalities, to improve biocompatible, or make them colloidal stable. Much research on the coating 

of IONs has been done, focusing on the synthesis and application. However, the effect of the surface 

properties on long-term agglomeration, degradation, and oxidative stress has often been neglected. 

This study provided an improved experimental setup to screen various particles within three days. Four 

different simulated body fluids were used to mimic the path of IONs after injection from the bloodstream 

into the cell. As a result, the particles encounter physiological pH of 7.4 in the blood and the cytosol to 

pH 4-5 in the endosome or lysosome. An improved incubation and shaking protocol ensured that the 

IONs were fully dispersed over 72 hours and did fasten the preclinical screening by factor 4.6. A 

combination of DLS and phenanthroline assay showed detailed agglomeration and iron ion release 

coherences. An oxidative stress assay underlined this data based on low-density lipoproteins (LDL). 

Four different IONs, BIONs, ION@Dex, ION@PVA, and ION@PLGA were applied in this study. 

These coating materials are commonly used and of high interest in nanomedicine. The particles were 

fully characterized by their particle composition, surface properties, particle size distribution, behavior 

in the magnetic field, and cytocompatibility in smooth muscle cells. All particles showed good 

cytocompatibility within three days. ION@PVA had the highest colloidal stability over a broad pH 

range in water and around the IEP. The composition and pH of the simulated media highly influenced 

the agglomeration of IONs and, therefore, their potential behavior in the human body. The aggregation 

and degradation directly affected each other. The iron ion release was increased or decreased depending 

on the coating material. ION@PVA experienced the fastest degradation in artificial lysosomal fluid and 

the highest colloidal stability in all media. ION@Dex showed rapid degradation in artificial endosomal 

fluid and the fastest oxidation profile for LDL. 

The work provided new and essential insights into the effect of various standard coatings on properties 

like magnetophoretic behavior, cytocompatibility, hydrodynamic diameters, particle degradation, and 

oxidative stress. The new analytical setup allows fast and reliable screening of IONs to analyze the effect 

of coating on their aggregation and dissolution. 

The doctoral candidate's substantial contributions were the study's conception and design after critically 

reviewing existing literature. The doctoral candidate was the leading author of the manuscript. The 

experiments were carried out by the doctoral candidate together with A. Klassen, D. Milani, D. Rojas-

González, and S. Schwaminger. A. Klassen, D. Milani, and S. Schwaminger and the doctoral candidate 

did data analysis and processing. 
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A B S T R A C T   

Iron oxide nanoparticles (IONs) are of great interest in nanomedicine for imaging, drug delivery, 
or for hyperthermia treatment. Although many research groups have focused on the synthesis and 
application of IONs in nanomedicine, little is known about the influence of the surface properties 
on the particles’ behavior in the human body. This study analyzes the impact of surface coatings 
(dextran, polyvinyl alcohol, polylactide-co-glycolide) on the nanoparticles’ cytocompatibility, 
agglomeration, degradation, and the resulting oxidative stress induced by the particle degrada-
tion. All particles, including bare IONs (BIONs), are highly cytocompatible (>70%) and show no 
significant toxicity towards smooth muscle cells. Small-angle X-ray scattering profiles visualize 
the aggregation behavior of nanoparticles and yield primary particle sizes of around 20 nm for the 
investigated nanoparticles. A combined experimental setup of dynamic light scattering and 
phenanthroline assay was used to analyze the long-term agglomeration and degradation profile of 
IONs in simulated body fluids, allowing fast screening of multiple candidates. All particles 
degraded in simulated endosomal and lysosomal fluid, confirming the pH-dependent dissolution. 
The degradation rate decreased with the shrinking size of particles leading to a plateau. The 
fastest Fe2+ release could be measured for the polyvinyl-coated IONs. The analytical setup is ideal 
for a quick preclinical study of IONs, giving often neglected yet crucial information about the 
behavior and toxicity of nanoparticles in the human body. Moreover, this study allows for the 
development and evaluation of novel ferroptosis-inducing agents.   

1. Introduction 

One of nanotechnology’s most active research fields is nanomedicine, which applies nanotechnology to precise medical in-
terventions for preventing, diagnosing, and treating diseases [1,2]. With 76% of scientific papers and 59% of patents, drug delivery is 
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the most dominant part of nanomedicine [3]. Iron oxide nanoparticles (IONs) can be applied for targeted or magnetically controlled 
drug delivery [4]. Additional to their superparamagnetic behavior, high surface-to-volume ratio, fast and cost-efficient synthesis, and 
low toxicity, IONs can encapsulate, disperse, adsorb, or conjugate drugs [5]. Guided by an external magnetic field, drug-loaded 
particles can be specifically transported to unhealthy tissue, like cancerous tumors, thereby reducing systemic side effects and 
decreasing the overall amount of drugs [6,7]. To date, intravenous injection of drug-loaded nanoparticles is one of the most widely 
explored systems in targeted drug delivery [8]. IONs are already well accepted as T2 (transverse relaxation time) contrast agents for 
noninvasive magnetic resonance imaging (MRI). The superparamagnetic core of IONs affects the transverse relaxation time of protons 
in nearby tissues and can be measured by a darkened tissue [9]. IONs have also found an application in hyperthermia, an alternative 
cancer treatment [10]. Here, an alternating magnetic field is used to heat the temperature-sensitive tumor cells to temperatures ≥41 ◦C 
[10]. 

For the application in nanomedicine, IONs must be biocompatible, colloidally stable, and often need to be specifically function-
alized [10–12]. These criteria are usually not fulfilled by bare IONs (BIONs), leading to massive research in nanoparticle coatings in 
recent years [11,12]. Often a core-shell structure is preferred, leading to stabilized and flexible particle systems [10]. Organic coatings 
are advantageous due to their biocompatibility and water solubility [12,13]. Polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), 
polyvinyl alcohol (PVA), chitosan, and dextran (Dex) are well known to prolong the circulation of particles in the blood [12–15]. For 
this study, poly(lactid-co-glycolid) (PLGA), Dex, and PVA-coated IONs are analyzed as they are already established and commonly 
used coatings [11]. 

Dex-coated IONs are used as contrast agents in MRI scans and to treat anemia in patients [16,17]. For drug delivery application, 
Khalkhali et al. were able to bind and slowly release a polyphenolic plant constituent (curcumin) with pharmacological properties from 
Dex-coated IONs [18]. Unterweger et al. and Peng et al. also investigated the use of ION@Dex as a drug delivery system in cancer 
therapy by loading the particles with the chemotherapeutic drug doxorubicin or hypericin [19,20]. For some of the described ap-
plications, the Dex-coating has already been approved by the Food and Drug Administration (FDA) [16,17,21]. PLGA is biodegradable. 
It can be hydrolyzed to the metabolic monomers lactic acid and glycolic acid [22]. Furthermore, PLGA as material is approved by the 
FDA and European Medicines Agency (EMA) [22,23]. ION@PLGA can encapsulate hydrophobic and hydrophilic molecules and protect 
the drug from degradation, making it ideal for drug delivery systems [22]. Saengruengrit et al. used ION@PLGA to deliver proteins to 
bone marrow-derived primary dendritic cells [24]. Ruggiero et al. synthesized ION@PLGA particles loaded with multiple anticancer 
drugs that perform a magneto fluid hyperthermia-triggered drug release [25]. PVA has a hydrophilic character and is biodegradable 
[26]. It is widely used as a protective agent to stabilize IONs and is approved by the FDA [11,27]. Kayal et al. confirmed that ION@PVA 
is a promising candidate for magnetically targeted drug delivery of doxorubicin [28]. Furthermore, Ebadi et al. used PVA/LDH 
(magnesium-aluminium-layered double hydroxide)-coated particles with the drug sorafenib and showed high drug release in simu-
lated acidic tumor environments [29]. 

For an application in the human body, degradation and colloidal stability over time are critical factors to consider in the preclinical 
development of IONs [30]. Thus long-term agglomeration and Fe2+-release studies are essential to better understand the particles’ 
behavior after injection into the body. The latter is important since the degradation of IONs, depending on the coating, can be very 
slow, with a half-life of several weeks [31]. The morphology, size, and agglomeration behavior influence the degradation of particles 
[32]. Smaller particles dissolve faster than large ones [32]. Long-term studies in mice showed that maghemite nanoparticles were 
degraded in the lysosome and were ultimately stored in the liver and the spleen [31]. Levy et al. demonstrated that colloidal stability 
due to the degradation profile of three differently coated IONs is influenced by the pH and they identified a degradation optimum for 
these particles at pH 4 [33]. Undesirable side effects can occur if the particles agglomerate in the body. For biomedical applications, 
particles smaller than 100 nm are recommended to prevent toxic effects such as thrombogenesis and prolonged blood circulation [11]. 
In addition, Limbach et al. reported that slight variations in the particle’s surface chemistry significantly impact the stability, slow 
down the aggregation rate, and enhance the colloidal stability [34]. Following intravenous injection, the particles encounter a 
physiological pH of 7.4 in the blood and cytosol to more acidic pH (4–5) in degradation compartments [35–37]. 

Simulated fluids represent an interesting and cost-efficient alternative to in vivo experiments, which have been increasingly used in 
recent years [36,38]. They allow the conception of fast and effective screenings of potentially applicable and safe nanoparticles in 
nanomedicine in the preclinical phase. Additionally, animal experiments can be reduced to a minimum [36]. SBF (simulated body 
fluid, pH = 7.4) simulates the conditions in the blood circulation, and PBS (phosphate buffered saline, pH = 7.4) simulates the cytosol 
[36,39,40]. Late endosomes and lysosomes degrade the particles within the cells. AEF (artificial endosomal fluid, pH = 5.5) simulates 
the conditions in the late endosome, and ALF (artificial lysosomal fluid, pH = 4.5) the conditions after particle uptake in the lysosome 
[41]. The buffers simulate the path a particle can take in the body after intravenous administration. They have a much more complex 
composition than simple acids and are similar to the original hard-to-reach fluids due to their salt composition [31,35,42,43]. 

Under these acidic conditions, IONs are easily dissolved. This is especially true for complexing and reducing buffers containing 
carboxylic acids such as citrate [44]. This results in the formation of iron ions. Iron ions have gained great interest for usage in fer-
roptosis applications. Especially the combination of ferric and ferrous ions is interesting for use in ferroptosis applications and the 
generation of reactive oxygen species (ROS) in cells [45]. Thus, multiple nanoparticle-based systems have been developed in the last 
years to deliver iron ions for ferroptosis therapy [46]. Aside from crystalline materials, amorphous iron nanoparticles and metal 
organic frameworks (MOFs) have also been developed for the specific release of ferrous and ferric ions [47]. Acidic environments allow 
for Fenton reactions and hydrogen peroxide production, which can be used in tumor treatment [48]. The general pathway for the 
treatment is via the production of very reactive hydroxyl radicals, which oxidize lipoproteins. Following this oxidation, lipid peroxides 
induce ferroptosis [49]. 

Although many research groups have focused on the synthesis and application of IONs in nanomedicine, little is known about the 
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influence of the surface properties on the particle’s behavior in the human body. To better understand the impact of different coating 
materials on the IONs degradation and agglomeration profile, BIONs, ION@Dex, ION@PVA, and ION@PLGA were incubated in 
simulated body fluid (SBF), artificial lysosomal fluid (ALF), artificial endosomal fluid (AEF), and phosphate-buffered saline (PBS) for 
72 h at 37 ◦C. The hydrodynamic diameters were analyzed by dynamic light scattering (DLS) and the Fe2+ release by phenanthroline 
assay. Oxidative stress was analyzed with an low-density lipoprotein (LDL) assay. The novelty of this investigation is the release of iron 
ions in artificial bodily fluids depending on the surface modifications of iron oxide nanoparticles. The presented data gives essential 
insights into the applicability of IONs in nanomedicine and shows a fast screening method that can be used in the preclinical phase. 

2. Material and methods 

2.1. Synthesis 

2.1.1. BIONs 
BIONs were synthesized by the co-precipitation method according to the Massart process [50]. The experiment was performed 

analogously to Turrina et al. [51]. The characterization data was previously published and is only used for comparison [52]. 

2.1.2. Dextran-coated IONs 
Dextran-coated particles were prepared similarly to BIONs using the Massart process. In this process, 9.5 mL of Dextran solution 

(10.0 g L− 1, Sigma Aldrich) was added with 83 mL of iron (II/III) solution (FeCl2 × 4H2O (735 mg), Sigma Aldrich; FeCl3 × 6H2O 
(2000 mg), Carl Roth) in a 100 mL round bottom flask under N2 atmosphere. Co-precipitation is started after adding 7.5 mL of 25% 
NH4OH solution, and the reaction was run under homogeneous stirring at 70 ◦C for 30 min. After completion of the reaction, the excess 
salts are removed by washing with degassed ddH2O (4×) until a conductivity lower than 200 μS cm− 1 is obtained. 

2.1.3. PVA-coated IONs 
The principles of the Massart process were applied for the synthesis of the ION@PVA particles. Beforehand, 2.88 g NaOH (Carl 

Roth) and 3.00 g PVA (Sigma Aldrich) were mixed in 20 mL degassed water and treated in an ultrasonic bath until everything had 
dissolved. In parallel, 40 mL of iron (II/III) solution (FeCl2 × 4H2O (1.40 g), Sigma Aldrich; FeCl3 × 6H2O (3.47 g), Carl Roth) was 
prepared in degassed water. The reaction was started by mixing the two solutions in a 100 mL round bottom flask under nitrogen 
conditions. The reaction was run for 30 min at 80 ◦C. The reaction broth was washed with absolute ethanol (2×, VWR chemicals) and 
degassed ddH2O (3×) until a conductivity below 200 μS cm− 1 was achieved. 

2.1.4. PLGA-coated IONs 
ION@PLGA was synthesized by a single emulsion method [53]. In this preparation technique, 40.0 mg, PLGA 50:50 of 38–54 kDa 

(Fluka Sigma Aldrich) were dissolved in an organic phase comprised of dichloromethane and acetone at a 2:1 vol ratio. Additionally, 
100 μL of ultrasonicated 3-aminopropyltrimethoxysilane (APTS) coated IONs suspended in ethanol (10.0 g L− 1) were added. After-
ward, 6.00 mL of an aqueous phase containing 0.30% PVA (Fluka Sigma Aldrich) was poured into the solution and emulsified by 
ultrasonication in the Branson Digital Sonifier 450 (Emerson Electric Co, 30 s, 30.0%, 15 s ON, 15 s OFF). Complete evaporation of the 
organic phase was ensured by continuous stirring at 550 rpm and at a temperature of 25 ◦C for 17 h. The particles were magnetically 
separated and washed with 2.00 mL of deionized water (3×) to remove excess PVA and other loosely adsorbed excipients. All particles 
are stored in deionized water under a N2 atmosphere at 4 ◦C. 

2.2. Characterization 

(Fourier-transform infrared spectroscopy) FT-IR spectroscopy (Alpha II; Bruker Corporation; Billerica) and platinum attenuated 
total reflection module (4000 cm− 1 to 400 cm− 1, 24 scans) were used to confirm functional groups’ presence on the IONs’ surface. The 
background was subtracted with the concave rubber band method (OPUS 8.1). Lyophilized IONs (Alpha 1–2 Ldplus, Christ, − 60 ◦C 
overnight in vacuum) were analyzed by powder X-ray diffraction (XRD) with the STOE Stadi-P Diffractometer (flatbed measurement, 
molybdenum source, 0.7093 Å). The saturation magnetization was determined by SQUID analysis. 10 mg of particles were fixed in a 
small plastic tube (Fixogum, Marabu GmbH & Co KG, Tamm, Germany) and measured with the magnetometer MPMS XL-7 (Quantum 
Design, San Diego USA) at 300 K and a magnetic field variation of − 50 kOe to +50 kOe. The LUMIReader (4532-123; LUM GmbH) was 
used to analyze the sedimentation rate of the IONs in a magnetic field by STEP technology. The particles (1.00 g L− 1, pH 7) were 
ultrasonicated and then contacted with five stacked cylindrical neodymium (NdFeB) magnets (d = 12 mm; h = 2 mm, N45, Webcraft 
GmbH, Gottmadingen, Germany) and measured at wavelengths of 870 nm, 630 nm, and 420 nm (Profile: 1000; Interval: 1s; Angle: 0◦; 
Light factor: 1.00; Temperature: 25 ◦C; magnetization 29.1–54.4 Am2 kg− 1). The processing of the obtained data was performed by the 
software PSA-Wizard (SEPview™; Analysis positions: 13.0 mm, 15.0 mm, 17.0 mm, 19.0 mm). The particle size and morphology are 
measured by Transmission electron microscopy (TEM) with the TEM JEM JEOL 1400 (×120k). The samples (0.03 g L− 1, 10 μL, after 
ultrasonication) were dried onto a glow-discharged carbon-coated copper grid. For analysis (ImageJ), at least 100 particles from three 
different areas were measured. The Zetasizer Ultra (Malvern Panalytical) was used to measure dynamic light scattering (DLS) and the 
zeta potential of a 1 g L− 1 solution (ddH2O pH = 2–10, after ultrasonication, Cuvetta STD UV 4 clear side, KARTELL S. p.a., and 
DTS1070, Malvern Instruments). A Boltzmann fit determined the isoelectric point (IEP). 

Small angle X-ray scattering (SAXS) data were acquired at the Austrian SAXS beamline at the Elettra Synchrotron in Trieste; the 
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beamline length was set to 1386.101 mm, corresponding to a q range of 0.07 nm− 1 - 5.3 nm− 1, where q = 4π sinθ/λ, λ is the wavelength 
of the incident X-rays, and 2θ is the scattering angle. The photon energy was set to 8 keV corresponding to a wavelength of 0.154 nm. 
The sample was loaded in a quartz capillary with 1.5 mm diameter and exposed to X-rays. 10 images of 10 s each were collected by a 
Pilatus 3 1 M detector (Dectris Ltd., Baden, Switzerland). The angular scale of the diffraction pattern was calibrated with silver 
behenate (d-spacing 5.8376 nm). The acquired images were azimuthally integrated by SAXSDog, the automatic data integration 
pipeline available at the SAXS outstation, normalized on transmission and fluctuation of the primary beam intensity, and background 
subtracted. 

The experimental setup for optofluidic force induction (OF2i) measurements consists of a 2D optical trap in a cylindrical flow cell 
using a weakly focused doughnut-shaped vortex beam. The laser beam is generated by a 532 nm linear polarized CW DPSS laser (Laser 
Quantum, GEM532) with a maximum output power of 2 W. The beam alignment is achieved using two mirrors and a 5× expander. A 
vortex phase plate generates a Laguerre-Gaussian mode with topological charge m = 2. The ultramicroscope consists of a 10× PLAN 
microscope objective, an optical filtering bank, a 50 mm focusing lens, and a CCD camera for imaging. The microfluidic flow cell 
consists of a continuous, dead volume optimized pumping and laminar fluid handling setup, following derivable fluid continuity 
principles [54]. Particles have been dispersed in acetate buffer solutions and ultrasonicated at concentrations of around 1 μg mL− 1 

prior to OF2i measurements. 
Human low-density lipoprotein (LDL) was obtained from the plasma of normolipemic, fasting male donors by sequential ultra-

centrifugation within the density of 1.020–1.050 g mL− 1. Diethylenetriaminepentaacetic acid (DTPA) and Pefabloc were present 
during all steps of lipoprotein preparation to prevent lipid peroxidation and apo B cleavage by contaminating bacteria or proteinases. 
The LDL were dialysed against a 10 mM Tris HCl, Isotone, 100 μM DTPA, pH 7.40, sterile-filtered and stored at 4 ◦C in the dark until 
use. The LDL concentration was measured by dry weight determination and the protein content by the Lowry method [55]. The freshly 
prepared LDL were dialysed against a 10 mM PBS without DTPA. Subsequently, the LDL was diluted with a 100 mM sodium acetate 
buffer, pH 4.50 to give a concentration of 0.2 mg LDL mL− 1. The nanoparticle suspensions (1 g L− 1) were added to the LDL to give a 
final concentration of 200 μM. The formation of conjugated dienes was continuously monitored at 234 nm by a spectrophotometer 
(Hitachi U-2000) at 37 ◦C for 240 min using 1 cm quartz cuvette [56]. 

Cytocompatibility was assessed following ISO-10993 guidelines. Human umbilical artery smooth muscle cells (HUASMCs, Pro-
mocell, passage 7) were used for the cytocompatibility assay. The cells were expanded in culture medium consisting of DMEM sup-
plemented with 10% fetal calf serum (FCS, Gibco) and 1% antibiotic/antimycotic mix (ABM, Gibco). The different IONs were sterilized 
using H2O2-low-temperature-plasma, resuspended in the phosphate-buffered saline, ultrasonicated (10 min), and transferred to the 
medium by magnetic separation. The samples were diluted to 0.1 g L− 1 in culture medium. For the test, 10.000 cells cm− 2 were seeded 
in 96-well plates (Greiner Bio-One, Germany) and incubated at 37 ◦C with 5% CO2 for 24 h to allow for cell adhesion. Afterward, the 
different experimental samples were added to the cells. Culture medium served as the negative control, while culture medium sup-
plemented with 2% Triton x-100 (Sigma) was used as the positive control. Cell proliferation was analyzed 24 and 72 h after adding 
IONs, by a commercial cell proliferation kit (XTT, Roche) following manufacturer’s instructions. Briefly, 50 μL of the working solution 
(1:50 electron coupling reagent (ECR) with the XTT solution) were transferred to each well and incubated for 2 h. The optical density of 
formazan was measured at a wavelength of 450 nm and a reference wavelength of 630 nm using a plate reader (Spark, Tecan). An 
initial measurement at 0 h was used to exclude the effect of the IONs on the optical density. For better data visualization, all values 
were normalized to the absorbance of the NC. 

The composition of PBS, AEF, ALF, and SBF can be found in the supplementary material (Tables S1–S3). 
A 1.00 g L− 1 particle solution in water (BIONs, ION@PVA, ION@Dex, ION@PLGA) was prepared and ultrasonicated (30 min). For 

each buffer, triplicates were prepared by exchanging the liquid phase through magnetic decantation. All samples are incubated at 
37 ◦C in an incubation shaker (Thermomixer comfort, Eppendorf) at 1000 rpm for 72 h. The hydrodynamic diameters were measured 
by DLS (Cuvetta STD UV 4 clear side, KARTELL S.p.a.) using Zetasizer Ultra (Malvern Panalytical) at 37 ◦C after 0, 1, 3, 5, 24, 48, and 
72 h. 

For each buffer, 2.00 mL of a 1.00 g L− 1 for all particles were prepared as described above and incubated at 37 ◦C in a thermoshaker 
at 1000 rpm. After 0, 1, 3, 5, 24, 48, and 72 h, 80 μL of the particle solution were taken and centrifuged at 17,000 rpm for 20 min to 
remove interfering particles. 60 μL of the supernatant were transferred to a new reaction tube, and 100 μL of 10% (w/v) ascorbic acid 
(Table S4) and 400 μL of acetate buffer (Table S5) were added. Fe3+ ions are reduced to Fe2+ by the added ascorbic acid. After in-
cubation for 5 min at room temperature, 50 μL of 0.5% (v/v) phenanthroline solution (Table S6) were added and incubated for another 
20 min. Subsequently, the volume is filled up to 1.00 mL with deionized water. Fe2+ ions form a red-orange chelate complex with 1,10- 
phenanthroline [57]. 300 μL of the sample were pipetted into a 96-well plate; then, the absorbance was measured at 510 nm using 
Tecan Infinite M200 microplate reader. The analysis was performed in triplicates. For the calibration curve, a 0.10 g L− 1 Fe2+ stock 
solution was prepared from FeCl2 × 4H2O (Table S7). From the solution 0, 1, 2, 4, 6, 10, 20, 30, 50, 60, 80, 100, 120 and 160 μL were 
taken. The concentration of free iron ions was normalized to the initial concentration of the particulate stock solution. Herefore, 60 μL 
of the 300 μL remaining particle solutions were dissolved in 60 μL of concentrated hydrochloric acid (37%). The solution was filled to 
1.00 mL with ddH2O and mixed. From the diluted solution, 60 μL were treated in the acetate buffer-ascorbic acid mix analogous to the 
supernatants described above and then mixed with phenanthroline. 

3. Results and discussion 

The co-precipitation technique was used to synthesize BIONs, ION@PVA, and ION@Dex [50,51]. The PLGA coating was generated 
by the single emulsion method [53]. 
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All particles were analyzed regarding their particle composition, size, surface properties, agglomeration, saturation magnetization, 
magnetophoretic behavior, and cytocompatibility. The detailed characterization of the used BIONs can be found in Turrina et al. [52]. 

The successful Dex, PVA, or PLGA coating is determined by FT-IR (Fig. S1). All particles show the characteristic Fe–O peak at 582 
cm− 1 [51,58–60]. For ION@Dex, the spectra showed νC-H at 1622 cm− 1 and νC-O vibrations at around 1019 cm− 1 and 1028 cm− 1 [18, 
61]. Between 765 cm− 1 and 914 cm− 1, vibrations of the glucopyranose ring can be observed [62]. For PVA-coated IONs, a C–C 
stretching vibration at 1416 cm− 1 and a Fe–O–C bond at 1092 cm− 1 were observed [28]. At 850 cm− 1, the ρCH2 vibration is visible, 
and adsorbed water was also detected at 1620 cm− 1 [28]. For ION@Dex and ION@PVA, the intensity ratio of coating and ION is 
comparable, whereas ION@PLGA shows intense characteristic polymer peaks that overlay the distinct iron oxide peak. This ratio 
indicates a thicker polymer layer for ION@PLGA than the other two. The peak at 1754 cm− 1 is attributed to the vibration of the 
carbonyl groups in the two monomers of PLGA. The bands between 1271 cm− 1 to 1087 cm− 1 are assigned to C–O vibrations [63]. 

The crystal structure of the different particles is determined by X-ray diffraction (XRD) analysis (Fig. 1D, Fig. S2) The measurements 
show the characteristic reflections corresponding to spinel structured iron oxide at 13.7◦ (220), 16.1◦ (311), 19.5◦ (400), 25.4◦ (511), 
and 27.7◦ (440) for all particles [11]. The coatings do not influence the crystal structure of the IONs. 

The particle size is an essential criterion in nanomedicine [64]. A diameter between 10 and 100 nm is ideal for most applications in 
this field, avoiding rapid cleaning from the bloodstream and easy uptake through the blood-brain barrier [64,65]. Furthermore, small 
diameters lead to a large surface-to-volume ratio, giving the possibility of binding vast amounts of drugs or presenting many functional 
groups [11,12]. 

The Scherrer equation (Equation S1) uses XRD data to determine the iron oxide core size. Additionally, the morphology and particle 
diameter were determined with TEM. The diameters of BIONs coincide, dScherrer = 8.8 ± 0.9 nm and dTEM = 8.7 ± 1.6 nm [52]. 
Therefore, the coating thickness was calculated by subtracting dScherrer from dTEM.

. ION@Dex and ION@PLGA have comparable di-
ameters with dScherrer=~8.7 nm and dTEM = ~10.5 nm (Table). The calculated coating thickness is, therefore, Δd = ~1.8 nm. Both 
particle types accumulate in small clusters (Fig. 2B, D). ION@Dex falls in the size range found in the literature between 3 nm and 13 nm 
[19,20,66]. According to Kayal et al., the average diameter of ION@PVA lies in the range of 10–15 nm, which can be compared with 
the synthesized particles [28]. ION@PLGA has a dTEM = 9.5 nm. The Scherrer diameter could not be calculated because the thick 
coating leads to small reflexes even with intense measurement time (Equation S1). The PLGA-coated particles show smaller clusters 
and even some single ION@PLGA (Fig. 2F). 

In the human body, multiple media with different pH values can be found, ranging from the acidic gastric system with a pH of 2 
over pH 4–5 for the lysosomal or endosomal fluid up to the neutral pH of 7.4 of the cellular fluid or blood [35,36,67]. pH value and 
ionic strength can highly influence the colloidal stability of nanoparticles and therefore affect their hydrodynamic diameters [51]. DLS 
and zeta potential were used to analyze the surface charge and colloidal stability. Between a zeta potential range of − 10 mV and +10 
mV, nanoparticles are considered unstable and tend to agglomerate strongly [11]. 

For ION@Dex, ION@PVA, and ION@PLGA, the hydrodynamic diameters are analyzed in dependence on the pH in water. 

Fig. 1. SQUID analysis at 300 K, processed with the Langevin Mod fit (A). Cumulative velocity distribution at pH 7 in water, at room temperature 
(B). X-ray diffractogram of ION@Dex (C). Cytocompatibility over three days was analyzed by XTT assay with smooth muscle cells on the different 
particles, as well as a negative control (NC) and a positive control (PC). The results were normalized to NC (D). 
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ION@Dex agglomerated around the IEP of 6.94 with a hydrodynamic diameter of 1330 nm (Table 1, Fig. 2A). Unterweger et al. 
determined an IEP of 4.60 for dextran-coated IONs. But it should be noted that significantly higher amounts of dextran were used to 
synthesize the particles [68]. At zeta potentials above and below ±15 mV the ION@Dex had a ΔdDLS of 171 nm in water. Unterweger 
et al. also observed that ≥100 g L− 1 dextran could prevent the particles from forming agglomerates [62]. Nevertheless, compared to 
BIONs with an IEP at 7.10, the dextran-coating led to a shift of the IEP to a lower pH value and better stabilization around the IEP [52, 
69]. ION@PLGA had an IEP at pH 2.88 (Fig. 2E, Table 1). The molecular weight of the lactic and glycolic chains, which influences the 
amount of carboxylic acid end groups, does affect the zeta potential [70]. Near the IEP, the particles formed agglomerates of 1061 nm. 

Fig. 2. IEP points of ION@Dex (A), ION@PVA (C), and ION@PLGA (E). TEM images of ION@Dex (B), ION@PVA (D), and ION@PLGA (F) at 120kx.  

Table 1 
Mean diameter of ION@Dex, ION@PVA, and ION@PLGA determined via TEM and of XRD data with the Scherrer equation. For ION@PLGA the 
Scherrer diameter could not be calculated because the thick coating leads to small reflexes even with intense measurement time. IEPs of ION@Dex, 
ION@PVA, and ION@PLGA. Hydrodynamic diameters of BIONs, ION@Dex, ION@PVA, and ION@PLGA in SBF and human blood plasma at 37 ◦C.  

Particles TEM diameter dTEM 

[nm] 
Scherrer diameter 
dScherrer [nm] 

Isoelectric point 
(IEP) 

Hydrodynamic diameters in 
SBF [nm] 

Hydrodynamic diameters in human 
blood plasma [nm] 

BIONs    1905 ± 345 326 ± 17 
ION@Dex 10.5 ± 2.1 8.6 ± 0.5 6.9 1416 ± 684 238 ± 18 
ION@PVA 10.6 ± 2.1 8.8 ± 1.6 7.4 211 ± 7 238 ± 15 
ION@PLGA 9.5 ± 2.1 – 2.9 841 ± 81 133 ± 1  
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pH values > 5 led to higher zeta potentials > − 22.6 mV. The stabilizing effect led to a hydrodynamic diameter of 242 nm at pH 7. 
Similar dDLS between 100 and 250 nm have been observed in the literature [23,71,72]. Liang et al. used similar PLGA-coated nano-
particles with a hydrodynamic diameter of 220 nm to create a drug delivery system for paclitaxel. These particles are already in 
preclinical studies [72]. ION@PVA showed an IEP of 7.35, a value comparable to the literature (Fig. 2C, Table 1) [40]. The PVA coating 
led to the best stabilization, with an ΔdDLS = 198 nm, independent of the zeta potential and stable at the IEP. This effect can be 
attributed to the hydrophilic PVA chains [73,74]. 

In addition to dynamic light scattering studies, we investigated small-angle X-ray scattering (SAXS) by taking BIONs and ION@Dex. 
By taking particles with and with coating we evaluate the agglomeration behavior and the primary particle size. SAXS profiles showed 
aggregation and primary particle sizes around 20 nm for all particles investigated (Fig. 3A and B). The highest aggregation is visible for 
BIONs at pH 7, which is in excellent agreement with DLS data and data from previous studies [52,75]. Even though this aggregation of 
nanomaterials is visible and makes it challenging to interpret the SAXS data, these results help to verify XRD data as well as TEM 
studies (Figs. 1C and 2). As complementary study ION@PVA are analyzed by a LDL assay. 

Superparamagnetism is a crucial feature of IONs since it permits their application as a controllable drug delivery system, detection 
by MRI, or in hyperthermia therapy [11]. The saturation magnetization of the various coated particles was measured by super-
conducting quantum interference device (SQUID) and plotted against the applied magnetic field strength (Fig. 1A). All plotted curves 
showed the typical sigmoidal shape of superparamagnetic particles with no magnetization at a magnetic field strength of 0.0 Oe [11, 
76]. The used BIONs have a saturation magnetization of ±67.0 emu g− 1 [52]. A slightly lower saturation magnetization of 62.0 emu 
g− 1 can be seen for the dextran-coated particles. The Langevin Mod fit shows that the particles have an almost ideal profile. ION@PVA 
showed a saturation magnetization of ±56.7 emu g− 1 and a curve that differs from the ideal fit above a magnetic field strength of 
±20.0 kOe. Other studies with ION@PVA demonstrated superparamagnetic behavior and reported decreasing saturation magneti-
zation with the increasing PVA coating [28]. For the ION@PLGA, only a saturation magnetization of ±1.60 emu g− 1 was reached. This 
data corresponds to the IR measurements where the high characteristic PLGA peaks indicated a thick polymer coating. In the literature, 
similar behavior of ION@PLGA can be found between Lee et al. with a saturation magnetization <0.1 emu g− 1 and Wang et al. with 
4.00 emu g− 1 [77,78]. The space- and time-resolved extinction profiles (STEP) technology was used to understand the particle’s 
stability and magnetophoretic behavior at pH 7.4 (Fig. 1B). The sedimentation rates in a magnetic field increase with higher 
agglomeration and higher saturation magnetization of the particles [75]. In comparable conditions, BIONs sank with a sedimentation 
velocity of 1.2 mm s− 1 [52]. As ION@Dex formed large agglomerates at physiological pH values, ION@Dex sank faster with a velocity 
of 2.2 mm s− 1. However, BIONs as well as ION@Dex particles show a significantly lower sedimentation velocity without magneto-
phoretic sedimentation. (Fig. S3). ION@PLGA had sedimentation rates at 64.1 μm s− 1, which fits the low saturation magnetization. 
PVA is known to stabilize the IONs highly, so even though it has a higher magnetization, its sedimentation velocity with 41.0 μm s− 1 

was comparably low as IONs@PLGA [73]. The specific surface area of the BIONs as well as of the dextrane coated particles is in the 
range of 100 m2 g− 1 which corresponds to the particle size (Fig. S4). 

FT-IR spectroscopy and XRD verified the successful synthesis. The coating material and thickness influenced the particles’ size, 
surface properties, saturation magnetization, and magnetophoretic behavior of the IONs. PVA coating showed the best stabilization of 
the IONs in a broad pH range and around the IEP. 

The cytocompatibility of BIONs ION@Dex, ION@PVA, and ION@PLGA was determined by XTT assay after direct contact with 
HUASMCs after one and three days (Fig. 1D). The particles did not influence the cell morphology (Fig. S5). All particles show more 
than 70% viability compared to the negative control. ISO-10993 suggests this threshold for cytocompatibility. BIONs have been 
previously analyzed under the same conditions for their cell viability at a lower concentration of 0.08 g L− 1 and show good cyto-
compatibility as well [52]. The cytocompatible behavior also fits other laboratory experiments for different coated ions with smooth 
muscle cells. E.g., Zhang et al. showed a minor decrease in cell viability for ION@DMSO, ION@APTS, or ION@Glu [79]. The cyto-
compatibility of BIONs and the different coated particles gives them the potential for application in nanomedicine. 

To better understand the impact of coating materials on the IONs degradation and agglomeration profile, BIONs, ION@Dex, 
ION@PVA, and ION@PLGA were incubated in SBF, ALF, AEF, and PBS for 72 h at 37 ◦C (Fig. 4). 

In contrast to Rabel et al., a faster protocol was used here, which shortens the protocol to three days (vs. 28 days) [36]. Faster 
shaking speeds (1000 rpm vs 110 rpm) ensure that the particles are kept in suspension and therefore have more contact with the 

Fig. 3. Small-angle X-ray scattering (SAXS) profiles of ION@Dex and BIONs at pH 4 (A) and 7 (B).  
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medium. 
The initial contact with the body after injection in the bloodstream was analyzed in SBF (Fig. 5A snd B, Table S1). Over this period, 

regardless of particle composition, no iron release was detected in the supernatants of the particle solutions. This behavior was also 
observed in the literature and can be explained by the low solubility of the particles in physiological conditions [36]. Rabel et al. did 
not observe any dissolution of organic (Starch, Dextran, Chitosan) and inorganic (Silica) coated particles over 28 days [36]. Compared 
to the hydrodynamic diameter of BIONs (504 ± 10.5 nm) in dH2O (pH 7.4), in SBF, a 3.77 times higher agglomeration with an initial 
hydrodynamic diameter of 1905 ± 345.2 nm occurred. Over 72 h, hydrodynamic diameters of BIONs remained at 1.00 μm–2.00 μm, 
indicating constant agglomeration of the BIONs. At physiological pH, the BIONs with an IEP at 7.10 don’t show a strong surface charge 
and form agglomerates accordingly [52]. Furthermore, high electrolyte concentrations in the medium, such as sodium, calcium, 
chloride, and hydrogen phosphate, increase the aggregation [36,80]. ION@Dex already showed large hydrodynamic diameters in 
water at pH 7.17 of 1330 nm and colloidal instability around its IEP of 6.94. In SBF, the particles demonstrated almost similar initial 
agglomeration with hydrodynamic diameters of 1416 nm compared to diameters in water. After 72 h, hydrodynamic diameters 
increased up to >2.00 μm. A thicker dextran coating could decrease the agglomeration [81]. ION@PLGA showed an agglomeration 
over time from 841 nm to 1311 nm after three days. Even though the particles had a stable colloidal behavior in water (242 nm) at 
comparable pH values because of its IEP at acidic pH values, the salts induce 5.4 times higher agglomeration. The hydrodynamic 
diameters of ION@PVA are minimally influenced by SBF, leading to agglomerates of 240 nm after 72 h. This agglomeration is 
comparable to water at 205 nm. The long polymer chains support the colloidal stability [36,73]. PVA is known to form hydrogen 
bonding between the polymer chains resulting in a hydrogel structure, embedding the particle, and responsible for steric stabilization 
[81]. SBF simulates the salt composition, concentration, and pH value, whereas proteins and viscosity of the blood were not 
considered. Human blood plasma contains proteins (Albumin, IgG, Transferrin), glucose, mineral ions, hormones, carbon dioxide, and 
blood cells [82]. To better understand the effect of those additional components, the hydrodynamic diameters in SBF and in human 
plasma were compared (Table 1, Fig. S6). 

The agglomerates of BIONs, ION@Dex, and ION@PLGA highly decreased in human blood plasma. The hydrodynamic diameters of 
ION@PVA remained constant. All particles had diameters <350 nm, and all coatings led to a colloidal stabilization. This effect can be 
caused by the higher viscosity of around 1.44 mPa and the binding of plasma proteins [40,75,83]. Because no degradation takes place, 
the small hydrodynamic diameters of the coated IONs should ensure prolonged blood circulation times. 

PBS buffer (pH 7.40) was used to simulate the cytoplasm of the cell (Fig. 5C and D, Table S2) [40]. The Fe2+-release experiments 
showed identical results as in SBF. The IONs don’t dissolve at physiological pH values. Congruent to SBF, BIONs agglomerate in larger 
hydrodynamic diameters, with a Δd of 2227 nm, then the coated particles. Hydrodynamic diameters of ION@Dex remained smaller 
(788 nm) for 5 h, whereas almost identical hydrodynamic diameters of ≥2.00 μm to BIONs occurred after 24 h. The effect can be 
attributed to the change in buffer composition since the pH value was not modified. Compared to SBF, an amount of potassium 
phosphate (1.20 g L− 1) and sodium phosphate (7.20 g L− 1) can be found in PBS. Therefore, it can be assumed that phosphate ions bind 
on the surface of ION@Dex and stabilize the particle in the first 5 h. Almasri et al. can verify the stabilizing effect of absorbed 
phosphate ions [84]. ION@PVA starts with similar agglomerate sizes of 220 nm compared to SBF. After 5 h, the particles formed larger 
hydrodynamic diameters up to 588 nm. ION@PLGA was less influenced over time and showed sizes between 1120 and 1440 nm. 

Both buffers at physiological pH values did not lead to ION degradation. The salt concentration, viscosity, and protein content 
influenced the agglomerate size; all coatings did decrease this size. At the same time, only the PVA coating showed distinct smaller 
hydrodynamic diameters than the other coatings. All particles experienced distinct smaller hydrodynamic diameters in human blood 
serum. 

In the cell, the first stage of degradation of foreign material is found in endosomes and was simulated by AEF (Fig. 5) [41]. The pH 
of the endosome is decreased to 5.5 by proton pumps that influx the H+ [85]. Here the first stage of degradation of foreign material 
from the cell occurs. Accordingly, the particles’ initial degradation by released iron ions can be observed. BIONs experienced a 
constant iron ion release of up to 15.3% after 72 h. The thick PLGA coating can degrade to lactic acid and glycolic acid in acidic media 
[86–88]. Afterward, the IONs are dissolved. After 72 h, 9.56% of iron ions are released from ION@PLGA. ION@Dex and ION@PVA 
dissolve faster than BIONs. A dissolution of 20.4% and 21.9% is reached. Similar trends have been observed in the literature for 

Fig. 4. Schematic overview of the agglomeration and Fe2+-release study over 72 h with BIONs, ION@Dex, ION@PVA, and ION@PLGA.  
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DEAE-Dextran, and chitosan-coated IONs [36]. These particles protonated at acidic pH values and attracted more water and disso-
lution agents, leading to faster iron ion release [36]. Rabel et al. showed dissolution of ~20% after 14 days, indicating that the 
accelerated mixing (1000 rpm vs. 110 rpm [36]) speeds up the degradation 4.6 times in AEF. This effect can be attributed to the shear 

Fig. 5. Fe2+ release profiles in SBF (A) and PBS (C) and agglomeration in SBF (B) and PBS (D) for BIONs, ION@Dex, ION@PVA, and ION@PLGA for 
72 h at 37 ◦C (1000 rpm). 

Fig. 6. Fe2+ release profiles in AEF (A) and ALF (C) described with a first order kinetic and agglomeration in AEF (B) and ALF (D) for BIONs, 
ION@Dex, ION@PVA, and ION@PLGA for 72 h at 37 ◦C (1000 rpm). 
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forces exerted by the shaking and the better mixing of the particles. At low mixing rates, the particles sediment to the bottom. As a 
result, the individual particles are more difficult to access and dissolve slowly because a larger agglomerate has a smaller accessible 
surface area. Lanzl et al. found that physicochemical properties such as morphology, size, and agglomeration behavior also influence 
the dissolution profile of the particles [89]. Thus, 40 nm-sized particles dissolve up to ten times slower than smaller particles in pH 
values between 1.00 and 7.00 [89]. In the first 24 h, the dissolution of BIONs can be followed by DLS. Hydrodynamic diameters 
decrease from 82.2 nm to 65.1 nm (6.80% Fe2+-release). Afterward, the particle agglomerated to a size of 346 nm after 72 h. The large 
agglomerates were dissolved slower. Gutierrez et al. have shown that the degradation of BIONs increases with decreasing pH [35]. 
Furthermore, an acidic pH reduces the protection of organic shells against chelating components of AEF such as citrate and lactate [35, 
36]. The dissolution of iron oxides in organic acids such as citrate is a multi-step process. By chemisorption, the acid adsorbs onto the 
iron oxide surface. Here, the particle surface’s Lewis base/acid properties are involved. Then, non-reductive dissolution can occur. 
Thus, iron-ligand complexes dissolve from the surface as a whole. This process is characterized by high activation energy, achieved 
only at high temperatures [90]. In these experiments, at 37 ◦C, reductive dissolution is more dominant. Fe2+ ions of magnetite dissolve 
from the crystal and accumulate in the solution [90–92]. The carboxylic acids of citrate can complex with iron ions, similar to EDTA. 
The chelate complexes promote the dissolution of iron oxides [90]. ION@PLGA demonstrated initial agglomeration with hydrody-
namic diameters of 824 nm, which is 3.4 times higher than in water. After 24 h, the size decreased to 384 nm. Similar to BIONS, the 
PLGA-coated particles started to agglomerate in the last two days (1108 nm). Without additional agglomeration, ION@Dex decreased 
its hydrodynamic diameters from 127 nm to 25.8 nm after 72 h. 

The initial size is comparable to the agglomeration in water at acidic pH values. The results of ION@PVA revealed constant hy-
drodynamic diameters of 200 nm–300 nm. This behavior does not correspond to the degradation study. It can be assumed that larger 
agglomerated particles degraded slower and were detected in DLS. 

ALF simulated the degradation of the particles in the lysosome with an acidic pH value of 4.5 (Fig. 6A and B). The initial size is 
comparable to agglomeration in water at acidic pH values. The results of ION@PVA revealed constant hydrodynamic diameters of 200 
nm–300 nm. This behavior does not correspond to the degradation study. It can be assumed that larger agglomerated particles 
degraded slower and were detected in DLS (Fig. 6C and D, Table S5) [41]. BIONs experience a fast dissolution in the first 24 h, up to 
73.3% iron ion release migrating into a plateau. The dissolution of ION@PVA starts slower in the first 5 h but then speeds up and 
reaches 91.0%. A plateau setting suggests that these particles are almost entirely degraded [36]. Due to the IEP of ION@PVA (7.35), 
the surface is positively charged and thus attracts more water and solubilizing agents [36]. In the beginning, ION@Dex experienced a 
faster dissolution than BIONs, slowing down after 5 h to a maximal degradation of 62.5% (24 h). ION@PLGA is dissolved up to 57.5% 
after 72 h. As the coating dissolved first, the curve experienced a smaller slope. In ALF, the particles dissolved four times faster than in 
AEF, which was also reported by Guiterrez et al. and Rabel et al. for differently coated IONs [35,36]. 

Hydrodynamic diameters of BIONs decreased rapidly from 130 nm to 32.6 nm after 5 h. Afterward, the diameters increased and 
stayed constant for the next days at a Δd ~692 nm. The data verify that the decrease in hydrodynamic diameters can visualize the 
degradation in the acidic surrounding. The remaining 26.7% of particles seem to form huge agglomerates. As larger particles take 
longer to dissolute, the Fe2+ release slowed down and reached a plateau. Comparable to AEF, ION@PLGA initially formed huge ag-
glomerates of 922 nm. The hydrodynamic diameters constantly decreased until 199 nm at 24 h, congruent to the degradation profile. 
Afterward, the sizes increased again up to 932 nm. Compared to AEF (384 nm, 24 h), the hydrodynamic diameters of ION@PLGA 
showed a higher and faster decrease in ALF (198 nm, 24 h). ION@Dex showed an initial size of 125 nm. ION@Dex’s hydrodynamic 
diameters decreased from 125 nm to 8.71 nm in 48 h. In the last hour, the remaining particles formed aggregates of 51.5 nm. Similar 
behavior was observed for the PVA-coated particles. The size decreased from 217 nm to 25.8 nm in the first 24 h, while afterward, the 
IONs showed agglomerates of 342 nm. 

In summary, the organic coatings did stabilize the particles. The acidic environment did induce degradation. In ALF, the particles 
dissolved faster than in AEF. All particles except ION@PLGA reached a plateau in 72 h due to the formation of big agglomerates. 
ION@PVA experienced the fastest iron ion release. ION@PLGA had the highest initial agglomeration in the acidic media. 

Fig. 7. Diene oxidation of dissolved nanoparticles (48 h at pH 4.5 in acetate buffer) in acetate buffer (pH 4.5) (A). Standard deviation derives from 
at least four independent experiments. Dissolution of ION@PVA particles in acetate buffer at pH 4.5 (B). 
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Oxidative stress induced by the dissolved particles after 48 h was emulated with an low-density lipoprotein (LDL) assay. Due to the 
thick coating of ION@PLGA that leads to different mass balance only BIONs and the thin coatings (PVA, Dex) were used. Here 
oxidation is fastest for dissolved ION@Dex particles and slowest for dissolved BION particles in an acetate buffer. Due to oxidative 
stress by reactive oxygen species (ROS) of the dienes, the oxidation was monitored over 240 min (Fig. 7A). The results indicate that the 
coating plays a role in the dissolution of the magnetic particles and in the oxidation state and therefore influences the oxidation 
behavior. Here, the dextran-coated particles, which also tend to be dissolved fastest in AEF, show the highest oxidation kinetic. 
Interestingly, the naked BIONs demonstrate the slowest kinetic, which is in good agreement with the dissolution of these particles. 

The dissolution kinetic of ION@PVA shows slight aggregate size decreases with the optofluidic force induction measurements 
(Fig. 7B). These measurements indicate a direct size decrease even though the exact hydrodynamic diameter cannot be reflected 
(Fig. S5). 

4. Conclusion 

Three different commonly used organic coatings on IONs, PLGA, PVA, and Dex were successfully synthesized. The coatings in-
fluence the particles’ properties. While all had similar dTEM the IEP point influenced the colloidal stability. ION@PVA showed the least 
agglomeration over a pH range from 4 to 10. SAXS profiles, as an alternative method, could visualize aggregation and primary particle 
sizes around 20 nm for BIONs and ION@Dex. The coating thickness affected the saturation magnetization, whereas the agglomeration 
also influenced the sedimentation velocity in a magnetic field. All particles, including BIONs, showed good cytocompatibility (>70%) 
over three days in smooth muscle cells. The experimental setup for long-term agglomeration and degradation studies did speed up the 
process by a factor of 4.6, allowing fast screening of multiple candidates and thus can shorten the preclinical phase. Furthermore, it was 
ensured the particles didn’t sediment during the experiment. The investigated particles all have different colloidal stability and 
dissolution profiles. In SBF and PBS, none of the investigated particles dissolved. ION@PVA showed the least agglomeration. A first 
degree of degradation of the particles is visible in AEF, which confirms the pH dependence of the dissolution. The IONs did dissolve 
faster in ALF, with the degradation rate decreasing with the shrinking size, leading to a plateau. The fastest Fe2+ release could be 
measured for ION@PVA in ALF, while ION@PLGA experienced the lowest degradation. The oxidation kinetic of BIONs was slower 
than ION@Dex and ION@PVA, fitting to the degradation results in AEF. This study provides essential insights into the agglomeration 
and degradation profile and the oxidative stress of IONs with standard coatings for medical applications. The used analytical setup 
combining DLS, phenanthroline assay, SAXS, and LDL assay is ideal for a fast preclinical study of new IONs, giving often neglected yet 
crucial information about the behavior and toxicity of nanoparticles in the human body. With this study we want to emphasize the 
dissolution of nanomaterials and the potential use of generally cytocompatible iron oxide particles for ferroptosis applications. 
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[22] F. Danhier, E. Ansorena, J.M. Silva, R. Coco, B.A. Le, V. Préat, PLGA-based nanoparticles: an overview of biomedical applications, J. Contr. Release 161 (2012), 

https://doi.org/10.1016/j.jconrel.2012.01.043. 
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4. Discussion 
Nanomedicine has great potential to improve medicine and healthcare, leading to better prevention, 

faster diagnosis, and efficient treatment of diseases like cancer or antibiotic-resistant infections [14,157]. 

IONs are especially the focus of research due to their superparamagnetic behavior, high saturation 

magnetization, low toxicity, easy and cost-efficient synthesis, and the high surface-to-volume ratio 

[22,25]. These properties make IONs a suitable drug carrier for targeted drug delivery. An external 

magnetic field can guide them to cancerous or infected tissue, where they accumulate, leading to a high 

local concentration while reducing the overall amount and toxicity of the drug to the healthy tissue [198]. 

Antimicrobial peptides like LL are promising new drug candidates. They have high antimicrobial 

activity against gram-positive and gram-negative bacteria without resistance formation and are highly 

active against various cancer cells [227].  

4.1. Drug Delivery System 
Combining IONs as drug carriers and LL as a drug could provide a new, engaging, efficient system that 

could treat intracellular infections and cancer. As this system was never studied before, this thesis aimed 

to synthesize and analyze various IONs with ideal properties as drug carriers.  Here the focus was the 

particle composition, magnetic behavior, surface properties, and agglomeration. If the system was 

promising also, the cytocompatibility was determined. Furthermore, different binding types of LL to the 

surface of the particles were analyzed for their effectiveness, efficiency, and drug activity. 

 

Figure 4.1: Schematic overview of the different particle types used as drug carriers with the analyzed binding types. It was 
created with BioRender.com. 

Four different IONs were analyzed as potential drug carriers, covering four essential particle types 

(Figure 4.1). At first, this work focused on BIONs (Chapter 3.1, [232]). Without coating, these particles 

are particularly easy and cost-efficient to synthesize by co-precipitation [29]. The particle size of 9.9 nm 

is ideal for superparamagnetic behavior and a high BET area (Table 4.0.1), though they agglomerate in 
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water and form average diameters of 229 nm. This size could already lead to a raised clearance by the 

spleen [194].  

Table 4.0.1: Summary of particle properties for BIONs, ION@TEOS, ION@Dex, ION@CMD, ION@UPy-NH2, ION@PVA, 
and ION@PLGA. – indicates that the probes could not be measured with the analytic device. x indicates that it was not 
measured because the analytical data was not necessary for the respective study. The table is a summary of data from chapters 
3.1-3.6 [232–237]. 

Particles 
dTEM 

(nm) 

dScherrer 

(nm) 
IEP 

dDLS 

[Water] 

(nm) 

Sat. 

Magnetization 

(emu g-1) 

Magneto-

phoresis  

(µm s-1) 

BET  

(m2 g-1) 

BIONs 9.9 9.2 8.0 229 63.2 521 115 

ION@TEOS0.98 8.7 8.8 1.9 88.2 66.0 1.79 115 

ION@TEOS1.96 12 9.0 3.8 125 41.6 34.7 50.6 

ION@TEOS3.91 23 9.0 4.2 223 28.6 72.8 27.9 

ION@TEOS7.82 31 7.7 4.2 329 11.8 43.8 23.2 

ION@Dex 11 8.6 6.9 254 62.0 2200 96.2 

ION@CMD6.25 11 10 4.6 137 59.7 78.9 - 

ION@CMD12.5 11 8.6 4.4 87.1 59.6 18.4 - 

ION@CMD25.0 8.0 5.6 3.9 94.2 53.1 30.7 - 

ION@CMD125 7.6 4.7 2.4 162 29.9 90.2 - 

ION@CMD250 6.3 0.6 1.7 200 23.4 160 - 

ION@UPy-NH2 x x x 177 31.3 x x 

ION@PVA 11 8.8 7.4 205 56.7 41.0 x 

ION@PLGA 9.5 - 2.9 345 1.60 64.1 - 

 

Different pH values and buffers influenced the zeta potential and colloidal stability of BIONs. The best 

adsorption of LL with 0.55 g g-1 (22.7% drug loading) was generated within PBS at pH 7.4 by 

electrostatic interaction. The peptide has a cationic character at this pH, and the BIONs surface is 

predominantly positively charged with the negatively charged phosphate ION acting like a linker 

between the drug and carrier. Furthermore, the high ionic strength increases phosphate adsorption to the 

metal oxides [238]. The LL starting concentration and buffer composition generally influenced the 

electrostatic interaction, while the particle concentration did not affect the equilibrium. Even though the 

relatively high drug loading, the agglomeration behavior was negatively impacted by bound peptide 

(dDLS > 1000 nm), and the electrostatic binding was influenced by particle washing, leading to a drug 

loss (0.23 g g-1 after three washing steps, average loss of 35% peptide). The effect of LL on the 

hydrodynamic diameters and the particle size distribution can be explained by its multi-cationic 

character that can act as a binder agent. Furthermore, different pH values and physiological salt 

concentrations did highly increase the agglomeration of BIONs. Therefore, in the following studies, the 
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colloidal stability needed to be improved by coatings. A different surface charge or different binding 

mechanism could improve the efficiency of LL binding and decrease the loss through washing. The LL 

binding was temperature sensitive; therefore, hyperthermia conditions could start the drug elution. 

Bacterial growth experiments doubled the activity of bound LL (MIC: 0.53 µM) compared to the free 

drug (1.13 µM), making the elution of the peptide unnecessary. This effect of improved antimicrobial 

behavior could be explained by better exposure of the drug when being bound to the nanoparticles, 

which can interact with bacteria by themselves [239]. Even though LL could be bound quickly and in 

high amounts to the BION surface, and the system was highly antimicrobial, the big agglomerates 

dependent on the buffer composition, pH, temperature, and LL binding limited the application in the 

human body [194]. In the next step, biocompatible coatings were analyzed to enhance the particle's 

stability and tolerability of the human system [21,29]. Because this first study could show improved 

antimicrobial behavior of bound LL within the next studies, the focus was shifted from analyzing 

potential elution conditions to generating a more effective peptide binding. Inorganic, organic, and 

supramolecular coatings were investigated to cover a broad spectrum. 

Silica is a bioinspired, non-toxic, acid-stable, negatively charged material and a widely used inorganic 

coating [21,31,51]. The inert silica stabilizes the particles from agglomeration at physiologic pH [29,45]. 

The Stöber process synthesized silica-coated IONs with a core-shell structure by hydrolysis of TEOS 

[50]. TEOS is a comparable cheap chemical with a price of 18.3 € per 25 mL (Sigma Aldrich, 78-10-4, 

12.12.2022), which makes ION@TEOS still a low-cost drug carrier. Silica is negatively charged. The 

more negatively charged surface than the bare ION surface bears the potential for improved binding of 

the cationic LL. This study analyzed the influence of silica-coating thickness on the particle properties 

and the LL binding in Chapter 3.2 ([235]). While adding different TEOS equivalents did not influence 

the particle core size and crystallinity, the coating thickness increased with higher TEOS amounts. Four 

different ION@TEOS were synthesized, ranging from a diameter between 8.7 nm and 31 nm (Table 

4.0.1). The silica surface consists of siloxane groups (Si–O–Si) that can form through dissociative 

chemisorption silanol groups (Si–OH) that can create depending on the pH deprotonated hydroxy groups 

(Si–O−) [240]. The IEP of the particles ranged from 1.9 to 4.2. The BET surface decreased with a thicker 

coating due to the rising particle size, highly affecting the stability of the particles and binding behavior. 

In contrast to a positive surface charge prone to induce toxicity, hemolysis, platelet aggregation, and 

faster clearance, negatively charged particles have a longer blood half-life [194].  While BIONs formed 

agglomerates of an average of 18.5 particles in water, the silica coating lowered this value to around 

10.2 particles per agglomerate, independent of the coating thickness. Therefore dDLS was between 

88.2 nm and 329 nm. In PBS buffer (pH 7.4), all particles showed a different, concentration-dependent 

agglomeration. While BIONs were highly agglomerated, the silica shell could improve stability. The 

stabilizing effect can be explained through steric stabilization, reduced Van der Waals forces, and a 

stable surface [241,242]. The thicker the coating, the less the particles agglomerated. ION@TEOS 

formed the smallest agglomerates in PBS at around 657 nm. Even though this inorganic coating highly 
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improves the colloidal stability compared to BIONs, the agglomerate size was above 200 nm in a 

physiological medium, limiting their medical application [194]. ION@TEOS098, the particles with the 

thinnest silica layer, showed the smallest particle size, highest specific surface area, lowest IEP, and 

highest magnetization. Yet, STEP technology showed that they experience the slowest sedimentation in 

a magnetic field (1.79 µm s-1), due to their electrostatic stabilization [243]. The drug loading was 

concentration-dependent. As thicker the coating was, as lower the maximal loading reached due to the 

decreased specific surface area. The highest drug loading of 0.28 g g-1 was reached with 

ION@TEOS0.98. In contrast to BIONs, where the peptide was continuously washed away, for 

ION@TEOS, the LL loading stayed constant after the second washing step. The negatively charged 

silica surface led to a stronger electrostatic interaction. The amine groups of lysine and the hydroxy 

groups on the silica surface formed hydrogen bonds [244]. The silica coating showed efficient LL 

binding and improved colloidal stability. Yet an optimal system for application in the human body was 

not reached; therefore, an alternative coating material was analyzed that had the potential to reduce 

agglomeration further and bind LL efficiently.  

Organic polymers are usually biocompatible, non-toxic, and water-soluble [63,244]. The high density 

of free carboxyl groups gives CMD a negative charge, improving the blood circulation time and cellular 

uptake [84,85]. ION@CMD can be fast and easily synthesized by an in situ co-precipitation [30,89]. In 

contrast, the generation of silica-coated IONs takes two synthesis steps. While reducing one synthesis 

step decreases the overall cost, CMD sodium salt, with 112 € per 10 g (Sigma Aldrich, 39422-83-8, 

12.12.2022), is more expensive than TEOS, but still comparably inexpensive. The targeted delivery 

allows low particle amounts per treatment, which makes the ION@CMD still affordable as a drug 

carrier. A broad rule for the medical costs of cancer treatment is that a disease-adjusted life year costs 

between 60.000 and 160.000 € (2007) [245].  This study analyzed the influence of the five CMD coating 

thicknesses on the particle properties and their applicability in drug delivery in Chapter 3.3 ([234]). 

Higher CMD equivalents led to a thicker coating and reduced core size with decreased magnetization 

(59.7 to 23.4 emu g-1). This effect can be explained by the conventional nucleation theory [26,246]. The 

coating thickness ranged from 5.68 nm to 0.77 nm. A combination of HAADF-STEM and iDPC, and 

low-dose TEM could determine a core-shell character and visualize the coating for the first time. The 

coating did not influence the crystal structure but prevented the oxidation from magnetite to maghemite 

leading to Fe3O4 ratios of up to 47.5% while BIONs only showed 15.6%. Above a threshold range of 

12.5-25 g L-1 CMD, the particles were colloidal stable over a broad pH spectrum (in water: 87.1 nm – 

200 nm), independent of their IEP (Table 4.0.1). The negative surface charge of CMD leads to the 

repulsion of particles with the same net charge, which is responsible for the stabilizing effect. In contrast 

to silica, the number of particles that form agglomerates (around 8- 31) was not similar for the different 

CMD thicknesses. ION@CMD had a negative surface charge at physiological pH due to IEP between 

4.6 and 1.7, decreasing with the coating thickness. This effect improved their stability in PBS and human 

plasma. For example, the diameters in PBS ranged from 165 nm (1.2 x the size compared to the 
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agglomeration in water) to 34.5 nm (0.2 x). Compared to BIONs and ION@TEOS, the colloidal 

stabilization of ION@CMD is superior. These small hydrodynamic diameters at physiological 

conditions make the CMD coating favorable for application in the human body. STEP analysis 

demonstrated the overall stability and significant impact of agglomeration on the magnetophoresis 

(18.4-160 µm s-1). All ION@CMD showed good cytocompatibility (> 70%) over three days in smooth 

muscle cells, analyzed by XTT assay. Especially, ION@CMD12.5 showed ideal diameters, colloidal 

stability, and magnetization, overcoming the limitations of ION@TEOS and BIONs. However 

comparable to BIONs ION@CMD bound LL by only electrostatic interaction, showing a peptide 

loading of 0.32 g g-1 (24.3% drug loading) and a substantial decrease in loading with every washing step 

(1.30% after two washing steps). This fact made the ION@TEOS superior for the adsorption process of 

LL. In contrast to electrostatic binding, covalent binding is stronger and independent of pH or 

temperature [247]. The free carboxy groups of CMD and the free amine group of LL can form an amide 

bond by EDC/NHS coupling [248]. This method led to significantly higher drug loadings (up to 62%) 

and excellent efficiency of 82.3%. In comparison, the electrostatic interaction was less sufficient, with 

only 28% of the LL amount being bound. As already mentioned in chapter 3.1 with BIONs, increasing 

LL loading again promoted agglomeration. A 0.55 g g-1 LL loading formed hydrodynamic diameters of 

around 96 nm. This system showed high antimicrobial activity in growth experiments with E.coli (MIC 

1.7 µM). The antimicrobial behavior of LL was not affected by covalent binding because the carboxy 

group of CMD reacts with the primary amine of LL. ION@CMD are easy to synthesize, cytocompatible, 

colloidally stable, and can bind LL effectively and efficiently, making this system a promising new 

candidate for treating cancer and intracellular infections. Compared to BIONs and ION@TEOS, 

ION@CMD had great potential for use in the human body. 

In the last step, a supramolecular coating was analyzed. Supramolecular polymers find a minor 

application in drug delivery, mainly due to yet lower knowledge and higher production costs. However, 

they can induce tunable properties and increase flexibility in the system [91]. The UPy-units used in 

chapter 3.4 ([233]) were synthesized on demand; therefore, the price per gram cannot be calculated. The 

UPy units can form dimers by hydrogen bonding that can self-assemble into fibers with an amphiphilic 

supramolecular structure [249]. An extensive library of various functionalized UPy-units exists, 

allowing flexibility to mix and match different units by self-assembly into large networks [250]. 

ION@UPy were generated in a three-step process. At first, superparamagnetic BIONs synthesized by 

co-precipitation were functionalized with APTS, then an aldehyde group was introduced by the addition 

of PGA, and UPy-NH2 could be bound by imine binding. FT-IR and TGA measurements could prove 

the successful coating, showing that the bound UPy amount was around 7wt%. The particles showed a 

saturation magnetization of ± 31 Am2 kg-1. The positive zeta potential indicated that the UPy moieties 

built fibrous networks with a cationic outer charge. At pH 7 in water, the hydrodynamic diameter of 

ION@UPy-NH2 was around 177 nm, making them applicable for drug delivery [194]. Nile Red assay 

determined a huge blue shift indicating the formation of fibers [251]. The study generated an innovative 
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magnetic drug delivery system that has the potential to bind UPy functionalized drugs flexibly. Though 

important characteristics and LL was not analyzed.  

Therefore a follow-up study, shown in chapter 3.5 ([237]), focused on the UPy-coated IONs as a drug 

carrier for LL and their effect on cytocompatibility. Compared to the previous studies, more intense 

cytotoxicity studies with different analytical methods and internalization tests were used. The 

morphology of ION@UPy could be analyzed by HAADF-STEM combined with iDPC and Cryo-TEM. 

The system was assembled by a magnetic core with a UPy shell and UPy fibers. The micrographs could 

prove the data from the preceding Nile Red assay. The cytocompatibility of ION@UPy and its 

precursors was analyzed with a metabolic resazurin assay and live dead fluorescent staining [252,253]. 

The system showed high cytocompatibility with human kidney cells (HK-2) and a concentration-

dependent reduction of the metabolic activity to 53% for macrophagic THP-1 cells. Both cell types 

internalized ION@UPy-NH2 within 24 hours, making them promising candidates for intracellular drug 

delivery. While the macrophagic cells internalized most of the particles within 2 hours, the HK-2 cells 

only adsorbed the particles at this time. Champion et al. showed that worm-like structures are slower 

internalized compared to spherical ones [254]. Therefore the particles would might get internalized even 

faster with shorter fibers. UPy functionalized LL was used to generate a drug delivery system. The 

conjugation of AMPs to polymers or nanoparticles and supramolecular engineering could improve their 

toxicity to human cells yet often limit their application [255–257]. The binding of UPy-LL to the drug 

carrier was realized by easy and fast self-assembly with high efficiency of 99%. This process 

reassembled the UPy-moieties forming slightly more and shorter fibers. Comparable to the experiments 

with BIONs, binding of UPy-LL to the nanoparticles improved its antimicrobial activity against E.coli 

from a MIC of 3.5 µM to 1.8 µM. The supramolecular engineering improved the cytocompatibility in 

HK-2 cells from 5.4 µM to 11 µM, while the cytotoxicity against macrophages was higher at 5.4 µM. 

The experiments proved that combining supramolecular engineering and IONs is a great tool to increase 

antimicrobial activity while reducing the cytotoxicity of LL. The facile and fast self-assembly makes 

the system interesting for other UPy functionalized AMPs or drugs. 

The studies described in chapters 3.1 to 3.5 showed that an ideal design of IONs and their coatings could 

overcome common issues, including agglomeration, magnetophoresis, effective and efficient drug 

binding, and cytocompatibility. Although BIONs and ION@TEOS did not fulfill all the required 

expectations for medical applications, ION@CMD@LL and ION@UPy-NH2@UPy-LL are innovative 

and promising systems for the magnetic delivery of AMPs. 

4.2. Stability and Agglomeration 
For the application of nanoparticles in medicine, it is essential to generate knowledge about their 

degradation, colloidal stability, and toxicity in preclinical studies [258]. Even though massive research 

has been done on the design, characterization, and application of various IONs, long-term 

agglomeration, and degradation studies in body fluids are often missing. The second part of this thesis 
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analyzed the effect of common coating materials of IONs on their behavior in human body fluids. After 

injection into the human body, IONs meet different body fluids like blood, endosomal fluid, lysosomal 

fluid, and cytosol (Figure 4.2). Each fluid has a different composition and pH. Simulated fluids are a 

cost-efficient alternative to in vivo experiments [259,260]. The study in chapter 3.6 analyzed the 

influence of surface properties, using BIONs, ION@PVA, ION@PLGA, and ION@Dex, on the 

behavior inside the human body ([236]). The focus lay on their cytocompatibility, agglomeration, 

degradation, and oxidative stress. Beforehand the particles were characterized and compared. While all 

IONs had a comparable dTEM (9.5 nm - 11 nm), the IEP variated from 2.9 for the PLGA, 6.9 for Dex, 

and 7.4 for PVA coating. ION@PVA had the best colloidal stability over a wide pH range (pH 4-10) in 

water (Table 4.1). This low agglomeration behavior is comparable to ION@CMD in chapter 3.3. 

Unterweger et al. showed that the usage of higher Dex equivalents during co-precipitation could reduce 

the IEP and improve the colloidal stability of these particles [168]. 

 

Figure 4.2: Schematic illustration of the cycle of polymer-coated IONs in the human body after injection. The nanoparticles 
are dispersed in different body fluids like blood, endosomal, lysosomal fluid, and cytosol. It was created with BioRender.com. 

The coating thickness, surface charge, agglomeration, and saturation magnetization affected the 

magnetophoretic behavior. SAXS measurements determined aggregation and primary particle sizes 

around 20 nm for ION@Dex and BIONs and are, therefore, an attractive alternative method. All four 

particle types showed no cytotoxicity (>70%) in smooth muscle cells over three days.  The study 

provided a new experimental setup for long-term agglomeration and degradation analysis of IONs. A 

combination of DLS and phenanthroline assay was used to get reliable and easy-to-measure data. In 

contrast to a protocol by Rabel et al. in which the particles were incubated at 110 rpm, faster-shaking 

speeds of 1000 rpm ensured that the particles stayed in suspension during incubation and shortened the 
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preclinical tests from around 28 days to three days [260]. Therefore our protocol allows for the fast 

screening of many candidates, hopefully closing this knowledge gap in the future. All particles showed 

different agglomeration and dissolution profiles. At pH 7.4 in SBF and PBS, none of the investigated 

IONs dissolved, while ION@PVA experienced the lowest hydrodynamic diameters, comparable to 

water (240 nm).  The long polymer chains of PVA and potential hydrogen bonding between the polymer 

chains improved steric stabilization, independent of high salt concentrations [261,262]. In dependence 

of the acidic pH IONs did dissolve in AEF and even faster in ALF. The iron ion release decreased with 

shrinking particle size forming a plateau. ION@PVA (91%) experienced the highest and ION@PLGA 

(58%) lowest degradation within three days. The hydrodynamic diameters decreased congruent to the 

degradation profile in the first 24 hours. Afterward, the particles agglomerated. Comparable to the 

dissolution profile in AEF, the oxidation kinetics of ION@PVA and ION@Dex was faster than that of 

BIONs. The more rapid iron ion release can be explained by the protonation of the coatings at acidic pH 

values, leading to the attraction of water and dissolution agents [260]. This study showed a great 

analytical setup of DLS, phenanthroline assay, SAXS, and LDL assay that can generate fast essential 

knowledge within a preclinical study. Of course, a complete characterization of IONs is necessary to 

understand the data fully. A good preclinical study combining short and long-term analytics, 

cytocompatibility experiments, and a detailed description can enhance, accelerate, and cheapen the 

design of nanoparticles for application in nanomedicine. 
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5. Summary & Outlook 
Magnetic drug delivery can bring drugs directly to the target, leading to a high local drug dose and high 

efficiency while avoiding toxic side effects. IONs are superparamagnetic, non-toxic, have a high 

surface-to-volume ratio, and are fast and easy to synthesize. They can be designed specifically regarding 

their size, shape, surface functionalization, and magnetic properties to generate a magnetic drug carrier 

system. The surface properties can be influenced by various coatings, often forming a core-shell 

structure. AMPs are highly antimicrobial without showing resistance formation and can be active against 

different cancer cells. Therefore, they are a promising new drug against cancer and intracellular 

infections that have yet been only limited by their concentration-dependent potential toxicity to human 

cells. 

This study analyzed four different drug carriers, BIONs, ION@TEOS as an inorganic coating, 

ION@CMD as an organic coating, and ION@UPy as a supramolecular coating. A multi-analytical 

approach (TEM, XRD, FT-IR, SQUID, Raman, TGA, STEP, BET, DLS, Zeta potential, and Nile Red 

assay) was used to characterize the particles in detail and analyze their applicability in the human body. 

Depending on the coating, different binding methods were used, including electrostatic binding, H-

bonding, covalent binding, or supramolecular self-assembly. The activity of the bound drug was studied 

by growth experiments with E.coli, which determined the MIC.  

Though BIONs were the cheapest nanoparticles, could bind high amounts of LL, and improved the 

antimicrobial behavior of the peptide, their usability as a drug carrier was limited by the weak 

electrostatic peptide binding and uncontrolled buffer, temperature, pH, and loading-dependent 

agglomeration. The inorganic silica coating improved the strength of LL binding and the colloidal 

stability in water. However, especially in physiological media, the hydrodynamic sizes were above a 

reasonable range for application in the human body. Even though both systems are not ideal for drug 

delivery, the studies provided new trends and insights into the behavior of a BION surface and different 

thicknesses of a silica coating on the binding of a short cationic peptide, agglomeration, and 

magnetophoresis. The new knowledge could be used to design IONs with individual properties or 

custom peptide-based tags for bioseparation. 

The organic CMD coating was able to overcome the agglomeration issues and reduced the oxidation of 

magnetite. The coating thickness influenced the core size, colloidal stability, IEP, and magnetophoresis. 

For this study, special TEM techniques like HAADF-STEM combined with iDPC and low-dose TEM 

were necessary to visualize the coating. A comparison of electrostatic and covalent binding revealed 

that amide formation has distinct better effectivity and efficiency. Also, the covalent binding did not 

reduce the antimicrobial activity of LL. Since ION@CMD showed good cytocompatibility in human 

cells, high drug loading, and ideal colloidal stability, they are a promising new drug carrier system for 

AMPs that can be synthesized in one step. To further analyze their suitability as a drug delivery system, 
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the following steps could be long-term agglomeration and degradation experiments, internalization 

experiments in human cells, analysis of the cytotoxicity of ION@CMD@LL, and tests with infected 

tissue or cancerous cells. Moreover, it would be interesting to analyze the antimicrobial behavior with 

other clinical-relevant strands like S. aureus. If the results are promising, the next step should be in vitro 

studies. 

The supramolecular UPy coating strongly differs from the previously analyzed coatings.  The potential 

high production costs make it only interesting for diseases that conventional treatments can not cure or 

lead to highly toxic side effects. The study provided an entirely new synthesis approach for an efficient 

UPy shell with fibers. The morphology of the drug carrier could be visualized with a combination of 

HAADF-STEM and Cryo-TEM. The system’s good cytocompatibility was analyzed by live/dead 

staining and a metabolic assay. Fluorescent microscopy showed that the particles could be internalized 

in both HK-2 and THP-1 cells.  UPy functionalized  LL was bound easily and highly efficiently by self-

assembly. ION@UPy@UPy-LL has the potential to overcome the toxicity of LL not only by 

concentration reduction due to magnetic targeting but also through supramolecular engineering. The 

cytocompatibility tests proved this assumption. This system already shows high potential as a new, 

innovative drug delivery system. However, additional experiments that lead to a reduction of fiber length 

could accelerate the internalization into cells. Again it would be interesting to proceed with this work 

with other clinical-relevant strands and in vitro tests. Furthermore, ION@UPy have the capability to 

bind various UPy-functionalized AMPs or other drugs by self-assembly flexibly.  

For the application of IONs in nanomedicine, not only a complete characterization of the particles is 

necessary, but it is also crucial to determine their long-term behavior in body fluids in preclinical studies. 

Therefore in the second part of the study, an experimental setup was shown that could analyze the effects 

of coatings on the IONs' stability and agglomeration within three days. The central part of this study 

was a combination of phenanthroline assay and DLS measurements, supported by an LDL assay that 

analyzed oxidative stress and SAXS measurements. Incubation in simulated body fluids was used as a 

low-cost, easy-to-get alternative to animal studies. Three common coated IONs, ION@PVA, 

ION@Dex, and ION@PLGA, were examined in this study. Clear coherences of the surface properties 

and the agglomeration and degradation profile were shown. In comparison, ION@PVA showed the 

lowest agglomeration and fastest degradation profile of all analyzed particles, which makes them the 

most promising candidate for an application in nanomedicine. In the future, this experimental setup can 

be used to explore more coated IONs for their long-term behavior and usability in the human body. It 

has the potential to close a knowledge gap in this field and shorten the preclinical phase. As the CMD 

and UPy-coated IONs showed the most promising results, it would be especially interesting to analyze 

them with this experimental setup and determine their potential long-term behavior in human body 

fluids. The systems should be analyzed with and without the drug LL. Additional tests about the 
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thrombogenic behavior, heating efficiency, and activity in magnetic resonance measurements could help 

to classify coated IONs and improve their design for a safe and efficient medical application. 
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Particle characterization 

Table S1: BION Size calculation with the Scherrer equation from XRD data, measured with Mo Kα. The lattice constant is calcu-

lated from the Bragg equation. 

2𝜃 16.01 13.72 19.40 Average 

Size 9.07 nm 8.71 nm 9.74 nm 9.17 nm 

Scherrer equation: 

𝐿 =
0.89∙0.07093 𝑛𝑚

𝛥2𝜃∙cos (𝜃)
 (S2) 

Table S2: Modified Langevin fit for SQUID Analysis 

y0 xc C s 

Magnetization 0.13902±0.66446 2.96189±25.77472 58.02718±0.79117 352.84062±22.54824 

Boltzmann fit for Zeta Potential Analysis: 

y=-39.61+(15.46-(-39.61)/(1+(ex-8.21)/0.25))   (S1) 

Figure S1: BET measurement: Adsorbed nitrogen to relative pressure. 

Drug loading 

Drug loading =  
𝑚(𝑑𝑟𝑢𝑔)

𝑚(𝑑𝑟𝑢𝑔)+𝑚(𝑛𝑎𝑛𝑜𝑐𝑎𝑟𝑟𝑖𝑒𝑟)
 (S3) 
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Figure S2: Exemplary calibration curves for the photometric measurements for the adsorption and release experiments. 

A new calibration curve was generated for each measurement, so these curves are exemplary for all 

the used conditions. 

Table S3: Data of Adsorption and release experiments. 

Adsorption: Water, pH 7, 

280 nm 

Washing 1: Water, pH 7, 

280 nm 

Adsorption: Water, pH 9, 

280 nm 

Washing 1: Water, pH 9, 

280 nm 

LL 

Conc. 
Absorbance Absorbance Absorbance Absorbance 

[g/L] Value 1 Value 2 Value 3 Value 1 Value 2 Value 3 Value 1 Value 2 Value 3 Value 1 Value 2 Value 3 

0 0.0727 0.059 0.0773 0.0414 0.0427 0.0414 0.0409 0.0432 0.0414 0.0403 0.0401 0.0403 

0.025 0.0558 0.0972 0.127 0.0422 0.0426 0.0815 0.0656 0.0756 0.0555 0.0938 0.0767 0.0593 

0.05 0.0839 0.0622 0.0822 0.0532 0.045 0.0452 0.0816 0.0698 0.0819 0.052 0.056 0.0496 

0.1 0.107 0.103 0.162 0.0429 0.0478 0.0465 0.062 0.073 0.101 0.0441 0.046 0.0558 

0.25 0.163 0.155 0.156 0.0496 0.0499 0.0455 0.113 0.0975 0.114 0.0423 0.0422 0.0465 

0.5 0.262 0.274 0.237 0.0478 0.0496 0.0497 0.223 0.224 0.235 0.0501 0.0565 0.071 

1 0.505 0.459 0.487 0.0648 0.0574 0.0739 0.452 0.444 0.427 0.0842 0.0744 0.0845 

2 1 1.01 1.01 0.124 0.0969 0.11 0.834 0.892 0.93 0.127 0.136 0.15 
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Adsorption: PBS, pH 7.4, 

280 nm 

Washing 1: PBS, pH 7.4, 

280 nm 

Adsorption: PBS, pH 7.4, 

230 nm 

Washing 1: PBS, pH 7.4, 

230 nm 

LL 

Conc. 
Absorbance Absorbance Absorbance Absorbance 

[g/L] Value 1 Value 2 Value 3 Value 1 Value 2 Value 3 Value 1 Value 2 Value 3 Value 1 Value 2 Value 3 

0 0.0446 0.0429 0.0439 0.0456 0.0456 0.0455 0.082 0.0794 0.0803 0.0809 0.0809 0.0814 

2 0.581 0.683 0.648 0.141 0.161 0.171 1.74 2.01 1.93 0.349 0.387 0.418 

1 0.261 0.241 0.25 0.123 0.126 0.136 0.688 0.637 0.641 0.293 0.297 0.305 

0.5 0.121 0.113 0.12 0.097 0.0943 0.105 0.274 0.263 0.214 0.209 0.194 0.199 

0.25 0.0794 0.0849 0.0989 0.0833 0.12 0.0863 0.148 0.17 0.216 0.147 0.194 0.159 

0.1 0.0642 0.0873 0.0895 0.0781 0.0855 0.0968 0.118 0.148 0.15 0.131 0.139 0.152 

0.05 0.0693 0.0628 0.0921 0.0643 0.073 0.0915 0.119 0.114 0.148 0.114 0.122 0.144 

0.025 0.0571 0.0532 0.0593 0.054 0.0601 0.0786 0.102 0.0958 0.104 0.0942 0.0992 0.125 

Elution 
LL Start 

Concentration 
Absorbance: 1 h Absorbance: 17 h Absorbance: 27 h 

230 nm [g/L] Value 1 Value 2 Value 3 Value 1 Value 2 Value 3 Value 1 Value 2 Value 3 

PBS, pH 5, 25 

°C 

1 0.18 0.159 0.164 

0 0.0801 0.0807 0.08 

PBS, pH 5, 40 

°C 

1 0.167 0.159 0.168 0.171 0.164 0.181 0.189 0.177 0.196 

0 0.085 0.0859 0.0853 0.0842 0.0842 0.0844 0.0861 0.086 0.0861 

PBS, pH 5, 60 

°C 

1 0.33 0.268 0.205 

0 0.088 0.0879 0.0888 

PBS mod, pH 

5, 25 °C 

1 0.23 0.221 0.234 

0 0.088 0.0889 0.0905 

PBS mod, pH 

5, 60 °C 

1 0.24 0.245 0.22 

0 0.0905 0.0909 0.0907 

M9, 37 °C 
1 0.2 0.199 0.199 0.219 0.214 0.207 0.236 0.232 0.218 

0 0.185 0.189 0.182 0.201 0.215 0.218 0.211 0.211 0.212 

Elution kinetic LL Start Concentration 

230 nm [g/L] 1 min 5 min 15 min 30 min 60 min 180 min 810 min 

PBS, pH 5, 25 

°C 

1 0.23 0.226 0.227 0.233 0.225 0.232 0.264 

1 0.24 0.247 0.221 0.228 0.226 0.238 0.343 

1 0.234 0.234 0.229 0.262 0.227 0.222 0.26 

0 0.113 0.112 0.102 0.106 0.102 0.103 0.107 
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Adsorption 

kinetic 
LL Starting Concentration 

230 nm [g/L] 1 min 6 min 16 min 31 min 61 min 181 min 1441 min 

PBS, pH 5, 25 

°C 

1 0.316 0.287 0.259 0.287 0.27 0.275 0.263 

1 0.324 0.267 0.229 0.26 0.276 0.278 0.278 

1 0.321 0.277 0.244 0.275 0.272 0.277 0.271 

0 0.0453 0.0461 0.0453 

For the calculation of all experiments the blank is substracted from the adsorption or 

desorption data. 

Table S4: Influence of Washing on the peptide loading in PBS buffer. 

Starting 

peptide 

concentra-

tion [g/L] 

Equilib-

rium pep-

tide con-

centration 

[g/L] 

Loading 

Adsorp-

tion [g/g] 

Loading 

Washing 1 

[g/g] 

Loss 1 [%] 

Loading 

Washing 2 

[g/g] 

Loss 2 [%] 

Loading 

Washing 3 

[g/g] 

Loss 3 [%] 

2.00 1.45 0.55 0.29 46.1 0.24 17.7 0.20 15.5 

1.00 0.49 0.51 0.33 34.8 0.27 20.2 0.21 22.2 

0.50 0.17 0.34 0.24 30.4 0.15 37.7 0.06 58.4 

Figure S3: Agglomeration behavior of BIONs in Human Serum depending on the concentration. 

Figure S4: IR spectra of BION@LL and only BIONs after 27 h desorption in M9 medium. 



Pharmaceuticals 2021, 14, 405 5 of 7 

Growth studies 

Table S5: Components of M9 Medium for 1 L (867 ml sterile water). 

Solution Composition Amount of substances Volume 

M9 salt solution (10x) 

Na2HPO4 33.7 mM 
100 mL KH2PO4 22.0 mM 

NaCl 8.55 mM 

NH4Cl 9.35 mM 

20% glucose solution 
Glucose monohy-

drate 
0.40% 

20 mL 

1 M MgSO4 solution MgSO4∙7 H2O 1.00 mM 
1 mL 

1 M CaCl2 solution CaCl2∙2 H2O 0.30 mM 
0.3 mL 

1 M mg/mL biotin solution Biotin 1.00 µg 
1 mL 

1 M mg/mL thiamin solution Thiamin 1.00 µg 
1 mL 

Trace elements solution (100x) 

EDTA 13.4 mM 

10 mL (1x) 

FeCl3∙6 H2O 3.10 mM 

ZnCl2 0.62 mM 

CuCl2∙2 H2O 76.0 µM 

CoCl2∙2 H2O 42.0 µM 

H3BO3 162 µM 

MNCl2∙ 4 H2O 8.10 µM 

Microscopy 

For each measurement, five group squares of biological triplicates are counted. 

0.00 mg/L                   1.00 mg/L                   0.01 g/L 

0.10 g/L 1.00 g/L 

Figure S5: E. coli colony grown in M9 media with ampicillin, incubated with different concentrations of BIONs (37 °C, addition of 

IPTG after 5 h). 
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0.00 mg/L 0.10 µg/L   1.00 µg/L 

0.01 mg/L 0.10 mg/L 1.00 mg/L 

Figure S6: E. coli colony grown in M9 media with ampicillin, incubated with different concentrations of LL (37 °C, addition of 

IPTG after 5 h). 

0.00 mg/L 2.59 µg/L   0.02 mg/L 

0.10 mg/L 0.93 mg/L 4.66 mg/L 

OD600 

Figure S7: E. coli colony grown in M9 media with ampicillin, incubated with different concentrations of BION@LL (37 °C, addi-

tion of IPTG after 5 h). 
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Figure S8: Amount of LL loaded on BIONs. 
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Supporting Information 

SI-Table 1: Overview ION@Silica particles, synthesized by different techniques, with different sizes and applications. 

Particle Size Synthesis Application Reference 
PVP protected 
ION@Silica 

11.8 nm Sol-
gel/surface 
protection 

MR imaging [1] 

PNIPAM grafted 
ION@Silica 

18.8 Reverse 
microemulsion 

Adsorption of BSA [2] 

ION@Silica 21.3-30 nm Sol-gel Drug delivery of Doxorubicin [3] 

ION@Silica 15 nm Sodium 
metasilicate 

Drug delivery of Doxorubicin [3] 

ION@Silica 40.5 nm Reverse 
microemulsion 

Drug carrier for 
immunosuppressive 
Mycophenolic acid 

[4] 

ION@Silica 7.69 nm Microemulsio
n 

Immobilization of BSA [5] 

ION@Silica 15.6-17.0 nm  Stöber Pyridine adsorption [6] 

Mesoporous ION@Silica 5.5-45 nm Modified 
Stöber 

Nanowarming [7] 

ION@Silica 8.67-31.2 nm Stöber Adsorption of antimicrobial 
peptide 

Turrina et 
al. 

 
(b) 

 
(c) 

 
(d) 

SI-Figure 1: IEP of different ION@TEOS by zeta potential measurements at different pH values in water at 25 °C.  
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SI-Table 2: Comparision of different ION@TEOS, regariding the particle and coating size, the magnetic properties, the 
agglomeration behavior and IEP in water and the BET surface. 

Ref. Synthesis Size 
Core 

Size 
Shell 

ION@Silica Magnetic 
properties 

Agglomeration 
in water 

IEP in 
water 

BET 

[8] Modified 
polyol 
process 

10 
nm 

20 
nm 

 ± 15 kOe    

[9] Sol Gel   7-10 nm 65.67 
emu/g 

117.2 nm 2.5  

[10] Sol Gel 5-15 
nm 

2-100 
nm 

     

[3] Sol-Gel 8.9-
13.2 

 21.3-30 nm 21.6-9.2 
emu/g 

   

[3] Sodium 
metasilicate 

  15 nm 64.24 
emu/g 

1209.5 nm 3.5  

[11] Stöber 10 
nm 

10 
nm 

30 nm 32 emu/ g 170 nm   

[12] Stöber 56 
nm 

 62 nm   3.5  

[6] Stöber   15.6 -17 nm (330 K) 
72-87 
emu/g 

  84-45 
m2/g 

Turrina 
et al. 

Stöber 9 nm 0.42-
23.1 

8.67-31.2 66.1-11.8 
emu/g 

88.2-329 nm 1.87-
4.17 

115-
23.2 

 

SI-Table 3: Harmonic average values of the sedimentation speed measured by STEP-technology of BIONs and ION@TEOS 
in water at 870 nm. 

Particle Harmonic average value [µm s-1] 
BION 521 

ION@TEOS0.98 1.79 
ION@TEOS1.96 34.7 
ION@TEOS3.91 72.8 
ION@TEOS7.82 43.8 
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SI-Figure 1: BET measurement: Adsorbed nitrogen to relative pressure. 

Scherrer Equation:           (1) 

𝐿 = 	
0.89 ∗ 0.07093	𝑛𝑚
𝐹𝑊𝐻𝑀 ∗ cos(𝜃)  

SI-Table 4: Peakcenters and full width at half maximum (FWHM) of the reflexes of BIONs and IONs@TEOS analyzed by 
XRD. The data is used to calculate the diameter of the ION core with the Scherrer equation. 

BIONs ION@TEOS0.98 ION@TEOS1.96 ION@TEOS3.91 ION@TEOS7.82 
Peak 
center 
[2θ °] 

FWHM Peak 
center 
[2θ °] 

FWHM Peak 
center 
[2θ °] 

FWHM Peak 
center 
[2θ °] 

FWHM Peak 
center 
[2θ °] 

FWHM 

16.2 0.46 16.2 0.46 16.1 0.44 16.1 0.40 16.1 0.51 
19.5 0.32 19.3 0.47 19.5 0.48 19.5 0.51 19.6 0.64 
25.5 0.54 25.5 0.40 25.4 0.44 25.4 0.43 25.3 0.46 
27.8 0.39 27.7 0.36 27.7 0.37 27.7 0.41 27.7 0.48 
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SI-Figure S1: Raman Spectra of CMD measured using a 488 nm laser, the laser power was reduced to 1 mW for each 

measurement by optical filters (Exposure: 10 s, Co-Ad. 2).  
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Magnetite content was calculated using the formula determined by Schwaminger et al. [1]. 

𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒 (%) = 100 ∗ (1 −
𝐴(710)

𝐴(660)
) 

(1) 

 

SI-Table S1: Magnetite contents of the particles BIONs, ION@CMD6.25 to 125 determined by comparing the magnetite peak 

area (660) and maghemite peak area. The magnetite content could not be determined for ION@CMD250 because no peak was 

visible in the Raman spectrum. Peak areas were determined using the Voigt fit at 660 cm-1 and 710 cm-1. 

Particles A(660 cm-1) A(710 cm-1) Magnetite [%] 

BIONs 961.8 811.4 15.6 

ION@CMD6.26 550.1 434.5 21.0 

ION@CMD12.5 805.2 531.8 33.9 

ION@CMD25.0 566.6 297.6 47.5 

ION@CMD125 418.5 245.2 41.6 

ION@CMD250 - - - 
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SI-Figure S2: Diffractograms of BIONs, ION@CMD6.25, ION@CMD12.5, ION@CMD25.0, ION@CMD125, and 

ION@CMD250. The intensities of the X-ray beam scattered by the sample are plotted as a function of the 2Θ diffraction angle. 
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Hydrodynamic diameter dH was calculated using the Einstein-Stokes-Law for spheres. 

(Hydrodynamic diameter dH, diffusion coefficient D, Botzmann constant kB, temperature T, 

viscosity ) 

𝐷 =
𝑘𝐵 ∗ 𝑇

6 ∗ 𝜋 ∗ 𝜂 ∗ 𝑑𝐻
 

(2) 

 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

SI-Figure S3: Increasing CMD coating thickness shifts the IEP in the acidic. IEPs and dH through different pH values of a) BIONs, 

b) ION@CMD6.25, c) ION@CMD12.5, d) ION@CMD25, e) ION@CMD125, and f) ION@CMD250.  

Small Angle X-Ray Scattering data were acquired at the Austrian SAXS beamline at the Elettra 

Synchrotron in Trieste; the beamline length was set to 1386.101 mm, corresponding to a q range 

of 0.07 nm-1 - 5.3 nm-1,where q = 4π sinθ/λ, λ is the wavelength of the incident X-rays, and 2θ is 

the scattering angle. The photon energy was set to 8 keV corresponding to a wavelength of 0.154 

nm. The sample was loaded in a quartz capillary with 1.5 mm diameter and exposed to X-Rays. 

10 images of 10 s each were collected by a Pilatus 3 1M detector (Dectris Ltd., Baden, 

Switzerland). The angular scale of the diffraction pattern was calibrated with silver behenate (d-

spacing 5.8376 nm). The acquired images were azimuthally integrated by SAXSDog, the 

automatic data integration pipeline available at the SAXS outstation, normalized on transmission 

and fluctuation of the primary beam intensity, and background subtracted. 
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SI-Figure S4: SAXS profiles of ION@CMD250 and fit at pH 7.  

 

The Scherrer equation was used to calculate the particle size L of the magnetite crystal. The 

Scherrer shape factor K has a constant value of 0.89. The X-ray wavelength l is 0.07093 nm. The 

Bragg angle θ0 and the full half-width of the reflection Δ2θ are calculated using Origin software. 

The two largest reflections of the plane (311) and (440) were used  

 

𝐷 =
𝐾 ∗ 𝜆

𝛽 ∗ cos (θ)
 

(3) 
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SI-Figure S5: TEM micrographs at a magnification of 120k of (A) BIONs, (B) ION@CMD6.25, (C) ION@CMD12.5, (D) 

ION@CMD25, (E) ION@CMD125 and (F) ION@CMD250. Images were processed with ImageJ. 
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SI-Figure S6: HAADF-STEM micrographs indicating where the nanoparticle core with an amorphous coating for ION@CMD12.5 

on the left. The picture in the middel shows DPCx (A-C) and the right one DPCy (B-D). The orange makers show artifacts created 

by the rastering electron beam. Scale bars shown inset. 

 

SI-Figure S7: Low-dose TEM micrographs analyzed for core size and coating thickness for A) ION@CMD250, B) 

ION@CMD12.5, and C) ION@CMD6.25. 
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SI-Figure S8: Low-dose TEM micrographs analyzed for their agglomerate size for A) ION@CMD250, B) ION@CMD12.5, and 

C) ION@CMD6.25. 

SI-Table S2: Mean hydrodynamic diameters of BIONs and IONs@CMD in water, 50 mM PBS and human Plasma. For dH in 

water, the amount of particles per agglomerate is calculated based on dTEM. For PBS and Human plasma, the stabilization is 

calculated by dividing through the agglomerates in water. 

Particles 

dH in dH2O  

[nm] 

Amount 

of 

particles 

(dTEM) 

dH in 

50 mM 

PBS 

(pH 7.4) 

[nm] 

dH, 

PBS/dH, 

H2O 

dH in 

Human 

Plasma 

[nm] 

dH, 

HP/dH, 

H2O 

BIONs 503 ± 10.5 57.3x 1902 ± 360 3.78x 442 ± 9.63 0.87x 

ION@CMD6.26 137 ± 0.33 12.6x 165 ± 12.83 1.21x 50.6 ± 2.46 0.37x 

ION@CMD12.5 87.1 ± 10.9 7.99x 158 ± 5.47 1.81x 41.5 ± 9.47 0.48x 

ION@CMD25.0 94.2 ± 8.07 11.8x 73.6 ± 9.59 0.78x 79.3 ± 39.0 0.84x 

ION@CMD125 162 ± 101 21.5x 34.5 ± 0.81 0.21x 51.6 ± 15.6 0.32x 

ION@CMD250 200 ± 32.3 31.6x 69.3 ± 12.3 0.35x 25.8 ± 3.34 0.13x 

 

LangevinMod Fit 

𝑦 = 𝑦0 + 𝐶 (𝑐𝑜𝑡ℎ (
𝑥 − 𝑥𝐶

𝑠
) −

𝑠

𝑥 − 𝑥𝐶
) 
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𝑐𝑜𝑡ℎ𝑧 =
𝑒𝑧 + 𝑒−𝑧

𝑒𝑧 − 𝑒−𝑧
 

SI-Equation 4:Modified Langevin function by OriginLab, with y0 = offset, xc = center, C = Amplitude, s = Scale. Lower and upper 

bounds: none. 

SI-Table S3: Sedimentation velocity of BIONs and ION@CMDs in dH2O (pH = 7 – 7.4). Measurements were taken at wavelengths 

of 870 nm, 630 nm, and 420 nm (Profile: 1000; Interval: 1s; Angle: 0°; Light factor: 1.00; Temperature: 25 °C). 

Particles  Sedimentation velocity [µm s-1] 

BIONs 1152 

ION@CMD6.25 78.95 

ION@CMD12.5 18.39 

ION@CMD25.0 30.72 

ION@CMD125 90.24 

ION@CMD250 160.6 

 

SI-Figure S9: Phase contrast images of the cells incubated with IONs@CMD and BIONs after 24 and 72 hours for the 

cytocompatibility assay. Scale bar: 100 µm. 
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(a) 

 

(b) 

 

(c) 

SI-Figure S10: Adsorption of LL onto the surface of ION@CMD12.5 in 50 mM PBS buffer at pH 7.4. ): a) Hydrodynamic diameters 

of particles after LL adsorption at pH 7.4 in 50 mM PBS buffer. b) Adsorption kinetics of 4.00 g L-1 LL onto the surface of 

ION@CMD12.5 (1 gL-1) were measured over 8 hours. c) FT-IR spectrum of adsorbed LL (0.00 g L-1 to 4.00 g L-1 used) on 

ION@CMD12.5 (24 scans). 



 12 

 

SI-Figure S2: Weight loss (%) of LL II plotted against Temperature (°C). 

SI-Table S4: Efficiency of the protocols used to bind LL to the particle surface of ION@CMD12.5. Values were calculated by 

dividing the amount of LL bound by the amount of LL used. The calculation for Adsorptions are referred to the loadings reached 

with adsorption. Washing steps were not included. 

LL used in 

adsorption [g L-1] 
Efficiency [%] 

LL used in 

covalent binding 

[g L-1]   

Efficiency [%] 

0.00 0.00 0.00 0.00  

0.25 28.4 ± 1.09 0.80 82.2 ± 0.11 

0.50 25.9 ± 1.07 1.00 77.6 ± 0.18 

1.00 13.5 ± 3.86 1.50 74.9 ± 0.18 

2.00 12.4 ± 0.93 2.00 79.4 ± 0.08 

4.00 8.07 ± 1.43 2.50 79.2 ± 0.19 
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(a) 

 

(b) 

 

(c) 

SI-Figure S3: OD600 measurement of E.coli growth of different a) ION@CMD12.5 concentrations and different amounts of 

ION@CMD@LL obtained by b) adsorption or c) covalent binding. 

After a short lag phase of about two and a half hours, the exponential phase starts about ten hours after the beginning 

of the experiment. At an OD600 of 0.35, E. coli reaches its stationary phase, followed by the death phase. Both 

measurements at OD600 and the cell counting showed no or negligible influence on cell growth of the 

ION@CMD12.5.  

ION@CMD (0 g/L) 

 
 

ION@CMD (0.01 g/L) 

 

ION@CMD (0.03 g/L) 

 

ION@CMD (0.05 g/L) 

 

ION@CMD (0.075 g/L) 

 

ION@CMD (0.1 g/L) 

 
ION@CMD (0.2 g/L) 

 

ION@CMD (0.3 g/L) 

 

ION@CMD (0.4 g/L) 

 
ION@CMD@LL cov (0 µM) ION@CMD@LL cov (0.11 µM) ION@CMD@LL cov (0.28 µM) 
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ION@CMD@LL cov (0.57 µM) 

 

ION@CMD@LL cov (1.13 µM) 

 

ION@CMD@LL cov (1.69 µM) 

 
ION@CMD@LL cov (2.83 µM) 

 

ION@CMD@LL cov (4.25 µM) 

 

 

 

 

 

ION@CMD@LL ads (0 µM) 

 

 

 

 

ION@CMD@LL ads (0.11 µM) 

 

 

 

 

ION@CMD@LL ads (0.28 µM) 

 
ION@CMD@LL ads (0.57 µM) 

 

ION@CMD@LL ads (1.13 µM) 

 

ION@CMD@LL ads (1.69 µM) 

 
ION@CMD@LL ads (2.83 µM) 

 

ION@CMD@LL ads (4.25 µM) 

 

 

SI-Figure S4: E.coli colony grown in M9 media with ampicillin, incubated with different ION@CMD12.5, ION@CMD@LL (cov), 

and ION@CMD@LL (ads) concentrations (37 °C, addition of IPTG after 5 h). 
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SI-Movie 1: A1g L-1 solution of ION@CMD12.5 with 0.55 g g-1 LL contacted to a rectangular magnet (50.8 x 50.8 x 25.4 mm, 

adhesion force 100 kg, placement force 20 kg, obtained from Supermagnete). 
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Figure S1: Structure of UPy-Cy5. 

 
Figure S2: UPy-LL loading on different ION@UPy-NH2 concentrations. 
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Table S1: Amount of bound UPy-LL on ION@UPy-NH2 after dilution to different particle concentrations. 

ION@UPy-
NH2@UPy-

LL 
concentration 

[g L-1] 

0 g L-
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Figure S3: OD600 measurements of E.coli growth contacted with (a) ION@UPy-NH2@UPy-LL and (b) free UPy-LL. 
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Figure S1:IR spectra of ION@PLGA, ION@PVA, and ION@Dex. 

2000 1750 1500 1250 1000 750 500

 

Ab
so

rb
an

ce
 (a

.u
.)

Wavenumber (cm-1)

 ION@Dex

 

 ION@PVA

 

 

 ION@PLGA



7. Appendix 
 

145 
 

 

 

A 
 

B 
Figure S2:X-ray diffractogram of A) ION@PVA and B) ION@PLGA. 

L =
K ∗ λ

β ∗ cos	(θ)
 

Equation S1: Scherrer equation was used to calculate the particle size L of the magnetite crystal. The Scherrer shape 
factor K has a constant value of 0.89. The X-ray wavelength l is 0.07093 nm. The Bragg angle θ0 and the full half-width 
of the reflection Δ2θ are calculated using Origin software. The two largest reflections of the plane (311) and (440) were 
used  

 

Table S1: Composition of 1 L 50 mM PBS buffer (pH 7.4). 

Component Mass 

NaCl 40.0 g 

KCl 1.00 g 

NaH2PO4 7.20 g 

KH2PO4 1.20 g 
 

 

Table S2: Composition of ALF and AEF per liter according to Marques et al. [1] pH adjusted to 4.5 for 4.5 for ALF 
and 5.5 for AEF. 

Component Mass 

Calcium chloride dihydrate 0.13 g 

Citric acid 20.8 g 

Glycerol 0.06 g 

Magnesium chloride 0.05 g 

Sodium citrate dihydrate 0.08 g 

Sodium chloride 3.21 g 
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Sodium phosphate heptahydrate 0.18 g 

Sodium lactate 0.09 g 

Sodium hydroxide 6.00 g 

Sodium pyruvate 0.09 g 

Sodium sulfate 0.04 g 

Sodium tartrate dihydrate 0.09 g 

Formaldehyde 37% 2.70 mL 
 

 

Table S3: Composition of SBF per liter according to Marques et al. [1] pH adjusted to 7.4. 

Component Mass 

Calcium chloride dihydrate 0.38 g 

Magnesium chloride 0.15 g 

Potassium chloride 0.23 g 

Potassium phosphate 0.14 g 

Sodium chloride 8.04 g 

Sodium bicarbonate 0.36 g 

Sodium sulfate 0.07 g 

Tris(hydroxymethyl)aminomethane 6.12 g 

1M hydrochloric acid 39.0 mL 

 

Table S4: Phenanthrroline assay: Fe2+-stock solution. 

Component Mass 

FeCl2(H2O)4 35.5 mg 

dH2O 100 mL 

 

Table S5: Phenanthroline assay: 10% ascorbic acid solution. 

Component Mass 

L-ascorbic acid 5.01 mg 

dH2O 50.0 mL 

 

Table S6: Phenanthroline assay: Acetic acid buffer (pH 4.5). 

Component Mass 

Acetic acid 15.0 mL 
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1M NaOH 130 mL 

dH2O 115 mL 
Table S7: Phenanthroline assay: Phenanthroline solution. 

Component Mass 

Phenanthroline 2.50 mL 

dH2O 50.0 mL 

 

 

Figure S3: Cumulative velocity distribution at pH 7 in water, at room temperature with (M) and without 
magnetopheretic sedimentation. 

 

 

Figure S4: Nitrogen adsorption isotherm on BION and ION@Dex particles at 77 K. 
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Figure S5: Hydrodynamic diameters of BIONs, ION@PLGa, IONqPVA, and ION@Dex in SBF and human blood 
plasma  (HP). 

 

Figure S6: Phase contrast images of the cells incubated with IONs@CMD and BIONs after 24 and 72 hours for the 
cytocompatibility assay. Scale bar: 100 µm. 
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