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Abstract 

Nanoparticles gained great importance in the medical field since their first discovery 

50 years ago. Based on the ability to select from a repertoire of materials, shapes, and 

sizes, nanocarrier can be designed to deliver a wide range of high potent drugs. They can 

protect and significantly improve the bioavailability of sensitive and pharmaceutically 

active cargo, that otherwise would not be applicable in biological systems and thereby 

enabling a broad field of medical applications.  

This thesis presents the further development of a biocompatible and biodegradable acid-

sensitive polysaccharide-based nanocarrier system for the simultaneous delivery of 

hydrophilic and hydrophobic drugs. L-Asparaginase and etoposide were dual 

encapsulated in dextran-based nanoparticles by a double emulsion technique. Studies 

revealed a controlled pH-sensitive release of both drugs and a high synergistic toxicity in 

K562 cells in vitro. 

For immunotherapy applications, a biocompatible and targeted transport of active agents 

is required to enhance the therapeutic effect and limit the undesired side effects. 

Therefore, the dextran-based nanoparticle system was further advanced in the second 

project. The introduction of a hydrophilic polyethylene glycol (PEG) layer on the surface 

of these particles prevents unspecific cellular uptake and prolongs circulation time. 

Furthermore, specific antibodies as active targeting ligands for dendritic cells were 

attached on PEG. In vitro and in vivo studies showed that the modified particles were 

preferred taken up by receptor-mediated endocytosis in dendritic cells, which enables a 

potential anti-tumor CD8+ cytotoxic T-lymphocytes activation. 

In addition, based on the pH-responsive modified dextran, an advanced biocompatible 

horseradish peroxidase-polysaccharide conjugate was developed through formation of a 

disulfide bridge. The obtained double stimuli-responsive biodegradable hybrid material 

self assembles in water into spherical nanoparticles. During this process the structure 

integrity and enzymatic activity of the enzyme conjugate was retained. Nanoparticle 

degradation behavior was studied in detail with a focus on triggered drug released. The 

highly potent, indole-3 acetic acid (IAA) prodrug was encapsulated and successfully 
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delivered into the cytosol of HeLa cells. Hereby the released prodrug was oxidized by the 

horseradish peroxidase particle material, which leads to cellular apoptosis. 

Both developed dextran-based particle systems represent promising candidates for 

successful applications in the delivery of therapeutics. 
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Zusammenfassung 

Seit ihrer ersten Entdeckung vor 50 Jahren haben Nanopartikel eine große Bedeutung in 

der Medizin erlangt. Basierend auf der Möglichkeit, aus einem Repertoire an 

verschiedenen Materialien, Formen und Größen auszuwählen, können Nanocarrier so 

konzipiert werden, dass sie eine Vielzahl an hochwirksamen Medikamenten 

transportieren können. Sie können die Bioverfügbarkeit von empfindlichen, 

pharmazeutisch aktiven Wirkstoffen erhöhen, wodurch ein breites Feld von 

medizinischen Anwendungen ermöglicht wird.  

 

Diese Arbeit stellt die Weiterentwicklung eines biokompatiblen, bioabbaubaren und 

säureempfindlichen Zucker-basierten Nanopartikels für die gleichzeitige Abgabe von 

hydrophilen und hydrophoben Medikamenten dar. L-Asparaginase und Etoposid wurden 

in Dextran-basierten Nanopartikeln mittels einer Doppelemulsionstechnik zusammen 

verkapselt. Studien zeigten eine kontrollierte pH-sensitive Freisetzung beider 

Medikamente und eine hohe synergistische Toxizität in K562-Zellen in vitro. 

 

Für die Immuntherapie ist ein biokompatibler und gezielter Wirkstofftransport 

notwendig, um unerwünschte Nebenwirkungen zu reduzieren und die therapeutische 

Effizienz zu verstärken. Das auf Dextran basierende Nanopartikelsystem wurde daher im 

zweiten Projekt weiterentwickelt. Die Einführung einer hydrophilen PEG-schicht auf der 

Oberfläche der Partikel verhindert eine unspezifische Zellaufnahme und verlängert die 

Zirkulationszeit Darüber hinaus wurden spezifische Antikörper als aktive Zielliganden für 

dendritische Zellen an PEG gebunden. In vitro- und in vivo-Studien zeigten, dass die 

modifizierten Partikel bevorzugt durch rezeptorvermittelte Endozytose in dendritische 

Zellen aufgenommen wurden. Dies ermöglicht eine potenzielle Aktivierung der gegen 

Tumor wirksamen, zytotoxischen CD8+ T-Lymphozyten. 

 

Darüber hinaus wurde auf Basis des pH-responsiven modifizierten Dextrans ein 

neuartiges, biokompatibles Meerrettich Peroxidase-Polysaccharid-Konjugat entwickelt 

mittels Bildung einer Disulfidbrücke. Das erhaltene doppelt Stimulus-responsive, 

biologisch abbaubares Hybridmaterial ordnet sich selbst in Wasser zu kugelförmigen 

Nanopartikeln zusammen. Hierbei konnten die Strukturintegrität und enzymatische 
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Aktivität des Enzym-Konjugats erhalten bleiben. Nanopartikuläres Abbauverhalten 

wurde detailliert untersucht, wobei der Schwerpunkt auf einer gesteuerten 

Medikamentenfreisetzung lag. Das hochwirksame Prodrug Indol-3-Essigsäure wurde 

verkapselt und erfolgreich in das Zytosol von HeLa-Zellen eingeschleust, wo das 

freigesetzte Prodrug durch das Meerrettich Peroxidase Partikelmaterial oxidiert wurde 

und schließlich zur zellulären Apoptose geführt hat. 

Beide entwickelten Dextran-basierten Partikelsysteme sind vielversprechende 

Kandidaten für erfolgreiche Anwendungen bei der Verabreichung von Therapeutika. 
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1 Introduction and Basic Concepts 

1.1 Nanoparticles as Delivery Vehicles in Medicine 

1.1.1 General Concept of Nanoparticles 

Traditional first line treatments for cancer include chemotherapy, surgery, and 

radiotherapy.[1, 2] However, all of these treatments have drawbacks and relapse can 

reduce the 5-year survival rate by more than 50% in aggressive cancers.[3-5] In many 

cases, chemotherapy is not used alone, but combined with other treatments to achieve 

maximum therapeutic success. Normally, chemotherapy is done by taking medications 

that are preferentially taken up by cancer cells due to uncontrolled and rapid growth.[6] 

Unfortunately, healthy cells that have rapid cell division, such as hair follicles, intestinal, 

oral and skin cells, can also be damaged by chemotherapy. In addition, systemically 

administered non-selective chemotherapeutic agents can enter tumor tissue and healthy 

organs in free form.[7] As a result, cancer patients suffer from the effects of the systemic 

toxicity of the drugs. Typical symptoms include fatigue, diarrhea, alopecia, nausea, 

vomiting or loss of appetite.[8] 

Encapsulation of non-selective chemotherapeutic agents in a vehicle that carries the drug 

selectively into tumor tissue may reduce systemic toxicity. This "magic bullet" concept 

was first proposed by Dr. Paul Ehrlich in 1906 and nanoparticular systems could realize 

this concept.[7, 9] 

Other benefits of a nanoparticle-based drug delivery system include sustained drug 

release, protection against drug degradation and crossing physiological barriers.[10] In 

addition, hydrophobic drugs that would contradict the Lipinski’s rule of five and thus 

would not be bioavailable can be encapsulated in nanoparticles in order to increase the 

spectrum of applicable drugs.[11] Another advantage of nanoparticles is their tunable 

pharmacokinetics.[12] The increased bioavailability allows a lower dosage and 

consequently less severe side effects.[13] Since the discovery of nanoparticle formulation 

in 1969, a large number of nanoparticular systems have been developed which differ 

greatly in shape, size and properties.[14] Depending on their attributes and surface 

modifications, the particles can also be distinguished from each other in their medical 
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field of application. In Figure 1 different nanoparticles properties are displayed and 

discussed in respect to their most important aspects. 

 

Figure 1. Overview of important nanoparticle properties. Adapted and modified from Angewandte Chemie 

International Edition.[15] 

 

Metallic Nanoparticles 

Metal nanoparticles are nano-sized particles made of pure metals (e.g., iron gold, silver, 

platinum, titanium, zinc) or their inorganic compounds (e.g., oxides, hydroxides, sulfides, 

phosphates, fluorides and chlorides).[16] Iron (III) oxide (Fe2O3) particles are 

characterized by their ultrafine size and magnetic properties. Superparamagnetic iron 

oxide nanoparticles have emerged as promising candidates for various biomedical 

applications, such as enhanced resolution contrast agents for magnetic resonance 

imaging, targeted drug delivery and imaging.[17] Gold nanoparticles provide unique 

optical properties which enables several applications in cellular imaging and drug 

delivery.[18] In contrast silver nanoparticles are typically used for threating wounds based 

on their antimicrobial activity.[19] 
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Carbon Nanotubes 

Carbon nanotubes (CNTs) are a class of nanomaterials that consist of a two-dimensional 

hexagonal lattice of carbon atoms. Their exceptional thermal, mechanical, and electronical 

properties together with their tubular shape, offering a high surface area and enabling 

conjugation of a wide variety of therapeutic drugs, making CNTs an attractive platform 

for the treatment of various diseases.[20] For example it is possible to exploit their thermal 

conductivity in order to photothermally kill cancer cells.[21] 

 

Dendrimers 

Dendrimers are nanometer-sized, radially symmetric molecules consisting of tree-like 

arms or branches.[22] They are highly defined artificial macromolecules with high number 

of functional groups for further possible modifications.[23, 24] Applications highlighted in 

recent literature include drug delivery, gene transfection, catalysis and energy 

harvesting.[25-27] 

 

Liposomes 

Liposomes were first described 1965 and are sphere shaped vesicles consisting of one or 

more phospholipid bilayers.[28] They represent a promising drug delivery platform based 

on their biocompatibility, biodegradability, low toxicity, and ability to encapsulate both 

hydrophilic and hydrophobic drugs.[29, 30] On this occasion the hydrophilic drug is located 

in the aqueous core, while hydrophobic drugs associate with the bilayer. 

 

Polymer Nanoparticles 

Polymeric nanoparticles are researched widely as nanocarriers for controlled and 

sustained drug release.[31] They can be either nanocapsules or nanospheres. 

Nanocapsules are vesicular systems in which the drug is confined to a cavity surrounded 

by a polymer-membrane, while nanospheres have a matrix architecture.[32] Drugs can be 

either encapsulated inside the nanoparticles or adsorbed on their surface. In general, 

fragile molecules are better preserved from enzymatic degradation when they are 

encapsulated during the preparation in the nanocarrier.[33-35] Two main strategies used 

for preparation of polymeric nanoparticles are the “top-down” strategy and the “bottom-

up” approach. The top-down strategy utilizes a preformed polymer to form polymeric 

nanoparticles whereas in the bottom-up approach polymerization of monomers leads to 
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the formation of polymeric nanoparticles.[36] Various methods are used for the 

preparation of polymeric nanoparticles for example self-assembly, emulsification, solvent 

evaporation/extraction.[37-41] 

Polymers for nanoparticle formation need to fulfill several requirements.[37, 42] First, the 

polymer needs to be biodegradable or at least fast eliminated from the body. The polymer 

and the degradation products must be nontoxic and non-immunogenic.[37] Thirdly, the 

polymer must have suitable properties for a specialized drug delivery system. Polymeric 

nanoparticles consist preferably of biodegradable and biocompatible synthetic or natural 

polymers. As non-biodegradable materials, such as polyacrylamide, have toxic risks 

because of possible accumulation in the body.[43] The most widely used synthetic 

polymers are poly(lactic acid)(PLA), poly(glycolide) (PLG), poly(lactide-co-

glycolide)(PLGA), and polycaprolactones.[44-48] Natural polymer like alginate, chitosan, 

dextran or proteins have been widely explored.[49-52] They show excellent 

biocompatibility since they are broken down by enzymatic degradation into easily 

metabolized peptides or saccharides in the body.[53]  

 

Among the mentioned nanoparticle systems, polymer nanoparticles have multiple 

advantages, including the ability to tailor the physical, chemical, and biological properties 

of the nanocarrier which leads to the broadest medical applications.[54] Gold nanoparticles 

and iron oxide are good for imaging applications but have, in contrast to polymer 

nanoparticles, significant limitations for drug loading and drug release.[55] Furthermore 

biodegradable polymers are especially appealing since they break down in physiological 

or pathophysiological conditions, which generally reduces the toxicity of the carrier and 

facilitates systemic elimination.[56] 

 

Size and Shape 

The size and shape of nanoparticles are two important parameters for a drug delivery 

system. They play a crucial role in drug loading, drug release, stability and in vivo 

distribution.[57, 58] Furthermore the degradation of polymer particles can be altered based 

on the different size to surface area ratio.[59] Compared to microparticles, nanoparticles 

have a relatively higher intracellular uptake and better biodistribution based on their 

higher mobility.[60] For example HepG2 cell lines were found to only take up nanoparticles, 

while rejecting microparticles.[61] Microparticles of ~1–5 μm are further localized within 
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the liver where they are phagocytosed quickly by macrophages.[62, 63] Nanoparticles 

between 200 nm and 1 µm are easily filtered out in the spleen meanwhile smaller 

particles remain in blood vessels.[64] Nanoparticles should be bigger than 6 nm because 

otherwise they will be filtered out fast by renal clearance without reaching the 

therapeutic location.[65] 

Generally, the optimal size of a nanoparticle system depends on the targeted location and 

type of therapeutically approach.[66] Figure 2 shows the size of different nanoparticle 

systems. 

 

Figure 2. Size of different nanoparticle systems (metallic nanoparticles ~1–10 nm, dendrimers ~2–20 nm, 

carbon nanotubes~10–10 nm, polymer nanoparticles ~50–500 nm, liposomes ~60–700 nm).  

 

The shape of nanoparticles is of equal importance as their size in drug delivery. Chan et 

al. reported that spherical gold nanoparticles have a higher chance to be internalized in 

vitro by HeLa cells compared to rod-shaped particles of similar size.[67, 68] Studies by Vácha 

et al. confirmed that spheres nanoparticles also have a higher endocytosis-rate than 

particles with sharp edges.[69] As summary it can be proposed spherical nanoparticles 

seem to be good candidates for drug delivery.[15] 

 

Surface of Nanoparticles 

In addition to both size and shape, the surface characteristics of nanoparticles represent 

another critical parameter in determining their drug loading efficiency, drug release 

biodistribution and clearance from the body.[15] Surface modifications are able to entirely 

alter the protein corona and thereby also the medical function.[70] The nanoparticles 

should have a hydrophilic surface to resist the adsorption of plasma proteins and thus 

escape a fast clearance by macrophages.[71, 72] The most commonly used approach to 

achieve this goal is to coat with hydrophilic PEG-chains.[73, 74] For further insight of surface 

modifications see Chapter 1.2. 
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Surface Charge of Nanoparticles 

The zeta potential of a nanoparticle is commonly used to characterize its surface 

charge.[15, 75] It reflects the electrostatic potential of a particle and is influenced by the 

surface composition of the particle as well as the surrounding buffer. Nanoparticles with 

a zeta potential higher than ± 30 mV are stable in suspensions, as repulsion forces from 

the surface charges can prevent the particles from aggregation. But high surface charge 

also leads to more rapid opsonization by macrophages, resulting in greater clearance by 

the mononuclear phagocytic system (MPS).[76] Therefore, control over the surface charge 

can help minimize the nonspecific interactions between nanoparticles and the MPS, 

preventing the loss of nanoparticles in undesired locations.[77]  

 

The complexity of finding the optimal nanoparticle size, shape and surface chemistry 

requires in vivo studies for each specific therapeutic approach.[78] 

 

Biocompatibility and Cellular Uptake of Nanoparticles 

The route of application is determined by the target organ and the properties of the 

nanoparticle and the encapsulated drug. For most nanoparticulate systems, intravenous 

administration is the first choice. On the one hand, it offers the advantage that fewer 

cellular barriers have to be crossed compared to a dermal application. On the other hand, 

an advantage is the constant neutral pH value of the blood. In contrast, the strongly acidic 

pH value and the digestive enzymes of the stomach pose problems for many nanoparticles 

during oral administration. For intravenous administration, however, the particles must 

be highly sterile. 

After application, the size, zeta potential and solubility of the particles determine their 

half-life in the body.[79] Figure 3 demonstrates different crucial parameters for the 

biocompatibility of nanoparticles.  
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Figure 3. Nanoparticles biocompatibility dependent on size, zeta potential and solubility. Adapted and 

modified from Clinical Cancer Research.(79) Organ images modified from “Servier Medical Art” by Servier 

(https://smart.servier.com/) licensed under CC BY 3.0. 

 

Endocytosis of Nanoparticles 

Efficient cellular uptake of nanoparticles is important for effective intracellular drug 

delivery, as the target site of many drugs is located in the cytosol or cellular 

compartments. The endocytosis pathway of the particles significantly determines the fate 

and intracellular localization of the nanoparticles.[80] It can be initiated by either highly 

selective binding between the ligand attached to the nanoparticle and the corresponding 

receptor present on the cell membrane, or by nonselective binding based on hydrophobic 

or electrostatic interactions. There are 4 major endocytosis pathways depending on the 

size and surface properties of the particles.[81]  

First receptor-mediated endocytosis (also known as clathrin-mediated endocystosis), is 

the inward budding from the plasma membrane containing receptors specific to the 

functionalized-particles being internalized.[82] Second, caveolae-mediated endocytosis, 

where extracellular molecules are internalized upon binding to specific receptors in the 

plasma membrane.[15] Third, macropinocytosis is a process that begins with the formation 

of a pocket through the invagination of the cell membrane (0.5–5 μm in size) that leads to 

nonspecific uptake of extracellular material together with particles. Fourth, phagocytosis, 

a process by which cells actively bind to- and internalize particles larger than 

approx. 250 nm in diameter, such as cell debris, microorganisms, or even apoptotic cells. 
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The phagocytosis route is mainly used by dendritic cells (DCs), neutrophils and 

macrophages.[83]  

The internalization pathway of nanoparticles is largely determined by their size, shape 

and surface properties (hydrophobicity vs. hydrophilicity, charge, and the type/density 

of a ligand).[84, 85] Negatively charged NPs show an inferior rate of endocytosis and do not 

utilize the clathrin-mediated endocytosis pathway. On the other hand, positively charged 

and spherical NPs internalize rapidly via the clathrin-mediated pathway.[86] 

While large particles are internalized through phagocytosis and macropinocytosis, small 

particles have to rely on clathrin- or caveolae mediated pathways.[87]  

Despite different cellular entry pathways, the endosomes are mostly the first intracellular 

compartments encountered by the internalized nanoparticles. Early endosomes are 

characterized by a lower luminal pH (~6–6.5) and by a transport to lysosomes (~pH 4.5–

5.2), which has been exploited to trigger the release of pH-responsive nanoparticles into 

the cytosol (Figure 4). 

 

Intracellular Escape and Degradation of Nanoparticles 

For successful delivery of therapeutic agents, the nanoparticles also need to be designed 

with an ability to escape from the endolysosomal network and enter the cytosol.[15] To 

achieve this goal nanoparticles can be coated with an amine rich polymer that is capable 

of buffering between pH 5.2–7.0 to enable endosomal escape through the “proton-sponge 

effect”.[88-90] Once these cationic nanoparticles are incorporated into the acidic 

endolysosomal compartment, the amino groups can continuously activate the proton 

pumps, leading to osmotic pressure and accumulation of water molecules inside the 

compartment.[91] The swelling results in the rupture of the endolysosome and releasing 

the drug to their working site. Figure 4 shows the different endocytosis pathways with 

subcellular fate and proton sponge effect. 
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Figure 4. The endocytosis pathways with subcellular fate and proton sponge effect. Adapted and modified 

from Journal of Controlled Release.[80] Organelle images modified from “Servier Medical Art” by Servier 

(https://smart.servier.com/) licensed under CC BY 3.0. 

 

Methods of Controlled Drug Release 

After cellular uptake of the nanoparticle system a controlled release of the encapsulated 

drug is desirable. For this several stimuli-sensitive materials incorporating responsive 

chemical motives have been developed (see Figure 5). The trigger mechanism will be 

discussed in the next chapter. 
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Figure 5. Cleavable linkers that have been used for stimuli-responsive drug release. The red dashed line in 

each molecule indicates the bond that will be broken upon activation by the corresponding stimulus. 

Adapted and reproduced from Advanced Drug Delivery Reviews.[92] 

 

pH-sensitive Release. The variation in pH value associated with a pathological situation 

such as cancer or inflammation has been extensively used to trigger the release of a drug 

into a specific organ or intracellular compartment (e.g. endosome or lysosome).[93] Two 

main strategies exist: the use of polymers with ionizable groups that undergo 

conformational or solubility changes in response to environmental pH change. Commonly 

used polymers include poly(acrylic acid) (PAA) and poly(methyl acrylate) (PMA). With 

the use of these polymers, the hydrophobicity of the nanoparticle carriers change as a 

result of protonation or deprotonation.[94-96] Another strategy involves a system with 

acid-sensitive bonds whose cleavage enables the release of molecules attached to the 

polymer backbone.[93] 

 

Redox-sensitive Release. The difference of redox potential (~1,000 fold) existing 

between the extracellular matrix and the intracellular cytosol is based on different 

concentrations of glutathione found in extracellular (~ 2–10 μM) and intracellular (~ 2–

10 mM) compartments.[93, 97] A cytosolic drug release can be thereby obtained by 

reductive cleavage of disulfide bonds in the nanoparticle system. 
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Photo-sensitive Release. Photosensitivity is often introduced to nanoparticles through 

functional groups that can be cleaved or change their conformations upon irradiation with 

light of a specific wavelength.[98, 99] Notable examples include azobenzene, pyrene, 

nitrobenzene and spirobenzopyran.[15, 100, 101] 

 

Enzyme-responsive Release. An altered expression profile of enzymes (such as 

proteases, phospholipases or glycosidases) observed in pathological tissue (e.g. cancer or 

inflammation) can be exploited to achieve enzyme-mediated degradation of a 

nanoparticle system and drug release at the desired biological target.[93, 102-104]  

 

Thermo-responsive Release. Thermo-responsive release takes advantage of the local 

temperature increase caused by pathological condition like tumor, inflammation or 

infection.[15] Ideally, thermo-sensitive nanocarriers should retain their load at body 

temperature and rapidly deliver the drug within a locally heated tumor (~40–42 °C).[93] 

The method relies on a change of the physical properties of a temperature-sensitive 

material (e.g. liposomes or nanoparticles based on thermo-sensitive polymers) which 

triggers the drug release.[105, 106] Notable examples of thermo-responsive polymers are 

poly(N-isopropylacrylamide) (PNIPAAm), poly(N,Ndiethylacrylamide)(PDEAAm) and 

Pluronic (PEO-PPO-PEO).[106-108] 

 

Dual-responsiveness. Sensitivity to more than one stimulus can even further improve 

nanoparticular drug delivery. pH- and redox-responsiveness can be used in combination 

based on the coexistence of a pH gradient and an oxidative environment in tumor- and 

inflammation tissues.[93] Studies by Yoon et al. with self-assembled nanoaggregates 

consisting of four-arm PEG conjugated to doxorubicin and anti-bcl-2 oligonucleotide with 

reducible linkers and acid-cleavable linkers showed a dual-responsive breakdown of the 

nanostructures. The particles degraded under reducing conditions and the 

oligonucleotide was released at a low pH.[109] In general, it is possible to obtain dual-

responsive systems for all above mentioned different stimuli. This can be achieved by 

choosing the right monomers and combining them with a stimuli-responsiveness linkage 

group. However, the complexity of such dual-responsive systems increases 

dramatically.[92] 
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To summarize, a nanoparticle system for a wide range of therapeutic applications should 

consist out of a biodegradable and biocompatible polymer with a stimuli-responsive 

triggered drug release. The particle should have a spherical shape for high cellular uptake 

and to enhance the more specific clathrin-mediated endocytosis pathway. Furthermore, 

the particle should be able to escape the endolysosomal network through the proton 

sponge effect. To prevent aggregation the surface charge should be either high positive or 

negative. In the following chapter a polysaccharide-based particle system is described 

which unites the mentioned particle requirements.[110] 

 

1.1.2 Dextran as a Material for Nanocarriers 

Polysaccharides are natural polymers of monosaccharides that can be distinguished by 

origin and structure. Some of them are of vegetable (e.g. pectin), microbial (e.g. dextran) 

or animal origin (e.g. chitosan).[111] The polysaccharides are further divided into 

positively charged (e.g. chitosan) and negatively charged (e.g. heparin, pectin) polymers. 

Polysaccharides have a high number of reactive groups (hydroxyl, carboxyl, aldehyde, 

amine groups), very different molecular weights and show a large variance in chemical 

compositions. Furthermore, the reactive groups of the polysaccharides can easily be 

chemically modified and thus allowing the synthesis of various derivatives. As a natural 

biomaterial, polysaccharides are stable, non-toxic and biodegradable, making them an 

ideal nanoparticle platform. The preparation methods for polysaccharide nanoparticles 

are: For example covalent cross linking, ionic crosslinking, polyelectrolyte complexation 

and self-assembly of hydrophobically modified polysaccharides.[110]  

A promising polysaccharide for nanoparticle formation is dextran. The linear dextran 

chain consists of D-glucose units with a length of 1.5 to 2,000 kDa, which are 

predominantly linked by α-1,6- glycosidic bonds.[112] Furthermore, the chains have a 

variable content of α-1,2 α-1,3 α-1,4-glycosidic branches.[113] The structure of 

α-1,6-glycosidically linked dextrans is shown in Figure 6. 
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Figure 6. The structure of the linear dextran chain consists of α-1,6-glycosidically linked D-glucose units. 

 

The synthesis of the dextrans takes place by enzymes predominantly from sucrose in 

bacteria of the genus Leuconostoc mesenteroides.[114] The macromolecules possess 

essential biocompatibility: Biodegradation occurs through enzymatic splitting by 

dextran-1,6-glucosidase found in many cell-types.[115] Furthermore, dextran lacks 

nonspecific cell binding and resists protein adsorption.[116] Dextran chains can be simply 

chemical modified, e.g. by reductive amination or acetalization. Dextran has proven itself 

as a biocompatible, biodegradable polysaccharide in medical applications. It can be used 

as a blood plasma substitute in emergency medicine based on the colloidal osmotic 

pressure of a 6 percent aqueous dextran solution with a molecular weight of 70 kDa.[117] 

Furthermore the use of low-molecular dextran as a thrombocyte aggregation inhibitor is 

possible.[118] In spite of the mentioned biocompatibility and various medical applications, 

Shiratori et al. also reports a rare hypersensitivity reaction against dextran.[119] Further 

use of the dextran is possible by cross-linking it with epichlorohydrin to form a copolymer 

which has relatively uniform pores and can be used in gel permeation 

chromatography.[120] 

 

Hydrophobically-modified Dextran (AcDex) 

Based on the FDA-approved polysaccharide dextran the group of Jean Fréchet developed 

a biocompatible, biodegradable, and non-toxic particle system. The particle material can 

be obtained by acetalation of dextran (AcDex), which changes the solubility of the polymer 

so that the AcDex is no longer water-soluble but soluble in organic solvents such as 

dichloromethane, ethyl acetate and acetone.[96]  

In addition, the acetals can be cleaved under slightly acidic conditions (pH 4–5), enabling 

controlled drug release in sites of inflammations,[121] tumor tissue[122, 123] and 

lysosomes.[124] The synthesis and hydrolysis of AcDex is shown in Figure 7. 
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Figure 7. Synthesis and hydrolysis of AcDex. 

 

This solubility switch enables the formation of stable particles with a top-down approach 

in aqueous buffers using a single or double emulsion technique.[125] For this purpose, the 

hydrophobic AcDex is dissolved in dichloromethane (DCM) and a phosphate-buffered 

saline (PBS) solution with polyvinyl alcohol (PVA) as surfactant is added. After 

sonification and organic solvent evaporation the particles with a size of (~100–200 nm) 

and a low PDI can be obtained. The particle size in this method is dependent on the type 

and concentration of the surfactant, sonification intensity and polymer concentration 

used in the process.[36, 126] 

Depending on the nature of the respective cargo, small hydrophobic drugs can be 

encapsulated with a single emulsion procedure (w/o) and hydrophilic biomolecules with 

high molecular weights via a double emulsion method (w/o/w) (Figure 8).  

With increased acetalation reaction time acyclic acetals are transferred to more stable 

cyclic acetals allowing a precise tuning of the hydrolysis-rate, particle degradation and 

hence drug release.[127, 128] AcDex with a reaction time of 10 min was almost totally 

degraded (90%) after incubation in acidic buffer for 10 h, meanwhile only 10% of a 

60 min AcDex was hydrolyzed.[128] Another tunable aspect is the molecular weight of the 

applied dextran. Kauffman et al. showed that microparticles synthesized from AcDex with 

a molecular weight of 71 kDa had higher encapsulation efficiency of rapamycin and 

slower overall degradation than microparticles synthesized from 10 kDa AcDex.[129] The 

flexibility of the system gives it a major advantage over other acid-sensitive polymers, 

such as poly-beta amino esters (PBAEs), polyorthoester (POEs,) and polyketals, of which 

degradation profiles are less variable.[130] 
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Figure 8. Double emulsion evaporation method for encapsulation of hydrophilic and hydrophobic drugs 

inside nanoparticles consisting of hydrophobically modified dextran. 

 

Hydrophobic silver carbene complexes were further successfully encapsulated in AcDex 

nanoparticles by single emulsion. The studies by Ornelas-Megiatto et al. revealed a high 

encapsulation efficiency and a promising antibacterial property against gram-negative 

and gram-positive bacteria.[131] 

Cohen et al. functionalized AcDex with spermine (SpAcDex) to increase the loading of 

siRNA by ionic interactions of the positively charged amines with the negatively charged 

phosphate backbone of RNA. Additionally, the cationic particle character increases the 

cellular-uptake and as well as the endosomal escape through the proton sponge effect, 

wherein the positive charge of the particles causes an influx of negatively-charged Cl− ions 

into the endosome, subsequently causing osmotic rupture of the endosome.[132, 133] 

SpAcDex showed a high binding capacity (>75%) of encapsulated anti-luciferase siRNA. 

After the incubation of siLuc-loaded SpAcDex nanoparticles with HeLa-luc cells for 48 h, 

a successful knockdown of luciferase (up to 60%) was shown.[88] 
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The group of Santos et al. showed that a Nutlin-3a, and the cytokine granulocyte–

macrophage colony-stimulating factor (GMCSF) can further be co-encapsulated in 

SpAcDex particles with a double emulsion technique. This enables a combination of 

chemo- with immunotherapy and the system is capable of inducing tumor cell death by 

stimulating the immune response. Due to Nut3a, the loaded NPs exert specific toxicity 

toward p53 cancer cells. Furthermore, the NPs show intrinsic immune adjuvancy on 

monocyte derived-DCs, upregulating the expression of cell surface CD83 and CD86 

costimulatory markers which leads to proliferation of CD3+ and cytotoxic CD8+ T cells.[134] 

For further immunotherapy application of AcDex nanoparticles see Chapter 1.3.2. 

A further advantage of the spermine-modified system are the easily chemically accessible 

amines on the particle surface. Bamberger et al. attached PEG and dextran chains on the 

particle surface through NHS-ester reaction with the primary amines of the spermine on 

the particle surface. The introduction of a hydrophilic PEG layer on the surface of the 

SpAcDex-nanoparticles prevents unwanted aggregation and decreases unspecific cell 

uptake. On the other hand, the introduction of a layer of low molecular weight dextran 

(3.5 and 5 kDa) on the particle surface encourages the nanoparticle uptake by antigen-

presenting cells like macrophages and DCs. Binding of dextran modified particles to these 

immune cells results in a cell activation.[135, 136] Butzbach et al. encapsulated the 

photosensitizer 5, 10, 15, 20-tetraphenyl-21H, 23H-porphyrine (TPP) in SpAcDex 

nanoparticles and conjugated NHS-activated folic acid on the particle surface. The authors 

could show that the particles were successfully taken up by human HeLa-KB cells through 

folate-receptor-mediated endocytosis, and a light-induced cytotoxicity was observable 

(Figure 9).[137] 
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Figure 9. Folic acid functionalized SpAcDex nanoparticles with encapsulated TPP. Reproduced from 

Polymers.[137] 

 

In summary, the AcDex system is a nontoxic, biocompatible particle material for the 

delivery of active small hydrophobic or huge hydrophilic drugs. The facile tunability of 

AcDex chemistry allows for both burst and sustained long-term release of encapsulated 

therapeutics using the same polymeric platform. These benefits make AcDex an ideal 

material for particle formulation due to their in vivo degradation into harmless and 

biological by-products.  
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1.2 Targeting Approaches for of Nanoparticles 

1.2.1 Passive Targeting 

EPR Effect 

Passive targeting relies on the physicochemical properties of the nanoparticles and on the 

enhanced permeability and retention (EPR) effect.[138] Accumulation of nanoparticles can 

be observed in tumor tissue and inflammatory tissue. This is referred to as passive 

targeting, which is a consequence of the EPR effect and was first described in 1986 by 

Maeda et al.[139] The increased penetration of nanoparticles into tumor tissue compared 

to healthy tissue is due to an altered anatomy and pathophysiology based on the increased 

nutrient and oxygen demand of the tumor tissue.[140] As a result, tumor tissue is 

characterized by increased angiogenesis and a more permeable endothelial layer with 

disordered endothelial cell linkages.[141] In addition, the increased release of VEGF 

(Vascular Epithelial Growth Factor) into the tumor tissue causes an increased penetration 

of macromolecules.[142] The retention of NP in the tumor tissue is also favored by a 

deficient lymphatic drainage into the tumor tissue.[143] In contrast, nanoparticles can be 

relatively poorly taken up in healthy tissue due to the ordered, dense epithelial layer.[144] 

The accumulation of macromolecules as an effect of the EPR effect in tumor tissue 

compared to healthy tissue is shown schematically in Figure 10. 

 

Figure 10. Accumulation of nanoparticles by the EPR effect through the permeable endothelial layer of the 

tumor tissue. Cell images modified from “Servier Medical Art” by Servier licensed under CC BY 3.0. 
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The extent of the EPR effect depends on the size and charge of the nanoparticles as well 

as on the type of tumor tissue and tumor microenvironment.[145, 146] A maximum EPR 

effect was found for particles between 10 and 100 nm, depending on the tumor tissue 

examined.[147] However, accumulation has also been noted for particles as large as 400 nm 

in an animal model.[148] Passive targeting using the EPR effect increased the nanoparticle 

concentration by up to 50-fold compared to healthy tissue in tumor tissue.[149] This 

enables the possibility of specific increase of the drug concentration in the target tissue to 

reduce potential side effects of the encapsulated drug. In contrast, small molecules 

(<10 nm) without nanoparticle packaging bear the problem that they are taken up in a 

comparable amount of healthy and tumor tissue and thus leading to nonspecific systemic 

toxicity.[7] 

 

Stealth Effect of Surface-modified Nanoparticles 

For optimal utilization of the EPR effect, a circulation time of the nanoparticles of over 6 h 

has been found to be ideal.[150] However, non-surface-modified nanoparticles are rapidly 

eliminated via the MPS system.[151] One way to increase the circulation time while 

reducing non-specific cell uptake of the nanoparticles is the PEGylation of the particles. A 

PEG shell on the nanoparticle surface causes them to be removed more slowly.[152] 

Bypassing the immune system by PEGylation is called the stealth effect, which is 

facilitated by reduced adsorption of proteins to the hydrophilic PEG chains compared to 

the hydrophobic nanoparticle material.[153] In particular, a lower content of opsonin on 

the surface of the nanoparticles causes a reduced phagocytosis rate by macrophages.[153] 

Another important aspect for the stealth effect is the PEG chain density. PEG coatings with 

a brush-like configuration reduce phagocytosis and complement activation, however a 

mushroom-like configuration leads to potent complement activators to induce 

phagocytosis.[154] In Figure 11 the difference of mushroom-like and brush-like PEGylation 

is displayed. 

 

Figure 11. Mushroom-like PEGylation and brush-like PEGylation. 
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Figure 12 shows as an example the different biodistributions of non-PEGylated and 

PEGylated nanoparticles due to their difference in circulation times. 

 

Figure 12. Biodistributions of non-PEGylated and PEGylated nanoparticles. Body images modified from 

“Servier Medical Art” by Servier (https://smart.servier.com/) licensed under CC BY 3.0. 

 

According to the research results of Wurm et al., the stealth effect is not caused by 

decreased protein adsorption but rather by an altered protein corona (total adsorbed 

proteins on the particle surface).[155] Analysis of the protein corona of the PEGylated 

particles revealed more than 70% of the protein corona is clusterin. After incubation with 

clusterin, a reduced uptake of the nanoparticles in macrophages was also observed. This 

suggests that the 80 kDa chaperone clusterin plays an important role in the stealth effect. 

In comparison to non-PEGylated particles, the lower concentration of immunostimulatory 

proteins on the surface of the PEGylated nanoparticles also leads to a reduced 

inflammatory reaction.[156] However, there were also a few hypersensitivity reactions 

observed against PEG and it is not biodegradable.[142, 157] Based on this occasion, it would 

be useful to use PEG with a small chain length to ensure at least a fast clearance. However, 

polyethylene glycol with a length of less than 400 Da was found to be toxic due to 

oxidation to dicarboxylic acids and hydroxy carboxylic acids.[158] PEG chains above 20 kDa 

should be avoided because they accumulate mainly in the liver due to the reduced renal 

elimination based on the high molecular weight.[159] Furthermore, repeated 

administration of PEGylated nanoparticles leads to faster renal elimination.[160] This can 

be explained by the ABC effect (accelerated blood clearance). After the first exposition of 
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particles, a portion of the activated B cells differentiate into B memory cells, which secrete 

specific antibodies against particles upon re-injection of particles, resulting in accelerated 

opsonization by the MPS.[161] Despite these negative aspects of PEGylation, the benefits 

outweigh the drawbacks. To compensate for the disadvantages of PEG, many synthetic 

polymers are currently being investigated. A potential alternative are polyamino acids 

such as polyglutamic acid (PGA).[162] These amino acids have the advantage that they can 

be degraded in vivo to the corresponding amino acids and result in a reduction of the ABC 

effect.[163, 164] However, polyamino acids show an increased complement activation.[165] 

Another possible alternative for PEG are polysaccharides. They provide a hydrophilic 

shell on the particle surface and have several advantages such as biodegradability, low 

immunogenicity and toxicity.[166] These polysaccharide coated NPs have extended 

circulation times and carry further functional groups for the conjugation of drugs and 

targeting ligands.[167] Good polysaccharides candidates are derivatives of chitosan,[168] 

dextran[136] and hyaluronic acid.[169] 

Polyglycerols are biocompatible polyether polyols, prepared in branched or linear 

forms.[170] The stealth effect of hyperbranched polyglycerols is comparable to PEG, while 

they are less susceptible to oxidation than PEG.[167] In addition, polyglycerols contain a 

high amount of hydroxyl groups, which can be further functionalized.[171] A major 

drawback for Polyglycerols is the possible accumulation in tissues based on the non-

biodegradability.[172] 

A successful combination of the EPR and stealth effect is the approved nanoparticle 

preparation Doxil®. It consists of a PEGylated liposome loaded with the anthracycline 

doxorubicin. In comparison to free doxorubicin, PEGylated Doxil is characterized by a 

significant increase of the circulation time from 10 min to 74 h. In addition, Doxil has a 

reduced cardiac risk, as the drug accumulates up to 10 times more frequently in tumor 

tissue due to the EPR effect.[173] 

However, the extent of the EPR effect may be inconsistent due to the heterogeneity of the 

tumor tissue. For a higher specific tumor accumulation and cellular uptake, a next 

generation of nanoparticles has been developed that allow active targeting by ligands on 

the surface.[174, 175] 
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1.2.2 Active Targeting 

Passive targeting relies on the physicochemical properties of the nanoparticles and on the 

EPR effect, with non-receptor-mediated cell uptake being limiting.[138] Active targeting, on 

the other hand, is based on attached target structures on the surface of the nanoparticles 

against certain organs, tissues or cells. These ligands ensure specific accumulation of the 

nanoparticles at the target site and can thus lead to increased cell uptake by means of 

specific receptor-mediated endocytosis.[176] This effect can lead to improved specific drug 

transport through PEGylation and thus extended circulation time. The increased number 

of passages of the nanoparticles through the target tissue allows a longer interaction time 

with the target receptor.[177] Due to receptor-mediated endocytosis, nanoparticles with 

specific ligands should reduce systemic toxicity.[178] Sugahara et al. show that active 

targeting can also lead to deeper tumor penetration and thus to better tumor 

destruction.[179] This is achieved by targeting of an overexpressed tumoral receptor. The 

key to active targeting is the selection of the right ligand-receptor pair. A large number of 

ligand species have already been investigated. Among them there are vitamins,[137, 180, 181] 

sugars,[182] aptamers,[183] peptides,[184] and proteins.[185] Due to the high diversity, the 

majority of research focuses on antibody-functionalized nanoparticles for active 

targeting.[141] 

Antibodies are attached to the surface of the nanoparticles, which facilitates binding and 

internalization of the nanoparticle via the Clathrin-mediated endocytosis pathway 

(Chapter 1.1.1).(92) The conjugation of antibodies to the nanoparticle surface may be by 

non-covalent physical or covalent interactions.[186, 187] For both routes it is necessary that 

the functionality of the antibody for active targeting is maintained. Typical non-covalent 

conjugations comprise adsorption of the antibody onto the nanoparticle surface by 

electrostatic attraction, Van der Waals interactions, hydrogen bonds, hydrophobic 

interactions or a combination of these forces. Physical adsorption has the advantage that 

rapid binding occurs and chemical modification steps are omitted.[188] However, the 

adsorption site may be located near the antigen site and thus reduce the functionality of 

the antibody.[189, 190] Furthermore, physical binding in vivo may be susceptible to 

competitive exchange with serum proteins.[191] This problem can be avoided by chemical 

conjugation of the antibody. This can be done either directly or via linker molecules.[141] 

In contrast to direct coupling, the linker strategy requires a further synthesis step by 

derivatizing the antibody, but the orientation of the antibody on the nanoparticle surface 
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can be better controlled.[192] Nanoparticles with active targeting have advantages over 

non-targeted nanoparticles such as higher accumulation in the desired tissue, increased 

cell uptake, higher therapeutic efficiency and lower systemic toxicity.[193] It has also been 

shown that targeted nanoparticles can overcome multiple drug resistance because 

glycoprotein membrane transporters are incapable of removing the nanoparticles when 

infiltrated via receptor-mediated endocytosis.[143] In addition to these advantages of 

active targeting, the modification of the surface of the nanoparticles can also lead to 

problems: the attached antibodies alter the properties of the corona of the nanoparticles. 

On the one hand, this can result in a change in hydrophobicity and charge and thus 

influence the uptake by cells.[189] On the other hand, excessive introduction of antibodies 

on the surface can lead to increased excretion by the MES, since the Fc part of the 

antibodies favors opsonization by activating the complement system.[194] A possible 

strategy to circumvent this problem is to conjugate only the FAB fragment instead of the 

entire antibody. Another solution is the use of human antibodies instead of chimeric or 

murine antibodies. A change in the size of the nanoparticle due to attached antibodies can 

also influence the properties of the nanoparticular system.[195] A successful example of 

active targeting is trastuzumab-functionalized nanoparticles against the HER2/neu 

receptor. This receptor tyrosine kinase of the EGF receptor family is overexpressed in 25–

30% of invasive breast carcinomas.[196, 197] In an in vitro cytotoxic MTT assay a 12.74 

higher IC50 value could be measured for paclitaxel loaded PLGA nanoparticles 

functionalized with trastuzumab than for paclitaxel PLGA nanoparticles without antibody 

functionalization. Even compared to paclitaxel without particle formation, SK-BR-3 cells 

showed a 13.11 times higher IC50 value after 24 h.[198] The research results show that 

active targeting is a promising approach in tumor therapy. However, most of the ligands 

used are directed against receptors expressed not only by the target cells but also to some 

extent by healthy cells. This allows for unintentional uptake by other cells. For example, 

the folate receptor is not only present in tumors but also in the lungs, thyroid gland and 

kidneys.[199] Similarly, the EGF receptor is expressed in a large number of epithelial 

cells.[200] Only in some types of cancer cells are both receptors simultaneously 

overexpressed.[201] This occasion was abused by liposomes with attached folic acid and 

antibodies against the EGF receptor. The liposomes showed increased selectivity for KB 

cancer cells compared to liposomes with only one ligand.[201] In Figure 13 the different 

biodistribution of unmodified nanoparticles, PEGylated particles and PEGylated 
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nanoparticles with active targeting ligands is shown. The unmodified particles are fast 

cleared from the body. The PEGylated particles have a longer circulation time and 

therefore show a broader biodistribution. The combination particles with active and 

passive targeting have a broad biodistribution too but they accumulate preferable at the 

targeted site based on the interaction between overexpressed receptor and attached 

ligand. 

 

Figure 13. Difference in biodistribution between nanoparticles, PEGylated nanoparticles and PEGylated 

and active targeted nanoparticles. Body images modified from “Servier Medical Art” by Servier 

(https://smart.servier.com/) licensed under CC BY 3.0. 

 

In summary, active and passive targeting can be combined very well. The EPR effect 

passively accumulates the particles in the tumor tissue and then specifically taken up into 

cancer cells by active targeting through receptor-mediated endocytosis. The long 

circulation time of the PEGylated particles also allows sufficient time for interaction 

between ligand and receptor. Furthermore, the PEG shell can also be used for further 

surface modification with the help of newly introduced functional groups. It has to be 

considered that on the one hand, the stealth effect allows a long circulation time for active 

targeting. On the other hand, the stealth effect can be reduced by the attachment of 

antibodies. In addition, steric hindrance from the PEG layer can also interfere with active 

targeting. Therefore, it is important to find the right balance between active targeting and 

passive targeting.[202] 
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Figure 14 shows an ideal combined nanoparticle with dual encapsulation, PEGylation and 

targeting ligands.  

 

Figure 14. Combined nanoparticle with dual drug encapsulation, a stealth PEG-shell and targeting ligands. 

 

To summarize the first two chapters, effects of size, shape, surface and targeting ligands 

on uptake by cells of nanoparticles are strongly correlated and all parameters must be 

modified equally to ensure the desired retention time and maximum drug delivery.160 
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1.3 Nanoparticles in Cancer- and Immunotherapy  

1.3.1  Chronic Myeloid Leukemia Therapy 

Chronic myeloid leukemia (CML) affects about one individual per 100,000 population per 

year and accounts for 15% of all new cases of leukemia.[203] The standard treatment of 

CML is imatinib characterizing in a 5 year follow up study a progression-free survival in 

84% of patients.[204] In case of imatinib resistant or intolerant CML alternative therapeutic 

options are needed.[205] L-Asparaginase is widely used for decades in the treatment of 

acute lymphoblastic leukemia (ALL) and it was observed that asparaginase induces 

apoptosis also in chronic myeloid leukemia cells and therefore can be used for imatinib 

resistant cancer types.[206] The enzyme can destroy asparagine-dependent tumors by 

degrading circularly L-asparagine into L-aspartic acid and ammonia and therefore leads 

ultimately to famishing malignant cells because of their reduced L-asparagine synthetase 

(ASNS) level in leukemia cells.[207, 208] Etoposide is a topoisomerase II inhibitor and the 

resulting permanent DNA strand breaks leading to mutagenesis, chromosomal 

translocation, and cell death.[209] Studies by Panosyan et al. showed that L-asparaginase 

and etoposide have a synergistic effect.[210] This effect could be exploited by dual drug 

delivery with NPs. A codelivery of L-asparaginase and etoposide in one particle system 

has several advantages: First the ability to exploit the synergistic interaction by 

simultaneous delivering and controlled release of the drugs in a single nanoparticle 

carrier,[211] second improved drug solubility of the hydrophobic etoposide,[212] and third 

adjusted pharmacokinetics of L-asparaginase and less hypersensitive reaction against E. 

coli L-asparaginase are possible.[213] Further active and passive targeting of the particle 

system is possible (Chapter 1.2). As mentioned in Chapter 1.1.2Fehler! Verweisquelle 

konnte nicht gefunden werden. the SpAcDex nanoparticles represent a highly promising 

carrier system for the dual encapsulation of asparaginase and etoposide. 

 

1.3.2 Immunotherapy 

Cancer cells can avoid immune surveillance and exploit the immune system to grow and 

metastasize. This incident has encouraged the discovery of small molecules, peptides, and 

monoclonal antibodies to stimulate the body’s own immune defense system to eradicate 

cancer.[214] Despite the development of these new immunotherapies, efficacy is limited 

due to challenges in targeted delivery and controlled release. Nanoparticle systems bear 
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the potential to overcome this barrier to elicit innate and adaptive immune responses to 

eradicate cancer cells without off-target toxicities and nonspecific immune-activation.[215, 

216] This can be accomplished by either training resident immune cells to recognize and 

eliminate cells with tumor-associated antigens or by providing external stimuli to 

enhance tumor cell apoptosis in the immunosuppressive tumor microenvironment.[214] In 

the following, some applications for nanoparticles (in particular AcDex particles) in 

immunotherapy are discussed. 

 

Delivery of Adjuvant through Nanoparticles 

Oftentimes, adjuvants are required to cue a robust immune response against tumor-

associated or -specific antigens.[217-220] One possible adjuvant to prime cytotoxic 

T-lymphocytes (CTLs) is the stimulator of interferon receptor (STING) which is a 

cytoplasmic adapter protein that functions as a DNA sensor.[221] The group of Ainslie used 

acetalated dextran microparticles with encapsulated STING agonist 3'3'-cyclic GMP-AMP 

(cGAMP) combined with soluble PAMPS. The studies revealed that a codelivery of cGAMP 

MPs and soluble Toll-like receptor 7/8 agonist resiquimod elicited the broadest cytokine 

response on primary mouse bone marrow derived dendritic cells (BMDCs).[222] In another 

study Ainslie et al. showed that incubation of RAW macrophages with vaccine adjuvants 

poly I:C and CpG loaded AcDex particles, led enhanced immune activity in RAW 

macrophages.[223]  

 

Modulation of the Immune-suppressive TME using Nanoparticles 

Tumor associated macrophages (TAM) have been known to exhibit either pro- or anti-

inflammatory activities and they are implicated in tumor survival, growth, and 

metastasis.[224, 225] Macrophages are divided in M1 and M2 macrophages.[226, 227] Typically 

M1 induce immune response thereby causing the phagocytosis of tumor cells. In contrast, 

M2 TAMs have anti-inflammatory properties thereby stimulating immunosuppression 

and formation of abnormal tumor vasculature, indirectly contributing to tumor 

progression.[228, 229] Studies by Zheng et al. showed that in an invasive cancer, polarization 

of M1 to M2 macrophages takes place.[230] Based on this discovery, anti-tumor 

macrophage therapy is primarily focused either on depletion or re-programming M2 

macrophages.[231, 232] Recent advances in nanotechnology show that it is possible to shift 
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tumor macrophages with toll-like receptor (TLR) agonists encapsulated in NPs from M2 

to M1 and cure cancer in mice.[233, 234] 

AcDex microparticles encapsulated with the TLR agonist imiquimod successful activated 

macrophages and BMDCs. After treatment with AcDex, M1 activation markers like 

inducible nitric oxide synthase (iNOS) and inflammatory cytokines were enhanced.[235] 

Overall, nanoparticles are a promising treatment approach to modulate macrophage 

polarization in the tumor microenvironment.[236] 

 

Dendritic Cell Targeting 

Nanoparticles can elicit cross-presentation of antigens, whereby particle associated 

antigens enter the cytosol of antigen presenting cells (APCs) and are processed for 

presentation onto major histocompatibility complexes class I (MHC-I) to stimulate 

antigen-specific CTL responses, and subsequent killing of antigen expressing tumor 

cells.[237-239] DCs as the main APC play a prominent role in the initiation of immune 

responses by CTL activation.[240-242] Therefore, the majority of recent nano-

immunotherapy research has been dedicated towards the targeting of DCs.[2] 

Nanoparticle properties for delivery of antigens and adjuvants has shown promising 

results in DC-based immunotherapy by elevating CTL responses without eliciting 

undesirable immune responses when using targeting ligands.[241, 243-245] A specific 

targeting of DCs is desired to minimize side effects (exogenous soluble antigens are 

usually weakly antigenic) and enhance therapeutic efficiency.[214] A PEG-layer can support 

this targeting by preventing undesirable uptake by scavenger cells and therefore 

increasing the in vivo circulation time (Chapter 1.2.1).[241, 246] The targeting can be further 

advanced through precise receptor-mediated endocytosis by specialized functionalized 

nanoparticles (Chapter 1.2.2).[141] On this occasion antibodies have an outstanding 

selectivity and a high structural variety which leads to receptor-mediated endocytosis 

whereby the antigen is optimally delivered to the APCs (Chapter 1.2.2).[247] One potential 

antibody target is DEC205, a lectin-like endocytic receptor that is expressed at high levels 

by different DC subsets.[248, 249] A major function of this endocytic receptor is binding dying 

cells for uptake and cross-presentation of antigens by DCs.[250] Several studies have 

demonstrated that ex vivo targeting of mouse DCs with ovalbumin (OVA)-conjugated 

anti-DEC205 antibodies induces potent MHC-I cross-presentation to OVA-specific CD8+ 

T-cells (see Figure 15 for mechanism of CD8+ T-cells activation).[247, 251-253] 
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A possible application for nanocarriers is the vaccination of patients suffering from 

malignant melanoma, an aggressive type of skin cancer.[254] This can be arranged through 

in vivo DC-targeting with encapsulated therapeutic payloads such as the tumor-specific 

antigen (Ag) itself or tumor antigen-encoding plasmid DNA.[255] DCs have the capacity to 

process internalized antigens for cross-presentation through MHC-I. By stimulating anti-

tumor CD8+ T-cell they are able to initiate host T-cell responses against foreign antigens 

and tumors.[256]  

 

Figure 15. Schematic representation of the CTL activation by DC-targeting acid-labile NP. (a) Antigen was 

encapsulated in an acid labile anti-DEC205 labeled particle. (b) The particles were incorporated into DEC-

205 expressing immature DC. After hydrolysis in the acid lysosomes of the DCs, the encapsulated Ag is 

released into the cytoplasm. (c) Intracellularly the antigen is processed, and the resulting peptides are 

presented on mature DC MHC-I. The recognition of the corresponding T cell receptor of CD8+ T-cells in a 

secondary lymphatic organ leads to differentiation into CTLs. Cell and receptor images modified from 

“Servier Medical Art” by Servier (https://smart.servier.com/) licensed under CC BY 3.0. 

 

Instead of DEC205, other DC target receptors can be used as well, for example DC-SIGN 

and CD40. They may also possess DC-activating capacity[257, 258] and polymeric 

nanoparticles with anti-CD40 have shown increased uptake by DCs and subsequent 

priming of CTLs in vivo.[241, 259]  

AcDex particles could be used for DC-targeting as studies by Bachelder et al. described the 

encapsulation of ovalbumin (OVA) in AcDex particles. Incubation of RAW macrophages 

with the loaded particles led to an increased MHC-I presentation of the OVA by a factor of 

16 relative to free OVA. This result indicates a possible cancer vaccination against tumors 

where MHC-I presentation is crucial for the activation and proliferation of CD8+ T-cells.[96] 

Studies by Broaders et al. further showed that not only MHC-I but also MHC-II 
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presentation is enhanced by OVA-AcDex particles in BMDCs.[128] The immunostimulatory 

effect on DC could be increased in vitro and in vivo by co-encapsulation of a CpG DNA 

adjuvant[260] or through modification of the particles surface with mannose using 

biorthogonal click-reactions. The active targeting of the mannose-receptors on DCs with 

OVA-loaded mannosylated particles led to enhanced endocytosis of the AcDex particles 

and enhanced MHC-I antigen presentation on the cell surface compared to non-modified 

particles.[261]  

 

The mentioned studies reveal that nanotechnology approaches are a potent platform for 

efficient in vivo delivery of antigens and adjuvants, and successful activation of CTL 

responses by targeting DCs. 
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1.4 Amphiphilic Polymer Conjugates  

1.4.1 Amphiphilic Structures 

Amphiphiles are compounds containing both hydrophilic and hydrophobic segments. Due 

to their amphiphilicity, they are able to self-assemble into a wide variety of structures 

including micelles, vesicles and bilayers. Above the critical micelle concentration (CMC) a 

spontaneous micelle formation occurs whereby the thermodynamically stable micelles 

and monomers exist in a dynamic equilibrium.[262] Important natural amphiphiles are the 

phospholipids whereas their polar headgroup interacts with the surrounding water 

molecules meanwhile the hydrophobic lipid chains tend to aggregate to minimize the 

contact with water and thereby increasing the free energy (Figure 16). 

 

Figure 16. Various structures formed by phospholipids in aqueous solution. A micelle consists of an inner 

hydrophobic core, shielded from surrounding water by the hydrophilic headgroups. Two layers of 

phospholipids can assemble to a linear bilayer sheet. A liposome is a spherical vesicle formed of a lipid 

bilayer with an aqueous core (Chapter 1.1.1). Modified from.[263] 

 

The structural concept of natural amphiphiles can be mimicked by block copolymers.[264, 

265] Block copolymers consist of covalently linked polymers with different solubility 

behavior. The synthetic strategies mainly include the sequential addition of monomers 

via controlled polymerization techniques (e.g. atom transfer radical polymerization 

(ATRP) or ring opening polymerizations (ROP)) and coupling between active chain 

ends.[266-269] Based on their ambivalent architecture they are capable of self-assembly and 

form various nanostructures in solution.[270-272] Self assembled block-copolymer 

aggregates can be used for various applications such as surfactants, surface coatings and 

drug delivery.[273-275] Like the before mentioned polymer nanoparticles (Chapter 1.1.1) 

micelles can be vehicles for water insoluble hydrophobic drugs based on their core-shell 

structures.[276, 277] 
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For instance, a full polysaccharide amphiphilic block copolymer was prepared by 

Breitenbach et al.[278, 279] Here, the combination of an end-functionalized hydrophilic 

dextran block with a hydrophobic AcDex (Chapter 1.1.2) block results in a reduction- and 

pH-responsive amphiphilic structure that turns water-soluble upon acid treatment. The 

material has a low critical micelle concentration and self-assembles in water to spherical 

micellar nanoparticles. The amphiphilic polysaccharide can further stabilize the 

hydrophobic photosensitizer phthalocyanine zinc by hydrophobic interactions in 

aqueous solutions over extended time periods. A cellular uptake and photo switchable 

intracellular activity of the cargo upon irradiation at wavelengths in the near infrared 

region were shown (Figure 17).[278, 279] 

 

Figure 17. Reproduced with permission from The Royal Society of Chemistry. [279] 

 

The drug delivery with micelles should lower a systemic leakage of the drug, reduce side-

effects and should lead to an accumulation of the drug in tumors through the EPR effect 

(Chapter 1.2.1).[280, 281] 

 

Popular methods used to encapsulate drugs in micelles include direct dissolution,[282] 

solvent evaporation,[283, 284] co-solvent evaporation,[285, 286] and dialysis.[287, 288] Direct 

dissolution is the simplest method but is only possible for highly soluble surfactants that 

form micelles spontaneously upon addition to water.[282] The other methods allow for 

dissolution of drug and polymer in an organic solvent with removal of the organic phase 

being accomplished by either evaporation and subsequent reconstitution with water or 

by slow replacement with water through a semi-permeable membrane with a molecular 

weight cutoff below that of the surfactant unimers.[287, 288] Co-solvent evaporation 

involves the addition of drug and surfactant to a mixture of organic solvent and water, 
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where the organic solvent is then removed to leave behind surfactant micelles in water. 

This method is particularly effective for high molecular weight core-forming blocks that 

do not re-constitute with water easily.[281]  

Other commonly used hydrophobic polymers used are poly(amides), poly(lactide), 

poly(ε-caprolactone) poly(glycolide) and poly(styrene).[289-291] For the hydrophilic 

counterpart, poly(ethylene glycol) or polyglycerol is typically used.[265, 292] Dextran (and 

AcDex, respectively) as a natural polymer has several advantages over the most 

mentioned polymers because of their low toxicity, low immunogenicity, high 

biodegradability and can be easily chemical modified.  

 

1.4.2 Protein-Polymer Conjugates 

Proteins are one of the most impressive (bio)polymers. They can efficiently catalyze 

(bio)chemical reactions in a selectivity manner; they are strong and tough materials and 

have an incredible diversity of structure and function.[293, 294] Combining proteins with the 

stability and chemical diversity of synthetic or natural polymers can lead to hybrid 

materials with new advantageous functions of both components.[295] The new material 

has the potential to overcome the application limitations of enzymes due to temperature, 

pH, organic solvents, and biodegradation sensitivity. The polymer segment can further 

increase the stability, enzymatic activity and can add the ability to self-assembly like block 

copolymer (Chapter 1.4.1).[295-298] The most famous protein modification is the 

PEGylation which leads to favorable protein pharmacokinetics and stability.[299, 300] The 

modification even makes nanoparticle formation by an emulsion-based method 

possible.[52] 

 

Conjugation Strategies  

The goal of obtaining a well-defined linkage can be achieved by choosing a bioconjugation 

reaction that achieves site-specific modification in a high yield. The choice of the right 

bioconjugation reactions is limited by reactions in aqueous solution, near neutral pH, and 

in the presence of a wide array of other of side chain functional groups.[295] 

A number of different bioconjugation reactions have emerged that target different amino 

acids on the protein surface (Figure 18). Alternately the protein structure can be 
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alternated to achieve specific functional groups on the surface, however these 

modifications can change the protein structure and function. 

 

 

Figure 18. Bioconjugation methods for the modification of native amino acids with polymers. Adapted and 

modified from ACS Macro Letters.(294) 

 

The modification of lysine by NHS-ester or reductive amination is quite well-known and 

often used. Aspartate and glutamate are typical modified by amines via carbodiimide 

reaction. Lysine, aspartate and glutamate are quite present (5.9%; 11.6%) on the protein 

surface therefore these amino acids are typically modified for a high amount of conjugated 

polymer instead of site-selectivity. 

 

Based on the low presence the nucleophilic side chain of cysteine can be targeted for a 

more site-specific bioconjugation by thiol-Michael addition reactions or by disulfide 

exchange reaction.[301] Probably the most employed thiol-based conjugation method is the 
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thiol-Michael addition.[302] Typical Michael acceptors in thiol-Michael addition reactions 

are electron-deficient enes such as acrylates, methacrylates, vinyl sulfones, and 

maleimide. The structure of the activated ene plays an important role in the kinetic profile 

of the reaction. Typically, the more electron-deficient the C=C bond ,the more susceptible 

it is to a Michael addition reaction.[303] The reactivity of commonly used vinyl groups is 

shown in Figure 19. 

 

Figure 19. Reactivity of commonly utilized vinyl groups in thiol-Michael addition reactions. Adapted and 

modified from Chemistry of Materials.(301) 

 

Based on the high reactivity of maleimides the nucleophilic addition with the cysteine 

residue can be done selectively with mild reaction conditions (pH range 6.5–7.5, room 

temperature) which is favorable for the protein structure and function preservation.[304] 

Studies by Li et al. showed maleimide-terminated poly(N-isopropylacrylamide) 

(PNIPAM) temperature-responsive polymers were covalently conjugated to albumin by 

two Michael addition thiol–ene reactions. The thermo-responsive nature of PNIPAM was 

conferred to the protein-polymer conjugate, as demonstrated by formation of 

intermolecular aggregates at elevated temperatures.[305] Studies by Johnson et al. revealed 

that maleimide thiol reaction can be used to connect N-(2-hydroxypropyl)-

methacrylamide (HPMA) copolymers with FAB´ fragments of CD20 antibodies. The 

multivalent product had the strongest apoptotic activity against cancer B-cells with CD20 

overexpression whereas cells without overexpression were not harmed.[306] 

Alternatively, activated polymers with pyridyl, alkoxycarbonyl and o-nitrophenyl 

disulfide end-groups form protein–polymer conjugates via disulfide formation. Pyridyl 

disulfide is hereby the most prominent way for disulfide formation. The driving force for 

the reaction is the stable yellow leaving group pyridine-2-thione which allows easy 

monitoring of the rate of the reaction.[307] One appeal of this approach is that the bond is 

reversible, and the protein can be released from the polymer under reducing 

conditions.[304] The stimuli-responsiveness enhance a conjugate’s versatility across 
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applications in biological and pharmacological areas and allow a targeted release of 

therapeutic molecules (Chapter 1.1.1).[308] 

For proteins with no or a low number of thiols a unique cysteine can be introduced, that 

can be modified site-selectively to create a well-defined bioconjugate. Those artificial 

thiols can be added for example by modification of lysine with N-succinimidyl S-

acetylthioacetate (SATA), N-succinimidyl-S-acetylthiopropionate (SATP) or site-directed 

mutagenesis.  

The amino acid tyrosine can be modified with electrophilic reagents via azo coupling with 

diazonium salts or Mannich-type coupling.[309, 310] 

Another strategy for site-selective modification of proteins relies on the N-terminus. 

There are more generally applicable procedures such as pyridoxal-5′-phosphate 

transamination mediated and others that require a specific amino acid at the N-

terminus.[295, 311] 

Shu et al. explored coiled-coil helix bundle forming peptides in which hydrophobic 

polystyrene (1,000 g∙mol-1) was conjugated onto the N-terminus. These conjugates were 

able to form micelles of 10 nm in diameter in the presence of surfactant.[312] 

Recent work on bioconjugation reactions has developed two alternative approaches the 

use of artificial amino acids or the introduction of artificial functionality to proteins to 

enable the use of cycloaddition “click” reactions, for site-selectively modified 

proteins.[313, 314] 

 

Independently of the conjugation chemistry, the formation of covalent polymer 

biomolecule hybrids can be accomplished by grafting a polymer “from” or “to” a protein 

(Figure 20).  
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Figure 20. “Grafting To” and “Grafting from From” approaches. 

 

“Grafting To” Method 

Grafting To refers to the conjugation approach in which a preformed polymer with a 

reactive chain-end is directly conjugated to a suitably reactive protein.[315] In contrast to 

other conjugation methods, it provides a simple characterization and synthesis of the 

polymer and the protein remains unaffected by the harsh polymerization methods. 

However, high molecular weight polymers may inhibit effective conjugation, and 

purification after conjugation can be challenging.[316] 

 

“Grafting From” Method 

Grafting From refers to the conjugation approach in which a small molecule initiator is 

attached to the biomolecule and subsequently grows a polymer directly from the protein 

in the presence of monomers.[315] Similarly to the earlier discussed techniques, grafting 

from can be designed for site-specific or random attachment. When compared to the 

grafting to method, grafting-from provides a simple purification after conjugation and 

higher grafting density. However, this method may lead to protein denaturation based on 

the polymerization method used and often to polymers with a high polydispersity because 

of suboptimal polymerization conditions needed to maintain the protein structure and 

function.[316] Typically used polymerization techniques are atom transfer radical 

polymerization (ATRP) or reversible addition–fragmentation chain transfer (RAFT).[317] 
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Regardless of the selected method, appropriate purification steps must be performed. The 

purification of protein–polymer conjugates requires removal of unreacted polymer 

(grafting to) or monomer (grafting from) and unmodified protein. The selected 

purification strategy must be protein compatible such as affinity chromatography, size 

exclusion chromatography, precipitation or dialysis.[318] 

 

Giant Amphiphiles 

Giant amphiphiles are compounds composed of an enzyme or protein as the polar 

headgroup and a hydrophobic polymeric tail attached.[319] In aqueous media they are able 

to form self-assembled aggregate structures similar to those formed by conventional 

amphiphilic block copolymers (Chapter 1.4.1).[312] The particle formation enables a 

broad range of applications in bio- and nanotechnology. It can help to enhance the 

circulation time of the therapeutic enzyme by less proteolytic degradation and it is 

possible to encapsulated drugs in aqueous media.[320] Further, stimuli-responsiveness can 

be introduced (Chapter 1.1.1). Photo-sensitive polymers have been used as a molecular 

on/off switch, which regulates enzyme activity by controlling the accessibility of the 

active site of an enzyme.[321] Other stimuli-responsiveness for example pH or reductive 

can lead to a disassembly of the particle and therefore drug release. 

Stenzel and coworkers established the preparation of albumin-based giant amphiphiles 

via one pot strategy. [322] Albumin (66.5 kDa) is the most abundant plasma protein and has 

the capacity to adsorb and transport hydrophobic molecules. The protein’s surface is 

characterized by a single cysteine permitting site selective attachment of a polymer 

chain.[322] The cysteine was conjugated to a maleimide-terminated poly(methyl 

methacrylate) (5,400 g∙mol-1) which has been prepared via a reversible addition 

fragmentation chain transfer (RAFT) polymerization.[323] Curcumin was added to the 

reaction mix of the polymer and albumin. With the formation of the conjugate, self-

assembly into micelles occurred, accomplished by the entrapment of the hydrophobic 

model drug curcumin into the hydrophobic polymeric segments. The main challenge for 

the particle formation is the slow addition of the albumin solution in phosphate-buffered 

saline (PBS) buffer to the polymer solution in dimethyl sulfoxide (DMSO). Increasing 

amounts of water in the DMSO solution can lead to the precipitation of polymer while the 

presence of DMSO causes the protein to precipitate. After dialysis against water albumin-
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coated PMMA nanoparticles where obtained which had a high selectivity towards 

cancerous cells (see Figure 21).[323] 

 

Figure 21. One pot synthesis of albumin coated PMMA nanoparticles with encapsulated curcumin. 

Reproduced from Chemical Communications.[323] 

 

Boerakker et al. investigated the synthesis of an enzyme-polymer conjugate by coupling 

of a hydrophobic polystyrene (9,458 g∙mol-1) to horseradish peroxidase (HRP) through 

cofactor reconstitution.[324] They selected the redox enzyme HRP as the biological 

component because it contains a cofactor (ferriprotoporphyrin IX) that can be easily 

modified with hydrophobic chains on its carboxylic acid functional groups. The resulting 

giant amphiphile retained still some catalytic activity and formed vesicles (80–400 nm) 

in aqueous media (Figure 22).[324]  

 

Figure 22. Computer-generated model of the HRP-polystyrene-based giant amphiphile (left). a) SEM 

micrograph of aggregates formed in aqueous solution; b) TEM images of aggregates of complexes formed 

in aqueous solution. Reproduced from Angewandte Chemie International Edition. [324]
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2 Motivation and Aim of the Work 

As described in Chapter 1.1.1, polymer nanoparticles represent a promising delivery 

vehicle for high potent drugs. Nanoparticles can protect the encapsulated drug from 

degradation and alter the pharmacokinetics which leads to a distinct and safe transport 

of the drug. Moreover, nanoparticles can prevent or reduce unwanted side effects due to 

specific delivery of the drug to target cells or organs. One goal of this work should 

comprise the further modification and application of the biocompatible and 

biodegradable acetalated dextran (AcDex) particle system. It was initially established by 

the Fréchet group and should be in this work further developed for 3 selected advanced 

delivery applications.[96]  

 

Dual Encapsulation of Asp and Eto in SpAcDex Particles 

One improvement could be a dual encapsulation of a hydrophobic and hydrophilic drug 

with a synergistic effect in one double emulsion technique. A possible combination could 

be L-asparaginase and etoposide (Chapter 1.3.1) for the treatment of CML. Investigations 

of the release profile of both drugs could give insight of the particle system. Further in 

vitro studies could demonstrate the therapeutic potential of this particles system with 

dual encapsulation. 

 

Figure 23. Dual encapsulation of a hydrophilic and hydrophobic drug in spermine-functionalized acetalated 

dextran nanoparticle with one double emulsion method.  

 

Antibody-functionalized SpAcDex Particles for DC Targeting 

DCs are the most effective APCs and a major key player in inducing antigen-specific T-cell 

immune responses.(320) Their specific targeting in vivo is still one of the key challenges in 

developing DC-based nanovaccines for cancer immunotherapy.(321) Since non-modified 
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dextran particles show a high unspecific uptake in several cell lines (Chapter 1.2.2) the 

particles have to be modified to exploit passive and active targeting for an 

immunotherapeutic DC-targeting approach. Here a targeting strategy should be 

developed which include a PEG-layer to maintain a long circulation time (Chapter 1.2.1) 

and attached DEC205 antibodies on the PEG-layer to receive a specific receptor mediated 

uptake in DCs in vivo (Figure 24). This could lead with antigen-loaded particles to a CD8+ 

T-cell activation. 

 

Figure 24. Schematic representation of the CD8+ T-cell activation by DC-targeting with antibody 

functionalized and PEGylated SpAcDex NP. Cell and receptor images modified from “Servier Medical Art” by 

Servier (https://smart.servier.com/) licensed under CC BY 3.0. 

 

Self-Assembled Dual-responsive HRP-AcDex Conjugates  

The third project will focus on the emerging field of amphiphilic macromolecules for drug 

delivery applications. For this the combination of a protein with a polysaccharide by a 

“grafting to” strategy should result in a new hybrid material with outstanding 

biodegradability, biocompatibility and low immunogenicity. If the conjugate has an 

amphiphilic character, based on different solubility behaviors of the used 

biomacromolecules, it should show self-assembly properties leading to nanoparticle 

formation and drug encapsulation. It was the aim to conjugate hydrophobic thiol-end 

group activated AcDex chains with a thiol-modified horseradish peroxidase (HRP) by 

forming a reductive labile disulfide bond. Together with the pH-responsiveness of the 

AcDex chains the conjugate material should behave double stimuli-responsive. Therefore, 

inducing a controlled degradation of the particles and drug release by pH and redox 
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changes. The formed particle could be used as a nanocarrier for indole-3-acetic acid (IAA). 

A delivery of IAA has the advantage that a nontoxic prodrug is transported which is only 

toxified after release and oxidation by means of HRP.[325] The morphology of the self-

assembled particles and their degradation induced by different stimuli could then be 

studied in detail. With the encapsulation of IAA, it should be explored whether the 

amphiphilic particle can successfully deliver, release and oxidize the prodrug in the 

cytosol of HeLa cells (Figure 25). 

 

 

Figure 25. Self-assembly of HRP-AcDex particles with encapsulation of IAA. After stimuli-responsive 

particle degradation the prodrug IAA should be released and oxidizied. 
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3 Results and Discussion 

3.1 Dual Encapsulation of Hydrophilic and Hydrophobic Drugs in 

Dextran Nanoparticles 

As seen in Chapter 1.1.2, SpAcDex is a great starting material for the preparation of 

biopolymer nanoparticles, which can be used as drug carriers in the medical field. A dual 

encapsulation of L-asparaginase (Asp) and etoposide (Eto) inside SpAcDex particles could 

be utilized as a potential treatment in CML based on their synergistic effect (Chapter 

1.3.1) and controlled release. For this both drugs should be encapsulated in one 

preparation step without losing drug encapsulation efficiency. 

In this chapter, the partial oxidation, acetalation as well as reductive amination of dextran 

are described. The obtained SpAcDex is soluble in DCM which enables a particle 

preparation by double emulsion technique whereby the hydrophobic and hydrophilic 

drugs can be encapsulated. The quantification and the pH dependent release of both drugs 

are further described. Lastly, the intracellular uptake and the cytotoxicity in K562 CML 

cells in vitro are shown. 

 

3.1.1 General Aspects of SpAcDex Nanoparticle Preparation 

Synthesis of Spermine-functionalized Acetalated Dextran 

Dextran was partially oxidized to introduce aldehyde functional groups besides the 

naturally occurring hydroxyl groups for further chemical modifications. 

Cohen et al. described the synthesis of partially oxidized dextran (Ox-Dex) with sodium 

(meta)periodate for 5 h.[88] Resulting in an aldehyde content of 10.3 ± 0.01 mol functions 

per 100 mol AGU. The specific method to maintain a solubility switch from hydrophilic to 

hydrophobic dextran is described by Bachelder et al.[96] Therefore, the dextran was 

dissolved in DMSO and 2-methoxypropene was added under acidic catalysis with 

pyridinium p-toluene sulfonate (PPTS) to form acetals using the hydroxyl groups of Ox-

Dex. Ox-Dex was incubated with 2-methoxypropene for 10 min followed by quenching of 

the acetalation reaction with triethylamine (TEA). The short reaction time leads to less 

cyclic than acyclic acetals and therefore to a quite fast pH-sensitive degradation of the 

AcDex (Chapter 1.1.2). The isolated product contains 73.73% acetals, whereas 27.27% 

are cyclic and 46.6% are acyclic acetals (calculation Chapter 5.3.1).  
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The introduced aldehydes can be used to react with primary amines in the formation of 

imines. While these imine bonds can easily be hydrolyzed by acids, the reductive 

amination to an amine bond results in a stable product. Here, the polyamine spermine 

was used for the further functionalization of Ox-AcDex. The cationic spermine can help to 

increase the surface charge of the particle which enhances the cellular uptake and 

decreases the aggregation (Chapter 1.1.1). Furthermore, the remaining primary amine 

of the attached spermine can be used for further chemical modifications, e.g. using NHS 

(N-hydroxysuccinimide) chemistry to attach fluorescent dyes, PEGylation or targeting 

ligands. The amine functionalization helps as well to escape the endolysosomal network 

by the proton sponge effect (Chapter 1.1.1). The Ox-AcDex was dissolved in DMSO and 

incubated with spermine overnight to form imine bonds with the aldehydes of the 

modified dextran. Afterwards, sodium borohydride was added to reduce the imine bond 

to form more stable amine bonds. The degree of spermine functionalization results in 

3.62 mol spermine per 100 mol AGU (Chapter 5.3.1). 

 

3.1.2 Dual Encapsulation of L-Asparaginase and Etoposide in SpAcDex NP 

After the successful functionalization of the dextran with acetals, the formation of 

particles is possible based on the solubility switch. In recent studies SpAcDex 

nanoparticles were shown to be a highly potent drug delivery platform (Chapter 1.1.2). 

Here we use this system to form co-encapsulated NPs with the synergistic drug 

combination of hydrophilic L-asparaginase (Asp) and hydrophobic etoposide (Eto) using 

a water-in-oil-in-water double emulsion method. For this the hydrophobic drug was 

dissolved with SpAcDex in DCM and the hydrophilic drug was added in PBS before the 

first sonication step (Figure 26). Afterwards, poly(vinyl alcohol) (3% PVA in PBS) was 

added as surfactant and a secondary emulsion was prepared by further sonication of the 

sample. The milky double emulsion was stirred overnight to evaporate all DCM. A particle 

solution was obtained the next day and the PVA was removed by ultracentrifugation with 

dd-H2O pH 8 followed by lyophilization with PVA (0.3% in dd-H2O pH 8) as 

cryoprotectant.  

The control particles with only Asp encapsulated where prepared by the same double 

emulsion technique, whereas the empty and only Eto-encapsulated SpAcDex particles 

were prepared by a single emulsion technique. 
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Figure 26. Dual-loaded nanoparticles preparation by double emulsion solvent evaporation method. The 

SpAcDex was dissolved next to etoposide in DCM and L-asparaginase in the aqueous PBS buffer phase. After 

the first sonication step an aqueous solution of PVA was added and a second emulsion (w/o/w) is obtained. 

Dual-loaded particles can be isolated by centrifugation after evaporation of the solvent.  

 

Determination of the Nanoparticle Size and Zeta Potential 

The size of the particles after purification and lyophilization was measured by 

Nanoparticle Tracking analysis (NTA). Therefore, particles were resuspended and diluted 

in H2O pH 8 and treated thoroughly by sonication and vortexing to obtain a homogenous 

particle suspension without aggregates. The results of the NTA measurement are shown 

in Table 1. Mean size is calculated based on the sizes of all particles detected in the NTA 

measurement. Mode values describe the average size of the main particle population. The 

aggregation behavior can be interpreted using the standard deviation (SD) value. 

Particles with a mean size of approx. 194–209 nm and with a mode of 167–185 nm were 

obtained. With particle in the same size range it can be concluded that the dual drug 

encapsulation by double emulsion technique had no significant influence on the particle 

size compared to empty or single drug-loaded particles.  
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The particle surface charge has a high impact on the particle behavior in vivo (Chapter 

1.1.1). Due to the negatively charged cell membrane, cationic particles probably have a 

higher affinity to interact with the cell membrane than negatively charged particles. This 

affinity can then lead to enhanced particle uptake in cells. Hence the zeta potential was 

measured in a HEPES buffer pH 7.4 (25 mM). The zeta potential of empty particles has a 

value of 11.51 mV due to exposed protonated spermine molecules on the particle surface. 

Based on non-covalent binding of some drugs on the particle surface the zeta potential is 

slightly altered for particles with encapsulated drugs (8.6–10.8 mV). The size and zeta 

potential of empty SpAcDex NP, SpAcDex(Asp) NP, SpAcDex(Eto) NP and 

SpAcDex(Asp+Eto) NP are shown in Table 1. 

Table 1. The size and zeta potential of empty SpAcDex NP, SpAcDex(Asp) NP, SpAcDex(Eto) NP 

and SpAcDex(Asp+Eto) NP. 

particle type 

particle size measured by NTA 
zeta potential 

in mV 
mean 

in d.nm 

mode 

in d.nm 

SD 

in d.nm 

empty SpAcDex  196.2 ± 5.7 171.2 ± 1.1 61.2 ± 6.6 11.51 ± 0.51 

SpAcDex(Asp)  208.6 ± 2.8 185.3 ± 4.6 73.1 ± 8.1 9.89 ± 0.64 

SpAcDex(Eto)  193.8 ± 2.6 167.3 ± 3.6 60.6 ± 1.3 10.83 ± 0.40 

SpAcDex(Asp+Eto)  194.5 ± 5.8 172.3 ± 5.3 69.5 ± 1.7 8.61 ± 0.49 

 

 

Figure 27. Characterization of the SpAcDex nanoparticles: (A) Schematic representation of dual-loaded 

SpAcDex(Asp+Eto) nanoparticles (Asp in red located in the hydrophilic core, blue SpAcDex particle material 

and Eto in grey entangled in the dextran particle backbone). Hints for this particle structure will be 

discussed in Chapter 3.1.3. (B) Representative TEM images of the structural morphology of dual-loaded 

SpAcDex(Asp+Eto) (1 mg∙mL-1 in H2O pH 8). 
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In Figure 27 a schematic imagination of a dual drug-loaded SpAcDex particle and 

representative TEM image of recorded by Elena Steiert is shown and indicates solid filled 

spheres. 

In conclusion the particle preparation of dual-loaded SpAcDex nanoparticles seems not to 

alter the size and zeta potential of the particles. In the next step it has to be validated if 

the content of dual-loaded Asp and Eto is comparable to the single-loaded drugs. 

 

Quantification of L-Asparaginase  

For the quantification of enzymatical active entrapped L-asparaginase SpAcDex(Asp) NPs, 

SpAcDex(Asp+Eto) NPs and empty SpAcDex NPs were incubated in NaOAc buffer at pH 5 

for 48 h in a concentration of 2 mg∙mL-1 to obtain pH-responsive released payload. The L-

asparaginase assay to determine the enzymatic activity of the released Asp was based on 

the reaction of L-asparagine with L-asparaginase into L-aspartate and ammonium ion 

(Figure 28)and performed with the acidic particle/payload solution.  

 

Figure 28. Reaction of L-asparagine with L-asparaginase into L-aspartate  

 

The produced ammonium ions were then quantified with Nessler’s reagent and the 

encapsulated Asp activity was calculated in contrast to an Asp standard with the same 

reaction conditions (Figure 64). To evaluate the encapsulation efficiency of the dual 

encapsulation method, the Asp content of single- and dual-loaded Asp particles were 

tested and compared. The results for dissolved Asp particle and Asp+Eto combination 

particles are with 1.14 µg per mg NP the same.  

In addition to the L-asparaginase activity assay an encapsulation quantification of 

dissolved particles by Bradford assay is possible (Figure 63). The resulting absorbance 

shift of the dye Coomassie Brilliant Blue G-250 was calculated resulting in 3.38 µg pro mg 

single-loaded Asp NPs and or 3.34 µg per mg NP for dual-loaded NPs. This outcome 

indicates that only about a third of the encapsulated asparaginase is still active after 

particle formation. Maybe some Asp denatures by the DCM addition and the following first 

sonication step.  
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The encapsulation performance can be estimated by the encapsulation efficiency (EE) or 

loading capacity (LC) (see eq. 1 and 2). 

 
EE (mol%) =

ndrug,encapsulated

ndrug,feed
∙100% eq. 1 

 LC (weight%) =
mdrug,encapsulated

mdrug,encapsulated+mPEGylated protein
∙100% eq. 2 

 

The encapsulation efficiency (EE) is with ca. 33% higher than studies by Blackman et al. 

with polymersomes (9% EE)[326], Baran et al. (poly(3-hydroxybutyrate-co-3-

hydroxyvalerate nanocapsules with 23.7% EE)[327] and Apolinário et al. (5-25% EE for 

polymersomes).[328] The EE is further similar to PLG particles with single-loaded Asp.[329] 

The high EE of the SpAcDex particle system compared to other particle types compensates 

the only 34% of active encapsulated Asp. 

The results of both Asp quantifications is summarized in Table 2 and shows no significant 

difference between the content of Asp in single(Asp)- and dual(Asp+Eto)-loaded particles. 

Table 2. Asparaginase encapsulation quantification  

particle type 
asparaginase 

activity in 
µg∙mg-1 NP 

EE in % 
Bradford assay 
in µg∙mg-1 NP 

EE in % 

SpAcDex(Asp) NP 1.14 11.4 3.38 33.8 

SpAcDex(Asp+Eto) NP 1.14 11.4 3.34 33.4 

 

Quantification of Etoposide 

The etoposide quantification was performed with dissolved SpAcDex(Eto) and 

SpAcDex(Asp+Eto) particles in DMSO (0.5 mg∙mL-1). The particle solution in DMSO was 

analyzed by UV-absorption and mass spectroscopy via HPLC-MS (Figure 62). The results 

are shown in Table 3.  

Table 3. Etoposide encapsulation quantification  

particle type etoposide in 

µg∙mg-1 NP 
EE in % 

SpAcDex(Eto) NP 7.95 8.0 

SpAcDex(Asp+Eto) NP 8.06 8.1 
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The results for the etoposide amount inside the particle demonstrate that there is no 

difference between the content of single-loaded etoposide and dual-loaded etoposide. The 

EE and the drug loading with etoposide are lower compared to other recent etoposide-

loaded particle studies.[330-332] The etoposide content was not further enhanced to 

visualize the synergistic effect of the particle system at a low drug dose of the high 

cytotoxic etoposide. With a higher etoposide content, the toxicity will be mostly 

dependent on etoposide without exploiting the synergistic effect within L-asparaginase 

and etoposide. 

 

The dual EE for the hydrophobic and the hydrophilic drug in one particle system is higher 

than the studies by Jioungou et al. (chitosan/cyclodextrin nanoparticles; 2.48 ± 0.07% 

methotrexate and 2.64 ± 0.18% calcium folinate)[333] and Niwa et al. (PLGA nanoparticles 

with 5.85% indomethacin, and 2.65% 5-floururacil)[334] Meanwhile the dual EE was lower 

than Español et al. (PLGA nanoparticles; 67.7 ± 3% for dexamethasone and 54.2 ± 2% for 

diclofenac sodium)[335] and Song et al. (PLGA nanoparticles; 92.84 ± 3.4% for vincristine 

sulfate and 32.66 ± 2.9% for quercetin).[336] In summary, it can be said that the EE of the 

SpAcDex(Asp+Eto) is comparable to other studies with dual-loaded particles. 

Combining the encapsulation quantifications for Asp and Eto together with the 

physicochemical parameter, it can be concluded that the NP preparation for both drugs in 

one double emulsion technique was successful and did not alter nanoparticle properties. 

In the following chapter the pH-dependent release of both drugs will be investigated. 

 

3.1.3 pH-dependent Release of Asp and Eto 

Release of L-Asparaginase 

As described in Chapter 1.1.2 the acetals of the SpAcDex material are hydrolyzed at low 

pH leading to a water-soluble particle material. As a result, the particles degrade, and the 

payload liberates. Hence, the release of enzymatic active L-asparaginase was carried out 

at pH 5 (control pH 7.4) and 37 °C to imitate the cellular lysosome environment with the 

same activity assay as mentioned before (Chapter 3.1.2). With increasing incubation time 

in the pH 5 buffer, the amount of released Asp increases and therefore also the 

measurable L-asparaginase activity based on more produced ammonium ions. The results 

of the L-asparaginase assay at different incubation times are shown in Figure 29. 
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Figure 29. Release of encapsulated Asp at a pH 5 (black circles) and 7.4 (white circles) after different 

incubation times (0.2 h, 1 h, 2 h, 4 h, 6 h, 8 h, 24 h) at 37 °C as determined through quantification of 

enzymatic produced ammonium-ions through Nessler`s reagent. Data represent the mean ± standard 

deviation of triplicate measurements (triplet from triplets). 

 

Until an incubation time of 8 h the release of Asp shows a linear behavior. Afterwards the 

slope decreases and at 24 h ca. 82% of the encapsulated Asp was released. The control 

particles with an incubation at pH value of 7.4 shows meanwhile a much lower enzymatic 

Asp-activity. Here only around 10% of the drug was released after 24 h. The results 

suggest that the particles could be stable in the blood stream at neutral pH but indicates 

a fast particle degradation und drug release of the hydrophilic drug after entering the 

endolyosomal network (Chapter 1.1.1).  

 

Release of Etoposide 

The release of etoposide was carried out similar to the Asp release at pH 5 and pH 7.4 at 

37 °C. The result of the HPLC/MS quantification (like in Chapter 3.1.2) after 1 h, 2 h, 4 h, 

6 h, and 8 h of acidic acetal hydrolysis are shown in Figure 30. The non-degraded particle 

material was separated by syringe filtration unit from etoposide. 
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Figure 30. Release of encapsulated Eto at a pH 5 (black squares) and 7.4 (white squares) after different 

incubation times at 37 °C as determined by HPLC. Data represent the mean ± standard deviation of triplicate 

measurements. 

 

The release of etoposide shows a fast and linear trend till 6 h incubation time. Then the 

release starts getting slower and after 8 h no further drug-release was detectable (100% 

drug release of encapsulated Eto). The control at pH 7.4 demonstrates a lower time-

dependent release of etoposide. The high starting point after 20 min is maybe due to a low 

content of Eto (~1 µg per mg NP) non-covalently bound to the particle surface.  

 

Comparison between the Release of Etoposide and L-Asparaginase 

In general, a fast drug release is visible which correlates to a fast particle degradation in 

pH 5 within the first 24 h. This is since SpAcDex (10 min) with a low content of cyclic 

acetals was used for the particle formation. The particle degradation profile would be 

much slower when using a SpAcDex with a longer acetalation reaction time (Chapter 

1.1.2).  

Etoposide is faster released than L-asparaginase (no more release is detectable after 8 h 

for etoposide instead of the 24 h for the L-asparaginase release)(Figure 31). After 6 h 

incubation time more than 90% Eto was released, whereas in the same time only less than 

45% Asp was released. This circumstance can be most likely explained by the usage of the 

double emulsion technique. Asp is therefore located inside the particle in a hydrophilic 
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core surrounded by the hydrophobic SpAcDex. Accordingly, the complete particle must 

be degraded before the Asp can be released. In contrast etoposide is entangled in the 

SpAcDex particle backbone material and because of that faster released than Asp. Another 

aspect of the delayed release of Asp is its higher molecular weight, hence is longer 

retained in the SpAcDex material. After the controlled drug release was shown within 24 h 

in pH 5 buffer, the next step was to verify the cellular uptake and release of the drugs in 

vitro. 

 

Figure 31. Comparison between Asp-release (black circles) and Eto-release (black squares) at 37 °C and 

pH 5 after the same incubation timepoints. The percentage release is normalized to the results of the 

encapsulation quantification of Asp or Eto for each particle type. Data represent the mean of triplicate 

measurements. 

3.1.4 In Vitro Studies 

Intracellular Uptake in K562 Cells 

The confocal microscopy images (Figure 32) recorded by Elena Steiert indicate a cellular 

uptake and lysosomal escape based on the proton sponge effect (Chapter 1.1.1) after 24 h 

in K562 cells. This CML cell line was used based on the possible synergistic interaction of 

Asp and Eto in CML. For the confocal microscopy the surface amines of the SpAcDex 

particles were labeled with NHS-Oregon Green and Asp lysines were modified with Sulfo-

NHS Cy5. It is visible that the dextran particle backbone material (green) is mostly located 

in the cytosol. Meanwhile Asp (red) is located all over the cell including the nucleus. 

Related to the cellular Asp release no difference is visible between dual-loaded Asp+Eto 

and the single-loaded Asp particles. Overall the confocal microscopy confirms a rapid 
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cellular uptake and drug release of the cationic SpAcDex particles in K562 cells. The next 

step is to investigate the cytotoxic potential as a dual drug delivery platform against K562 

cells in vitro. 

 

Figure 32. Confocal microscopy analysis of the intracellular uptake and Asp release of SpAcDex(Asp) 

particles (A) and SpAcDex(Asp+Eto) particle (B). The particles (62.5 µg∙mL-1) were incubated with K562 

cells for 24 h. The SpAcDex particle backbone had green fluorescence, Asp was labeled in red fluorescence 

und the cell core was dyed with DAPI.  

 

Cytotoxicity in K562 Cells 

To study the efficiency of the synergistic toxic effect of L-asparaginase and etoposide 

encapsulated in SpAcDex NPs in the treatment of CML the single and dual-loaded particles 

were tested with an MTT assay on K562 cells. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide), is a bright yellow, water soluble salt, that can be reduced 

by cellular oxidoreductase enzymes. The reduction of MTT leads to a water insoluble 

purple formazan compound that can be quantified by absorbance measurements (Figure 

33). The amount of reduced MTT depends on the activity of the metabolism of the K562 

cells and correlates with the number of living cells. With toxic particles the cell viability 

of the K562 cells will decline due to a decreased number of cells per well or a decreased 

metabolism of the cells under toxic conditions. 
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Figure 33. Reduction of a water soluble MTT salt to a purple, water insoluble formazan by mitochondrial 

reductases of HeLa cells. 

 

For this NPs in a particle concentration (Asp and Eto drug loading content was the same 

for single-loaded and dual-loaded particles Chapter 3.1.2) range from 31.25 µg∙mL-1 to 

250 µg∙mL-1 were incubated with CML K562 cells for 48 h (Figure 34). The MTT assay 

(described in detail in section 5.3.9) shows a particle concentration dependent toxicity in 

the tested cells. This results in a low concentration dependence with SpAcDex(Asp) NP 

and a high dependence for the combination particle SpAcDex(Asp+Eto). The low active 

Asp content leads to a low cytotoxicity but in combination with Eto it shows a high 

synergistic cytotoxic effect. 

The highest synergistic effect is visible at a concentration of 125 µg∙mL-1 the cell viability 

is for the dual-loaded particle at 31% meanwhile for the SpAcDex(Asp) particle only at 

92% and Eto-particle 82%. At a concentration of 250 µg∙mL-1 SpAcDex(Eto) particle and 

SpAcDex(Asp+Eto) particle are closer. The examined synergistic cytotoxicity of the dual-

loaded SpAcDex(Asp+Eto) particles is higher at a lower drug dose in contrast to studies 

by Panosyan et al. with the same drug combination in free form on GBM-ES cells.[210] 

Meanwhile empty NPs showed no toxicity towards K562 cells (data not shown). 
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Figure 34. MTT assay to measure the cytotoxicity of SpAcDex NP carrying both Asp and Eto (black 

rhombus); Asp alone (black circles) or Eto alone (black squares) to K562 cells. All particles were incubated 

with cells for 48 h before assessing cell viability in each group and concentration (Asp and Eto drug loading 

content was the same for single-loaded and dual-loaded particles) (n = 3). 

 

In conclusion several aspects highlight the therapeutic approach of SpAcDex NPs in the 

therapy of CML: (1) biodegradability and biocompatibility particle material; (2) 

hydrophilic and hydrophobic molecules can be co-transported simultaneous; (3) the 

combination of L-asparaginase and etoposide show a synergistic effect in K562 cells; (4) 

a controlled release of both drugs is with this particle system possible; (5) K562-CML cells 

can be reliable killed at a low drug dose. On this occasion the dual drug-loaded Asp+Eto-

particles showed a high synergistic effect in contrast to the single-loaded particles. Based 

on the great in vitro cancer cell death results this co-encapsulated nanosystem has the 

potential to improve the treatment of CML. 
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3.2 Antibody-functionalized PEGylated SpAcDex NPs for the In Vivo 

Targeting of Dendritic Cells 

As seen in Chapter 3.1.4 spermine-functionalized acetalated dextran particles are fast 

taken up by K562 cells due to their cationic surface.[337] But as described in Chapter 1.2.2, 

for an immunotherapeutic approach a specific targeted delivery is desirable to minimize 

side effects and therapeutic efficacy. Therefore, further modification of the particle 

surface is needed to change their cationic character towards a more neutral surface to 

enhance the circulation time (Chapter 1.2.1). Further a hydrophilic layer from PEG can 

be attached to decrease unspecific uptake based on the mentioned stealth effect (Chapter 

1.2.1). Afterwards, the addition of antibodies is possible to guide the particles to definite 

cell types and enhance a specific receptor-mediated cellular uptake. In this chapter the 

preparation of SpAcDex particles with a combination of passive and active targeting are 

analyzed regarding their specific in vitro and in vivo uptake in DEC205+ DCs. The results 

should verify a potential use in an immunotherapeutic DC-targeting approach (Chapter 

1.3.2). 

 

3.2.1 Nanoparticle Preparation and PEGylation 

For particle preparation the same SpAcDex material was used as described in Chapter 

3.1. The SpAcDex particles were prepared by double emulsion with simultaneous co-

encapsulation of Oregon Green dextran and CF750 dextran inside the particle. The Oregon 

green dye facilitates FACS and confocal microscopy measurements whereas CF750 

dextran was encapsulated based on the fluorescence in near-infrared range, which makes 

in vivo biodistribution experiments possible. The quantification of the fluorescent dyes 

has been performed with dissolved particles in DMSO using an external standard 

calibration resulting in 532.25 ± 18.00 ng Oregon Green dextran (Figure 65) and 7.68 ± 

0.11 µg CF750 dextran (Figure 66) per mg NP. 

In the case of immunotherapeutic nanoparticles a long circulation time without 

recognition of the mononuclear phagocyte system is beneficial to enable the desired 

uptake by APCs.[338] PEGylation of the particles should enhance the hydrophilic character 

of the particles and reduce the positive surface charge. The unspecific cellular uptake of 

the SpAcDex particles was improved by the usage of bifunctional PEGylation with NHS-

PEG-Mal (Chapter 1.2.1).[338] NHS-PEG-Mal (5 kDa) consists of an activated carbonic acid 
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at one end of the chain that can easily react with the primary amines of the spermine on 

the particle surface leading to the formation of stable amide bonds. Secondary amines are 

less sensitive but can also react with NHS in minimal amounts leading to the formation of 

stable imide bonds. The reactivity of NHS esters increases with higher pH which is 

favorable for the SpAcDex particle system since it undergoes no hydrolysis in basic 

environment. Unfortunately, the half-life of NHS esters decreases with higher pHs in 

aqueous buffers due to hydrolysis.[339] Furthermore the maleimide function hydrolyzes at 

a pH higher than 8.  

Combining all factors, the particles and PEG were suspended in a PBS buffer with pH 7.4 

and for the purification H2O at pH 7 was used to minimize maleimide hydrolysis. The 

PEGylated particles were lyophilized and obtained as a colorless foam. In Figure 35 the 

PEGylation resulting in Mal-PEG-SpAcDex particles is displayed.  

 

Figure 35. Primary amines on the SpAcDex nanoparticle surface were modified with the NHS-activated 

PEG-Mal chains in PBS buffer pH 7.4 for 2 h. 

 

For the quantification of the extend of PEGylation on the particle surface two methods 

were applied. The first method is the Ellman´s excess assay. For this, a known excess of 2-

aminoethanethiol was incubated for 5 h with the maleimide-functionalized particles. The 

unreacted 2-aminoethanthiol was afterwards quantified via Ellman`s assay with 5,5′-

dithiobis(2-nitrobenzoic acid) to determine indirectly the amount of maleimide on the 

particle surface. Alternatively, the degree of PEGylation was determined by using a 

fluorescence method for the detection of the maleimides on the particle surface of the 

PEGylated NPs. For this, Mal-PEG-SpAcDex were incubated with Fmoc-L-cysteine for 5 h. 



60   Results and Discussion 

After purification and lyophilization the amount of conjugated Fmoc-L-Cys was quantified 

by fluorescence. The results of both quantification methods are shown in Table 4. 

Table 4. Comparison of the different quantification methods of surface-PEGylation of SpAcDex 

nanoparticles. 

quantification method PEG on particle surface in nmol per mg 

Ellman´s excess assay 25.6 ± 0.7 

Fmoc-Cys determination 27.1 ± 0.8 

 

Since the results are in a same range it can be concluded that both methods seem to be 

compatible for the quantification of the maleimide functions on the particle surface. With 

a content of 25.6–27.1 nmol PEG chains per mg NP the PEGylation is higher than previous 

studies by Bamberger et al. (19.9 nmol PEG per mg NP).[136] and the distance between 2 

PEG-chains is 2.1 nm (calculation of the PEG conformation see Chapter 5.3.6). From this 

result, the conformation of the polymer on the surface of the particle surface can be 

calculated. The minimal distance required between grafted PEG-chains on a surface to 

form a mushroom conformation is defined as the Flory radius (RF). Polymers with less 

space than RF (6 nm in this case) have lower conformational freedom and hence a brush-

like PEG conformation.[340] With 2.1 nm between two PEG chains for the PEGylated 

particles the distance is lower than Flory radius therefore a brush-like conformation can 

be assumed. 

PEG coatings with a brush-like configuration reduce phagocytosis and complement 

activation, meanwhile a mushroom-like configuration is a potent complement activator 

to induce phagocytosis.[154] Based on the conformation calculation it can be concluded 

that an advantageous amount of PEG was conjugated on the particle surface to achieve 

the desirable stealth effect. Furthermore, the applied quantity of conjugated PEG provides 

a maleimide functions for the further attachment of antibodies. 

 

3.2.2 Antibody Attachment on the Maleimide-activated Particle Surface 

To enhance cellular uptake in DEC205+ DCs (Chapter 1.3.2), that express DEC205+ on the 

surface, anti-DEC205-PEG-SpAcDex antibody-modified NPs were synthesized by 

thiol-maleimide reaction with a SATA-modified antibody and the PEGylated particles 

(Figure 36). The targeting moieties are preferably conjugated at the end of the PEG-chain 
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for an efficient conjugation and targeting in combination with stealth effect.[341] Antibody 

conjugation through thiol chemistry is more selective and more precise compared to 

conjugation on primary amines with NHS-ester at a special pH-value. Another benefit of 

this reaction type is the easy addition of thiols on the antibody surface. This can be 

arranged by reagents like SATA or Traut´s reagent. For the anti-DEC205 antibody thiol 

addition SATA was used because of the acetyl protection group which enables a longtime 

storage of the modified antibody. 

 

Figure 36. Antibody functionalization of PEGylated SpAcDex NPs; (A) Reaction of anti-DEC205 antibody 

with SATA; (B) Deacetylation of the SATA-modified anti-DEC205 antibody; (C) Conjugation of the modified 

anti-DEC205 antibody to the particle surface by thiol-maleimide reaction. 

 

The increased amount of thiol groups on the anti-DEC205 antibody after SATA-

modification was determined by Ellman`s assay. The results show that the native antibody 

has no free available cysteine meanwhile the SATA-modified antibody has an average of 

0.73 ± 0.03 thiols per antibody which is quite low compared to the possible addition of up 
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to 6 thiols per antibody (Figure 69).[342] The amount of thiols per antibody was not 

increased as this would have led to possible undesired cross-linking between antibodies.  

At the same time the SATA-modification did not alter the cell binding of the monoclonal 

antibody (mAb) (Figure 37). It can therefore be assumed that SATA has not been 

conjugated in the proximity to the antibody epitope. 

 

Figure 37. Cell binding of native anti-DEC205 and SATA-modified anti-DEC205 mAb. Cell tests with both 

antibodies were performed by Janine Schlöder. 

 

The introduced thiol groups of the SATA-modified antibody facilitated now the following 

thiol-maleimide reaction with the particle (Figure 36). The high reactivity of maleimides 

(Chapter 1.4.2) enables a selective conjugation at neutral pH which is necessary to avoid 

hydrolysis of the acetalated dextran. Control particles were generated by attachment of L-

cysteine (Cys) instead of the antibody. 

The amount of antibodies on particle surface was quantified after conjugation, 

purification and lyophilization using two different methods: Bradford assay and enzyme-

linked immunosorbent assay (ELISA). Bradford assay was performed with dissolved 

particles and ELISA with undissolved particles by Janine Schlöder (Table 5). ELISA can 

detect the presence of a ligand in a liquid sample using antibodies directed against the 

protein to be measured. Afterwards a second detection antibody is added, forming a 

complex with the former antibody. The detection antibody is covalently linked to an 

enzyme, which enables a quantification based on a photometrically enzyme-substrate 

reaction. 
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Table 5. Antibody concentration on the particle surface quantified by Bradford assay and ELISA. 

 Bradford assay ELISA 

particle 
Abs on the NP 

surface in 
µg per mg NP 

number of 
Abs per NP 

Abs on the 
NP surface 

µg per mg NP 

number of 
Abs per NP 

anti-DEC205-PEG-

SpAcDex particle 
2.7 ± 0.64 67.9 0.23 ± 0.027 5.8 

 

ELISA shows, compared to the result of the Bradford assay, a ten-time lower content 

because of the need of an accessible antibody-epitope for the reaction with the secondary 

antibody. The antibody accessibility is limited on the one hand by the orientation of the 

conjugated antibody and shielding of the binding site by of the PEG layer. Meanwhile, the 

Bradford assay quantifies every antibody even if the antibody is not in an active, 

accessible state. For this the Bradford assay indicates the efficacy of the thiol-maleimide 

reaction and ELISA designates the amount of possible reactive antibody on the particle 

surface for receptor-mediated endocytosis. 

The general amount of attached antibodies is in the lower end compared to other 

literatures results.[343-345] But, as seen by Byzova et al. and Colombo et al. the amount of 

antibody is better with a lower content.[346] In addition more attached antibodies leads to 

a reduced half-life of the particles based on the lower stealth effect (Chapter 1.2.2). Based 

on these findings, no further attempts to increase the antibody amount was performed. 

 

3.2.3 Nanoparticle Size and Zeta Potential 

Particle size was measured before and after both steps of surface modification using 

Nanoparticle Tracking Analysis (NTA) (Table 6). After purification and lyophilization 

non-modified SpAcDex particles had a mean size of approx. 180 nm in diameter with a 

SD-value of 56.6 nm. After PEGylation and antibody or cysteine conjugation the particles 

are slightly larger (approx. 210 nm). 

Changes in particle properties can also be observed when looking at surface charge. The 

zeta potential of non-modified particles has a value of 18.5 mV due to exposed protonated 

spermine molecules on the particle surface. After conjugation with NHS-PEG-Mal the 

number of primary amines decreases. This can be seen in a lower zeta potential of the 
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PEGylated Cys-PEG-SpAcDex NP (+9.7 mV). The addition of the antibody leads to a 

negligible increase of the surface charge from 9.7 mV to 10.3 mV.  

 

Table 6. Overview of particle size and surface potential of the modified particles in dd-H2O pH 8.  
 

particle modification 

particle size measured by NTA 
zeta potential 

in mV 
mean 

in d.nm 

mode 

in d.nm 

SD 

in d.nm 

SpAcDex NP 180.7 ± 5.7 162.8 ± 1.1 56.6 ± 6.6 18.5 

Cys-PEG-SpAcDex NP 210.0 ± 9.1 189.7 ± 3.8 73.1 ± 8.1 9.7 

anti-DEC205-PEG-SpAcDex NP 206.2 ± 2.6 195.2 ± 2.0 60.6 ± 1.3 10.3 

 

After the full characterization of the antibody-functionalized SpAcDex particles the next 

step was to analyze the DC targeting potential in vitro and in vivo. 

 

3.2.4 Analysis of Dendritic Cells Targeting In vitro 

The following in vitro and in vivo studies of the modified particles were performed and 

illustrated by Janine Schlöder (flow cytometry in vitro and in vivo), Jonathan Schupp 

(confocal microscopy in vitro) or Mustafa Diken (biodistribution in vivo).  

 

Analysis of NP uptake in BMDC by Flow Cytometry 

DCs are the most effective APCs and a major key player in inducing primary antigen-

specific T-cell immune responses.[347] Their specific targeting in vivo is still one of the key 

challenges in developing DC-based nanovaccines for cancer immunotherapy.[348] In order 

to investigate the targeting efficiency of the modified SpAcDex particles (1 µg∙mL-1 up to 

50 µg∙mL-1) were incubated with bone marrow-derived dendritic cells (BMDC) for 30 min 

at 4 °C. DEC205 is expressed at high levels on BMDC (Figure 38A). Cys-PEG-SpAcDex NPs 

served as control particles to interpret the binding efficiency of the anti-DEC205-PEG-

SpAcDex NPs. For both particle types, flow cytometric analysis revealed a concentration-

dependent binding to BMDC (Figure 38B). Cys-PEG-SpAcDex particles already show 

unspecific binding to BMDC in high concentrations. This might be due to their positive 

zeta potential.  
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However, specific binding can be significantly enhanced by conjugating anti-DEC205 

antibody to the surface of PEG-SpAcDex NPs. Anti-DEC205-PEG-SpAcDex NPs showed an 

increased binding of more than 50% to DEC205+ BMDC, compared to Cys-PEG-SpAcDex 

at lower particle concentrations (1–10 µg∙mL-1). Unmodified SpAcDex NP showed an 

unspecific binding to DEC205+ BMDC which was significantly reduced by more than 50% 

after PEGylation with NHS-PEG-Mal. These results are consistent with previously 

performed experiments: Due to their positive zeta potential, SpAcDex NPs bind unspecific 

to immune cells. Furthermore, BMDCs express high amounts of C-type lectin receptors, 

such as the mannose receptor CD206, which are known to bind dextran.[349] PEGylation 

leads to a decreased zeta potential and therefore reduces unspecific binding to cell 

membranes.[337, 350] 

To further investigate if the improved targeting efficiency of anti-DEC205-PEG-SpAcDex 

NPs is based on the specific interaction between anti-DEC205 antibody and the surface 

receptor, a performed blocking experiments by pre-incubating BMDC with soluble anti-

DEC-205 mAb was performed followed by incubation with 5 µg∙mL-1 of anti-DEC205-PEG-

SpAcDex particles. Pre-incubation with soluble anti-DEC205 antibody leads to a 

saturation of DEC205 receptors on the BMDC surface. Consequently, the binding 

efficiency of anti-DEC205-PEG-SpAcDex particles should be significantly reduced.  

Flow cytometric analysis revealed a decrease (around 50%) of particle binding after pre-

incubation with soluble anti-DEC205 antibody, indicating that binding of anti-DEC205-

PEG-SpAcDex particles mainly occurs through the DEC205 receptor (Figure 38C). 
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Figure 38. Anti-DEC205-PEG-SpAcDex NPs specifically target DEC205+ DCs through DEC205 surface 

molecules: (A) DEC205 expression of BMDC (left) and typical morphology of BMDC shown (right). (B) BMDC 

were incubated with different amounts of Oregon Green dextran-loaded particles (1–50 µg∙mL-1) in culture 

medium for 30 min at 4 °C. Binding efficiency was analyzed via flow cytometry (left: percentage of Oregon 

Green+ BMDC; right: mean fluorescence intensity, MFI). Data shows mean ± SD of 5 individual experiments. 

Grey: Cys-PEG-SpAcDex; red: anti-DEC205-PEG-SpAcDex. (C) In vitro generated BMDC were pre-incubated 

with 50 µg∙mL-1 of soluble anti-DEC205 antibody for 20 min followed by incubation with 5 µg∙mL-1 of anti-

DEC205-PEG-SpAcDex particles for 30 min at 4 °C (blue squares). BMDC incubated with 5 µg∙mL-1 of anti-

DEC205-PEG-SpAcDex particles alone (black dots) served as control. Binding efficiency was analyzed via 

flow cytometry (Oregon Green+ BMDC). Data shows mean ± SD of 5 individual experiments. Each dot 

represents one individual experiment.  

 

Analysis of NP uptake in BMDC by Confocal Microscopy  

Previously, we were able to show binding of anti-DEC205-PEG-SpAcDex particles through 

targeting of BMDC via the DEC205 receptor. Since DEC205 is a specific endocytosis 
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receptor, which is rapidly taken up by means of coated pits and vesicles,[351] we further 

investigated particle uptake by confocal microscopy. Therefore, BMDC were incubated 

with 10 µg∙mL-1 of Oregon Green dextran encapsulated anti-DEC205-PEG-SpAcDex NPs 

for 1 h at 37 °C and analyzed the uptake afterwards via confocal laser scanning 

microscopy (CLSM). BMDC were incubated with or without 10 µg∙mL-1 of anti-DEC205-

PEG-SpAcDex or Cys-PEG-SpAcDex particles. CLSM could show that in general both 

particle types are taken up by BMDC after 1 h of incubation (Figure 39). These results are 

in line with our expectations. BMDC show high levels of endocytotic activity and are 

specialized in the uptake and processing of antigens.[352] However, by comparing the 

confocal images of the different groups, CLSM revealed a strong tendency for an increased 

uptake of anti-DEC205-PEG-SpAcDex NP in BMDC compared to the control particle Cys-

PEG-SpAcDex particles.  

 

Figure 39. Enhanced uptake of anti-DEC205-PEG-SpAcDex NPs by BMDC: BMDC were incubated with 

10 µg∙mL-1 of Oregon Green-loaded anti-DEC205-PEG-Sp-Ac-Dex NPs or Cys-PEG-Sp-Ac-Dex NPs (same 

Oregon Green content) for 1 h at 37 °C. Untreated BMDC served as controls. Afterwards, cells were fixed 

with 2% PFA and stained with Hoechst dye (nuclei) and red-fluorescent dye DiD (membrane). Confocal 

laser scanning microscopy was carried out on a Leica TCS SP8. Blue: nuclei, red: cell membrane, green: 

Oregon Green dextran-loaded particles. 
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3.2.5 Analysis of Dendritic Cell Targeting In vivo 

Biodistribution of anti-DEC205-PEG-SpAcDex in BALB/c Mice.  

Nanoparticles have to overcome many barriers to finally deliver their cargo to specific 

immune cells in vivo. Although many NPs show an efficient targeting in in vitro studies, 

efficient addressing of immune cells in vivo is still a challenging problem.[353] Many 

particle systems get stuck in the lungs without even reaching the spleen or lymph nodes, 

both important lymphatic organs for the DC activation. In addition, many particles are 

covered by opsonin proteins when entering the blood stream (Chapter 1.2.1).[354] 

Opsonized particles are then recognized by phagocytes which rapidly digest and remove 

these particles from the blood stream before they can actually perform their therapeutic 

destination.[354] Therefore, it is mandatory to analyze the biodistribution of the different 

particle types.  

Investigation of the biodistribution of CF750-labeled Cys-PEG-SpAcDex and anti-DEC205-

PEG-SpAcDex NPs in Balb/c mice were carried out through intravenously injection of 

600 µg NPs into the tail vein of each mouse and measuring fluorescence intensity 24 h 

after application by using an in vivo imaging system (IVIS). IVIS analysis showed distinct 

fluorescence signals in spleen, liver and lungs of mice for both particles tested (Figure 

40A). Both particle types preferentially accumulated in the liver (60–80%) and to a lesser 

extent in the lungs (15–35%). These findings are consistent with previously performed 

experiments by Bamberger et al..[355] The profound accumulation in lungs and liver can be 

attributed to the positive zeta potential (9.7 or 10.3 mV) of the particles and their 

relatively small size.[356] Importantly, also a small amount of nanoparticles (2–5%) 

accumulated in the spleen, one important lymphatic organ. With regard to the percent 

organ distribution of each mouse (Figure 40A pie chart + Figure 40B), an almost 2-fold 

increase of particle accumulation in spleen of mice treated with anti-DEC205-PEG-

SpAcDex is observable compared to mice treated with control particles. Similar results 

could be found when analyzing the liver. Fluorescence intensity was increased in mice 

treated with anti-DEC205-PEG-SpAcDex NPs compared to Cys-PEG-SpAcDex. 
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Figure 40. Biodistribution of Cys-PEG-SpAcDex and anti-DEC205-PEG-SpAcDex NPs in Balb/c mice (A) IVIS 

spectrum images of organs 24 h after intravenous injection of 600 µg Cys-PEG-SpAcDex or anti-DEC205-

PEG-SpAcDex particles. In both particles CF750 dextran was encapsulated. Pie charts represent organ 

distribution of signal intensities of one individual mouse per group; (B) Data summarizes percent organ 

distribution of signal intensities in spleen (left) and liver (right) of both groups. 

 

Anti-DEC205-PEG-SpAcDex NPs Uptake in Dendritic Cells and T Cells In Vivo.  

To further analyze which cell types are targeted by SpAcDex particles in vivo, spleen and 

liver cells were isolated and binding efficiencies to important immune cells such as CD3+ 

T cell, F4/80+ macrophages and CD11c+ DCs was determined (Figure 41). 

CD11c+CD11blow/-CD8a+ cells are a very important DC subtype, which highly expresses 

DEC205 receptor and are essential for cross-presentation and priming of CD8+ T 
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lymphocytes.[357] As desired for both organs, spleen and liver, only very low amounts of 

particles bound to CD3+ T cells. No difference was detected between antibody-modified 

and control particles. With regard to the spleen, a small fraction of F4/80+ macrophages 

bound anti-DEC205-PEG-SpAcDex particles and to a lesser extend also Cys-PEG-SpAcDex 

particles. Since macrophages are highly active phagocytes, it is unlikely to prevent 

particles from being picked up nonspecifically. The highest amount of SpAcDex particles 

was taken up by CD11c+ DCs. Around 12% of CD11c+ DC were able to bind or take up Cys-

PEG-SpAcDex particles whereas approx. 22% bound the antibody-modified DEC205-PEG-

SpAcDex particles. Altogether, this data shows that splenic CD11c+ DCs can be efficiently 

targeted by anti-DEC205-PEG-SpAcDex particles in vivo. Regarding the liver, we observed 

nearly the same tendency. CD11c+ DCs showed the highest frequencies of bound particles. 

Again, a significantly enhanced targeting of CD11c+ DC could be achieved with anti-

DEC205-PEG-SpAcDex particles. The binding efficiency was more than 50% higher 

compared to the control particles Cys-PEG-SpAcDex. Since the ratio of macrophages in the 

liver is higher than in the spleen, a moderate frequency of around 25% macrophages also 

bound anti-DEC205-Cys-PEG-SpAcDex particles. This binding can be again explained with 

the high phagocytotic activity of macrophages. However, the targeting efficiency of anti-

DEC205-PEG-SpAcDex to CD11c+ DCs was again significantly higher compared to F4/80+ 

macrophages and much higher than CD3+ T-cells.  
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Figure 41. Specific uptake of anti-DEC205-PEG-SpAcDex NP by DC in spleen and liver: Immune cells of 

spleen and liver from mice treated with intravenous injection of different dextran particles were isolated 

and analyzed via flow cytometry regarding their particle uptake (Oregon Green+ cells). Data shows mean 

particle uptake ± SD of 3 independent experiments (left: spleen, right: liver). Grey: Cys-PEG-SpAcDex 

particles, red: anti-DEC205-PEG-SpAcDex particles. 

 

In summary, the antibody-modified particles efficiently target DEC205+ splenic DCs. 

Compared to the control particles, an increase in targeting efficiency to DEC205+ cells of 

more than 50% was achieved. 

In conclussion, several aspects highlight the immunotherapeutic potential of anti-

DEC205-PEG-SpAcDex NPs: (1) biodegradability and biocompatibility particle material, 

(2) hydrophilic and hydrophobic molecules can be transported and therefore antigens 

and adjuvants can be delivered to DCs, (3) the particles have a long circulation time 

because of the stealth PEG-layer enabling a transport to the desired tissues and organs, 

(4) active targeting by antibody-receptor-mediated endocytosis leads to a high 

therapeutic efficiency and less side effects. The antibody functionalized SpAcDex particles 

have an enhanced uptake in DCs in vitro and in vivo and accumulate more in the spleen 

which are both favorable factors for an application as vaccination agent. As seen with the 

blocking experiment (Figure 41) the cellular uptake is in the case of anti-DEC205-PEG-

SpAcDex particles DEC205-receptor mediated and therefore much more specific then the 

uptake of PEGylated-particles and unmodified SpAcDex particles. Another benefit of the 

particle system is the low binding on T-cells.  
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3.3 Self-Assembled Dual-responsive HRP-AcDex Conjugates  

To obtain an amphiphilic protein-polysaccharide hybrid material both blocks, the protein 

and the polysaccharide block, have to be modified. On the one hand, the pH-responsive 

hydrophobic segment was achieved by thiol end functionalization at the reducing end and 

acetalization of dextran (AcDex-S-S-Py) (Figure 42). On the other hand, the hydrophilic 

block was HRP modified with N-succinimidyl-S-acetylthiopropionate (SATP). The 

conjugation can then be executed by forming a disulfide bridge between the 

polysaccharide and the protein which should lead to a double responsive material capable 

of self-assembly. Furthermore, the formed micellar nanoparticles should be competent 

nanocarriers for advances enzyme/drug delivery applications. 

 

3.3.1 HRP-AcDex Synthesis 

Synthesis of Thiol-modified Acetalated Dextran (AcDex-S-S-Py) 

Dex-SH was synthesized with p-substituted aniline through end functionalized reductive 

amination with a microwave assisted approach.[279] p-substituted aniline has the 

advantage that it enables an easy quantification by 1H-NMR and the low pKa (~6.8 in 

contrast to a aliphatic thiol ~8) of the aromatic thiol leads to a reactive thiolate anion state 

at neutral pH.[358] The subsequentially reduction with tris(2-carboxyethyl)phosphine 

(TCEP) was observed by a quick color change from yellow to colorless. To avoid 

reoxidation of the introduced sulfhydryl group, the thiol-modified dextran was isolated 

as quickly as possible by precipitation and freeze-drying. Successful synthesis of 

quantitatively thiol terminated Dex-SH was confirmed by 1H-NMR (Figure 58). 

The activation of the thiol group at the reducing end on the dextran polymer chain was 

performed to reduce possible crosslinking of thiol-modified HRP in the conjugation step. 

The activation was carried out in DMSO under argon atmosphere with 2,2`-dipyridyl-

disulfide. A yellow color emerged which is a result of the cleavage of the disulfide bridge 

in dipyridyl disulfide, producing the yellow pyridine-1-thione dye (Chapter 1.4.2). 

Additionally, the signal of both aromatic protons in the 1H-NMR spectrum of the dextran 

derivative shifted from 7.28 to 7.45 ppm and from 6.82 to 6.74 ppm while the signal of the 

pyridyl group appears at 8.42, 7.90 and 7.35 ppm (Figure 59). Integration of the aromatic 

proton signals in contrast to the reducing end the results in an end group density of 97% 

for Dex-S-S-Py. Acetalated Dex-S-S-Py was prepared and characterized, like described for 
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Ox-AcDex in Chapter 3.1.1 but with a 60 min reaction time to enhance the content of 

cyclic acetals in the polymer backbone. The new molecular weight and content of 

introduced acetals was determined by integration of the proton signal of generated 

acetone and MeOH during acidic cleavage of the acetals in the 1H-NMR (D2O/DCl) (Figure 

61). The isolated product had a molecular weight of approx. 6,314 g∙mol−1 and contained 

83% acetals, whereas 31% were cyclic and 52% were acyclic acetals. 

 

Thiol Modification of HRP  

For the hydrophilic protein block we selected horseradish peroxidase. HRP is an 

oxidoreductase which oxidizes its substrate by catalyzing the electron transfer from 

substrate to hydrogen peroxide. It is an all helical enzyme with a molecular weight of 

44.2 kDa. The protein bears six lysine residues and no cysteines, making SATP 

modification for the conjugation with AcDex-S-S-Py necessary. 

Fluorescamine assay was carried out to determine indirectly the number of introduced 

thiol groups by SATP modification (Figure 71). Native HRP bearing 6 amines was used as 

standard and the number of amines per SATP-modified protein was calculated as 

1.8 ± 0.2. Therefore 4.2 ± 0.2 thiol groups were introduced. Despite using an excess of 

SATP, lysine residues were not covered with thiols quantitatively. The assay revealed, that 

a maximum of four dextran chains is theoretically attachable under the investigated 

reaction conditions. The amount of possible attachable dextran chains was not further 

enhanced because it could lead to a decreased enzymatic activity. 

 

HRP-AcDex Conjugation 

Whereas the acetalated and thiol activated end group modified dextran served as the 

hydrophobic building block, thiol modified HRP was used as the hydrophilic block. 

Polymer and protein were linked with a disulfide bridge which is formed by the reaction 

of a thiol on the protein and an activated disulfide bond provided by the dextran chain. 

Hereby, a second stimulus-responsiveness of the conjugate besides the acid lability of the 

acetals was introduced. For a conjugation of compounds with different solubility behavior 

several issues have to be investigated i.e. reaction time, solvents and concentrations. The 

hydrophobic block was dissolved in DMSO meanwhile the hydrophilic block was 

dissolved in PBS buffer pH 7.4 containing 10 mM EDTA. Increasing amounts of DMSO in 

H2O can lead to denaturation of the protein while a high presence of H2O causes the 
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polymer to precipitate. Based on studies by Winterwerber a syringe pump was used to 

secure a slow (0.025 mL per h) addition of the protein (5 mg HRP-SATP in 2 mL) to the 

DMSO phase (4.2 mg AcDex-S-S-Py in 0.75 mL).[359] The following removal of DMSO by 

dialysis against H2O pH 8 should induce a self-assembly of the amphiphilic conjugate. A 

micellar nanoparticular morphology should be formed with AcDex chains in the 

hydrophobic core and hydrophilic proteins on the surface in contact with the surrounding 

water. After lyophilization and addition to PBS buffer the particle formation was studied 

by DLS measurements. 

For particles with encapsulated IAA, the drug was added to the DMSO phase and in the 

conjugation step encapsulated. IAA was used as payload because it functions as a prodrug 

that is oxidized once it is intracellular released and then induces apoptosis. 

An overview of the synthesis of HRP-AcDex with particle formation and drug 

encapsulation is shown in Figure 42. 
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Figure 42. Overview of the synthetic route to the amphiphilic, dual-responsive HRP-AcDex conjugate with 

subsequent nanoparticle formulation and IAA encapsulation. For detailed reactions see Chapter 5.4.1 and 

5.4.2. 

 

Quantification of Attached Dextrans per HRP-AcDex  

To quantify the protein content of the HRP-AcDex conjugate a BCA assay was performed 

resulting in a 73% protein content. Based on this result the AcDex content of the HRP-

AcDex can be assumed to be remaining 27% which AcDex content resulting in 2.7 AcDex 

chains per HRP based on the following equation:  



76   Results and Discussion 

 73% = 
M�HRP�

M�HRP� � x
M�AcDex� eq. 3 

 

with M(HRP) is 44,174 g∙mol-1 and M(AcDex) = 6,314 g∙mol-1. Resulting in an HRP-AcDex 

conjugate weight of 61,326 g∙mol-1. MALDI-TOF was not suitable for HRP-AcDex because 

the dextran chains degraded at the investigated MALDI-TOF ionization conditions. 

 

Enzymatic Activity and Structure Integrity  

The structural integrity and remaining enzymatic activity of HRP were further tested after 

conjugation with AcDex (Figure 43). Based on the ABTS assay the protein activity seems 

to be not altered and the CD spectra indicates no significant change in the secondary 

structure after conjugation with AcDex. Some structure elements are slightly altered but 

the change is only minimal and seemingly does not affect the active site of the enzyme, as 

can be seen in the activity assays. 

After the full characterization of the HRP-AcDex material in the following the reductive-

responsiveness of the material is investigated. 

 

Figure 43. (A) ABTS enzyme activity assay for native HRP and HRP-AcDex sows no alteration after 

conjugation. (B) CD spectra indicate no significant loss of secondary structure elements after conjugation 

with AcDex. 

 

Reductive-responsiveness Studies of HRP-AcDex with SDS-PAGE  

SDS-PAGE (Figure 44) of HRP-AcDex material under non-reductive conditions shows a 

distribution of increasing molecular weight which correlates to the enhanced molecular 

weight of HRP-AcDex with 61,326 g∙mol-1 in contrast to the molecular weight of HRP with 

44,174 g∙mol-1. Based on different amounts of attached dextran chains the weight 

distribution in the SDS PAGE is broad and heterogenous. The broad distribution 
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disappears to some extent after reduction of the samples with Roti Load® suggesting the 

cleavage of disulfide bonds between protein and polymer. 

 

Figure 44. Molecular weight determination of HRP and HRP-AcDex with SDS-PAGE (8%) under non-

reductive (A) and reductive (B) conditions. Non-reductive conditions were achieved in the absence of 

mercaptoethanol, whereas RotiLoad® gives reductive conditions. PageRuler Prestained Protein Ladder was 

used as Marker (M). The gel was stained with coomassie blue. 

 

3.3.2 HRP-AcDex Particle Characterization 

Size and Zeta Potential  

The formation of particles after dialysis was confirmed by DLS measurements. Particle 

sizes in diameter are described by the Z-average, number, intensity and PDI. The Z-

average describes the hydrodynamic cumulants mean size of all particles in the sample, 

whereas the number value describes the mean size of the particles forming the biggest 

population in the sample. The intensity describes the particle size distribution within the 

sample, depending on their scattering intensities. The PDI describes the polydispersity of 

the sample. PDIs smaller than 0.05 are rarely seen other than with highly monodisperse 

standards. Values greater than 0.7 indicate that the sample has a very broad size 

distribution and is probably not suitable for DLS. In Table 7 and Figure 45 the Z-average, 

PDI, zeta potential and intensity is shown for HRP-AcDex and HRP-AcDex with 

encapsulated IAA (HRP-AcDex(IAA). The particle sizes in numbers will be later used for 

characterization of particle degradation. 
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Table 7. Z. avg, PDI and zeta potential of empty and IAA-loaded HRP-AcDex particles 

particle type z. avg 

 in nm 
PDI 

zeta potential 
in mV 

 HRP-AcDex(empty) 208.4 0.198 -18.3 

HRP-AcDex(IAA)  203.6 0.115 -21.0 

 

 

Figure 45. (A) DLS of HRP-AcDex particles in PBS buffer directly (blue) and after 1 week (green) incubation 

time. Sizes are shown in intensities. (B) DLS of HRP-AcDex(IAA) (orange) and empty HRP-AcDex (dark blue) 

in PBS buffer. Sizes are shown in intensities. (C) TEM images with different scales showing filled and solid 

spheres (1 mg∙mL-1). 

 

The self-assembled empty HRP-AcDex particles have an average diameter of 208.4 nm 

and a good PDI of 0.198. Encapsulation of IAA leads to more compact particles with a great 

monodispersity (PDI 0.115) and smaller particle size. This circumstance can be explained 

by hydrophobic interactions in the micellar nanoparticle hydrophobic core between 

AcDex and IAA. 

The AcDex-modified proteins have a more negative potential than native HRP due to the 

functionalization of the positively charged amino acids on the surface of the proteins and 
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a resulting dominance of carboxylates. The encapsulation of IAA leads to a further 

increase of the negative zeta potential most likely based on some content of adsorbed IAA 

on the particle surface. The negative zeta potential of the final nanoparticles is beneficial 

for a stable particle suspension since it prevents unwanted nonspecific interactions for 

example with blood proteins and aggregation based on the coulomb force.[360, 361] After 

the full characterization of the HRP-AcDex nanoparticles in the following the pH stimuli-

responsive particle degradation and IAA release will be examined. 

 

3.3.3 HRP-AcDex Particle Degradation 

As seen in Chapter 3.3.2 the particles are stable at neutral pH in PBS buffer and DMEM 

for over a week. The acetals of the conjugated AcDex chains can hydrolyze under acidic 

conditions enabling the desired stimuli-responsive particle degradation (Chapter 1.1.1). 

To study the particle breakdown, the HRP-AcDex nanoparticles were incubated in sodium 

acetate buffer pH 5 and the change in the size and particle concentration was analyzed by 

measurement of numbers and derived count-rate. Numbers was used to monitor the 

change in size of highest population of particles (Figure 46A). Observing the signal of 

intensities would lead to wrong conclusions based on higher light scattering of emerging 

aggregates. The derived count rate is a theoretical count rate measured by DLS that can 

be useful to quantify the signal strength from different samples. Here it can be used to 

monitor the particle concentrations over a period of time (Figure 46B). 

 

Figure 46. (A) HRP-AcDex nanoparticles incubated in NaOAc buffer (50 mM) at pH 5. After 24 h, all acetals 

are hydrolyzed, and a hydrophilic material (HRP with dextran chains) is regained which shows small sizes. 

All sizes are shown in numbers. (B) Amount of HRP-AcDex particles incubated within 48 h in NaOAc buffer 

pH 5 and PBS buffer pH 7.4. The number of particles was analyzed with the normalized derived count rate. 

A high time dependent degradation of HRP-AcDex particles is visible at pH 5. Meanwhile the number of 

particles at pH 7.4 is consistent in the examined period. 
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Within the first 8 h after particle incubation at pH 5, a shift towards higher particle sizes 

is visible, as the acetals in the polysaccharide backbone are slowly cleaved, and most likely 

aggregation of the half-degraded particles occurs (Figure 46A). After 24 h, all acetals are 

hydrolyzed, resulting in a hydrophilic material with small sizes below 10 nm, which 

correlates to the size of the HRP-Dex conjugate. A similar trend can be seen when looking 

at the change of particle numbers over time. The number of HRP-AcDex particles 

incubated within 48 h in NaOAc buffer pH 5 was analyzed with the normalized derived 

count rate (normalized to the amount of particles at the incubation starting point) (Figure 

46B). A steady logarithmic particle degradation of the particles is visible at pH 5, which 

leads to almost no particles after 48 h. Meanwhile the number of particles at pH 7.4 is 

constant in the examined period. In conclusion a strong pH-dependent particle 

degradation can be confirmed. At the same time a concentration of 10 mM DTT leads to 

no particle degradation (data not shown). Either the disulfide bond could not be cleaved 

at the examined DTT concentrations or AcDex forms a highly stable hydrophobic core 

even after HRP separation. This circumstance needs to be investigated in detail with 

further studies. 

The next step was to study the acid-triggered IAA release due to the disassembly of the 

particle system. 

 

3.3.4 Indole 3-Acetic Acid Encapsulation Quantification and Release 

For the quantification of encapsulated IAA, the HRP-AcDex(IAA) particles were dissolved 

in DMSO at a concentration of 1 mg∙mL-1. The following HPLC/MS measurements lead to 

38.20 ± 0.68 µg∙mL-1 IAA per mg particle. Based on the quantification a high loading 

capacity of 3.82% (mg per mg particle material) and an encapsulation efficiency of 3.6% 

was calculated. The encapsulation efficiency is quite low based on the high drug feed used 

in the particle conjugation step. Therefore, it can be concluded that most of the added IAA 

was not encapsulated and removed within the dialysis step.  

To visualize the release of IAA under acidic conditions the particles (5 mg∙mL-1) were 

dialyzed against NaOAc buffer (pH 5) or phosphate buffer (pH 7.4). The dialysis buffer 

was exchanged after different incubation times and each dialyzed sample was lyophilized. 

The resulting pellet were resuspended, and the UV absorbance measured. The resulting 

release of encapsulated IAA at 37 °C demonstrates an excellent pH-dependent release of 
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IAA. At a neutral pH only a small proportion of IAA is released within 48 h. Meanwhile a 

huge release with a high burst release is visible at pH 5. After 8 h the release starts to slow 

down and after 48 h no further release of IAA is visible at pH 5. At this point 83% of the 

IAA encapsulated content was released.  

 

Figure 47. Release profile of IAA in NaOAc pH 5 and PBS buffer pH 7.4 dialysis experiment with 

HRP-AcDex(IAA) 1 mg∙mL-1 MWCO 6–8 kDa at 37°C and 1,000 rpm. The release at pH 7.4 shows a low 

release of IAA in the analyzed time. In the meantime, a high time dependent release at pH 5 is displayed 

(experiments were carried out in triplets). 

 

In conclusion the HRP-AcDex particles behave pH stimuli-responsive enabling a potential 

controlled particle degradation and drug release in lysosomes, cancer or inflammation 

tissue. To investigate the effect of HRP-AcDex particles on HeLa cells, the results of the 

confocal measurements and MTT assays are shown in the next chapter. 

 

3.3.5  In Vitro Studies 

Intracellular Payload Release 

For an efficient particle supported therapy it is desirable to obtain control over delivery 

and release of a pharmaceutically active cargo within a specific tissue. In addition, the 

nanoparticle system has to ensure protection of the cargo from loss of function. The 

desired cellular uptake and intracellular payload release of the HRP-AcDex NP was 

investigated by confocal microscopy measurements with HeLa cells. 

To visualize the potential release of IAA the model fluorescence dye 5/6 

carboxyflourescein (5/6 FAM) was encapsulated instead of IAA during the conjugation 
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step. 5/6 FAM was used because it has structure similarities to IAA, and it is membrane-

impermeant.[362] Hence 5/6 FAM can only be transported inside the cell through delivery 

by HRP-AcDex particles. The lysines of the HRP were labeled with Sulfo-Cy5-NHS ester to 

see if the particle material and the released payload have different localization inside the 

cell after the particle degradation in the lysosome. HeLa Cells were incubated with Cy5-

HRP-AcDex(5/6 FAM) particles at a concentration of 0.75 mg∙mL-1 for 24 h and the 

particle uptake was studied by confocal microscopy (Figure 48). 

 

 

Figure 48. HeLa cells incubated with Cy5-HRP-AcDex particles loaded with 5/6 FAM (0.75 mg∙mL-1) over 

24 h. From left to right the panels show the transmitted light image, DAPI stained cell nuclei (blue), Cy5 

fluorescence of the Cy5 labeled HRP-AcDex particle material in cells (red), 5/6 FAM fluorescence of the 

released 5/6 FAM in cells (green) and the overlay of all three images. 

 

The released green-fluorescent 5/6 FAM signal is spread all over the cytosol meanwhile 

the red-labeled HRP seems to be located still in the lysosome. It can be concluded, that the 

particle payload was successful delivered into the cells after 24 h incubation time. The 

different locations of the particle material and 5/6 FAM indicates a complete payload 

release. After the confirmation of the particle uptake in HeLa cells the next step was to 

verify if HRP-AcDex(IAA) NP can induce an in vitro toxicity based on the intracellular 

release of IAA and oxidation by HRP-AcDex. 

 

In Vitro Cytotoxicity of IAA-loaded Particles  

The enzyme/prodrug pair produces free radicals and toxic 3-methylene-2-oxindole, 

which can cause membrane lipid peroxidation and DNA damage, resulting in cell 

death.[363, 364] The possible oxidation mechanism is shown in Figure 49. 
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Figure 49. Mechanisms involved in toxicity of IAA. IAA (1) is oxidized by HRP to the radical cation (2), 

which fragments rapidly to the skatolyl radical (3). In anoxia (total depletion of oxygen), this forms adducts, 

e.g., with DNA.[365] Otherwise, the skatolyl radical reacts with oxygen to form the peroxyl radical (4), which 

forms 3-methylene-2-oxindole by reduction and rearrangement (5). The latter can react with cellular 

nucleophiles (Nu), e.g., protein thiols and DNA to form adducts.[366] Modified and adapted from [367]. 

 

The cytotoxicity of HRP-AcDex particles with encapsulated IAA was analyzed by using an 

MTT cell viability assay with HeLa cells after incubation for 72 h (Figure 50). The MTT 

assay reflects the cellular uptake results and shows a high particle concentration 

dependent toxicity in the tested HeLa cells which results in 7% remaining living cells for 

1 mg∙mL-1 particles. With regard to the same IAA concentration (180 µM) this toxicity is 

higher (7% remaining living cells) than studies by Hung et al. with HRP-immobilized 

mesoporous silica nanocontainers (~40% remaining living cells).[368] This observation 

might be explained by the high preserved enzymatic activity of HRP-AcDex. In the 

meantime, empty HRP-AcDex particles and simply IAA without HRP addition showed no 

toxicity towards HeLa cells in the same examined concentrations. Therefore, it can be 

concluded that only the combination of HRP-AcDex with encapsulated IAA can induce 

apoptosis in cells.  

Together with the confocal microscopy it can be summarized that the prodrug IAA is at a 

low pH intracellular released and then oxidized by the HRP particle material and induces 

high cytotoxicity in vitro. 
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Figure 50. MTT assay with Hela cells incubated with HRP-AcDex(IAA) for 72 h. Particles concentrations 

from 0.125 mg∙mL-1 up to 1 mg∙mL-1 (equal to 4.78 ± 0.09 µg∙mL-1 up to 38.20 ± 0.68 µg∙mL-1 encapsulated 

IAA) were investigated (experiments were carried out in triplets and standard deviation shown). 

 

In summary, an HRP-AcDex conjugate was successfully synthesized by forming a disulfide 

bridge between the hydrophobic AcDex chain and the hydrophilic HRP. The conjugate is 

still enzymatic active and was capable of self-assembly into micellar nanoparticles with a 

low PDI and sizes of 200 nm. The pH-responsiveness of the polymer component has been 

shown by a fast particle degradation and drug release. A highly potent drug delivery 

nanocarrier with a high loading capacity and the ability to oxidize the encapsulated 

prodrug and induce apoptosis was discovered which was validated in first promising in 

vitro results. 

  



Conclusion and Outlook  85 

4 Conclusion and Outlook 

Dual Encapsulation of Asp and Eto in SpAcDex Particles 

In the first project of the thesis, it was shown that the SpAcDex particle preparation by 

double emulsion technique can be used to encapsulate simultaneously hydrophilic and 

hydrophobic drugs. Based on the known synergistic effect a combination of 

L-asparaginase and etoposide were entrapped inside the pH-sensitive, biodegradable and 

biocompatible SpAcDex particle material. A successful dual encapsulation was confirmed 

by the same drug content for both drugs in dual-loaded in contrast to single-loaded 

particles. The subsequent release studies at pH 5 revealed that the hydrophobic Eto is 

released much faster than the hydrophilic Asp (after 6 h incubation time more than 90% 

Eto and only 45% Asp were released). This indicates that Eto is entrapped in the 

hydrophobic SpAcDex particle material throughout the whole particle and the bigger Asp 

is most likely congregated in the area of the particle core (Figure 51). Confocal 

microscopy experiments with K562-CML cells validated an intracellular controlled drug 

release. Further in vitro studies showed a high synergistic toxicity for the dual-loaded 

SpAcDex(Asp+Eto) particles in contrast to the single-loaded particles. At a concentration 

of 125 µg∙mL-1 the cell viability is for the dual-loaded particle at 31%, meanwhile for the 

SpAcDex(Asp) particle only at 92% and for the SpAcDex(Eto) particle at 82%. Based on 

the successful in vitro results this co-encapsulated nanosystem has the potential to 

improve the treatment of imatinib-resistant CML at a low drug dose.  
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Figure 51. Dual encapsulation of a hydrophilic and hydrophobic drug in spermine-functionalized acetalated 

dextran nanoparticle with one double emulsion method. The subsequently cellular uptake and controlled 

release is shown. 

 

Further studies should include the testing of the cytotoxicity on other leukemia cell lines 

for example on AML or ALL cells to see if the cytotoxicity is on the same level. On top of 

that, the transferability of the system to in vivo studies should be investigated. For this, 

the particles have to be PEGylated to maintain a long circulation time to reach the desired 

location.[350] In this context, an active targeting should be considered which has the 

potential to reduce side effects and enhance the therapeutic efficacy of the particle system 

with dual-loaded drugs. A potential target structure is transferrin whose transferrin like 

receptor (TfR) expression is increased in CML cells.[369]  

 

Antibody-functionalized SpAcDex Particles for DC Targeting 

The main focus of the second project was the further development of the SpAcDex 

nanoparticle system by using targeting mechanisms to enable a specific cell uptake 

(Chapter 1.2). Accordingly, the shielding properties of a PEG-layer with an attachment of 

anti-DEC205 mAb for active DC-targeting were combined on the particle surface. These 

modifications should prevent unspecific cellular uptake, prolong blood circulation time 

and enhance the efficiency in immunotherapeutic approaches. PEGylation was successful 

introduced onto surface amines of the nanoparticles with NHS-PEG-Mal. The maleimide 

function quantification on the attached PEG chains by Ellman´s excess assay and Fmoc-



Conclusion and Outlook  87 

Cys determination resulted in 25.6–27.1 nmol per mg which correlates to the desired 

brush-like PEG conformation (Chapter 1.2.1). The DEC205 antibody was modified with 

SATA and then attached at the PEG-layer by thiol-maleimide reaction. The resulting 

nanoparticles with 5.8 antibodies per nanoparticle (quantified by ELISA) showed a 

favorable DC targeting in vitro in contrast to unmodified particles and PEGylated particles. 

Furthermore, an antibody specific through receptor-mediated endocytosis of the particles 

was confirmed by experiments with pre-treatment of high amounts of soluble anti-

DEC205 mAb resulting in a significantly reduced binding of anti-DEC205-PEG-SpAcDex 

nanoparticles on BMDCs. In vivo the anti-DEC205-PEG-SpAcDex NPs showed a favorable 

biodistribution and a 50% greater specific cellular uptake in DEC205+ DCs than the 

control particles (Figure 52). Overall the results indicate that this particle system has the 

potential to activate specific DCs. 

 

Figure 52. Antibody-functionalized and PEGylated SpAcDex nanoparticles for the in vivo targeting of 

dendritic cells. 

 

Additional investigations should test if antigen-loaded anti-DEC205-PEG-SpAcDex 

particles taken up by DCs result in an efficient great anti-tumor CD8+ cytotoxic T-

lymphocytes activation in vivo.[370, 371] As a proof of concept, the induction of experimental 

autoimmune encephalomyelitis (EAE) could be considered to determine the 

immunotherapy potential of the antibody-functionalized particle system. Further studies 

could include a switch of the particle system from PEG to an alternative stealth polymer 

with advantageous properties, for example dextran or PGA (Chapter 1.2.1).  
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Self-Assembled Dual-responsive HRP-AcDex Conjugates  

Conjugation of thiol-modified HRP was performed by dipyridyldithiol-mediated thiol 

exchange reaction with pH-responsive thiol-modified AcDex. This reaction lead to a 

polysaccharide-protein conjugate with 2.7 AcDex chains per HRP. During the conjugation 

step the prodrug IAA was efficiency encapsulated and after solvent exchange, self-

assembled HRP-AcDex(IAA) nanoparticles were obtained. The biocompatible particles 

had a great PDI (0.115) with a good drug loading capacity (3.8%). The new hybrid protein-

polysaccharide material had the same enzymatic activity as the native HRP, and no 

significant change in the secondary structure of the protein was observed. DLS 

measurements showed a fast particle degradation within 24 h at pH 5. Further, the 

encapsulated IAA was pH-sensitive controlled released (83% at 48 h) meanwhile only a 

low amount of IAA was released at pH 7.4. The reductive-responsiveness of the disulfide 

bridge between the protein and the AcDex was only confirmed with an SDS-PAGE but not 

with DLS experiments. This could be explained by a hydrophobic stable AcDex core even 

after disulfide cleavage. In vitro studies revealed an intracellular uptake accompanied by 

a cargo release in HeLa cells. Lastly, the MTT assay in HeLa cells revealed high cytotoxicity 

of HRP-AcDex(IAA) through oxidation of the stimuli-responsive released IAA by the HRP 

particle material. The results are especially attractive in the field of enzyme/prodrug 

delivery, where protein-polysaccharide particles could overcome the limitation of 

traditional enzyme therapies. The maintained enzymatic activity and stimuli-responsive 

prodrug release should lead to a more controlled therapy with better pharmacokinetics. 

 

Figure 53. The HRP-AcDex particles applied as a delivery system for the prodrug indole-3-acetic acid into 

the cytosol of HeLa cells. Hereby inducing a cytotoxic effect after stimuli-responsive release and oxidation 

by HRP-AcDex. 
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Additional studies could confirm the applicability of the HRP-AcDex(IAA) carrier system 

in vivo. Further experiments should investigate if the established HRP-AcDex system is 

transferable to other enzymes which would open up a field of possible enzyme/drug 

combinations. Techniques like transmission electron cryomicroscopy (cryoTEM) and 

static light scattering (SLS) could give a valuable insight in particle morphology. A detailed 

understanding of the underlying mechanism could help to obtain full control over 

nanoparticle design and size distribution.  
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5 Experimental Part 

5.1 Materials 

5.1.1 Reagents  

Chemical Supplier CAS 

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 
(ABTS) 

Alfa Aesar 30931-67-0 

Acetic acid Sigma-Aldrich 64-19-7 

Acetonitrile Sigma Aldrich 75-05-8 

N-Acetyl-L-cysteine Sigma-Aldrich 616-91-1 

4-Aminothiophenol  TCI 1193-02-8 

Anti-mouse CD205 (DEC205) Bio X Cell  

L-Asparaginase Abcam 9015-68-3 

L-Asparagine VWR chemicals 70-47-3 

5(6)-Carboxyfluorescein Sigma- Aldrich 72088-94-9 

Coomasie Blue G 250 Sigma Aldrich 6104-58-1 

L-Cysteine Sigma Aldrich 52-90-4 

Deuterium chloride 38% in deuterium oxide Carl Roth 7698-05-7 

Deuterium oxide Deutero 7789-20-0 

Dextran T5 from Leuconostoc mesenteroides Pharmacosmos  

Dextran T10 from Leuconostoc mesenteroides Pharmacosmos  

Dextran, Oregon Green® 488; 10,000 MW Life Technologies 
 

Dextran, CF750 10,000 MW Linaris  

4′,6-diamidino-2-phenylindole (DAPI) Thermo Scientific 28718-90-3 

Dichloromethane anhydrous, ≥99.8% Sigma-Aldrich 75-09-2 

Dimethyl sulfoxide anhydrous, ≥99.9% Sigma-Aldrich 67-68-5 

2,2'-Dipyridyl disulfide  TCI 127-03-9 

5,5'-Dithiobis(2-nitrobenzoic acid) (DTNB, Ellman's 
reagent) 

Sigma-Aldrich 69-78-3 

1,4-Dithiothreitol  Alfa Aesar 3483-12-3  

DMEM GlutaMAXTM (Dulbecco’s Modified Eagle’s 
Medium high glucose) 

Thermo Scientific  

Ethanol Fisher Scientific 64-17-5 
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Chemical Supplier CAS 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 60-00-4 

Etoposide Abcam 33419-42-0 

Fetal Calf Serum (FCS) Life Technologies  

Fluorescamine TCI 38183-12-9 

Fmoc-L-Cysteine Iris Biotech 135248-89 

Glycerol Sigma-Aldrich 56-81-5 

Glycine Sigma-Aldrich 56-40-6 

n-Hexylamine Sigma-Aldrich 111-26-2 

Horseradish peroxidase Alfa Aesar 9003-99-0 

Hydrochloric acid 37% Carl Roth 7647-01-0 

N-Hydroxysuccinimide (NHS) Sigma-Aldrich 6066-82-6 

Indole-3-acetic acid Sigma Aldrich 87-51-4 

Methanol Sigma-Aldrich 67-56-1 

2-Methoxypropene Sigma-Aldrich 116-11-0 

Nessler`s Reagent VWR chemicals 7783-33-7 

Oregon Green® 488-X, Succinimidyl Ester, 6-isomer Life Technologies 
 

PageRuler Prestained Protein Ladder  Thermo Scientific  

Phosphate buffered saline (10x concentrate) Sigma-Aldrich  

PEG (CH₃O-PEG-NHCO-C₂H₄-CONHS 5 kDa) Rapp Polymere 
 

PEG (PEG-(NHCO-C₂H₄-CONHS)₂ 2 kDa) Rapp Polymere 
 

PEG-Malhex Rapp Polymere  

Penicillin-streptomycin Gibco™ Thermo Scientific  

Poly-L-lysin (300,000 kDa) Biochrom 25988-63-0 

Poly(vinyl alcohol) Sigma-Aldrich 9002-89-5 

Pyridinium p-toluenesulfonate Sigma-Aldrich 24057-28-1 

RPMI-1640 GlutaMAXTM Thermo Scientific  

Roti®-Histofix 4% acid free (pH 7)  Carl Roth  

Rotiload  Carl Roth  

N-succinimidyl S-acetylthioacetate (SATA) Thermo Scientific 76931-93-6 

N-succinimidyl S-acetylthiopropionate (SATP) Thermo Scientific 84271-78-3 

Sodium acetate Sigma-Aldrich 127-09-3 
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Chemical Supplier CAS 

Sodium borohydride Sigma-Aldrich 16940-66-2 

Sodium chloride Carl Roth 7647-14-5 

Sodium dodecyl sulfate (SDS) Sigma Aldrich 151-21-3 

Sodium hydroxide Carl Roth 1310-73-2 

Sodium (meta)periodate Sigma-Aldrich 7790-28-5 

Sodium pyruvate (100 mM) Gibco™ Thermo Scientific  

Spermine Iris Biotech 71-44-3 

Sulfo-Cyanine 5 NHS-Ester  Lumiprobe 
 

Triethylamine  Carl Roth 121-44-8 

Tris(2-carboxyethyl)phosphine (TCEP) Carl Roth 51805-45-9 

Water, sterile-filtered, BioReagent, suitable for cell 
culture  

Sigma-Aldrich 7732-18-5 

 

5.1.2 Buffers and Media 

All buffers were filtered through a sterile syringe filter with a pore size of 0.22 µm (CME 

membrane, Rotilabo®). Aqueous buffers were stored at 4 °C to prevent bacterial 

contamination unless otherwise noticed. 

 

Acetate Buffer (0.1 M, pH 5) 

13.6 g sodium acetate trihydrate (Sigma-Aldrich, MW 136.08 g∙mol-1) were dissolved in 

1 L dd-H2O and adjusted to pH 5 with acetic acid. 

 

Borate Buffer (0.1 M, pH 8.5) 

6.2 g boric acid (Sigma-Aldrich, MW 61.83 g∙mol-1) were dissolved in 1 L dd-H2O and 

adjusted to pH 8.5 with NaOH. 

 

Coomassie Staining Solution 

250 mg Coomassie Brillant Blue R-250 were dissolved in a mixture of water (45 mL), 

acetic acid (10 mL) and ethanol (45 mL). 

 

dd-H2O (pH 8) 

dd-H2O was adjusted to pH 8 with TEA (30 µL TEA per 1 L dd-H2O). 



94   Experimental Part 

Destaining Solution for Coomassie Stained Gels 

A mixture of water (450 mL), ethanol (450 mL) and acetic acid (100 mL) was used. 

 

DMEM for HeLa cells 

DMEM GlutaMAXTM (high glucose) with phenol red was mixed with 10% FCS, 1% sodium-

pyruvate and 1% penicillin-streptomycin. 

 

DTT (10 mM, pH 7.4) 

10 mM DTT in PBS buffer pH 7.4 

 

Glycine Buffer (0.1 M, pH 10.5) 

7.5 g glycine (Sigma-Aldrich, MW 75.07 g∙mol-1) and 5.8 g sodium chloride (Carl Roth, 

MW 58.44 g∙mol-1) were dissolved in 1 L dd-H2O and adjusted to pH 10.5 with NaOH. 

 

HEPES Buffer (25 mM, pH 7.4) 

6.0 g 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Amresco, MW 238.30 g∙mol-1) 

were dissolved in 1 L dd-H2O and the pH was adjusted to pH 7.4 with NaOH. 

 

PBS Buffer (pH 7.4) 

PBS 10x concentrate (Sigma-Aldrich, 100 mL) was diluted with dd-H2O (900 mL); 

containing 154 mM NaCl, 8 mM NaHPO4 and 2 mM KH2PO4 with a final pH of 7.4. 

 

PBS Buffer (pH 8) 

PBS buffer (1x) was adjusted to pH 8 with NaOH. 

 

PBS Buffer (10 mM EDTA, pH 7.4) 

PBS buffer (1x) was mixed with 3.72 g ethylenediaminetetraacetic acid disodium salt 

(Alfa, MW 372.24 g∙mol-1) and adjusted to pH 7.4 with NaOH. 

 

3% PVA in PBS pH 7.4 

30 g poly(vinyl alcohol) (Sigma-Aldrich, MW 13,000–23,000 g∙mol-1) were dissolved in 

970 mL 1x PBS under heating (90 °C).  
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0.3% PVA as Cryoprotectant 

3 g poly(vinyl alcohol) (Sigma-Aldrich, MW 13,000–23,000 g∙mol-1) were dissolved in 

997 mL dd-H2O under heating (90 °C). 

 

RPMI for K562 cells 

RPMI-1640 with phenol red was mixed with 10% FCS, 1% sodium-pyruvate and 

1% penicillin-streptomycin. 

 

Running Buffer for Gel Electrophoresis (5x concentrated) 

15.1 g Tris and 94 g glycine and a solution of SDS in water (20%, 25 mL) were dissolved 

with water to final volume of 1 L. 

 

SDS 20% in Water 

20 g sodium dodecyl sulfate were dissolved in water to a final volume of 100 mL. 
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5.1.3 Disposables 

Consumables Manufacturer 

BRAND® UV cuvettes micro (c = 8.5 mm) VWR 

CELLSTAR® cell culture flasks 25 cm2, 75 cm2, 
225 cm2 

Greiner Bio-One 

Coverslips, precision (diameter 1.8 cm, 
thickness of 0.17 ±0.005 mm, borosilicate 
glass) 

Carl Roth GmbH 

Disposable pipettes 5 mL, 10 mL, 25 mL  Sarstedt  

Disposable syringes 1 mL, 2 mL, 5 mL,  
10 mL, 20 mL  

B.Braun  

Eppendorf Tubes 1.5 mL, 2 mL Eppendorf  

Filtropur S 0.2 (sterile, non-pyrogenic) Sarstedt 

Glass pipettes  Carl Roth GmbH  

Locking clips for dialysis  Carl Roth GmbH  

Micro-centrifuge tubes for high G-force 1.5 mL VWR 

Microplate 12-well, flat bottom, clear, sterile Greiner Bio-One 

Microplate 96-well, flat bottom, clear Sarstedt  

Microplate 96-well, flat bottom, clear, sterile Greiner Bio-One 

Microplate 96-well, flat bottom, black Greiner Bio-One 

Microplate 96-well, flat bottom, UV-Star Greiner Bio-One 

NMR tubes  Sigma-Aldrich  

Parafilm  Pechiney Plastic Packing  

Pipette tips 2 µL, 200 μL, 1000 μL  Sarstedt  

Pipette tips sterile 100 μL, 300 µL, 1250 µL Greiner Bio-One 

SuperSpin™ Microcentrifuge Tubes, 
polypropylene (1.5 mL, max. rcf 35 k) 

VWR 

Tubes 13 mL, 100x16 mm, PP Sarstedt  

Tubes 15 mL, 120x17 mm, PP Sarstedt 

Tubes 50 mL, 114x28 mm, PP Sarstedt 

ZelluTrans/Roth Mini Dialyzer MD100 MwCO 
6,000–8,000 g∙mol-1  

Carl-Roth GmbH 
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5.1.4 Cell Lines  

HeLa Cells 

An adherent epitheloid cervix carcinoma cell line. Cells were a kind gift from the group of 

Prof. Dr. Bernd Epe (Institute of Pharmacy and Biochemistry, Johannes Gutenberg-

University, Mainz). 

 

K562 cells  

A non-adherent human immortalized myelogenous leukemia cell line. Cells were a kind 

gift from the group of PD Dr. rer. physiol. Udo F. Hartwig (Department of Internal Medicine 

III, Hematology, Oncology and Pneumology, University Medical Center of the Johannes 

Gutenberg-University, Mainz). 
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5.2 Equipment 

Absorption and Fluorescence Measurements 

Equipment:  Infinite® M200 Pro Plate Reader, Tecan Group Ltd., Switzerland. Analysis 

was carried out using i-control 1.7 software and Microsoft Excel or Origen 

7.5 V5. 

Absorption measurements were performed with clear 96-well microplates (flat bottom). 

Fluorescence measurements were performed with black 96-well microplates (flat 

bottom). 

 

Bath-Sonicator 

Equipment:  Sonorex Super RK 102 H, Bandelin electronic. 

Samples were sonicated until complete dissolving could be observed. Nanoparticles were 

suspended until no aggregates were detectable. 

 

Biological Safety Cabinet 

All cell culture experiments were performed in a sterile environment using a biological 

safety cabinet from Herasafe™, Kendro Laboratory Products, Langenselbold, Germany. 

 

Centrifuges 

Equipment:  Heraeus™ Multifuge™ X3R, Thermo Scientific. 

Heraeus™ Megafuge™ 8 R, Thermo Scientific 

BECKMAN Type Avanti™ J-25 

 

Dialysis 

Equipment:  Spectra/Por® 6, regenerated cellulose, MWCO 1,000 g∙mol-1, Carl Roth 

GmbH. 

ZelluTrans Roth, regenerated cellulose, MWCO 3,500 g∙mol-1, Carl Roth 

GmbH. 

Dialysis membranes were inserted in d-H2O for 15 min and rinsed with water before 

loading with the samples. Dialysis was performed against d-H2O pH 8 in a beaker glass 

under constant stirring. Water was changed 6-times in 24 hours.  
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Incubator 

Equipment:  Heraeus® BB15 FUNCTION Line, Thermo Scientific. 

Cell incubations were performed in a humidified incubator at 37 °C with 5% CO2 

atmosphere. 

 

Inert Gas 

Equipment:  Argon gas bomb in 99.998% purity N46, Air Liquide Deutschland GmbH. 

Argon was used as inert gas to flood flasks and reaction containers. Balloons were 

attached to the reaction flasks to prevent the contact of reagents with air. 

 

Lyophilizer 

Equipment:  ALPHA 1-4 LSC, Martin Christ Gefriertrocknungsanlagen GmbH. 

Samples were dissolved or suspended in water, frozen in liquid nitrogen and then stored 

in the lyophilizer for freeze-drying. Before lyophilization of nanoparticles, 30 µL 

0.3% PVA in dd-H2O were added as a standard cryoprotectant. 

 

HPLC/MS 

Equipment: HP Agilent 1100 with Proshell 120 EC-C18-column 

 

Fluorescence Microscopy 

Equipment: Leica TCS SP5 Microscope 

 

Nuclear Magnetic Resonance (NMR) 

Equipment:  Bruker Topspin Fourier 300 MHz. 

For standard analytical purpose 1H-NMR spectra were recorded at 300 MHz. The 

experiments were performed at room temperature using CDCl3 and D2O as solvents. The 

chemical shifts were reported in ppm against the solvent signal of TMS. For the 

description of the signals the following abbreviations were used: s = singlet, d = doublet, 

t = triplet, q = quartet, m = multiplet, br = broad signal. Integrals were calculated by using 

MestReNova Software. Assignments were carried out according to literature. Peaks 

resulting from solvent residues were determined by literature.[372] 

The degree of acetalation of the modified polysaccharide and the amphiphilic block 

copolymers was determined by 1H-NMR. Therefore, approx. 10 mg of modified 
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polysaccharide was dissolved under vortexing in 550 µL D2O by adding three drops of DCl. 

Integration of the signals of nascent Acetone and Methanol compared to the signal of all 

AGU protons allowed the determination of the ratio of cyclic to acyclic acetals  

Theoretical molecular weight calculation of acetalized dextrans. The average g·mol-1 of 

AcDex (Mn,NMR) was calculated by 1H-NMR using equation: 

 

n AGU 
 �202.22 g 
 mol-� %
100 cyclic � 234.26 g 
 mol-� %

100 acyclic

� 162.12 g 
 mol-� %
100 no acetals& g 
 mol-�

=  M(,*+, g 
 mol-� 

eq. 4 

 

Particle Sonicator 

Equipment:  Bandelin Ultrasonic Homogenisator Sonoplus UW 70 (v220-240w), 

microtip MS 73 SH70G Stufenhorn 20 kHz, BANDELIN electronic GmbH & 

CO. KG, Berlin, Germany. 

Sonication of all nanoparticle samples was carried out while cooling the samples on an ice 

bath (Settings: power 75%, cycle 70% MS 72/D). 

 

pH Measurement 

Equipment:  SevenCompact™ pH/Ion S220 with a InLab® Micro special electrode, 

Mettler Toledo, Mettler-Toledo Ltd., Beaumont Leys, Leicester, United 

Kingdom. 

The pH-meter was calibrated with commercially available buffer standards (pH 4.00, 

pH 7.00, and pH 11.00). 

 

Scales 

Equipment:  Mettler Toledo Excellence Plus. 

Sartorius™ M-Prove™ Scales AY303, Sartorius, Göttingen, Germany. 

Samples below 200 mg were weighed on the fine balance from Mettler. For samples above 

200 mg, the standard laboratory balance from Sartorius was used. 

 

 



Experimental Part  101 

SDS Gel Electrophoresis 

Equipment:  Mini Vertical Electrophoresis Unit Hoefer SE260, Hoefer Inc., Holliston, 

Massachusetts, USA. 

 

Syringe Pump 

Equipment:  World Precision Instruments, Sarasota, Florida, Model No. AL-4000 

Protein-polymer conjugations were carried out using a syringe pump to ensure the slow 

and defined addition of one solution to another. The rate was set on 0.025 mL per h with 

a syringe diameter of 9 mm. 

 

Particle Size Measurements 

Equipment:  Malvern Zetasizer Nano ZS, Malvern Instruments GmbH, Herrenberg, 

Germany. 

NanoSight LM 10 microscope, Malvern Instruments GmbH, Herrenberg, 

Germany. 

 

Sample Incubation 

Equipment:  Thermomixer pro, CellMedia, Elsteraue, Germany 

 

Solvents 

All solvents were either bought dry or dried before use. Methanol (Sigma-Aldrich) was 

purified before use by distillation with a rotary evaporator. 

 

Water 

Equipment:  Direct-Q® 5 UV Remote Water Purification System, Merck Millipore, 

Germany. 

Water (dd-H2O) for buffers and particle washing steps was purified by a Direct-Q® 5 UV 

Remote Water Purification System. Water (dd-H2O) used for the particle treatment was 

adjusted to pH 8 with triethylamine (TEA, Carl Roth, Germany, approx. 0.0015% (V/V)). 

 

Zeta Potential 

Equipment:  Malvern Zetasizer Nano ZS, Malvern Instruments GmbH, Herrenberg, 

Germany. 
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5.3 SpAcDex Nanoparticles 

5.3.1 Synthesis of Spermine-Functionalized Acetalated Dextran 

The Synthesis of spermine-functionalized acetalated dextran was described before by 

Cohen et al..[88] The first step is the partial oxidation of dextran followed by an acetalation 

and functionalization with spermine.  

 

Partial Oxidation of Dextran (OxDex) 

 

Sodium periodate (M = 213.89 g·mol-1, 0.48 g, 2.25·10-3 mol, 0.2 eq) was added to a 

solution of dextran (M = 9–11 kDa, 2 g, 12.34·10-3 mol) in dd-H2O (8 mL) and stirred for 

5 h at room temperature. The resulting yellowish solution was dialyzed against dd-H2O 

for 96 h using a regenerated cellulose membrane with MWCO of 3,500 g·mol-1. After 

lyophilization overnight a colorless powder was obtained. 

 

Yield: 1.6 g (80%) 

Aldehyde content: 10.3 ± 0.01 mol aldehyde pro 100 mol AGU 
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Acetalation of Partially Oxidized Dextran (OxAcDex) 

 

 

Partially oxidized dextran (1 g, 6.17·10-3 mol) was dissolved in DMSO (12.5 mL) at room 

temperature. 2-methoxypropene (M = 72.11 g·mol-1, 2.6 g, 3.6·10-2 mol) was added slowly 

after addition of pyridinium p-toluenesulfonate (M = 251.30 g·mol-1, 22 mg, 8.8·10-5 mol). 

After 10 min the acetalation was quenched with the help of triethylamine (1 mL) The 

resulting reaction mixture was precipated in dd-H2O pH 8 (100 mL) and isolated by 

centrifugation (12,000 g, 20 min, 4 °C). The product was further 5 times washed with 

dd-H2O pH 8 and lyophilized overnight. The OxAcDex was obtained as a colorless powder. 

The degree of substitution (DS) of the Ox-AcDex was determined by 1H-NMR spectroscopy 

in D2O/DCl.[128] The acidic environment led to the deacetalation of Ox-AcDex back to Ox-

Dex as well as methanol and acetone as by-products. Cyclic acetals disintegrate in acetone, 

whereas acyclic acetals break down in acetone and methanol. The resulting 1H-NMR peaks 

were integrated and the following formulas were used to calculate the DS (Figure 55). 

 

 DS./.01. = 2 1 H MeOH 4 2 1 H Polysaccharide Backbone eq. 5 

 

DS;./.01. = <�2 1 H Acetone = 2 1 H MeOH& > 2?

4 2 1 H Polysaccharide Backbone 

eq. 6 

 

Total DS = ADS./.01. � DS;./.01.B
4 Number Hydroxyl Groups per AGU 

eq. 7 

 

Yield: 0.77 g (64%) 

Acetal content: acyclic content: 27.27% cyclic content: 46.46% total content: 73.73% 
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Modification of OxAcDex with Spermine (SpAcDex) 

 

OxAcDex (770 mg) was dissolved in DMSO (3.8 mL) and spermine (M = 202.34 g·mol-1, 

770 mg, 3.8·10-3 mol) was added under Ar-atmosphere. The reaction mixture was stirred 

for 20 h at 40 °C. Sodium borohydride (37.83 g·mol-1, 384 mg, 1·10-2 mol) was added and 

the reaction was stirred for additional 22 h at 50 °C. The resulting product was precipated 

in dd-H2O pH 8 and the pellet isolated by centrifugation (12,000 g, 20 min, 4 °C) and 

washed 5 times with dd-H2O pH 8 (20 mL) (12,000 g, 20 min, 4 °C). The colorless SpAcDex 

powder was obtained after lyophilization. 

 

Yield: 810 mg (95%) 

The degree of functionalization was determined by elementary analysis (C = 52,2%, H = 

8,07%, N = 1,25%). Resulting in 3.62 mol spermine per 100 mol AGU  

 

 

5.3.2 Preparation of SpAcDex Nanoparticles  

Preparation of Empty SpAcDex Nanoparticles by Single Emulsion 

SpAcDex nanoparticles were prepared by a single emulsion method using a probe 

sonicator. 10 mg SpAcDex were dissolved in 400 µL dichloromethane (DCM) and 2 mL 

polyvinyl alcohol (PVA) solution (3% w/w in PBS, 13–27 kDa, 87–89% party hydrolyzed) 

was added and an oil-in-water emulsion was performed by sonication for 30 s. The 

resulting emulsion was stirred overnight to remove all DCM by evaporation. SpAcDex NP 

were purified by ultracentrifugation (45,000 g, 20 min, 20 °C) and washed twice with dd-

H2O (pH 8). Before lyophilization 100 µL PVA solution (0.3% w/w in dd-H2O pH 8) was 

added as cryoprotectant. The particle yield was about 65%, based on the initial SpAcDex 

material. 
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Encapsulation of Etoposide 

1 mg etoposide was added next to 10 mg SpAcDex to the 400 µL DCM before the first 

sonification step of the single emulsion of the particle preparation. 

 

Preparation of Empty SpAcDex Nanoparticles by Double Emulsion 

As previously described SpAcDex nanoparticles were prepared by a double emulsion 

method using a probe sonicator. 10 mg SpAcDex were dissolved in 800 µL 

dichloromethane (DCM) and 100 µL PBS buffer was added for the first sonication step of 

10 s. Then 4 mL PVA solution (3% w/w in PBS) was added and the secondary water-in-

oil-in-water emulsion was performed by sonication for 30 s. The resulting emulsion was 

stirred overnight to remove all DCM by evaporation. SpAcDex NP were purified by 

ultracentrifugation (45,000 g, 20 min, 20 °C) and washed twice with dd-H2O (pH 8). 

Before lyophilization 100 µL PVA solution (0.3% w/w in dd-H2O pH 8) was added as 

cryoprotectant. The particle yield was about 65%, based on the initial SpAcDex material. 

 

Encapsulation of Oregon Green 488 Dextran and CF750 Dextran 

50 µg Oregon Green 488 dextran or a mixture of 50 µg Oregon Green 488 dextran and 

150 µg CF750 dextran were added to the 100 µL PBS buffer before the first sonification 

step of the double emulsion particle preparation. 

 

Encapsulation of L-Asparaginase 

100 µg L-asparaginase was added to the 100 µL PBS buffer before the first sonification 

step of the double emulsion of the particle preparation. Particles with fluorescent-labeled 

L-asparaginase were prepared the same way. 

 

L-Asparaginase labeling with Sulfo-Cyanin 5-NHS-Ester 

The fluorescent-labeling was performed with a mixture of 1 mg L-asparaginase and 

3.15 · 10-8 mol Sulfo-Cyanin 5-NHS Ester in PBS buffer pH 7.4 for 2 h at RT. The non-

reacted fluorescent dye was removed by NAP25-column purification.  

 

Dual Encapsulation of L-Asparaginase and Etoposide by Double Emulsion 

Dual-loaded SpAcDex nanoparticles were prepared by a double emulsion method using a 

probe sonicator. 10 mg SpAcDex were dissolved in 800 µL dichloromethane (DCM) with 
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1 mg etoposide and 100 µL PBS containing 100 µg L-asparaginase was added for the first 

sonication step of 10 s. Then 4 mL PVA solution (3% w/w in PBS) was added and the 

secondary water-in-oil-in-water emulsion was performed by sonication for 30 s. The 

resulting double emulsion was stirred overnight to remove all DCM by evaporation. 

SpAcDex NP were purified by ultracentrifugation (45,000 g, 20 min, 20 °C) and washed 

twice with dd-H2O (pH 8). Before lyophilization 50 µL PVA solution (0.3% w/w in dd-H2O 

pH 8) was added as cryoprotectant. The particle yield was about 65%, based on the initial 

SpAcDex material. Particles with fluorescent-labeled L-asparaginase were prepared the 

same way. 

 

Preparation of SpAcDex Nanoparticles labeled with Oregon Green 488 NHS 

Particles were suspended in PBS buffer pH 8 (2 mg∙mL-1) and 0.4 µL per mg particle 

Oregon Green® 488 NHS-ester in DMSO (10 mM) was added and stirred for 2 h at RT in 

the dark. Afterwards the unreacted dye was removed by Amicon® centrifugal filter 

(MWCO 30 kDa) (7,500 g, 10 min) and rinsing the pellet with dd-H2O at pH 8 (five times, 

2 mL each). Before lyophilization, 0.3% PVA was added as cryoprotectant and a yellow 

fluffy powder was obtained (approximately 90% of the initial weight). 

 

Quantification of Conjugated Oregon Green 488 on SpAcDex Particle Surface 

Oregon Green® 488-SpAcDex particles were dissolved in DMSO (1 mg∙mL-1) 100 µL 

particle solution were transferred in triplets to a black 96-well microtiter plate. A 

standard curve was prepared with the Oregon Green dye diluted in DMSO in a 

concentration from 31.25 to 1000 pmol∙mL-1. Each standard was transferred in triplets 

(100 µL) to the microplate and the fluorescence of Oregon Green 488 was detected with 

a Tecan microplate reader (λex. 488 nm, λ em. 514 nm). 

 

5.3.3 Particle Characterization 

Nanoparticle Tracking Analysis 

The size of SpAcDex particles was determined by nanoparticle tracking analysis (NTA) 

with a NanoSight LM 10 microscope equipped with a green laser (532 nm) and a sCMOS 

camera. All NP samples were measured after sonication with videos of 30 s at 25 °C in 

triplets. The size calculation was performed with NTA software version 3.1 build 3.1.54 
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(software settings: Capture: screen gain: 1.0, camera level: 9; Process: screen gain 1.0, 

detection threshold 5). 

 

Dynamic Light Scattering  

Dynamic Light Scattering (DLS) was performed with nanoparticle samples suspended in 

PBS (filtered 0.22 µm) with a concentration of about 20 µg∙mL-1 and sonicated for 

20 seconds before measurements. Samples were prepared in polystyrene micro cuvettes 

(Brand) using 110 µL of freshly prepared particle solution. Generally, after equilibration 

to 20 °C, three measurements each consisting of 12 runs were performed. The refractive 

index (RI) of the dispersant (preset: water) was set to 1.330 and the viscosity to 

1.0031 cP, respectively. The RI of the particle was set to 1.590. Both attenuator and 

measurement position were controlled by the instrument and Mark-Houwink parameters 

and all measurements were performed at a scattering angle of 173° (backscatter, NIBS 

default). 

 

Zeta Potential 

Zeta potential (particle charge) was measured with a Malvern Zetasizer Nano ZS 

instrument using a clear disposable zeta cell. Three measurements with 20 individual 

runs were performed at 25 °C. Particle samples were prepared at concentrations of 

0.1 mg∙mL-1 in HEPES buffer (25 mM, pH 7.4). The refractive index (RI) of the dispersant 

(preset: water) was adjusted to 1.330 and the viscosity to 0.8872 cP with a dielectric 

constant of 78.5. The RI of the particle material dextran was set to 1.590. The resulting 

data was analyzed using the model of Smoluchowski and the Malvern Zetasizer software 

6.20. 

 

5.3.4 Determination of Encapsulation 

Quantification of Encapsulated Oregon Green 488 Dextran and CF750 Dextran. 

The Oregon Green-labeled SpAcDex particles (5 mg∙mL-1) were dissolved in 0.1 M acetate 

buffer (pH 5) for 24 h under stirring. To analyze the content of encapsulated Oregon 

Green® 488 dextran, 10 µL of NP suspension was added to 90 µL PBS buffer pH 8 and 

measured by fluorescence spectroscopy in triplets using a Tecan Infinite M200 Pro 

microplate reader (λex. 496 nm, λem. 524 nm). The concentration was calculated using a 
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calibration curve in the range of 0.031 µg∙mL-1 to 2 µg∙mL-1 (Figure 65). Analogical the 

quantification with CF750 Dextran was performed with a calibration curve in the range 

of 0.093 µg∙mL-1 to 6 µg∙mL-1 (λex. 750 nm, λem. 780 nm) (Figure 66). 

 

Quantification of Active Encapsulated L-Asparaginase  

For the quantification of enzymatical active entrapped L-asparaginase SpAcDex(Asp) NPs, 

SpAcDex(Asp+Eto) NPs and empty SpAcDex NPs were incubated in NaOAc buffer at pH 5 

for 48 h in a concentration of 2 mg∙mL-1. 100 µL dissolved particle suspension or 100 µL 

asparaginase standard solution were added to 500 µL 0.1 M TRIS pH 8.6 and 

250 µL 0.01 M L-asparagine in 0.1 M TRIS pH 8.6. The asparaginase reaction was carried 

out for 30 min at 37 °C and then quenched with 250 µL 15% TCA. After addition of 250 µL 

Nessler’s reagent and incubation for 10 min the number of produced ammonium-ions was 

quantified by absorption at a wavelength of λ = 425 nm. The calculation of the L-

asparaginase activity was performed with an asparaginase standard in a concentration 

range from 0.03125–3 µg∙mL-1 combined with Asp-loaded particles in contrast to empty 

particles (Figure 64). 

For quantification of the released encapsulated L-asparaginase the test was performed 

analogous after different incubation times (0 h, 1 h, 2 h, 4 h, 6 h, 8 h, 24 h) in NaOAc buffer 

at pH 5 (2 mg∙mL-1) or PBS buffer pH 7.4 (2 mg∙mL-1) and 37 °C.  

 

BCA Assay for Quantification of the Encapsulated L-Asparaginase  

BCA assay for the L-asparaginase quantification was carried out analogous to Roti® Quant 

instructions for microtiter-plates by Carl Roth®. For this a standard curve with 

asparaginase from 1.25 µg∙mL-1 to 40 µg∙mL-1 in 0.1 M NaOAc buffer at pH 5 was 

performed (Figure 63). SpAcDex(Asp) and SpAcDex(Asp+Eto) particles were dissolved 

in the same buffer for 48 h in a concentration of 2 mg∙mL-1. 50 µL of standard/sample was 

added as a triplet to 100 µL BCA-solution in a 96-Well transparent plate. After 10 min 

incubation time the protein content quantified at a wavelength of λ = 595 nm. The 

calculation was performed with SpAcDex(Asp) and SpAcDex(Asp+Eto) in contrast to 

empty SpAcDex particles.  
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Quantification of Encapsulated Etoposide 

For the quantification of encapsulated etoposide, the particles were dissolved in DMSO at 

a concentration of 0.5 mg∙mL-1. Afterwards the analyses were made with an HPLC-Agilent 

1100 instrument at λ = 254 nm equipped with a C18 column. The solvent system consisted 

of acetonitrile:water 65:35 v/v, an injection volume of 5 µL and a flow rate of 

0.6 mL∙min-1. Etoposide was detected at a retention time of 3.6 min.  

For the quantification a standard was used in a range from 1.56–100 µg∙mL-1 and the 

encapsulation was calculated with Microsoft Excel (Figure 62). 

The release of encapsulated etoposide was performed with particles in 0.1 M NaOAc buffer 

at pH 5 or PBS buffer pH 7.4 at a concentration of 0.5 mg∙mL-1. The content of etoposide 

was quantified like the payload by the same HPLC-method but after different incubation 

times (0 h, 1 h, 2 h, 4 h, 6 h, 8 h) at 37 °C.  

 

5.3.5 PEGylation of SpAcDex NPs 

PEGylation of SpAcDex Nanoparticles with NHS-PEG-Mal  

 

NP were resuspended in PBS (pH 7.4) at a concentration of 2 mg∙mL-1 and 

α-maleinimidohexanoic-ω-NHS PEG (NHS-PEG-Mal, 5 kDa, dissolved in PBS 

(50 mg∙mL-1)) was added. The required amount of conjugation reagent was, as previously 

described, estimated based on average results shown by fluorescamine assays.[355] The 

reaction mixture was incubated under stirring for 2 h at RT. Particles were purified by 

ultracentrifugation (45,000 g, 20 min, 20 °C) and rinsing the pellet with dd-H2O at pH 7 

(twice, 2 mL each). Before lyophilization, 0.3% PVA in dd-H2O at pH 7 was added as 

cryoprotectant and a colorless fluffy powder was obtained (approx. 75% of the initial 

weight). 
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5.3.6 Determination of PEGylation 

Quantification of Maleimide-PEG on Surface of SpAcDex particles by Ellman’s Assay 

The particles were suspended in PBS (10 mM EDTA, pH 7.4, 1 mg∙mL-1) with an excess of 

2-aminoethanethiol (750 nmol∙mg-1 NP). After 5 h reaction time the unreacted 

2-aminoethanthiol was quantified via Ellman`s assay to determine indirectly the amount 

of maleimide on the particle surface. For this, 30 µL DNTB (4 mg∙mL-1 in reaction buffer) 

was added to a standard row of 2-aminoethanethiol (0.3–1.65 mM in reaction buffer), 

blank and the NP suspension (100 µL). The solutions were incubated for 15 min under 

gentle agitation and the absorbance was read with a Tecan microplate reader at λ = 

412 nm after addition of 100 µL DMSO to all samples to dissolve the nanoparticles. All 

samples were prepared and measured in triplets (Figure 68). 

Fluorescence Assay for Maleimide-PEG Quantification with Fmoc-L-Cysteine 

Alternatively, the degree of PEGylation was determined by using a fluorescence method 

(using Fmoc-L-cysteine) for the detection of the maleimides on the particle surface of the 

PEGylated NPs. For this, Mal-PEG-Sp-Ac-Dex NPs were suspended in PBS (1 mM EDTA 

pH 7.4, 1 mg∙mL-1) and Fmoc-L-Cys-OH*H2O (5x molar excess, 750 nmol∙mg-1) was added. 

After 5 h reaction time the particles were purified by ultracentrifugation (45,000 g, 

20 min, 20 °C) and rinsing the pellet with dd-H2O pH 8 (4-times, 2 mL). Before 

lyophilization, 0.3% PVA was added as cryoprotectant and after freeze-drying a white 

fluffy powder was obtained (yield: approx. 85% from initial weight). 

For the determination of Fmoc-L-Cys molecules, nanoparticles were dissolved in DMSO at 

concentrations of 1 mg∙mL-1. Pure Fmoc-L -Cys-OH dissolved in DMSO was used in a 

standard curve with concentrations ranging from of 6.25–100 nmol∙mL-1 (Figure 67). 

Each standard and sample (100 µL) was added in triplets to a black, flat bottom 96-well 

microplate and the fluorescence was read with a Tecan microplate reader (λex. 265 nm, 

λem. 315 nm). The amount of Fmoc-L-Cys on the particle surface was calculated in 

Microsoft Excel.  

 

Surface Density of Maleimide-PEG on Surface  

SpAcDex particles with an average diameter of 180 nm have a surface area of 

101,787 nm2. In the case of 29,286 PEG chains (5 kDa) on the particle surface (determined 

by Ellman´s excess assay, Fmoc-Cys determination); one PEG chain is grafted per 3.5 nm2 

for 5 kDa PEG. Hence the distance between two PEG chains is approx. 2.1 nm. From this 
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distance, the conformation of the polymer on the surface of the particle surface can be 

estimated. The minimal distance required between grafted polymers on a surface to form 

a mushroom conformation is defined as the Flory radius (R). Polymers with less space 

than R have lower conformational freedom and a brush conformation is obtained. The 

following equation 8 is used to calculate R with the polymer chain length (n), monomer 

length (α) and solvent type (ν): 

 F = GHI eq. 8 

 

For a 5 kDa PEG chain in water this results in R = 6 nm (α = 0.35 nm, n = 114, ν = 3/5). The 

distance between the chains is therefore smaller than the Flory radius. Accordingly, it can 

be concluded that a brush like structure of the PEG chains is present. 

5.3.7 Antibody Conjugation on PEGylated SpAcDex NPs 

Modification of DEC205 Antibody with SATA 

 

The modification with N-Succinimidyl-S-acethylthioacetate (SATA) was carried out 

according to manufacturer’s protocol. Briefly, 5 µL SATA (dissolved in DMSO, 55 mM) was 

added to a 35 µM antibody solution (in PBS, pH 7.4) and incubated at room temperature 

for 30 min. Afterwards, SATA-modified antibodies were washed and purified with PBS 

(pH 7.4) via Vivaspin® 15R filter (6,000 g, 12.5 mL, 25 min). Deacetylation of the SATA-

modified antibody was accomplished with a deacetylation solution containing 0.5 M 

hydroxylamine and 25 mM EDTA within a reaction time of 2 h at room temperature. The 

purification afterwards was carried out via Vivaspin® 15R filter (MWCO 30 kDa) with 

10 mM EDTA in PBS (pH 7.4, 6,000 g, 12.5 mL, 25 min).  
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Conjugation of SATA-modified Antibody to Mal-PEG-SpAcDex Nanoparticles 

 

The conjugation between thiol-modified anti-DEC205 mAb and Mal-PEG-SpAcDex NP was 

performed by mixing 4 mg particles with 3.675 mg antibody in a total volume of 1 mL PBS 

(pH 7.4) for 2 h at RT. Then 50 mM L-cysteine was added to get rid of non-reacted 

maleimide. As a control, Mal-PEG-SpAcDex NPs were incubated only with L-cysteine for 

16 h without any further addition of antibodies. Particles were purified by centrifugation 

(30,000 g, 20 min, 20 °C) and washed twice with dd-H2O pH 8. Before lyophilization 40 µL 

PVA solution (0.3% w/w in dd-H2O pH 8) was added as cryoprotectant.  

 

5.3.8 Determination of Antibody-functionalization of SpAcDex NPs 

Ellman’s Assay for Quantification of SATA-Modification on Antibody 

Ellman’s reagent (5,5’-dithio-bis-(2-nitrobenzoic acid), DTNB) was used to determine the 

amount of introduced and deprotected sulfhydryl groups of the SATA-modified antibody. 

The reaction of DTNB with the sulfhydryl groups of the sample leads to the yellow by-

product TNB2– (2-nitro-5-thiobenzoic acid) with an absorbance maximum at 412 nm. 

SATA-modified and unmodified antibody, as negative control, were dissolved in PBS 

buffer (7.35 mg∙mL-1) for further analysis. DTNB was dissolved in sodium phosphate 

buffer (0.1 M, pH 8 containing 1 mM EDTA) and 4 µL of Ellman`s reagent solution has been 

added to a mixture of 200 µL reaction buffer and 25 µL sample/standard in a 96-well 

microplate. N-acetyl-L-cysteine was prepared in a concentration of 31.25 µM to 1 mM and 

used as standard (Figure 69). After incubation for 15 min the absorbance of all samples 
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and standards were measured with a Tecan pro 200M microplate reader at a wavelength 

of λ = 412 nm to determine the amount of thiol groups. 

 

Bradford Assay for Quantification of the Attached Antibody  

Bradford assay for the antibody quantification was carried out analogous to Roti®-Quant 

instructions for microtiter-plates by Carl Roth®. For this a standard curve with anti-

DEC205 from 10 µg∙mL-1 to 100 µg∙mL-1 in NaOAc buffer at pH 5 was performed (Figure 

70). Mal-PEG-SpAcDex and anti-DEC205-PEG-SpAcDex particles were dissolved in the 

same buffer overnight in a concentration of 2 mg∙mL-1. 50 µL of standard or sample was 

added as a triplet to 200 µL Bradford solution (5.5 parts buffer to 2 parts conc. dye) in a 

96-Well transparent plate. After 10 min incubation time the protein content was 

quantified at a wavelength of λ = 495 nm with a Tecan plate reader. The calculation was 

performed with Microsoft Excel with anti-DEC205-PEG-SpAcDex in contrast to Mal-PEG-

SpAcDex particles. 

 

Estimation of the Average Number of Antibodies per Nanoparticle  

Assuming that the SpAcDex NPs have a density like PLGA NPs (1.34 g·cm-3) 

 mNP = ρ∙V = 1.34 g
cm3 ∙4.99∙10-15cm3=6.68∙10-15g eq. 9 

 Amount of NPs in 1 mg sample: = 
0.001 g

6.68∙10-15g  = 1.496∙1011NPs per mg eq. 10 

 
Antibody (Bradford) 2.7 

µg
mg  ; n=

2.7 µg
160,000 g

mol
 eq. 11 

 Antibody are 1.69∙10-11mol∙Avogadro constant = 1.01∙1013
 eq. 12 

 Amount of antibody per particle are: 
1.01∙1013

1.496∙1011  = 67.9 eq. 13 

Analogous for ELISA 

Antibody (ELISA): 0.23 
µQ
RQ 

Amount of antibody per particle are: 5.78 
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5.3.9 Cell Culture 

K562 cells were grown in preheated Roswell Park Memorial Institute medium (RPMI L-

Glutamine) supplemented with 10% (V/V) fetal calf serum (FCS), 1% pyruvate, and 1% 

penicillin-streptomycin. Cell incubations were performed in a humidified incubator at 

37 °C with 5% CO2 atmosphere. 

 

Determination of Cell Viability by MTT Assay with K562 Cells 

The cytotoxic effects of the SpAcDex(Asp) NP SpAcDex(Eto) NP and the 

SpAcDex(Asp+Eto) NPs were evaluated by MTT assay using non adherent human 

myelogenous leukemia K562 cells. Cells were precultured in RPMI and seeded at a 

concentration of 15,000 cells per well in a 96 well-plate and a volume of 50 µL. The 

nanoparticle samples were prepared with RPMI in a concentration range from 

62.5 µg∙mL-1 to 2 mg∙mL-1. 50 µL of the sample solutions as well as RPMI as blank 

solutions were added to each well. All measurements were carried out in triplets. After 

48 h incubation at 37 °C 50 µL MTT solution (5 mg∙mL-1 in RPMI) was added to each well 

and incubated at 37 °C for 2 h.  

A mixture of 89 µL DMSO and 11 µL glycine buffer (0.1 M glycine, 0.1 M NaCl, pH 10.5) was 

added to each well and shaken for 30 min. The absorbance of the formazan was 

determined at a wavelength of λ = 595 nm and a reference wavelength of λ = 670 nm using 

a Tecan Infinite 200 PRO microplate reader. Cell viability (%) was calculated relative to 

the control wells that contained the cell culture medium without samples. 

 

Confocal Microscopy  

K562 cells were incubated with 62.5 µg∙mL-1 Oregon Green 488-SpAcDex(Asp-Cy5) NP 

and Oregon Green 488-SpAcDex(Asp-Cy5+Eto) particles in a 12-well plate (350,000 cells 

per well). After 4 h, the cells were plated on Poly-L-lysin (0.1 mg∙mL-1 MW > 300,000) 

coated cover slips in 12-well plates for 20 h. Afterwards the cells were washed 3 times 

with PBS and fixed with Roti®-Histofix. After 30 min incubation time at 4 °C fixed cells 

were incubated with DAPI solution (1 µg∙mL-1) in PBS for 30 min and washed 3 times with 

fresh PBS. The cover slips were put on mounting medium on object slides and analyzed 

with a Leica TCS SP5 Microscope. The image analysis was performed with Fiji software. 
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5.4 HRP-AcDex Nanoparticles 

5.4.1 Synthesis of Thiol-functionalized Acetalated Dextran 

The Synthesis of thiol-functionalized acetalated dextran was described before by 

Breitenbach et al..[279] The first step is the thiol modification of dextran followed by a thiol 

activation with 2,2'-Dipyridyl disulfide and acetalation of the dextran.  

 

Thiol End-Functionalized Dextran (Dex-SH) 

 

Dextran 5 kDa (200 mg, 0.04 mmol, 1 eq) was dissolved in 1.6 mL of B(OH)3 buffer (0.1 ᴍ, 

pH 8.5) in a sealed microwave vial. 4-Aminothiophenol (50.2 mg, 0.4 mmol, 10 eq) in 

1.6 mL MeOH and NaCNBH3 (30.2 mg, 0,48 mmol, 12 eq) were added under stirring. The 

reductive amination in the microwave was performed for 4 h at 50 °C with maximum 

microwave power set to 100 W. The product was precipitated in a 10-fold excess of MeOH, 

centrifuged down (12,000 g, 20 min, 4 °C) and washed 2 times with MeOH. The resulting 

pellet was dissolved in 2 mL dd-H2O and adding of TCEP (22.9 mg, 0.08 mmol, 2 eq) 

induced a change of the solution color from yellow to colorless. The solution was left to 

stir overnight, precipitated in MeOH and centrifuged (12,000 g, 20 min, 4 °C). After 

washing with MeOH for additional 2 times, the pellet was dissolved in dd-H2O and freeze-

dried. The purified product was obtained as a colorless powder.  

 

Yield: 155 mg (78%)  

1H-NMR (300 MHz, D2O): δ = 7.27 (d, 2 H), 6.79 (d, 2 H), 5.37–4.87 (m, 30 H), 4.07–3.35 

(m, AGU).  
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Thiol-Activated Dextran (Dex-S-S-Py) 

 

Dex-SH (137 mg, 0.03 mmol, 1 eq) was dissolved in DMSO (additional 3% dd-H2O) and 

mixed with 2,2'-dipyridyl disulfide (14.0 mg, 0.05 mmol, 2 eq) in DMSO. The final volume 

of DMSO was 10.6 mL, whereas Dex-SH was dissolved in the greater amount of about 

9 mL. The solution was allowed to stir overnight. The crude product was precipitated in a 

10-fold excess of MeOH and centrifuged (15,000 g, 20 min, 4 °C). After washing with 

MeOH for two times, the resulting yellowish pellet was dissolved in 3 mL dd-H2O and 

dialyzed against d-H2O (MWCO 1 kDa) for 24 h. After freeze drying, the purified product 

was obtained as a yellowish powder. 

 

Yield: 89 mg (65%)  

1H-NMR (300 MHz, D2O): δ = 8.41 (1 H), 7.85 (2 H), 7.45 (2 H), 7.33 (1 H), 6.73 (2 H), 

5.39–4.89 (m, 30 H), 4.09–3.33 (m, AGU).  

 

Acetalated Thiol-Activated Dextran (AcDex-S-S-Py) 

 

The acetalization was carried out after a protocol by the Fréchet group as follows: A sealed 

vial was charged with Dex-S-S-Py (86 mg, 0.02 mmol, 1 eq) in anhydrous DMSO (1.75 mL) 

and mixed with PPTS (2.8 mg, 0.01 mmol, 0.64 eq) under an argon atmosphere. Then, 

0.75 mL of 2-methoxypropene (6.5 mmol, 380 eq) were added dropwise and the solution 

was stirred for 60 min. The reaction was quenched by adding 0.18 mL of TEA, and the 

product was precipitated in dd-H2O (pH 8). The product was isolated by centrifugation 

(15,000 g, 20 min, 20 °C) after 3 washing steps. The pellet was lyophilized, and the 

product was obtained as a fluffy colorless powder. 
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Yield: 99 mg (91%) 

1H-NMR (300 MHz, D2O): δ = 3.88–3.23 (m, AGU), 3.12 (s, MeOH), 2.00 (s, acetone).  

Acetal content: determined by 1H-NMR 300 MHz, D2O/DCl): total acetals 83%, 31% 

acyclic acetals, 52% cyclic acetals. 

 

5.4.2 HRP Modification 

SATP Modification of HRP 

 

Thiol modified HRP were prepared according to the procedure described by the 

distributor (Thermo Scientific) as follows: HRP was dissolved in 1 mL PBS buffer and 

combined with 10 µL of a freshly prepared SATP solution (55 µM in DMSO). The combined 

components were incubated for 1 h and centrifuged 5 times with PBS at 7,500 g, for 

10 min at 4 °C with a centrifugal filter unit (MWCO 10 kDa). To deprotect the thiol groups 

the protein was dissolved in 1 mL PBS buffer and mixed with 100 µL deacetylation 

solution (87 mg NH2OH·HCl, 18.3 mg Na2EDTA, 2 mL PBS buffer, 0.5 mL dd-H2O). After 

2 hours of incubation at room temperature and 4 centrifugation runs using PBS buffer 

with 10 mᴍ EDTA, the protein was used for conjugation immediately. 

 

Cy5-Modification of HRP 

10 mg∙mL-1 HRP in phosphate buffer 0.1 M pH 7.4 was mixed with 0.19 mg Cy5-Sulfo NHS. 

The combined components were incubated for 1.5 h at rt in the dark and centrifuged with 

a centrifugal filter unit (MWCO 10 kDa) 8 times with dd-H2O (7,500 g, 15 min, 4 °C). After 

resuspending in dd-H2O the blue product was lyophilized (yield 60%). 

 

Quantification of Cy5 (Cy5-HRP) 

The Cy5-labeled HRP (1 mg∙mL-1) was dissolved in DMSO. To analyze the content of Cy5 

the fluorescence was measured in triplets using a Tecan Infinite M200 Pro microplate 
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reader (λex. 645 nm, λem. 675 nm). The concentration was calculated using a calibration 

curve in the range of 0.04 µg∙mL-1 to 5 µg∙mL-1 (Figure 76). 

 

Fluorescamine Assay 

For the quantification of the SATP-modification samples of modified protein were 

prepared in a concentration of 2 mg∙mL-1. 125 μL of PBS buffer were pipetted into each 

well of 96-black-well-microplate and 25 μL of standard native HRP (11–23 μᴍ) or sample 

solution were added in triplets (Figure 71). After addition of 50 μL of an ice-cold 

0.3 mg∙mL-1 fluorescamine solution (in acetone), the emission was immediately measured 

(λex. 380 nm, λem.. 460 nm).  

 

5.4.3 Preparation of HRP-AcDex Particles 

Conjugation of SATA-modified HRP with AcDex-S-S-Py 

 

Freshly deprotected SATP-modified HRP (5 mg) was dissolved in 2 mL 10 mM EDTA PBS 

buffer and AcDex-S-S-Py (4.2 mg) in DMSO (750 µL), respectively. For conjugation both 

solutions were mixed 0.025 mL∙h-1 slowly under stirring at room temperature using a 

syringe pump (protein to polymer conjugation). 
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For encapsulation of IAA (5 mg) or 5/6 FAM (5 mg) these substances were present in the 

DMSO-phase next to the AcDex-S-S-Py in the conjugation step. Afterwards the reaction 

mixture was dialyzed against dd-H2O pH 8 for 24 h. Following a centrifugation step 

(7,500 g, 10 min, 4 °C). The supernatant was lyophilized, and a light-brown powder was 

obtained 

Yield: 3.92 mg 

 

5.4.4 Particle Characterization 

Dynamic Light Scattering 

Dynamic Light Scattering (DLS) was performed with nanoparticle samples suspended in 

PBS (filtered 0.22 µm) with a concentration of about 100 µg∙mL-1. Samples were prepared 

in polystyrene micro cuvettes using 130 µL of freshly prepared particle solution. 

Generally, after equilibration to 20 °C, three measurements each consisting of 12 runs 

were performed. The refractive index (RI) of the dispersant (preset: water) was set to 

1.330 and the viscosity to 1.0031 cP, respectively. The RI of the particle was set to 1.590. 

Both attenuator and measurement position were controlled by the instrument and Mark-

Houwink parameters and all measurements were performed at a scattering angle of 173° 

(backscatter, NIBS default).  

 

Zeta Potential 

Zeta potential (particle charge) was measured with a Malvern Zetasizer Nano ZS 

instrument using a clear disposable zeta cell. Three measurements with 20 individual 

runs were performed at 25 °C. Particle samples were prepared at concentrations of 

0.1 mg∙mL-1 in HEPES buffer (25 mM, pH 7.4). The refractive index (RI) of the dispersant 

(preset: water) was adjusted to 1.330 and the viscosity to 0.8872 cP with a dielectric 

constant of 78.5. The RI of the particle material dextran was set to 1.590. The resulting 

data was analyzed using the model of Smoluchowski and the Malvern Zetasizer software 

6.20. 

 

BCA Assay for Quantification of the Protein Content in HRP-AcDex  

BCA assay for the quantification of HRP within HRP-AcDex was carried out analogous to 

Roti®-Quant instructions for microtiter-plates by Carl Roth®. For this a standard curve 
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with HRP from 0.06 mg∙mL-1 to 1 mg∙mL-1 in dd-H2O was performed (Figure 72). HRP-

AcDex particles were dissolved in the same solvent in a concentration of 0.4 mg∙mL-1. 

50 µL of standard/sample was added as a triplet to 100 µL BCA-solution in a 96-Well 

transparent plate. After 10 min incubation time the protein content quantified at a 

wavelength of λ = 492 nm. The quantification was analyzed with Microsoft Excel. 

 

Degradation Experiment of HRP-AcDex Particles 

A stock solution of freeze-dried particles was prepared with 20 mg∙mL-1 and diluted with 

either NaOAc buffer, DTT, PBS or DMEM solution to reach a concentration of 10 mg∙mL-1 

in NaOAc buffer (50 mM, pH 5), DTT (10 mM), PBS buffer or DMEM. The samples were 

placed in a micro cuvette and measured for 24 h by DLS. 

 

Quantification Cy5 Content of HRP-AcDex 

The Cy5-labeled HRP-AcDex (1 mg∙mL-1) was dissolved in DMSO. To analyze the content 

of Cy5 the fluorescence was measured in triplets using a Tecan Infinite M200 Pro 

microplate reader (λex. 645 nm, λem. 675 nm). The concentration was calculated using a 

calibration curve of Sulfo-Cy5-NHS in the range of 0.04 µg∙mL-1 to 5 µg∙mL-1 in DMSO 

(Figure 76).  

 

Quantification of Encapsulated IAA in HRP-AcDex(IAA) 

For the quantification of encapsulated IAA, the HRP-AcDex(IAA) particles were dissolved 

in DMSO at a concentration of 1 mg∙mL-1. Afterwards the analyses were made with an 

HPLC-Agilent 1100 instrument at 254 nm equipped with a C18 column. The solvent 

system consisted of acetonitrile:water 20:80 v/v, an injection volume of 5 µL and a flow 

rate of 0.6 mL·min-1. IAA was detected at a retention time of 4.2 min.  

For the quantification a standard was used in a range from 3.125–200 µg∙mL-1 and the 

encapsulation was calculated with Microsoft Excel. 

 

Release of Encapsulated IAA from HRP-AcDex(IAA) 

IAA was encapsulated in HRP-AcDex particles, like described in the experimental section. 

To visualize the release of IAA under acidic conditions and from the particles, four 

samples of the particle solution (5 mg∙mL-1, 100 µL) were placed in a ZelluTrans Mini 

Dialyzer MD100 (MwCO 6,000–8,000, Carl-Roth, Germany) and dialyzed against 1.6 mL 
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NaOAc buffer (0.1 M, pH 5) or phosphate buffer (0.1 M, pH 7.4). The dialysis buffer was 

exchanged after 1, 2, 3, 4, 6, 8, 24, 32, 48 h. Each dialyzed sample was lyophilized, and the 

resulting pellet resuspended in 100 µL. The absorbance was recorded as triplet in a 

96-well microplate on an Infinite® 200 PRO Tecan plate reader at λ = 280 nm. 

Quantification of the released IAA content was calculated with a standard curve in the 

range of 0.2 µg∙mL-1 to 100 µg∙mL-1 and calculated with Microsoft Excel (Figure 74). 

 

ABTS Assay 

The peroxidase activity of HRP-AcDex was measured by using 2,2’-azinobis-(2-

ethylbenzthiazoline-6-sulfonate) (ABTS). The assay mixture contained 1 M phosphate 

pH 7.4 buffer, 0.3% hydrogen peroxide (6.7 µL), the native enzyme and HRP-AcDex 

(0.01 mg∙mL-1 enzyme, 3.3 µL) and ABTS (0.05 mM) in a total volume of 200 μL. The 

reaction was initiated by addition of H2O2. The assay was performed in a 96-

wellmicroplate and the increase in absorbance at 405 nm was measured with a Tecan 

Infinite® M200 Pro Plate Reader. All measurements were investigated for 3 min and 

analyzed with Microsoft Excel. 

 

SDS-PAGE 

For HRP and HRP-AcDex an 8% Gel was performed. Samples were prepared by mixing 

15 µL of a 4 mg∙mL-1 stock solution (in H2O) with 5 µL of sample loading buffer and 

incubating in a heating water bath for 15 min. Therefore, Roti®-Load 1 was used when 

reduction of disulfide bridges was desired, otherwise a loading buffer (80 mg∙L-1 

bromophenol blue, 0.22 g∙L-1 TRIS, 30% glycerin in H2O) was used. 0.8 g SDS (8% w/v). 

Stock solution of native proteins were prepared in a concentration of 1 mg∙mL-1. 20 µL of 

each sample or 5 µL PageRuler prestained protein ladder were pipetted into the gel 

pockets, empty pockets were loaded with 5 µL loading buffer. A voltage of 90 mV up to 

200 mV was applied until sufficient separation of the samples could be observed. The gel 

was stained with coomassie blue G250. 

 

CD-Spectroscopy 

CD spectra were recorded on a J-815 (JASCO) using the software Spectra Manager 2.12.00. 

UV CD spectra (X-190 nm) were recorded at 20 °C with a total enzyme concentration of 

0.1 mg∙mL-1 in 10 mM K3PO4 / 50 mM Na2SO4 pH 7 buffer using quartz cells with a path 
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length of 1 mm. All spectra were corrected by subtraction from the background (buffer). 

Data points were collected at a resolution of 1 nm. DICHROWEB using CONTIN-LL method 

(reference set 7) 

TEM 

HRP-AcDex particles have been diluted in dd-H2O (1 mg∙mL-1). 5 µL of the nanoparticle 

solution were dropped on a 300-mesh copper carbon grid from Plano GmbH for TEM 

measurements. TEM images were recorded on a Tecnai T12 (FEI, acceleration voltage: 

120 kV, lens: BIO-TWIN, electron source: LaB6 cathode) equipped with a 4K CCD camera 

(Tietz). 

 

5.4.5 Cell Culture 

Hela cells were grown in preheated DMEM GlutaMax supplemented with 10% (V/V) fetal 

calf serum (FCS), 1% pyruvate, and 1% penicillin-streptomycin. Cell incubations were 

performed in a humidified incubator at 37 °C with 5% CO2 atmosphere 

 

Determination of Cell Viability by MTT Assay with HeLa Cells 

HeLa cells were cultured in 96-well microplates at a concentration of 15,000 cells per well 

and a volume of 100 μL of DMEM. HRP-AcDex(IAA) was dissolved at a concentration of 

0.125 mg∙mL-1 up to 1 mg∙mL-1 in medium and added as triplets to the HeLa cells. After an 

incubation time of 72 h (37 °C, 5% CO2) a solution of 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT) in medium (40 μL, 3 mg∙mL-1) was added 

directly to each well and the plate was incubated for additional 20 min. The complete 

medium was removed and replaced by 200 μL of DMSO and 25 μL of glycine buffer (0.1 M 

glycine, 0.1 M NaCl, pH 10.5), followed by 20 min shaking to dissolve the purple formazan 

crystals. Finally, the absorbance was measured at λ = 595 nm using a Tecan Infinite® 

M200 Pro Plate Reader. Furthermore, the background was measured at λ = 670 nm and 

subtracted from the data obtained from the first read out. Cell viability was normalized to 

the absorbance measured from untreated cells. The resulting data was analyzed with 

Microsoft Excel. 
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Confocal  Microscopy 

HeLa cells were incubated with 0.75 mg∙mL-1 Cy5-HRP-AcDex(5/6 FAM) in a 12-well plate 

(80,000 cells per well) for 24 h. Afterwards the cells were washed 3 times with PBS and 

fixed with Roti®-Histofix (1 mL). After 30 min incubation time at 4 °C fixed cells were 

incubated with DAPI solution (1 µg∙mL-1) in methanol for 30 min and washed 3 times with 

methanol. The cover slips were put on mounting medium on object slides and analyzed 

with a Leica TCS SP5 Microscope. The image analysis was performed with Fiji software. 
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6 Appendix 

6.1 List of Abbreviations 

Abbreviation Meaning 

Ø diameter 

Abs. absorbance 

ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 

Ac acetalated 

Ag antigen 

AGU anhydrous glucose unit 

ALL acute lymphoblastic leukemia 

AML acute myeloid leukemia 

Anti antibody 

APC antigen-presenting cell 

Approx. approximately 

ASNS asparagine synthetase 

Asp L-asparaginase 

BMDC bone-marrow derived dendritic cell 

CD cluster of differentiation 

CD circular dichroism 

CDCl3 deuterated chloroform 

CML chronic myelogenous leukemia 

CLSM confocal laser scanning microscopy 

conc. concentration 

CTL cytotoxic T cell 

L-Cys L-cysteine 

dd- double distilled 

Da dalton 

DAPI 4',6-diamidino-2-phenylindole 

DC dendritic cell 

DCl deuterium chloride 

DCM dichloromethane 

Dex dextran 

DLS dynamic light scattering 

DMEM Dulbecco’s modified Eagle’s medium 

DMSO dimethyl sulfoxide 

d.nm particle size in diameter (nm scale) 

DS degree of substitution 

DTNB 5,5’-dithio-bis-(2-nitrobenzoic acid) 

EDC N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
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Abbreviation Meaning 

EDTA ethylenediaminetetraacetic acid 

ELISA enzyme-linked immunosorbent assay 

em. emission 

EPR enhanced permeability and retention  

eq. equivalent 

Eto etoposide 

EtOH ethanol 

ex. excitation 

FACS flow cytometry 

FCS fetal calf serum 

FDA Food and Drug Administration 

Fmoc fluorenylmethyloxycarbonyl 

FTIR fourier transform infrared spectroscopy 

HeLa tumor cells from the patient Henrietta Lacks 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HRP horseradish peroxidase 

IR Infrared 

K562 myelogenous leukemia cell line 

Λ Wavelength 

LC-MS liquid chromatography-mass spectrometry 

mAb monoclonal antibody 

Mal Maleimide 

MeOH Methanol 

MHC major histocompatibility complex 

mPEG methoxy poly(ethylene glycol) 

MPS mononuclear phagocytic system 

MTT 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazoliumbromide 

MW molecular weight 

MWCO molecular weight cut-off 

NaBH4 sodium borohydride 

NHS N-hydroxysuccinimide 

NMR nuclear magnetic resonance 

NP Nanoparticle 

NTA nanoparticle tracking analysis 

Ox Oxidized 

PAGE polyacrylamide gel electrophoresis 

PBS phosphate buffered saline 

PDI polydispersity index 

PEG poly(ethylene glycol) 
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Abbreviation Meaning 

PLGA poly(lactic co-glycolic acid) 

P/S penicillin-streptomycin 

PVA poly(vinyl alcohol) 

RI refractive index 

RPMI Roswell Park Memorial Institute 

RT room temperature 

SATA N-succinimidyl S-acetylthioacetate 

SATP N-succinimidyl S-acetylthiopropionate 

SD standard deviation 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SMCC 
succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-
carboxylate 

Sp Spermine 

TEA Triethylamine 

TfR transferrin receptor 

TLR toll-like receptor 

UV Ultraviolet 
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6.5 Supplemental Part 

6.5.1 Selected 1H-NMR Spectra 

 

Figure 54. 1H-NMR (D2O, 300 MHz) of OxDex (10 kDa). 

 

 

Figure 55. 1H-NMR (CDCl3, 300 MHz) of OxAcDex (10 kDa). 
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Figure 56. 1H-NMR (D2O/DCl, 300 MHz) of OxAcDex (10 kDa). 

 

 

Figure 57. 1H-NMR (CDCl3, 300 MHz) of SpAcDex (10 kDa). 
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Figure 58. 1H-NMR (D2O, 300 MHz) of Dex-SH (5 kDa). 

 

 

Figure 59. 1H-NMR (D2O, 300 MHz) of Dex-S-S-Py (5 kDa). 
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Figure 60. 1H-NMR (DCl3, 300 MHz) of AcDex-S-S-Py (5 kDa). 

 

Figure 61. 1H-NMR (D2O/DCl, 300 MHz) of AcDex-S-S-Py (5 kDa). 
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6.5.2 Selected Standard Curves 

 

Figure 62. Standard curve of etoposide for determination of encapsulated etoposide in SpAcDex particles  

by absorbance measurement. 

 

 

Figure 63. Standard curve of Asp for Bradford assay to determine encapsulated Asp in SpAcDex particles. 
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Figure 64. Standard curve of Asp activity for Nessler’s reagent Asp activity assay to determine encapsulated 

active Asp in SpAcDex particles. 

 

 

Figure 65. Standard curve of Oregon Green dextran for the determination of encapsulated Oregon Green 

dextran in SpAcDex particles by fluorescence measurement. 
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Figure 66. Standard curve of CF750 dextran for the determination of encapsulated CF750 dextran in 

SpAcDex particles by fluorescence measurement. 

 

 

Figure 67. Standard curve of Fmoc-L-Cys for the determination of PEGylation on SpAcDex particles by 

fluorescence measurement. 
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Figure 68. Standard curve of 2-aminoethanethiol conc. for the determination of PEGylation on SpAcDex 

particles by absorbance measurement. 

 

 

Figure 69. Standard curve of N-acetyl-L-cysteine for Ellman’s assay to determine the SATA-modification on 

anti-DEC205. 
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Figure 70. Standard curve of anti-DEC205 for Bradford assay to determine anti-DEC205 on the SpAcDex 

particles surface. 

 

 

Figure 71. Standard curve of hexylamine for fluorescamine assay to determine SATP-modification on HRP. 
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Figure 72. Standard curve of HRP for BCA assay to determine the HRP-content within HRP-AcDex particles. 

 

 

Figure 73. Standard curve of IAA for the determination of encapsulated IAA in HRP-AcDex particles by 

absorbance measurement. 
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Figure 74. Standard curve of IAA for the determination of released IAA in HRP-AcDex particles by 

absorbance measurement. 

 

 

Figure 75. Standard curve of 5/6 FAM for the determination of encapsulated fluorescent dye in HRP-AcDex 

by fluorescence measurement. 
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Figure 76. Standard curve of sulfo-Cy5-NHS for the determination of conjugated fluorescent dye to HRP by 

fluorescence measurement. 
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