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1.1 General introduction 

Controlled drug delivery aims to transport therapeutics to specific regions in the 

human body, and nanoparticles (NPs) have proven particularly effective in 

increasing local drug concentrations, protecting unwanted degradation of 

therapeutics and diminishing side effects.1-3 Polymeric nanoparticles provide the 

ability to adapt their size, composition and functionalization, making use of the 

enormous synthetic toolbox developed over the past decades.4 Size has shown to be 

an important factor in the biodistribution of NPs. For example, NPs smaller than 

10 nm generally display rapid renal clearance, while NPs larger than 200 nm have a 

tendency to activate the complement system, which is in involved in removing 

foreign bodies from the human body.5 Small NPs typically cross capillary walls more 

freely compared to larger particles.6 Particle size is a key factor in passing the blood-

brain barrier, and 10 to 15 nm gold NPs show vastly higher accumulation in the brain 

than larger sized NPs.7-8 Small-sized NPs can more easily diffuse through the layers 

of barriers formed by biofilms and mucus, which have mesh pore sizes between 10 

and 1000 nm.6, 9 Finally, smaller sized NPs have also been shown to more deeply 

penetrate hypovascular tumors.10-11  

However, synthesis of polymer NPs smaller than 20 nm remains particularly 

challenging, though an effective strategy is the intramolecular crosslinking of 

individual polymer chains forming single-chain polymer nanoparticles (SCNPs).12 

Well-defined NPs in the 5 to 20 nm size range can be prepared on appreciable scale 

and research over the last two decades has resulted in a variety of robust crosslinking 

systems13-14  forming monodisperse NPs, utilizing controlled/living polymerization 

techniques.15-17 Highly controlled SCNP functionalization strategies18 have been 

developed, which have given rise to interesting new biomedical applications, such 

as in drug delivery,11, 19 enzyme mimicry20-22 and imaging.23-24 Previously, we have 

shown a highly adaptable SCNPs system that is based on crosslinker induced chain 

folding via thiol-Michael addition.25 A co-polymer containing protected thiols is 

polymerized utilizing RAFT-polymerization and, subsequently to the deprotection 

of the thiols, these are crosslinked with a diacrylate crosslinker (see Figure 1.1). 

Stable, reproducible and versatile SCNPs have been synthesized this way, 

introducing various functional moieties on the SCNPs including glycerol for water 
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solubility,26 glucose for targeting27 and pentafluorophenyl (PFP)-esters for highly 

controlled surface functionalizations.28  

Figure 1.1 Synthesis of glycerol-SCNPs26  utilized in Chapters 3 & 4 and PFP-SCNPs28 utilized in 

Chapters 5 & 6.  

Biocompatibility of the SCNPs has been evaluated in endothelial cells or cancer 

cells, generally showing high biocompatibility.26-28 Detailed investigations into 

cellular uptake of glycerol-SCNPs showed SCNPs residing in vesicular structures, 

as determined by confocal laser scanning microscopy (CLSM) presented in 

Figure 1.1.26 The targeting capabilities of glucose-SCNPs were evaluated on cancer 

cells, which have a high expression of GLUT receptors.27 Uptake of glucose-SCNP 

was demonstrated to depend on the linker position through which the glucose moiety 

is conjugated to the SCNPs (see Figure 1.2a), and highest uptake was presented by 

glucose units with a free C1 position (see Figure 1.2b). However, CLSM imaging 
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revealed the subcellular fate of these SCNPs, as they were mainly found in 

lysosomes, shown in Figure 1.2c.   

Figure 1.2 CLSM images of brain endothelial cells incubated with glycerol-SCNPs for 20 h, the cell 

membrane and nuclei are stained in blue, lysosomes are stained in red and the SCNPs have a green 

fluorescent label. 

In the field of drug delivery, highly efficient nanocarriers are designed to reach the 

cytosol or nucleus to achieve highest efficacy.29-30 Therapeutics are active in specific 

organelles in the cell, for example cisplatin and doxorubicin in the cell nucleus. In 

this thesis, we focus on developing effective nanocarriers for intracellular drug 

delivery. The cytosolic delivery of glycerol-SCNPs is explored via vector-based 

delivery, as frequently used in gene and protein delivery.31-32 The modification of 

PFP-SCNPs with protonatable tertiary amines to enable cytosolic delivery is 

investigated. Drug conjugation onto SCNPs is also explored for atovaquone and 

doxorubicin and applied in controlled drug delivery against malaria and in cancer 

therapy respectively. 
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Figure 1.3 Glucose-SCNPs for cancer cell targeting. a) Illustration of SCNPs with linker position of 

glucose moieties. Cellular uptake of glucose SCNPs b) histogram after 8 h incubation, c) CLSM images 

of HeLa cells incubated with glucose-SCNP for 4 h, the cell membrane and nuclei are stained in blue, 

endosomes and lysosomes are stained in red and the SCNPs have a green fluorescent label. 

1.2 Aim and Outline of this Thesis 

The aim of this thesis is the development of SCNPs for controlled drug delivery, this 

includes the directed intracellular delivery of SCNPs, drug conjugation onto SCNPs 

and evaluation in disease models. 

In Chapter 2, an overview of SCNP synthesis and functionalization is given and the 

biomedical applications of SCNPs are reviewed extensively, with particular attention 

to cellular uptake of SCNPs, drug delivery, antibacterial properties, imaging 

applications and protein mimicry.  

In Chapter 3, glycerol SCNPs are conjugated with a range of negative surface 

charges. The SCNP set is evaluated for their targeting potential to the malaria 

parasite at the ookinete stage. Further, atovaquone, a first-line antimalarial drug, is 

functionalized with an acrylate group to form a prodrug, which is conjugated to 
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SCNPs to achieve controlled delivery and evaluated on in vitro cultured ookinetes 

from malaria infected mouse blood.  

In Chapter 4, cytosolic delivery of SCNPs with negative surface charges is 

investigated via polyplex formation utilizing positive polymers. Further, the anti-

cancer agent doxorubicin is conjugated onto the SCNPs and their efficacy as 

nanocarrier is investigated in HeLa cells.   

In Chapter 5, a closer look is taken at the intracellular delivery of SCNPs. Instead 

of using a delivery agent, the SCNP surface is directly equipped with tertiary amines 

in order to obtain a particle set with a range of protonatable moieties. The influence 

of these groups on cellular uptake and subcellular location is evaluated in endothelial 

cells. 

In Chapter 6, the acquired knowledge on drug conjugation from Chapter 3 and the 

controlled intracellular delivery of SCNPs in Chapter 5 is combined to design SCNPs 

for cancer therapy. Here, the ability of drug-loaded SCNPs with different surface 

functionalities in killing cancer cells is investigated.  

In Chapter 7 a perspective on the findings of this thesis and an outlook of SCNPs 

in controlled drug delivery is given. 
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Chapter 2 

Single-Chain Polymer Nanoparticles in 

Biomedical Applications 

 

Single-chain polymer nanoparticles (SCNPs) are a well-defined and uniquely sized 

class of polymer nanoparticles. The advances in polymer science over the past 

decades have enabled the development of a variety of intramolecular crosslinking 

systems, leading to particles in the 5-20 nm size regime. Which is aligned with the 

size regime of proteins and therefore making SCNPs an interesting class of NPs for 

biomedical applications. The high modularity of SCNP design and the ease of their 

functionalization have led to growing research interest. In this review, we describe 

different crosslinking systems, as well as the preparation of functional SCNPs and 

the variety of biomedical applications that have been explored.  
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2.1 Introduction 

Nanomedicine provides the opportunity to transport therapeutics and imaging agents 

largely irrespective of their physicochemical properties to specific tissues for an 

enhanced mode of action. Polymer nanoparticles (NPs) provide the ability to readily 

adapt their surface chemistry, as well as the composition and size of the nanocarriers. 

Single-chain polymer nanoparticles are a well-defined class of nanocarriers that are 

prepared by intramolecular crosslinking of individual polymer chains. As a result, 

particle size is highly dependent on the precursor polymer, which can be readily 

prepared utilizing controlled/living polymerization techniques,1-2 and have been 

demonstrated to form monodisperse particles as small as 5-20 nm. SCNP formation 

has been achieved both via supramolecular and covalent crosslinking, yielding 

dynamic as well as irreversible nanoparticle systems. A wide variety of synthetic 

strategies has been employed in the crosslinking reaction including homo-3-4 and 

hetero-coupling5-6 of monomer units as well as crosslinker induced chain folding.7-9 

SCNP size is typically in the range of proteins, and is dependent on the length of the 

precursor polymer10 and crosslinking density.11 Kröger et al. have shown an decrease 

in hydrodynamic volume for polymer to SCNP from 90 to 30 kDa.10 Furthermore, 

the formation of SCNPs has analogies with the folding observed for proteins, which 

has great potential in biomedical applications including protein and enzyme 

mimicry.12-13 Polymer chemistry provides a virtually unlimited diversity for the 

preparation of functional SCNPs, providing water solubility, biocompatibility and 

targeting capabilities by controlling the surface chemistry of the particles. The 

synthesis of SCNPs is monitored by a variety of characterization techniques, 

including size exclusion chromatography (SEC) to analyze chain collapse in SCNPs, 

NMR spectroscopy for evaluation of the chemical structure, while size 

measurements are typically carried out by dynamic light scattering (DLS), atomic 

force microscopy (AFM), small angle x-ray scattering (SAXS) and transmission 

electron microscopy (TEM).14-16  

Over the past few years, increasing research effort has been focused towards 

application-based SCNPs. This includes cell targeting and controlling the subcellular 

location of SCNPs. Further, drug encapsulation and release profiles of SCNP 

nanocarriers have been investigated for controlled drug delivery applications.17-19 
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SCNPs have furthermore shown interesting characteristics in anti-bacterial 

applications.20-21 Incorporation of imaging agents in SCNPs has been explored, for 

example through integration of the imaging modality in the employed crosslinker.9 

Considering the size of SCNPs resembling that of proteins and small viruses, 

mimicking of enzymes and proteins is an appealing research goal.22-23 Folding 

processes in SCNPs are, for example, being explored by introducing sequential 

crosslinking,24-25 but also the integration of catalysts inside SCNPs has been 

investigated for improved catalyst stability and recyclability.26 Earlier reviews have 

focused on the formation27-29 and characterization16 of SCNPs. In this review, a brief 

overview on SCNP synthesis and functionalization is given, while discussing in 

detail cellular interactions with SCNPs and their biomedical applications. 

2.2 SCNP Crosslinking  

Many crosslinking strategies have been developed to obtain SCNPs that are 

exclusively intramolecularly crosslinked, excluding the formation of nanoparticles 

consisting of multiple polymer chains. These strategies include covalent 

crosslinking,8, 25, 30-31 supramolecular interactions32-33 and metal complexation (see 

Figure 2.1).34 

 
 
Figure 2.1 Illustration of crosslinking strategies including crosslinker induced crosslinking (left) and 

supramolecular crosslinking (right). 
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2.2.1 Covalent crosslinking 

One of the earliest developed SCNP systems is based on a coupling reaction of 

benzocyclobutene units, which dimerize at elevated temperatures (i.e. 250 °C in 

dibenzyl ether).30, 35 Milder synthesis routes have been explored, such as amidation 

reactions36 and urea formation,11 which can be carried out at ambient temperature. 

Although initially most SCNP crosslinking processes were carried out in organic 

solvent,36 many crosslinking approaches can now also be carried out in aqueous 

solution.37-39 Thiol-functional monomers have been used in thiol-Michael reactions 

with a diacrylate crosslinker to yield covalently crosslinked SCNPs.8, 10, 40 This 

strategy was adapted for various functional co-polymers, both in organic solvent, as 

well as in water. Garcia and coworkers prepared SCNPs from the natural polymer 

dextran. Dextran was functionalized with methacrylate groups, which were 

subsequently crosslinked via thiol-Michael addition with a dithiol crosslinker.7, 41 A 

different type of bifunctional crosslinker is 1,4-diiodobutane, which was used to 

quaternize tertiary amines in poly(N,N-dimethylamino)ethyl methacrylate,42 as well 

as in crosslinking through nucleophilic substitution.21, 43 Click chemistry has been 

utilized either with two complementary functional monomers44 or with the 

introduction of a crosslinker.31, 45-46 Crosslinkers with additional functionalities 

including the binding of contrast agents or radiolabels for imaging have been 

introduced by click chemistry as well.9, 37 More recently, interest in light induced 

crosslinking has increased. Since the first reports on crosslinking of maleimide (Mal) 

and tetrazole (Tet) moieties resulting in nitrile imine-mediated tetrazole-ene 

cycloaddition (NITEC)5, 47-49 the body of work has grown considerably with a variety 

of light-activated complementary monomers.3, 25, 50  

2.2.2 Dynamic covalent crosslinking 

Degradable NPs have shown important advantages in controlled drug delivery, both 

to ensure biocompatibility, but also to release drugs in response to a trigger.51 Several 

strategies to incorporate responsiveness in SCNPs have been studied, such as pH,33, 

36 temperature6, 50 and UV irradiation.52 An interesting example of responsive SCNPs 

is based on a polymer including 2-(acetoacetoxy)ethyl methacrylate, which was 

functionalized with a monofunctional enamine to enable exchange with 

ethylenediamine.36 This reaction was used to crosslink SCNPs covalently and 
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enamine bond rupture was shown to be induced under acidic conditions, as 

determined by 1H NMR spectroscopy. This class of SCNPs displays spontaneous 

formation of enamines and exchange with the bifunctional crosslinker, while they 

can also be degraded by hydrolysis. Dynamic disulfide crosslinking was utilized by 

Song et al., who employed a precursor polymer consisting of hydroxyethyl 

methacrylate (HEMA) and pyridyldisulfide ethyl methacrylate (PDSEMA).53 The 

PDSEMA block was deprotected to obtain free thiols which formed intramolecular 

crosslinks via disulfide bridges under high dilutions. In this work, Nile red was 

encapsulated and the release was studied via redox stimuli. DTT was incubated with 

the SCNPs at increasing concentrations, showing only minor release at 5 μM DTT 

and a strong burst release at 5 mM DTT. Addition of DTT resulted in cleavage of 

disulfide bonds in the SCNPs and returned the SCNPs back to their polymer form. 

Photodegradability is another strategy investigated to improve the breakdown of 

SCNPs. Polyesters bearing UV-active coumarin units in the polymer backbone were 

synthesized by Fan and coworkers.52 The polymer was crosslinked by 

photodimerization of the coumarin units under UV irradiation at 320 nm, and the 

degradation by photocleavage was demonstrated upon UV radiation at 254 nm, 

which resulted in chain scission. Enzyme based degradation of SCNPs was 

investigated by Offenloch and co-workers.48 An acyclic diene metathesis (ADMET) 

polymerization was utilized to form a self-immolative polymer with functional side 

groups for photoactivated crosslinking. The intramolecular crosslinking of the Tet 

and Mal functional groups was induced under UV irradiation at 320 nm. As earlier 

described,54 degradation of the main chain was achieved in the presence of Na2S2O4, 

which mimics the azoreductase enzyme present in cells. As most polymers used for 

SCNP formation are prepared via radical polymerization, their backbone consists of 

carbon-carbon bonds, which are difficult to degrade. Radical ring opening 

polymerization of cyclic vinyl monomers is an elegant strategy to render vinyl 

polymers degradable.55 SCNPs with main chain degradability were prepared from 

co-polymers containing 2-methylene-1,3-dioxepane (MDO) and an NHS-ester 

functional monomer, which was crosslinked with diamines (see Figure 2.2).56 The 

main chain was demonstrated to degrade via ester hydrolysis of the ring opened 

MDO monomer in the polymer backbone.  
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Figure 2.2 Schematic presentation of polymer synthesis via radical ring-opening co-polymerization, 

SCNP formation utilizing diamine crosslinker and degradation via ester hydrolysis. Reproduced with 

permission from ref. [56] with permission of The Royal Chemistry Society (2020). 

2.2.3 Supramolecular crosslinking 

Supramolecular crosslinking via hydrogen bonding has been employed in various 

SCNP systems built on benzamides,57 benzene-1,3,5-tricarboxamides (BTA),12, 22, 58-

61 urea,62 2-ureido-4[1H]-pyrimidinone (UPy)24, 63-64 and N-(6-(3-(2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)propanamido)pyridine-2-yl)undec-10-enamide (U-

DPy) moieties.4, 17, 33 The highly reversible nature of hydrogen bonding has enabled 

investigations into the folding processes that occur in SCNP formation. An SCNP 

system for pH responsive drug release was developed based on POEGMA-U-DPy.33 

The crosslinking of the SCNPs via the sextuple hydrogen bond array of the U-DPy 

dimers was shown to lead to stable particles. Drug release studies revealed that a 

combination of pH and temperature was needed for drug release, which we will 

discuss in more detail in Section 2.6.3. Polymer chain collapse via hydrophobic 

interactions have also been utilized to form SCNPs with a hydrophobic core and 

hydrophilic shell.17, 65-66 Pomposo and coworkers also exploit reversible metal 

complexation to achieve intramolecular chain interactions.26 The acetoacetoxy ethyl 

methacrylate monomer contains β-ketoester which has shown the coordination with 

Cu(II)26, 34, 67 as well as Fe(II) ions13 which led to the formation of SCNPs.  
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2.3 Sequential Folding 

In the interest of controlled SCNP formation, sequential folding of polymer chains 

via utilization of two crosslinking strategies has been explored. Chao and coworkers 

used two different crosslinkers: first an amidation reaction was carried out, secondly 

a dithiol crosslinker was reacted in a thiol-Michael reaction.68 The stepwise and 

sequential chain folding via light irradiation at different wavelength was investigated 

by Frisch et al., who selected two functional monomers that form homo-functional 

crosslinks at 415 and 470 nm (see Figure 2.3).25 Sequential folding of co-polymers 

containing both BTA and UPy moieties was investigated, the BTA moieties in these 

co-polymers were located in the middle of the polymer chains and their self-

assembly was controlled by a decrease in temperature.24 On the other hand, UPy 

dimerization was initiated through light irradiation, which resulted in the protecting 

group being cleaved off, liberating the UPy moiety and allowing its assembly. The 

sequential folding of polymers offers control over the density within the SCNPs.25 

Also, the formation of pockets has been explored utilizing sequential folding, which 

can be subsequently closed,24 this is of interest in the application of enzyme mimicry.  

 
Figure 2.3 a) Schema of sequential SCNP folding via selective wavelength induced crosslinking via 

homo-coupling of functional monomers; b) chemical structure of co-polymer. Reproduced with 

permission from ref. [25] with permission of John Wiley Sons, Inc (2020). 
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2.4 Upscaling SCNPs 

In the effort to develop polymer nanoparticles for biomedical application, their 

production scale is typically a key challenge. The formation of SCNPs relies on 

intramolecular crosslinking, which is achieved in dilute polymer solution, but also 

requires large amounts of solvent.69 Interestingly, exclusive intramolecular 

crosslinking of polymers has also been achieved under higher polymer 

concentrations (e.g. 2.5 mg/mL) as shown by Hawker and coworkers, who employed 

a continuous addition strategy that maintains a low concentration of crosslinkable 

polymer throughout the synthesis process, resulting in a high final SCNP 

concentration.11, 30 Based on this work, SCNP synthesis under milder conditions 

using thiol-Michael addition with a crosslinker solution and continuous polymer 

addition was developed by the Paulusse group, typically yielding 100-500 mg 

quantities.8 The benign reaction conditions allowed SCNP synthesis both in organic 

and aqueous solvents.10, 40 Berda and coworkers applied the continuous addition 

strategy in the intramolecular crosslinking of polymers via atom transfer radical 

coupling of pendant alkyl or benzyl bromide functionalities resulting in gram-scale 

quantities of SCNPs.70 Polymer concentrations of as low as 1-5 mg/mL and up to 

100 mg/mL have also shown to produce SCNPs, for example by Terashima et al.12 

and Wong et al.,71 but the synthetic conditions are highly dependable on the chosen 

crosslinking route.69 Barner-Kowollik and coworkers demonstrated upscaling of 

SCNP formation utilizing a flow system in which SCNPs are formed via a photo-

activated crosslinking reaction.3 This strategy uses a flow rate of 18.5 mL/min 

(yielding 540 mg/h) and a 5.5 min exposure time, this exposure time of UV radiation 

was shown to be significantly reduced as compared to the reported batch synthesis.  

2.5 Functionalization of SCNPs 

The use of polymers to form NPs has the great advantage of a virtually unlimited 

synthetic toolbox to introduce functionality on the NP surface.72 SCNPs offer the 

ability to either incorporate the functional groups on the precursor polymers before 

SCNP formation, or afterwards in a post-formation functionalization (see Figure 

2.4).  
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Figure 2.4 Schematic presentation of SCNPs functionalization routes. 

 

2.5.1 Functionalization of Polymer 

A common functionalization route for SCNPs is utilizing activated ester containing 

polymers.73 Pentafluorophenyl (PFP) moieties have shown highly controlled 

substitution reactions, which can be closely followed by 19F NMR spectroscopy 

revealing release of pentafluorophenol.74 Meijer, Palmans and coworkers prepared 

pentafluorophenyl acrylate homopolymers via RAFT polymerization.60 These 

polymers are then functionalized with different functional amines to introduce an 

array of functionalities onto the polymer, including crosslinking abilities using BTA 

moieties,22 water-solubility by Jeffamine groups,22 dodecyl groups for 

hydrophobicity,58 as well as fluorescent dyes, such as Nile red61 and Texas Red.22 

This strategy was also adopted by the Zimmerman and coworkers, who used PFP-

polymers and functionalized them in a subsequent step with ammonium and 

carboxylic acid moieties, as well as azide groups to form covalently crosslinked 

SCNPs with a bifunctional diyne crosslinker.23, 45, 75 Similar to the PFP-polymer 

strategy, poly(acrylic acid) (PAA) was synthesized as homopolymer for controlled 

functionalization.49 Utilizing a Steglich esterification, PAA polymers were equipped 
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with functional groups including tetrazole (Tet), maleimide (Mal) and triethylene 

glycerol monomethyl ether (TEG) containing hydroxyl groups. Functionalization via 

various strategies have been presented, it is important to note that the employed 

functionalization strategy needs to be chosen carefully to avoid hindrance of the 

SCNP formation. 

2.5.2 Post-Formation Functionalization of SCNPs 

Post-formation functionalization of SCNPs with activated PFP esters has been 

utilized by Kröger et al., who co-polymerized pentafluorophenyl methacrylate with 

a protected thiol monomer for crosslinking, after which the thiols were deprotected 

and PFP-functional SCNPs were prepared via intramolecular thiol-Michael 

addition.40 In a following step the SCNPs were conjugated with various functional 

amines including aminoglycerol, rhodamine ethylenediamine, L-alanine, L-

gluthatione, and even combinations of functional amines were successfully 

conjugated at the desired ratio.40, 76 Loinaz and coworkers reported the conjugation 

of a peptide through its lysine group, which is used for targeting pancreatic cancer, 

to carboxylic acid groups on dextran SCNPs.37 This amidation functionalization 

strategy was used to covalently bind a ligand for radiolabels to the dextran SCNPs 

to obtain radiolabeling with 67Ga for SPECT imaging as will be discussed below.7 

Water solubility is an important first step towards biomedical application of SCNPs, 

but the required functionality is not always compatible with the employed 

crosslinking chemistry. Hydrolysis of various moieties has therefore been used to 

render SCNP systems water-soluble.9-10, 77 A variety of functionalization strategies 

has been developed that provide SCNPs with water-solubility or hydrophobicity, 

fluorescent labels, as well as targeting ligands, and high control over the surface 

functionality has been shown using PFP activated esters or click chemistry. The use 

of this chemistry to control cellular uptake and targeting will be further discussed in 

Section 2.6.1 and 2.6.2.  

2.6 SCNPs in Biomedical Applications 

The biodistribution of SCNPs is an important factor that needs to be evaluated in 

view of future biomedical applications. Initial results on the biodistribution behavior 

of SCNPs administered to rats are discussed in Section 2.6.5. The involvement of 
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the liver in the clearance of negatively charged SCNPs from the blood circulation 

has recently been reported by Arias-Alpizar et al. on zebrafish embryos.78 Earlier 

research revealed that various cell types of the liver, including liver sinusoidal 

endothelial cells (LSECs), are included in the clearance of small PEGylated 

quantum-dots.79 Arias-Alpizar et al. reported that stabilin-1 receptors, which are 

located on scavenging endothelial cells (SECs), a cell type homologous to LSECs, 

are involved in the clearance of SCNPs in zebrafish embryos. The size of NPs has 

shown to have an influence on the clearance, as larger NPs of around 100 nm were 

predominantly cleared by Stabilin-2 receptors. Further research into the 

biodistribution and clearance of SCNPs is required to better predict their potential in 

biomedical applications. On the cellular level, controlling cellular uptake of SCNPs 

is key in biomedical applications to achieve the imposed purpose of the nanocarriers. 

Particle size is key for cellular uptake, as the high surface to volume ratio and 

increased curvature of SCNPs provide a greater contact area with cell membranes 

compared to larger NPs, which results in increased uptake.80-81 Chen et al. compared 

cell uptake of SCNPs to unfolded polymer chains in human mesenchymal stem cells 

(hMSCs), and showed increased cellular uptake for SCNPs as compared to unfolded 

polymers.82 Furthermore, studies into the physical characteristics of SCNPs have 

revealed a state between flexible and rigid nanoparticles; both states are present 

within various locations in a single SCNP.15, 83 These characteristics are shared with 

intrinsically disordered proteins (IDP).84-85 Although in IDPs the ordered regions that 

are stabilized by physical interactions may break under shear flow, while the 

equivalent crosslinked domains in SCNPs show higher integrity under shear flow.31 

The supramolecularly crosslinked SCNPs revealed high stability in biological media 

after 24 h incubation.48  

2.6.1 Cell Targeting 

Targeting of specific cells is a crucial challenge in biomedical applications in order 

to achieve high local concentrations of therapeutics. Targeting ligands are typically 

employed to direct uptake by specific cells. Cancer cells, such as HeLa cells, have a 

high expression of GLUT receptors.86 Kröger et al. chemoenzymatically synthesized 

three glucose monomers to study the uptake behavior of a series of analogous 

glucose-SCNPs.87 The glucose-moieties were conjugated either on position C1 or 

C6; C1-conjugation blocks the opening of the glucose to obtain the linear form, 
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which was, however, shown not to inhibit GLUT receptor mediated uptake.88 The 

glucose monomers were co-polymerized with a xanthogenate methacrylate for 

covalent SCNP crosslinking. Cellular uptake was observed for all three resulting 

SCNPs, although the blocking of the C1-position of glucose decreased 

internalization in HeLa cells. CLSM confirmed an increase in uptake of glucose 

SCNPs functionalized via position C6, and strong co-localization with late 

endosomes and lysosomes was observed after 4 h incubation. However, 

investigations into the uptake mechanism are required to identify interactions of the 

glucose moieties with GLUT receptors. Different sugar molecules are also 

interesting for biological applications, and the synthesis of mannose-functional47, 59, 

89 and galactose-functional59, 89 SCNPs has been shown. The mannose SCNPs were 

further used to functionalize nanodiamonds, CLSM images of RAW 264.7 

macrophages presented the internalization of the nanodiamonds decorated with 

SCNPs.47 Specific receptor targeting was also utilized by Baij et al. for cell labeling 

and imaging of human breast cancer (SK-BR-3) cells, which display high expression 

of human epidermal growth factor receptor (HER2) (see Figure 2.5).90 SCNPs were 

functionalized with biotin to bind an Anti-HER2-Biotin antibody via sandwich 

binding with NeutrAvidin and successful cell labeling was demonstrated for the 

SCNPs. Specific cellular uptake was further studied using SCNPs based on a 

poly(epichlorohydrin) (PECH) backbone with PEG pendant groups in HeLa and 

NIH/3T3 cells, and enhanced cellular uptake of the PEG-PECH SCNPs was 

observed in this cancer cell line.17 Cellular uptake in HeLa cells was further increased 

by using SCNPs conjugated with folic acid. The presented research establishes the 

advantages of targeted cellular uptake utilizing surface modifications on SCNPs. 

Further research in the optimization of surface functionalization for targeted cell 

interactions is needed to reach optimal interactions of SCNPs with specific cells, as 

multivalent interactions of ligands and targets have been shown to increase cellular 

uptake.91 In order to direct SCNP research to high potential targeted nanocarriers, 

biodistribution studies are required to better understand their behavior in vivo.  
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Figure 2.5 Scheme of targeted cell labeling and microscopy results of fluorescent labeling of SK-BR-

3 breast cancer cells utilizing SCNPs and microscopy images of cell labeling, scale bar 100 µm. 

Reproduced with permission from ref. [90] with permission of American Chemical Society (2019). 

2.6.2 Cellular Uptake 

Size dependent cellular uptake of SCNPs has been systematically studied by Bai et 

al.77 Using glycerol functionalized SCNPs with sizes ranging from 7 to 40 nm, 

increases in particle uptake for smaller SCNPs was demonstrated in Hela cells by 

flow cytometry after 3 h incubation, with the highest uptake observed for the 

smallest, 7 nm SCNPs, highlighting the advantage of SCNPs in cellular uptake. 

However, as flow cytometry does not differentiate between SCNPs binding to cell 

surfaces and SCNPs that are actually internalized, further investigations are required 
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to confirm the presented trend. The group of Zimmerman developed SCNPs with 

catalytic activity, for both intra- and extracellular applications, by carefully altering 

the functional groups on the SCNPs.23, 31, 45 To achieve intracellular delivery, SCNPs 

were functionalized with 60 to 70% of quaternary amines providing a permanent 

positive surface charge, which promotes the internalization of SCNPs via 

interactions with the negatively charged cell membrane.23, 45 This resulted in 

endosomal uptake and the SCNPs were shown to be prone to remain in endosomal 

structures in the cells. The SCNP system for extracellular catalytically activity, 

which will be discussed in Section 2.6.8, was functionalized with 70% of PEG 

units.45 PEGylation is a common surface functionalization of NPs for biomedical 

applications, leading to prolonged blood circulation times by avoiding cellular 

uptake.92 This was also shown for these SCNPs, as the PEGylating of SCNPs 

significantly decreased uptake by HeLa cells.45 Palmans and co-workers investigated 

the delivery of supramolecularly crosslinked SCNPs to different compartments in 

HeLa cells.22 The SCNPs were conjugated with 83% Jeffamine functional groups on 

the surface to provide water solubility. However, this molecule also causes a 

reduction in cellular uptake as previously presented for PEGylated SCNPs.45 After 

3 h incubation no SCNPs were present in HeLa cells as shown in Figure 2.6a.22 In 

order to reach specific subcellular locations with the Jeffamine-coated SCNPs, the 

experimental conditions were varied. Endosomal uptake of SCNPs was achieved at 

increased particle concentration and after prolonged incubation times, i.e. using 

2.0 mg/mL to 2.5 mg/mL concentrations and a 24 h incubation period 

(Figure 2.6b).22, 61 CLSM images revealed that the SCNPs were co-localized with 

lysosomes. Cytosolic delivery of the Jeffamine functionalized SCNPs was achieved 

by means of electroporation, resulting in strong SCNP signal throughout the HeLa 

cells (Figure 2.6c).22 However, cell death resulting from mechanical stress of the 

cells due to the application of electrodes was also observed. 
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Figure 2.6 Confocal images of HeLa cells incubated with SCNPs a) at high concentration 2.5 mg/mL 

for 24 h, b) under electroporation or c) at 1 mg/mL for 3 h. Nuclei were stained in blue and SCNPs 

were labeled with Texas Red, scale bar 50 µm. Reproduced with permission from ref. [22] with 

permission of American Chemical Society (2018). 

The surface chemistry on SCNPs determines the mode of interaction with cell 

membranes, for example, glycerol-functional SCNPs were shown to be internalized 

via endosomal route, while displaying high biocompatibility.10 However co-

localization of SCNPs with lysosomes was observed as well. Positive surface 

charges, for example quaternary amines, have been shown by Chen et al. to enhance 

cellular uptake of SCNPs.45 SCNPs with positive surface charges, induced by a 

molecular dendritic transporter containing guanidine moieties, achieved efficient 

cellular uptake after 30 min incubation with 4 µM of SCNPs.35 CLSM images 

confirmed that the dendritic transporter was crucial for cellular uptake of SCNPs in 

mouse fibroblast (NIH/3T3) cells. Further, the CLSM images revealed cytosolic 

delivery of SCNPs, as the guanidine moieties combine the ability of protonatable 

amines that induce endosomal escape, known as proton sponge effect, while 

maintaining high cell viability. The cytosolic delivery of SCNPs was further 

explored by Hamelmann et al. with a particle set containing increasing amounts of 

tertiary amines introduced by N,N-dimethylethylene diamine (DMEN) (0, 15, 30, 45 
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and 60%) in mouse brain endothelial (bEND.3) cells.76 Flow cytometry showed a 

strong increase in uptake for SCNPs functionalized with 45 and 60% tertiary amines 

already after a 1 h incubation. Furthermore, CLSM revealed that the SCNPs with 45 

and 60% of DMEN were released in the cytosol as shown in Figure 2.7, whereas 

SCNPs with 0 to 30% of tertiary amines remained present in intracellular clusters 

which co-localized with lysosomes. These results demonstrate that careful alteration 

of the surface functionality on SCNPs can even provide control over their subcellular 

location. 

The presented research emphasizes the importance of protonatable functional groups 

on the SCNPs for their cytosolic release. For quaternary amines, even though the 

positive charge induced cellular uptake, the SCNPs were not released into the 

cytosol.45 Protonation of amines on the SCNPs presumable induces a proton sponge 

effect93 and leads to endosomal escape of SCNPs.35, 76 Combination of cell targeting 

and directing the intracellular location of SCNPs may enhance the local 

concentration of SCNPs at selected tissues to more effectively combat diseases and 

further avoid degradation of the therapeutics in lysosomes. 

 

Figure 2.7 Schematic presentation of SCNP functionalization and the final particle set with different 

amounts of tertiary amines, described by percentages; illustration of subcellular location of SCNPs after 

incubation 6 h at 50 µg/mL for left panel and 1 h at 50 µg/mL for right panel with HeLa cells, nuclei 

and cell membrane were stained in blue. Reproduced with permission from ref. [76] with permission 

of American Chemical Society (2021). 
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2.6.3 Drug Encapsulation and Release 

The encapsulation abilities of SCNPs have been investigated for various systems, 

including covalently and supramolecularly crosslinked SCNPs. One of the most 

common model drugs used to study the encapsulation behavior of SCNPs is Nile 

red,10, 53, 58, 61, 94 which is poorly water soluble, but when encapsulated in SCNPs the 

dye can indicate the hydrophobicity of the interior in aqueous solutions. Many drug 

candidates fail due to their poor water solubility, therefore Kröger et al. developed a 

SCNP system that is able to encapsulate dug molecules irrespective of their 

polarity.10 In this study Nile red was encapsulated in covalently crosslinked SCNPs 

in either organic and aqueous solutions. Kröger et al. presented SCNPs based on a 

co-polymer containing solketal units, which allow for carrying out the intramolecular 

crosslinking reaction either in organic solvent and subsequently render the particles 

water-soluble by hydrolyzing the solketal groups, or in aqueous solution by first 

hydrolyzing the co-polymer and crosslinking it afterwards.10 In this work, the 

encapsulation of Nile red via both pathways was confirmed by a GPC coupled with 

fluorescence detector. Furthermore, rifampicin, a broad-spectrum antibiotic with 

poor water-solubility, was encapsulated at a drug loading of 16 wt%, analyzed by 

UV-Vis, which corresponded with 81% entrapment efficiency. The Pomposo group 

showed the encapsulation of a variety of drug molecules, including cisplatin,95 

lovastatin,95 folic acid,96 hinokitiol96 and vitamin B919 in different SCNP systems. 

Cisplatin loaded povidone SCNPs showed no significant difference in size and zeta-

potential compared to neat povidone SCNPs.95 The drug release was analyzed by 

UV-Vis, and showed 28% release within 2 h and up to 95% release after 48 h in 

water. In the case of Vitamin B9 loaded “Michael” SCNPs a drug loading of 41 wt% 

was achieved and complete drug release within 5-6 h in water with neutral pH was 

observed.19 SCNPs based on PEOGMA-U-UPy polymers crosslinked through 

hydrogen bonding were used to encapsulate 5-fluorouracil (FU) at a drug loading of 

20 wt%.33 These SCNPs showed a size increase from 23 nm to 91 nm upon 

encapsulation as determined by DLS. This size increase is likely due to the reversible 

nature of the hydrogen bonds, which can lead to the interaction of multiple SCNPs 

and therefore the formation of aggregates. The drug release was studied in vitro 

based on temperature and pH. At 37 °C and pH 7 a slow release of 19% in PBS after 

30 hours. An increase in temperature to 42 °C caused only a slight increase in the 
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drug release to 24%. Also, the drug release remained low at 26%, when the pH was 

lowered to pH 4, while the temperature was kept at 37 °C. Only, with a combination 

of temperature and pH change to 42 °C and pH 4 a more rapid drug release was 

observed obtaining 53% release after 10 hours and 69% after 30 hours. Indicating 

that the sextuple hydrogen-bonded U-DPy dimers are responsive to temperature 

increase and lowered pH, but only the combination of both causes the dimers to 

dissociate efficiently. Cheng and co-workers evaluated PEG-PECH self-assembled 

SCNPs in the encapsulation of doxorubicine (DOX) for application in cancer 

therapy.17 A size increase was observed upon functionalization of PECH with folic 

acid, from a particle diameter of 11.2 nm to 28.6 nm as measured by DLS. The zeta-

potential also increased significantly from 2.6 mV to 25 mV. Drug loading with 

doxorubicin further changed the particle characteristics, as the sizes of bare and 

folate-conjugated SCNPs roughly doubled to respectively 25.3 nm and 52.9 nm. 

Drug loadings of around 15 wt% were achieved. These results indicate that drug 

encapsulation can lead to a particle size increase, this behavior however is strongly 

dependent on the particle system and the employed crosslinking strategy. The 

dynamic supramolecular crosslinking may lead to formation of non-unimolecular 

structures upon encapsulation. Efficient drug encapsulation has been shown for 

various SCNP systems. However, in some cases an increase in size upon drug 

encapsulation has been observed. As the size is a key characteristic of SCNPs, 

changes in particle size could lead to different behavior regarding cell interactions 

and biodistribution behavior. 

Although drug encapsulation is a versatile strategy, it is not always effective for 

every drug molecule and the use of drug-conjugates or pro-drugs can offer 

advantages regarding drug loading, control over release and efficacy. An example of 

drug conjugation onto SCNPs was developed by Gracia et al., who prepared a Tn-

Antigen mimetic 5, which is studied as anticancer vaccine, and conjugated it onto 

dextran (DXT) SCNPs as a potential anticancer vaccine.41 The Tn-Antigen 

mimetic 5 was first conjugated to a fluorinated PEG linker with a protected amine 

group, which was subsequently used to couple the compound to DXT SCNPs. The 

conjugation was followed by 19F NMR. Addition of the Tn-Antigen caused an 

increase in particle diameter from 16 nm for the dextran SCNPs to 70 nm for the 

functionalized SCNPs as measured by DLS. The in vitro evaluation of the Tn-DXT 
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SCNPs presented a triggered release of IL-6 from human peripheral blood 

mononuclear cells (PBMC). This study further revealed a similar innate immune 

response triggered by the Tn-DXT SCNPs compared to naturally present Tn clusters. 

2.6.4 SCNPs in Drug Delivery 

Research on SCNPs in controlled drug delivery has shown a variety of approaches 

towards drug encapsulation and release. However, studies into the evaluation of 

SCNPs as drug carriers in specific diseases is still limited.  

SCNPs delivering therapeutics for cancer therapy have been evaluated by Chen et 

al. who developed DOX-loaded PECH-PEG SCNPs.17 The DOX-loaded SCNPs 

were evaluated on HeLa cancer cells, as well on the non-cancer cell line NIH/3T3. 

Higher uptake of the DOX-loaded SCNPs was observed in HeLa cells as compared 

to NIH/3T3 cells. The DOX-loaded PECH-PEG SCNPs did not significantly 

decrease cell viability in NIH/3T3 cells, as cell viability remained above 70% even 

as the concentration increased to 40 μg/mL (see Figure 2.8a). Contrary, DOX-loaded 

PECH-PEG SCNPs showed an inhibitory concentration (IC50) of 8.27 μg/mL in 

HeLa cells after 24 h incubation (Figure 2.8b). For free DOX the IC50 in HeLa cells 

was 1.86 μg/mL. These results indicate that the DOX-loaded PECH-PEG SCNPs 

present high toxicity to cancer cells, while expressing low toxicity to fibroblasts. 

Conjugation of the SCNPs with folic acid resulted only in a minor decrease in IC50 

(7.96 μg/mL).  

 

 
Figure 2.8 Cell viability of (a) NIH/3T3 and (b) Hela cells incubated with DOX-loaded PECH-PEG 

SCNPs and free DOX. Adapted from ref. [17] with permission of American Chemical Society (2021). 
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Further exploration of SCNPs in cancer therapy has been conducted by Song et al. 

using single-chain tadpole polymers (SCTP), a variant of SCNPs containing a non-

crosslinked polymer ‘tail’, which are in the same size range with a particle size of 

10.8 nm (see Figure 2.9a).18 These paclitaxel (PTX) loaded SCTPs formed reversible 

multi-tadpole assemblies (MTAs) of 76.9 nm. The PTX drug loading was 5.6 wt%, 

with an encapsulation efficiency (EE) of 71.2%. The tumor penetration of MTAs at 

pH 6.9 and 7.4 was investigated in U87MG multicellular tumor spheroids (MCTS). 

The results showed homogenous fluorescence throughout the tumor at pH 6.9, while 

at pH 7.4 the fluorescent signal was mostly present on the exterior margins of the 

tumors, indicating that disassembly of MTAs leads to improved tumor penetration 

(see Figure 2.9b). Incubation of breast cancer (4T1) cells with MTAs also resulted 

in higher internalization at pH 6.9 than at pH 7.4 after 4 h incubation. In vivo studies 

in BALB/c nude mice bearing 4T1 exografts showed the highest signal of MTAs at 

the tumor site 12 h post-injection and resulted in 82% tumor suppression. 
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Figure 2.9 a) Illustration of the preparation of tadepole SCNPs and the self-assembly of MTAs and 

schematic presentation of MTAs with degradation into SCNPs upon entry in tumor tissue; b) Confocal 

images of MCTS for the ex vivo penetrating evaluation, MTAs for 4 h at pH 6.9 (top panel) and pH 7.4 

(bottom panel) were incubated with MCTS and Z-stacks were recorded, scale bar 200 µm. Adapted 

from ref. [18] with permission of Elsevier. 

2.6.5 Antibacterial SCNPs  

Antibiotic resistance is a growing concern to our society and antimicrobial 

nanoparticles have accordingly attracted considerable attention. Polymer 

nanoparticles mimicking antimicrobial peptides (AMPs) have been developed, by 

integrating both cationic and hydrophobic side chains.97 These functionalities in 

AMPs are known to cause membrane disruptions, and this has also been shown for 

the NPs. Nguyen et al., explored the antimicrobial activity of SCNPs consisting of 

oligoethylene glycol (OEG), and different amine and hydrophobic groups with 

consistent ratios.20 The SCNPs were formed by self-folding hydrophobic interactions 

in water. SCNP activity against the Gram-negative bacteria Pseudomonas 

aeruginosa (P. aeruginosa) and Escherichia coli (E. coli) was evaluated in relation 
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to the functional groups on the SCNPs. SCNPs with increasing hydrophobicity 

showed higher antimicrobial activity against the pathogens by cell membrane 

disruption, which is in line with research on polymer NPs presenting higher 

antimicrobial activity with increasing hydrophobic content.20, 98 Two different linker 

lengths for the amine functionality were studied, and the shorter linker presented 

higher antimicrobial activity. The SCNPs presented a fast rate of eradicating 

planktonic microbial cells with over 99% efficiency in 1 h, as well as dispersion of 

the biofilm, which was shown at a rate of ca. 72% after 1 h. Tian et al. recently 

evaluated SCNPs with high local charge densities as a coating with improved 

bactericidal activity and antifouling characteristics.21 The SCNPs were synthesized 

from a precursor block co-polymer of PEG and cationic polypeptide elements, using 

1,4-diiodobutane as a crosslinker that quaternizes the amines. To form a surface 

coating, a polydimethylsiloxane (PDMS) surface was first coated with 

polydopamine (PDA) and subsequently dipped in the aqueous SCNP solution to 

form a SCNP surface layer. The interaction of PDA and SCNPs was described as a 

composition of interaction including hydrogen bonds, cationic/π-π interactions and 

covalent bonds formed via Michael addition. Bactericidal activity of the SCNPs was 

first evaluated in solution. Both the precursor polymer, as well as the SCNPs were 

shown to inhibit the growth of Staphylococcus aureus (S. aureus) (Gram-positive) 

and E. coli (Gram-negative) at low concentrations of 50 μg/mL. The SCNPs 

presented slightly higher antibacterial activity than the polymer, as shown by optical 

density measurements after 24 h incubation. This was attributed to the smaller 

aggregation size and the higher local charge density after the SCNP formation. 

Excellent antibacterial activity of the SCNPs on the coated surfaces was 

demonstrated in a contact assay, as no surviving bacteria were observed for either 

strain. However, also the precursor polymer killed 99.9% of S. aureus and E. coli. 

SCNPs have been used as nanoreactors in antibacterial applications and Zimmerman 

and coworkers utilized Cu(II)-SCNPs, that catalyze the azide-alkyne click reaction, 

in bacterial growth inhibition, by conjugating two substrates to form the 

antimicrobial bisamidine (see Figure 2.10a).99 This resulted in strong growth 

inhibition of E. coli when incubated with the substrates, nanoreactor and sodium 

ascorbate (see Figure 2.10b).  
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Figure 2.10 Nanoreactor (MONP) induced intracellular synthesis of antimicrobial bisamidine 10 from 

substrates 8 and 9 in E. coli catalyzed by NaAsc= sodium ι-ascorbate. Adapted from ref. [99] with 

permission of American Chemical Society (2016). 

Falciani et al. presented dextran-based SCNPs encapsulating SET-M33 peptide, a 

non-natural antimicrobial peptide, for P. aeruginosa inhalation therapy.100 A 

biodistribution study in rats revealed a prolonged residence time for the peptide 

loaded SCNPs as compared to the free peptide. Complete eradication of P. 

aeruginosa in a pneumonia mice model was achieved only at a high concentration 

of 5 mg/ml, which is similar to the free peptide.  

The antimicrobial activity of SCNPs based on their surface functional groups and 

the ability of SCNPs to act as nanoreactors have shown promising results. Further 

research is needed to investigate the biocompatibility of SCNPs with high positive 

charge densities. An interesting advantage of SCNPs in antibacterial applications is 

their size, which is in the range of that of AMPs. A combined approach, in which 

antimicrobial activity in the SCNP structure is combined with an antibiotic cargo, 

may prove effective. Additionally, equipping the SCNPs with targeting ligands may 

lead to an increase in local SCNP concertation, which leads to further advancing the 

antibacterial efficiency of SCNPs.101  

2.6.6 SCNPs in Targeted Imaging 

The use of SCNPs in targeted imaging requires incorporation of a contrast agent or 

imaging agent, but also a favorable biodistribution behavior, and ideally even 

targeting specific tissues. Molecular imaging is commonly used in the clinic in 

disease diagnosis, following disease progression and assessing the effectiveness of 
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medical interventions. Benito et al. integrated the gamma emitter 67Ga by chelation 

in SCNPs based on poly(methacrylic acid) equipped with the somatostatin analogue 

PTR86 as targeting ligand for pancreatic tumors.37 The potential of the radiolabeled 

SCNPs as imaging agent was evaluated in a xenograft mouse model of human 

pancreatic adenocarcinoma. SPECT imaging with co-registration CT imaging 

revealed good retention of the PTR86 conjugated SCNPs at the tumor site as shown 

in Figure 2.11. Radiolabeled dextran-based SCNPs were successfully employed in 

the evaluation of the regional lung distribution of an aerosolizer in vivo in a rodent 

model.7 The results further indicated that the administration protocol was successful, 

although some regions in the lung remained underexposed. Therefore, further 

optimization of the distribution of SCNPs by the aerosolizer is required. 

Radiolabeling of SCNPs has been shown to be an effective imaging strategy for in 

vivo applications.37, 102 Imaging agents with paramagnetic properties are suitable for 

MRI imaging and the use of SCNPs as carrier has been investigated. Specifically, 

SCNPs loaded with Gd(III) ions have been explored as contrast agents.9, 103 Perez-

Baena et al. presented the controlled integration of multiple Gd(III) ions in SCNP, 

by integrating the Gd(III) ions in the crosslinker.9 The SCNPs were based on an 

acrylic co-polymer and particle formation was achieved with a bifunctional 

diethlylenetriaminepentaacetic acid (DTPA) containing crosslinker. The DTPA 

groups were later loaded with Gd(III) ions to obtain paramagnetic SCNPs for MRI. 

This method enabled successful integration of multiple Gd(III) ions in sub 5 nm NPs, 

wherein the amount of Gd(III) ions could be adapted by varying the molecular 

weight of the precursor polymer. The relaxivity value r1 for the Gd(III)-SCNP per 

Gd molecule was 4-fold higher compared to the Gd-loaded crosslinker. 
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Figure 2.11 SPECT-CT images of pancreatic tumor-bearing mice injected with PTR86 conjugated 

radiolabeled SCNPs recorded 3, 24 and 48 h after injection. The red arrows indicate the tumor site. 

Adapted from ref. [37] with permission of American Chemical Society (2016). 

Cell labeling has been achieved with many fluorophores, in the work of Liu et al. an 

amphiphilic polymer was used to form SCNPs in aqueous solution, forming a 

hydrophobic interior which contains a single fluorophore.104 The incorporation of 

fluorophores that emit in the red and near-infrared regions was shown to achieve 

fluorescence quantum yields in aqueous solution similar to benchmark fluorophores 

in toluene. In further research, a fluorescence quantum yield of at least 70% for 

hydrophobic fluorophores in PBS was obtained, using a single moiety of perylene-

monoimide in SCNPs.105 The work of Li et al. was directed towards developing 

brighter fluorophores with greater stability in SCNPs.106 By introducing dendron 

structures of polyglycerol on the polymer the water-solubility of the SCNPs 

increased, which increased the photo-stability of the fluorophores. In recent work, 

SCNPs containing a fluorescent core were shown to display aggregation-induced 

emission (AIE).107 These materials avoid quenching due to aggregation and possess 

high photostability.  

Successful incorporation of a variety of imaging modalities, such as radiolabels, 

paramagnetic compounds and fluorophores, into SCNPs has been demonstrated, 

enabling localization of SCNPs in vitro and in vivo. Initial in vivo studies have shown 

promising results regarding the use of SCNPs as imaging agents. However, detailed 

investigations into the biodistribution behavior of SCNPs are still scarce and further 

investigations are essential for future application. 
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2.6.7 SCNP Folding Resembling Proteins 

The function of proteins is directly linked to their 3D structure, which is obtained 

through four distinct stages of folding of a polypeptide chain. Hydrogen interactions 

lead to the formation of α-helices and β-sheets, which build towards 3D structures 

containing hydrophobic and hydrophilic regions. The polymer chain folding 

observed for SCNPs resembles protein folding.108 Supramolecular SCNP systems 

additionally enable investigation of the dynamic properties of protein folding. 

Terashima et al. used a co-polymers of PEG and BTA pendant groups to form 

supramolecularly folded SCNPs through the intramolecular interactions of BTA 

units.12 The BTA units have been shown to fold into helical structures, resembling 

those observed in proteins. As discussed above in Section 2.3, various researchers 

have developed SCNPs with sequential polymer folding to increase their 

resemblance with protein structures.109 In the example of Hosono et al., the self-

assembly of BTA units in the middle of the ABA block co-polymer was controlled 

by a temperature change and subsequently the ends of the polymer chains were 

linked by UPy dimer formation forming SCNPs (see Figure 2.12).24 Both of these 

crosslinking methods are based on supramolecular interactions and this work is an 

excellent example of the research that has been done regarding controlled folding of 

SCNPs to mimic the combination of supramolecular interactions in the peptide 

chains of proteins, such as Van der Waals interactions, hydrophobic interactions, 

hydrogen bonding and ionic bonding. The group of Pomposo were the first to focus 

on SCNPs mimicking intrinsically disordered proteins (IDPs) and compared chain 

collapse of SCNPs with that of disordered proteins.19, 96 Analyzing the size 

reductions observed for reversibly crosslinked systems revealed that chain collapse 

in these systems is on average smaller than in covalently crosslinked SCNPs.81 This 

is of advantage in the efforts towards protein mimicry, as the collapse of 

supramolecularly crosslinked SCNPs allows for the formation of pockets, similar as 

encountered in proteins that contain active sites or anchoring pockets. Substrates can 

anchor in these pockets and interact with the catalyst to either be cleaved or react 

with a second substrate, resembling the function of enzymes.  
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Figure 2.12 Illustration of SCNP folding of a ABA block co-polymer with sequential folding motifs. 

Reproduced with permission from ref. [24] with permission of American Chemical Society (2013). 

For proteins such as actin, functionality is not only based on the folding of the 

molecule itself, but additionally on the interactions and stacking of multiple 

molecules to form filaments. In order to simulate this interaction, self-assembly of 

SCNPs has been studied by Wen et al., utilizing crosslinked SCNPs with a 

hydrophobic core and hydrophilic tail.110 The formation of tubular and spherical 

structures was observed, depending on the degree of crosslinking in the SCNPs and 

the molecular weight of the hydrophilic tail (see Figure 2.13).  
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Figure 2.13 Scheme of 3D structures formed by self-assembly of SCNPs dependent on crosslinking 

degree and hydrophilic/hydrophobic block ratios in selective solvent. Adapted from ref. [110] with 

permission of American Chemical Society (2019). 

SCNPs typically span the 5-20 nm size range, which matches the sizes of many 

proteins. In an approach that mimics proteins with respect to their size and surface 

functionality, the Paulusse group developed protein mimics using covalently 

crosslinked SCNPs with activated pentafluorophenyl esters (PFP).40 The activated 

esters were demonstrated to be readily substituted with a wide range of functional 

amines, even at different incorporation ratios, while maintain the core particle 

unaltered. Amino acids such as alanine and tyrosine were conjugated, but also small 

peptides such as glutathione and even hexa-histidine (His6) peptide. Successful 

functionalization was confirmed by 1H and 19F NMR spectroscopy. Interestingly, 

His6-labeled SCNPs showed affinity with nickel-nitrilotriacetic acid columns, as the 

SCNPs were only released upon elution with imidazole containing buffer. These 

results showed that the His6-peptide was intact after conjugation onto SCNPs, 

establishing successful formation of active SCNP-protein hybrids, with important 

opportunities for mimicking proteins more closely.  
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2.6.8 Enzyme Mimicry  

Enzymes are an interesting class of catalysts, as they function in water under mild 

conditions and at neutral pH. These properties make enzymes attractive for 

applications in agriculture and food production.111 In the field of biomedical 

applications enzyme mimicry is explored in view of more efficiently combating 

diseases, such as enzyme replacement therapy112 and cancer therapy.113-114 Enzyme 

mimicry has multiple functions that have to be addressed, including the recognition 

of specific substrates, the catalysis of selected reactions and the recyclability of 

enzymes.111 SCNPs form a great platform for enzyme mimicry, as the controlled 

folded structures allow for easy integration of catalysts into their structure to enhance 

stability, selectivity and even recyclability. In the previous paragraph we have 

discussed the ability of SCNPs to form anchoring pockets for substrates. Here, we 

will focus on the progress of SCNP enzyme mimicry in the catalysis reactions. In 

the work of Pomposo and co-workers, SCNPs were crosslinked by Cu(II) 

complexation34, 67 and later Fe(II) complexation.13 The nanoreactors showed 

increased stability against thermal changes as well as higher specificity at low Cu(II) 

concentrations as compared to classical catalysts. Higher catalytic efficiency of 

SCNPs containing Cu(II) was achieved by clustering Cu(II) ions in the SCNPs, 

reaching a yield of 95% as compared to a 65% yield for SCNPs with homogenously 

distributed Cu(II) ions.26 Aiming at biomedical application of catalytically active 

SCNPs, cellular uptake of Cu(II) containing nanoreactors by human non-small cell 

lung carcinoma (NCI-H460) and human breast cancer cells (MD-MB-231) was 

assessed.99 After 1 h incubation of the nanoreactors, the cells were washed and a 

substrate for azide-alkyne cycloaddition, alongside sodium ascorbate, was added to 

the cells. The cells incubated with the nanoreactor expressed a strong fluorescent 

signal, evident for a successful intracellular click reaction occurring. The 

intracellular activity of SCNPs with Cu(I) or Pd(II) in HeLa cells was also studied 

by Liu et al.,22 presenting superior catalytic activity in SCNPs as compared to the 

free catalyst. Further research into the use of SCNPs as nanoreactors for Cu-click 

reactions, involved the synthesis of polyacrylamide-based SCNPs containing 

tris(triazolylmethyl)amine units as Cu(I) ligand.31 These SCNPs have shown 

recyclability of the catalyst and have the ability to adaptively and reversibly bind to 

protein surfaces. Cell membrane labeling was thereby shown on non-small-cell lung 
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cancer cells (H460 cells). The cells were incubated with Ac4ManNaI or 

Ac4ManNAz to integrate alkyne or azide units on the cell surface glycans (see Figure 

2.14a). Subsequently, the alkyne functionalized cells were incubated with coumarin 

azide, whereas azide functionalized cells were incubated with alkynylated 

fluorescent mCherry. Incubation with Cu(I)-SCNPs showed a higher degree of cell 

membrane labeling compared to Cu(I)-BTGTA (see Figure 2.14).  

 
Figure 2.14 Cell labeling utilizing C(I)-SCNPs a) Illustration of metabolic labeling of cell surface 

glycans utilizing mannose derivates with either an azido or alkyne functionality and Cu(I)-SCNP; 

Confocal images of H460 cells incubated with Cu(I)-SCNPs (1 µM) (b), or Cu(I)-BTGTA (10 µM) (c), 

coumarin azide (100 µM) and sodium ascorbate (2 mM) in PBS buffer for 30 min. Confocal images of 

H460 cells incubated with Cu(I)-SCNPs (1 µM) (d) or Cu(I)-BTGTA (10 µM) (e), alkynylated mCherry 

(1 µM) and sodium ascorbate (2 mM) in PBS buffer for 30 min. The nuclei were stained in blue in (d) 

and (e), scale bar 20 µm. Reproduced with permission from ref. [31] with permission of American 

Chemical Society (2019). 

To achieve extracellular CuAAC reactions, SCNPs were prepared with PEG 

functionalities on the surface.45 The CuAAC reaction with Cu(I) containing PEG-

SCNPs to couple alkyne-functional small molecules (4-ethynylanisole) or proteins 

(bovine serum albumin) with fluorescent 3-azido-7-hydroxy-coumarin was 

compared to SCNPs containing cationic surface groups.31 Both SCNPs showed 
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efficient click reactions with high conversions within 5 min for the small molecule 

reaction.45 However, when the click reaction was executed with an alkynylated 

protein a 137-fold lower reaction rate was observed for the PEG-SCNPs, indicating 

that the PEG-coated particle surface prevents the protein from binding to active sites 

on the SCNPs. The SCNPs with PEG functionalization display only minor 

fluorescence in HeLa cells as compared to the SCNPs containing quaternary amines. 

Further studies confirmed a successful CuAAC reaction extracellularly of the HeLa 

cells (see Figure 2.15), while the fluorescent product rapidly diffuses into the cell, 

reaching maximum signal after 10 min.  

 

Figure 2.15 a) Confocal images of HeLa cells incubated with PEGylated SCNP or SCNP (SCNP1) 

with cationic surface charges (SCNP2); b) Illustration of extracellular CuAAC synthesis and diffusion 

across cell membrane of reaction product; c) Confocal images of HeLa cells in PBS buffer in blue is 

the fluorescent product of the extracellular synthesis catalyzed by Cu(I) containing PEGylated SCNPs. 

Reproduced with permission from ref. [45] with permission of American Chemical Society (2020). 
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Terashima et al. developed self-folding SCNPs with a hydrophobic core to host a 

catalyst.12 Introduction of benzene-1,3,5-tricarboxamide side-chains led to the 

formation of helical structures in the hydrophobic core, which was equipped with 

Ru-complexes. Folding of these SCNPs resembles to certain extents that of proteins, 

while in this case also catalytic activity was integrated. The metal-ligand 

coordination bonds formed in the SCNPs stabilize polymer folding, while providing 

catalytic activity.58 

Liu et al. developed supramolecularly crosslinked SCNPs bearing porphyrins, which 

produce singlet oxygen (1O2) upon photoirradiation and therefore have an application 

in photodynamic therapy.32 The porphyrin conjugated SCNPs were incubated at 

different concentrations with HeLa cells.22 Cellular uptake was confirmed by CLSM 

and activation of the porphyrin SCNPs was achieved by irradiation at 403 nm. 

Significant cell death was observed with a live/dead assay as compared to SCNPs 

without porphyrin. Further evaluations into the effects of concentration and 

irradiation times showed decreases in viability starting at a concentration of 100 

µg/mL and an irradiation time of 150 s, while cell death was induced at a 

concentration of 500 µg/mL when irradiated for 30 s.  

Intracellular activation of anti-cancer agents through a dual approach was shown by 

Chen et al., who used SCNPs containing tris(bipyridine) ruthenium (Ru(bpy)3) (i.e. 

Ru-SCNPs) together with β-galactosidase (βGal).23 HeLa cells were incubated with 

Ru-SCNPs, in conjunction with βGal and two prodrugs, i.e. a DOX derivate and 

galactose-masked combretastastin A4. Upon activation of the nanoreactor via 

irradiation at 470 nm for 5 min, significant cell death was observed. Although 

incubation with each individual prodrug showed similar decreases in cell viability 

(>60%), the combination of both prodrugs led to a further decrease in cell viability 

to below 20%, as shown in Figure 2.16. Application of SCNPs as nanoreactors in 

photodynamic therapy highlights the possibility of decreasing cancer cell viability. 

However, prodrugs need to be incubated with the cells in order to achieve this effect, 

which for application in vivo would require co-delivery of both nanoreactors and 

prodrugs to a specific target region in the body.  
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Figure 2.16 Illustration of SCNP- βGal tandem delivery and catalysis; b) Viability of Hela cells after 

incubation with various combinations of substrates 6 (1µM) and 7 (4µM), Ru-SCNPs (200 nM), βGal 

(20 nM) and irradiation at 470 nm for 5 min measured by MTT assay. Error bars consist of standard 

deviation of three independent runs. Adapted from ref. [23] with permission of American Chemical 

Society (2020). 

Research in the field of enzyme mimicry has led to promising results, as the SCNPs 

have the ability to both act as a delivery system for catalytically active species, as 

well as providing stability leading to high efficiency catalysts in biological 

environments. 

2.7 Conclusions 

This review has provided an overview of the growing synthetic toolbox developed 

for SCNP formation. Polymer chemistry has been utilized to broaden the 

crosslinking strategies and functionalization of SCNPs. This has led to tremendous 

progress in application-based research. Targeting of specific cell lines and 

subcellular location has been explored. Further research in optimization of the 

surface chemistry of SCNPs to enable weak multivalent interactions with cell 

receptors will provide selective and enhanced cellular uptake. In controlled drug 

delivery, SCNPs have been studied for their ability to encapsulate and release 

therapeutics. Next to drug encapsulation, which has also been shown to affect 

particle size in some SCNP systems, drug conjugation may offer another promising 

route. Additionally, antibacterial behavior of SCNPs has been studied, revealing 

enhanced activity for SCNPs containing high charge density and hydrophobicity. 

The combination of targeting ligands with an antibacterial SCNP structure and 
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encapsulated antibiotics, may give powerful bactericidal agents. Detailed 

investigations into sequential and controlled polymer folding has already given 

valuable insights into the resemblance with protein folding. Successful integration 

of various catalysts has been shown, while SCNPs can even provide improved 

catalytic activity as shown in certain biological environments. This has led to the 

first applications of SCNPs in photodynamic therapy in in vitro studies. In the future, 

systematic investigations into biocompatibility, biodistribution and behavior of the 

SCNPs in their denoted application are required to reveal the full potential of SCNPs 

for in vivo applications. 
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Chapter 3 

Single-Chain Polymer Nanoparticles Targeting the 

Ookinete Stage of Malaria Parasites 

 

 

Malaria is an infectious disease transmitted by mosquitos, whose control is hampered 

by drug resistance evolution in the causing agent, protist parasites of the genus 

Plasmodium, as well as by resistance of the mosquito to insecticides. New 

approaches to fight this disease are therefore needed. Research into targeted drug 

delivery is expanding as this strategy increases treatment efficacies. Alternatively to 

targeting the parasite in humans, here we use single-chain polymer nanoparticles 

(SCNPs) to target the parasite at the ookinete stage, which is one of the stages in the 

mosquito. This nanocarrier system provides uniquely sized and monodispersed 

particles of 5-20 nm, via thiol-Michael addition. The conjugation of succinic 

anhydride to the SCNP surface provides negative surface charges that have shown 

to increase the targeting ability of SCNPs to Plasmodium berghei ookinetes. The 

biodistribution of SCNPs in mosquitos was studied, showing the presence of SCNPs 

in mosquito midguts. The presented results demonstrate the potential of anionic 

SCNPs for the targeting of malaria parasites in mosquitos and may lead to progress 

in the fight against malaria. 
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3.1 Introduction 

Malaria is one of the deadliest infectious diseases, caused by the protist parasite 

Plasmodium and transmitted by Anopheles mosquitos. Globally, there were an 

estimated 241 million malaria cases in 2020 in 85 countries, increasing from 227 

million in 2019.1 The available arsenal of antimalarial drugs is insufficient to 

progress towards eradication of the disease, a scenario that is worsened by the 

rampant evolution of resistance by the causing agent of malaria.2 The unmet medical 

and patient need of malaria eradication will not be achieved unless the targeted 

delivery of new drugs is vastly improved. To overcome these challenges multiple 

strategies are explored, including combination of drug therapy and controlled drug 

delivery. Actually, the implementation of novel delivery approaches is less 

expensive than developing new antimalarial drugs and may even optimize the rate 

of release of current and novel compounds.3 In controlled drug delivery, the efficacy 

of therapeutics is optimized by utilizing nanoparticles (NPs). These transport the 

therapeutics efficiently to the target location in the body, also leading to a reduction 

of side effects. This approach is receiving growing interest for application against 

malaria, as it potentially uses low dosage of therapeutics with increased 

accumulation at the target site, and minimizing the evolution of resistant parasite 

strains.4 Several nanoparticle systems have been investigated for their application to 

human malaria therapy, such as dendrimers,5-7 polymer micelles,8 liposomes,9-14 

hydrogels,15-16 poly(amidoamine)-based nanoparticles,17-18 zwitterionic self-

assembled nanoparticles,19 and glucose-conjugated gold NPs.20 A different 

antimalarial strategy involves transmission blocking vaccines (TBVs), which aims 

to inhibit the transmission of malaria from the vector to humans.21-23 TBVs induce 

the development of antibodies in human blood that when taken up by mosquitoes 

will block the parasite in the mosquito. Especially the ookinete stage (the motile 

zygote) forms a bottleneck in the parasite life-cycle throughout the mosquito stages, 

as the parasite has to cross the mosquito midgut epithelium to establish an 

infection.24-25 However, this approach still requires the administration of drugs to 

humans.  

In recent years, research has been conducted on targeting the parasite at the ookinete 

stage by designing strategies to deliver nanocarriers directly to mosquitoes through 

meals in attractant reservoirs. This strategy would not require administration to 
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humans, thus eliminating the need for the extensive clinical trials that usually 

preclude the development of antimalarial medicines because of the increase in 

development costs. In a recent work, we have shown targeting and transmission 

blockage of ookinetes by heparin.26 Following a membrane feeding assay of 

mosquitos using heparin, the oocyst counts were reduced by up to 37% as compared 

to the controls for non-modified heparin and reduced by 29% for hypersulfated 

heparin. 

Polymer nanoparticles provide an interesting opportunity to deliver anti-malarial 

agents to the ookinete. Control over surface modification is key to the 

functionalization of NPs for targeting and in this respect, single-chain polymer 

nanoparticles (SCNPs) have shown promising potential for targeted drug delivery.27-

29 SCNPs are intramolecularly crosslinked polymer chains and their properties are 

highly dependent on their precursor polymers.30-31 Narrow particle populations are 

achieved with diameters ranging from 5 to 20 nm when employing precursor 

polymers prepared via controlled/living polymerization techniques.32 In previous 

work, the synthesis of glycerol-SCNPs was demonstrated via thiol-Michael addition 

in either organic or aqueous solution to encapsulate a model drug.33 SCNPs formed 

via the organic route were rendered water-soluble and their biocompatibility was 

demonstrated. This strategy enables drug encapsulation largely irrespective of the 

lipo- or hydrophilicity of drug molecules. However, introduction of new 

functionalities on the SCNP surface by using functional monomers is a cumbersome 

approach, as incompatibilities with the crosslinking chemistry may occur. Post-

formation functionalization of polymers34-35 and nanoparticles36 is a straightforward 

and modular approach to incorporate functionality while maintaining properties such 

as size constant. We recently reported on the highly specific surface modification of 

SCNPs through the use of pentafluorophenyl (PFP)-activated ester groups.28 The 

PFP-SCNPs were readily functionalized with a variety of small molecules and 

peptides, without markedly affecting nanoparticle size. 

Since heparin, which has the highest negative charge density of all known 

biomolecules,37 has been demonstrated to successfully target ookinetes, we 

hypothesized that negatively charged SCNPs are a promising candidate for targeting 

ookinetes. Here we report the synthesis of glycerol-SCNPs and their post-formation 
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functionalization with increasing amounts of succinic anhydride resulting in 

increasing anionic surface charge. Additionally, a fluorescent label is conjugated 

onto the particles for in vitro and in vivo analysis. The biodistribution behavior of 

SCNPs is evaluated in mosquitos. Ookinete targeting efficiency is investigated as a 

function of SCNP surface charge by flow cytometry and confocal laser scanning 

microscopy (CLSM). An anti-malarial agent, atovaquone, is conjugated as a prodrug 

onto the glycerol-SCNPs and drug delivery is evaluated ex vivo on ookinete 

formation. 

3.2 Results and Discussion 

Glycerol-SCNPs were synthesized as described earlier33 via thiol-Michael addition 

through slow addition of a thiol-functional co-polymer to a solution containing an 

acrylate-based crosslinker. Prior to particle formation, solketal moieties on the co-

polymer were hydrolyzed to render the polymers water-soluble. Subsequently, thiol 

functionalities were deprotected, followed by the crosslinking reaction utilizing 

PEG-diacrylate as crosslinker. DLS measurements revealed a particle size of 8.3 nm 

and STEM measurements confirmed an average size of ca. 10 nm. The surface of 

the glycerol-SCNPs was functionalized by conjugation of increasing amounts of 

succinate groups onto the alcohol moieties to obtain a set of negatively charged 

particles (SCNP0 to 4, see Figure 3.1).  
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Figure 3.1 Schematic representation of SCNP surface functionalization with succinate groups and 

Texas Red label. 

The conjugation of succinic anhydride was followed by 1H NMR spectroscopy, 

which showed an increasing signal at 2.2 ppm corresponding to the resulting 

succinate. In Figure 3.2, size according to DLS and zeta-potential values of the 

SCNP set are shown. The SCNPs were monodisperse with a diameter of around 

10 nm. The addition of increasing amounts of succinate groups did not noticeably 

affect particle size. SCNP0 displayed a zeta-potential of -6.8 ± 0.8 mV, while 

introduction of succinate groups resulted in decreasing zeta-potential values to as 

low as -34.7 ± 1.3 mV. For evaluation of the targeting abilities of the SCNPs, a 

fluorescent Texas Red label or fluorescein label was conjugated onto the particles. 

The fluorescence signal of the Texas Red label measured by size exclusion 

chromatography of SCNP0 co-elutes well with the refractive index (RI) signal, 

indicating successful conjugation of the Texas Red label. 
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Figure 3.2 a) Size of SCNP0-4 measured by DLS and b) surface charge of SCNP0-4. 

In order to target Plasmodium ookinetes, SCNPs are required to be taken up into the 

midguts of mosquitos. The biodistribution of nanocarriers can be studied by feeding 

mosquitos with sugar meals containing NPs. In previous work, poly(amidoamine)s 

were fed to mosquitos and their location was analyzed by fluorescence microcopy 

after dissecting the mosquitos.18 The biodistribution behavior of fluorescein labeled 

SCNP0 was investigated by feeding the particles in 10% sucrose meals to mosquitos 

over the course of 3 days. Afterwards, the midgut and salivary glands of the 

mosquitos were dissected. In Figure 3.3, the dissected midguts are shown. The 

fluorescent signal of SCNP0 was only found in the midguts, demonstrating 

successful feeding to mosquitos and that SCNPs can reach the target site in the 

mosquito to enable further targeting of early mosquito stages including ookinetes. 
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Figure 3.3 Dissected mosquito midguts imaged under the stereoscope after 3 days of feeding with 

fluorescein-labeled SCNP0. The SCNPs were provided in the sugar meal. The control was fed only 

sugar. Brightfield images are shown on the left, with the fluorescent signal of the SCNP0 shown on the 

right. The samples were imaged using the same settings. Scale bar 0.55 mm. 

The influence of anionic surface charge of SCNPs on the targeting of ookinetes was 

evaluated using in vitro cultured ookinetes from mouse blood infected with the P. 

berghei CTRP-GFP transgenic line,38 which specifically expresses GFP at the 

ookinete stage. Ookinete targeting of the Texas Red labeled SCNPs was quantified 

by flow cytometry after 1 h incubation. In Figure 3.4, a stepwise increase in ookinete 

binding was observed for SCNP0 to SCNP3. Interestingly, the ookinete binding of 

SCNP4 is lower than for SCNP3. The ookinete population showed a strong shift to 

the region of higher fluorescent signal originating from nanoparticles in the case of 

SCNP3 as compared to the control. The SCNP3 has a significantly higher ookinete 

binding as compared to all other SCNPs except for SCNP2. The results indicate that 

a charge dependent targeting of SCNPs by the ookinetes occurs and that there is an 

optimum surface charge, since SCNP4 displays a lower binding rate.  
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Figure 3.4 Percentage of positive binding events for SCNPs in the ookinete population by flow 

cytometry. Asterisks indicate significant difference, * p<0.05 and ** p<0.01.   

The internalization of SCNPs in ookinetes was further evaluated by confocal 

fluorescence imaging. Ookinetes expressing GFP were stained with Hoechst. In the 

control, Cy5-labeled heparin was used to validate targeting, as heparin has been 

shown earlier to bind ookinetes.26 The red signal corresponding to heparin is co-

localized with the GFP signal from the ookinetes (see Figure S3.1). SCNP0 shows 

no Texas Red signal in the ookinetes (see Figure 3.5), the same is observed for 

SCNP4, these two samples had the lowest targeting shown by flow cytometry and 

the weak interaction was not detected by CLSM. In agreement with flow cytometry, 

the strongest ookinete uptake was observed for SCNP3. 
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Figure 3.5 Representative confocal fluorescence images of SCNP binding to ex vivo-produced 

ookinetes. The Plasmodium berghei CTRP-GFP strain used in this assay expresses GFP only upon 

reaching the ookinete stage. Merge-1 combines the fluorescence channels only. Merge-2 combines the 

overlay of Merge-1 with the phase contrast image. The slight displacements observed in some cases 

between fluorescence and phase contrast images is due to cell displacement between different 

exposures, since cells were imaged alive to avoid fixation artifacts. Scale bar represents 5 µm. 

Having established the targeting capabilities of SCNPs against the ookinete state of 

the malaria parasite, we set out to employ SCNPs as a nanocarrier. Atovaquone, a 

powerful antimalarial agent, was therefore conjugated through a linker onto the 

SCNPs. Hage et al. have studied various atovaquone derivates, observing that the 

derivate with an ester linkage on the alcohol moiety of atovaquone provides highest 

activity against the growth of plasmodium falciparum in vitro.39 An atovaquone 

prodrug was synthesized by conjugation of acryloyl chloride to the alcohol moiety 

of atovaquone, the reaction was followed by 1H NMR spectroscopy. In Figure 3.6a 

the reaction steps to conjugate the prodrug onto the SCNPs and introduction of 

negative charges on the particles as described above are demonstrated. During SCNP 

formation, free thiols on the polymers are intramolecularly crosslinked with 

bifunctional acrylates in a thiol-Michael addition and afterwards residual free thiols 

are typically end-capped by an acrylate (e.g. N,N-dimethylaminoethyl acrylate). For 
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prodrug conjugation onto the SCNPs, precursor polymers with a higher xanthate 

content of 20% was employed. The xanthate content was partially used for 

crosslinking (10%), in accordance with the set of anionic SCNPS for targeting. 

Afterwards, atovaquone acrylate (ATOA) was added in excess to the reaction end-

capping all remaining free thiols forming ATO-SCNPs.  

Successful conjugation of atovaquone onto the SCNPs was observed by 1H NMR 

spectroscopy, the signals observed in the aromatic region are associated with 

atovaquone, see Figure S3.2. Furthermore, the absence of signals around 6.2 to 

6.7 ppm indicate complete removal of the acrylate from the starting ATOA, 

confirming conjugation of atovaquone on the ATO-SCNPs. In the SEC trace, only a 

single signal is observed for the ATO-SCNP see Figure S3.3. Furthermore, the SEC 

traces of the polymer and ATO-SCNPs show a size reduction after the particle 

crosslinking. Indicating that the atovaquone loading did not significantly increase 

SCNP size. Drug loading was determined by UV spectroscopy and resulted in 

15 wt%, as shown in Figure 3.6b. For optimal ookinete targeting the ATO-SCNPs 

were further functionalized with 3 eq. succinic anhydride. The final anionic ATO-

SCNPs possess a lower drug loading of 4 wt%, however, this can mostly be ascribed 

to the overall molecular weight increase of the anionic ATO-SCNPs due to the 

succinate moieties. In Figure 6b the zeta-potentials of glycerol and anionic ATO-

SCNPs are presented, showing a decrease in surface charge upon functionalization 

of the glycerol ATO-SCNPs with succinate groups, leading to a surface charge of     

-18.9 mV for anionic ATO-SCNP. Furthermore, the particle size of the anionic 

ATO-SCNP was measured by DLS revealing a diameter of 8.9 nm, which is in line 

with earlier measurements. Drug release from anionic ATO-SCNPs in water and 

under acidic conditions was studied over the course of 24 h incubation. The UV-Vis 

spectra of the precipitate from anionic ATO-SCNPs shows an increase in signal of 

the sample incubated in acidic conditions compared to the sample incubated in water 

(see Figure S3.4). 
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Figure 3.6 a) Scheme of atovaquone acrylate conjugation onto SCNPs and b) table of ATO-SCNPs 

characterization. 

Drug delivery of atovaquone by SCNPs was evaluated in an ex vivo ookinete 

maturation inhibition assay. In Figure 3.7 the percentage of ookinetes in the 

populations as measured by flow cytometry are presented after incubation with either 

ATO-SCNP or anionic ATO-SCNP. The results, however, show no significant 

decreases in ookinete maturation when atovaquone-loaded SCNPs are administered. 

This may have several causes. First, the anionic charge of the ATO-SCNPs is lower 

as compared to the SCNPs used in the targeting assays, which might result in 

decreased ookinete targeting. Higher drug loading might be required to give an 

observable decrease in ookinete maturation. Further, the linkage connecting 

atovaquone to the SCNPs might not readily degrade in the ookinetes. Azevedo et al. 

have reported stronger growth inhibition for atovaquone in gamete/zygote and 

oocyst cultures as compared to ookinete cultures.40 In this study thiostrepton was 

demonstrated to exhibit the highest growth inhibition for the ookinete stage of the 

parasite.  
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Figure 3.7 Ookinete population after incubation with a) glycerol ATO-SCNP and b) anionic ATO-

SCNPs in ookinete maturation assay using GFP expressing ookinetes measured by flow cytometry. 

3.3 Conclusions 

In conclusion, glycol SCNPs were successfully synthesized and functionalized with 

succinic anhydride to introduce anionic surface charges. The resulting set of 

identically sized, but differently (negatively) charged SCNPs enabled systematic 

investigation of the influence of surface charge on ookinete targeting. Targeting 

assays revealed a pronounced effect of SCNP surface charge on their binding to 

ookinetes, with stronger anionic surface charges leading to increased targeting 

efficiency. The internalization of SCNPs with strong anionic surface charge was 

confirmed by confocal fluorescence microscopy. This together with the observed 

exclusive presence of SCNPs in mosquito midguts after feeding, emphasizes the 

potential of SCNPs for targeting ookinete in mosquitos. This suggests that effective 

targeting of ookinetes can be achieved by generic targeting strategies such as 

negative charges. Successful conjugation of the anti-malarial atovaquone onto 

SCNPs through a prodrug approach was demonstrated. However, the resulting ATO-

SCNPs did not exhibit significant inhibition of ookinete formation and therefore 

alternative drugs that are more effective against ookinetes will now be evaluated. 

3.4 Acknowledgements 

Y. Avalos-Padilla, E. Lantero and X. Fernàndez-Busquets are acknowledged for 

performing the experiments on ookinetes. L. Spanos and I. Siden-Kiamos are 

acknowledged for their contribution of the mosquito feeding assay. This research 

was funded through the EuroNanoMed III research program (Ref. EURO-



Single-Chain Polymer Nanoparticles Targeting the Ookinete Stage of Malaria 

Parasites 

67 

 

3 

NANOMED2017-178), as well as by Alzheimer Netherlands and co-funded by the 

PPP Allowance made available by Health~Holland, Top Sector Life Sciences & 

Health, to stimulate public-private partnerships. ISGlobal and IBEC are members of 

the CERCA Programme,Generalitat de Catalunya.We acknowledge support from 

the Spanish Ministry of Science, Innovation and Universities through the “Centro 

de Excelencia Severo Ochoa 2019-2023”Program (CEX2018-000806-S). This 

research is part of ISGlobal's Program on the Molecular Mechanisms of Malaria, 

which is partially supported by the Fundación Ramón Areces.  

 

3.5 Supporting Figures 

 

Figure S3.1 Representative confocal fluorescence microscopy image of Cy5-labeled heparin binding 

to an ex vivo-produced ookinete. The Plasmodium berghei CTRP-GFP strain used in this assay 

expresses GFP only when reaching the ookinete stage. Scale bar represents 5 µm. 
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Figure S3.2 1H NMR of the co-polymer (top) and the atovaquone conjugated SCNP (bottom) in d6-

DMSO. 

 

Figure S3.3 Size exclusion chromatography graph of the precursor polymer and the ATO-SCNPs, 

measured in DMF. 

 

Figure S3.4 UV-Vis spectra of ATO release measured from the precipitate of anionic ATO-SCNPs 

incubated in either demi water or 1 M acetic acid for 24 h in DMSO. 

3.6 Materials & Methods 

Materials 

Hydrazine monohydrate (98%), 2-(dimethylaminoethyl) acrylate (DMAEA, 98%), 

poly(ethylene glycol) diacrylate (PEGDA, Mn 258 g/mol), tris(2-

carboxyethyl)phosphine hydrochloride (TCEP, ≥98%), succinic anhydride (>99.9%, 
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Fluka), DMSO (anhydrous, 99.9%), acetic acid (≥99.8%) and pyridine (>99%) were 

purchased from Sigma-Aldrich. N,N-dimethylformamide (DMF, ≥99.9%)) was 

purchased from VWR. Triethyl amine (TEA, ≥99%), 5-(4,6-dichlorotriazinyl) 

aminofluorescein (DTAF) and Texas Red C-dichlorotriazine (Texas Red) were 

purchased from Thermo Fisher Scientific. All chemicals were used without further 

purification unless stated otherwise. A co-polymer of solketal methacrylate (2,2-

dimethyl-1,3-dioxolan-4-yl)methyl methacrylate, SMA) and 2-(ethyl xanthate) ethyl 

methacrylate (XMA) was prepared following a literature procedure.33 When stated 

as dry, solvents were treated with molecular sieves (4 Å) 24 h before use. 

SnakeSkin™ dialysis tubing (10K molecular weight cut-off) from Thermo Fisher 

Scientific was employed for dialysis.  

Dynamic Light Scattering (DLS) measurements were carried out in 10 mM NaCl 

solution on a Malvern Instruments Zetasizer ZS and the samples were filtrated using 

GE Healthcare Whatman SPARTAN 13/0.2 RC 0.2 μm syringe filters prior to 

measurements. 1H NMR (400 MHz) spectra were recorded on a Bruker 400 

spectrometer and chemical shifts were reported in ppm and referenced to DMSO. 

Gel permeation chromatography (GPC) was performed on a Waters e2695 

Separations Module equipped with an Agilent PLgel 5 μm MIXED-D 300 × 7.5 mm 

column and Waters photodiode array detector (PDA 2998), fluorescence detector 

(FLR 2475) and refractive index detector (RI 2414). DMF (50 mM LiCl) was 

employed as eluent and molecular weights (Mn: number-average molecular weight) 

were calibrated relative to PEO/PEG (DMF). GPC Samples were prepared in DMF 

followed by filtration using GE Healthcare Whatman SPARTAN 13/0.2 RC 0.2 μm 

syringe filters. Scanning transmission electron microscopy (STEM) images were 

recorded using a Zeiss Merlin HR-SEM with an add-on STEM detection system. 

Samples were prepared by adding 4 μL of the sample solution in double deionized 

water (MilliQ® water purification system) on formvar coated copper grids and 

incubated for 30 s. The remaining solution was removed with a filter paper. As a 

staining solution 4 μL of a 1% (w/v) uranyl acetate solution was incubated for 1 min. 

Animals 

For assays involving the use of mice, in the presence of toxic effects including, 

among others, >20% reduction in weight, aggressive and unexpected animal 
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behavior or the presence of blood in faeces, animals were immediately anesthetized 

using a 100 mg/kg Ketolar plus 5 mg/kg Midazolan mixture and sacrificed by 

cervical dislocation. The animal care and use protocols followed adhered to the 

specific national and international guidelines in accordance with the current Catalan 

(D 214/1997/GC) and Spanish laws (RD 53/2013; order ECC/566/2015) and the 

corresponding European Directive (2010/63 EU). 

Glycerol SCNP Formation 

Glycerol SCNPs were prepared as previously described.33 In brief, a co-polymer 

(p(XMA-SMA), 500 mg) of glycerol and xanthate methacrylate groups (0.35 mmol 

eq. thiol monomer) was deprotected using hydrazine (34.4 µL, 0.7 mmol, 2 eq.) in 

10 mL DMSO, yielding free thiols. After filtration, the co-polymer was added 

dropwise to a dilute solution of poly(ethylene glycol) diacrylate (PEGDA, 

258 g/mol, 86.8 µL, 0.35 mmol, 1 eq.) and TCEP (18.5 mg, 0.06 mmol, 0.2 eq.), to 

facilitate the intramolecular crosslinking by thiol-Michael addition. Remaining 

thiols were end-capped with 1.9 mL N,N-dimethylaminoethyl acrylate (DMAEA, 

12.4 mmol) and the particles were dialyzed. The final SCNPs were obtained by 

lyophilization as white powder (~300 mg).  

Negatively Charged SCNPs 

The functionalization of glycerol-SCNPs with negative charge was achieved as 

previously described41 and a range of negative SCNPs was prepared by increasing 

the equivalents of succinic anhydride. As an example for the SCNP1, glycerol-

SCNPs (40 mg, 0.2 mmol in glycerol units) were dissolved in 7 mL DMSO, succinic 

anhydride (20.8 mg, 0.2 mmol, 1 eq.) and pyridine (16.8 μL, 0.2 mmol, 1 eq.) were 

added to the solution. The reaction was stirred at 100 °C overnight and subsequently 

dialyzed. The product was obtained by lyophilization (~20 mg). 

Fluorescent Labeling of SCNPs 

The SCNPs were labeled with either DTAF or Texas Red using the same procedure, 

here described for Texas Red. To a solution of SCNP0 to SCNP5 (20 mg, 0.1 mmol 

in glycerol units) in 5 mL CB buffer 1.66 mg of Texas Red C-dichlorotriazine (Texas 

Red, 0.002 mmol, 0.02 eq.) was added and stirred overnight. Subsequently, the 
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product was purified first by dialyzing for 3 days. Remaining free dye was removed 

using a PD-10 column. The particles were obtained by lyophilization (~10 mg). 

Atovaquone acrylate (ATOA) 

To a stirred solution of atovaquone (200 mg, 0.55 mmol) in dichloromethane (8 mL) 

under nitrogen atmosphere, triethylamine (92 μL, 0.66 mmol) was added and the 

solution was cooled on an ice bath. Acryloyl chloride (53 μL, 0.66 mmol) was added 

dropwise and the solution was stirred overnight while warming up to room 

temperature. The mixture was diluted with dichloromethane (15 mL) and washed 

with water (2 × 5 mL) and brine (1 × 5 mL), dried over MgSO4 and concentrated 

under reduced pressure. The residue was purified by flash column chromatography 

(silica gel, heptane:dichloromethane 2:1 to give ATOA as yellow crystals in 140 mg 

yield (60%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.08, 7.75, 7.28 and 7.16 (m, 8H, ArH), 6.74, 

(d, 1H, CH2=CH) 6.45 (m, 1H, CH=CH2), 6.17 (d, 1H, CH2=CH), 3.11 (m, 1H, 

(CH2)2-CH-PhCl), 2.58 (m, 1H, (CH2)2-CH-C=C), 1.98 (m, 4H, CH2-CH2-CH-

PhCl), 1.85 (m, 2H, CH2-CH2-CH-C=C) and 1.55 (m, 2H, CH2-CH2-CH-C=C). 

Atovaquone Loaded ATO-SCNPs 

P1 (100 mg, 0.11 mmol eq. thiol monomer) was dissolved in DMSO (2 mL) and 

purged with nitrogen. Hydrazine (11.1 µL, 0.23 mmol, 2 eq.) was added and the 

solution was stirred for 30 min. A solution of 50 mL carbonate-bicarbonate buffer 

(CB buffer, 0.1 M sodium carbonate/ sodium bicarbonate, pH 9-10) with TCEP 

(5.96 mg, 0.02 mmol, 0.2 eq) and PEGDA (13.9 µL, 0.06 mmol, 0.5 eq) was 

prepared in a 3-neck round bottom flask and purged with N2. The filtered polymer 

solution was added through a dropping funnel to the buffer solution under continuous 

stirring. After 4 h of stirring, atovaquone acrylate (46.5 mg, 0.11 mmol, 1 eq.) 

dissolved in DMSO (3 mL) was added to the solution and stirred overnight. The 

product was subsequently dialysed against water and lyophilized (~60 mg). 

Atovaquone Loaded Anionically Charged SCNPs 

Atovaquone loaded SCNPs (40 mg, 0.18 mmol glycerol units) were dissolved in 

DMSO (7 mL), succinic anhydride (54.9 mg, 0.55 mmol, 3 eq) and pyridine 

(43.4 mg, 0.55 mmol, 3 eq) were added to the solution. The reaction mixture was 
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stirred overnight under reflux. The product was subsequently dialyzed against water 

for 3 days and lyophilized (~20 mg). 

Atovaquone Release from Anionic ATO-SCNPs 

Anionic ATO-SCNPs were incubated at 5 mg/mL in 1 M acetic acid or demi water 

and stirred for 24 h. The drug release was measured by UV-Vis taking samples of 

the precipitated ATO in DMSO. 

Biodistribution Study of SCNP0 in Mosquitos 

Three feeding cups, one control and two experiments, were prepared each containing 

6 female Anopheles gambiae mosquitos. Mosquitos were allowed to feed for 1 day 

from 10% sucrose by the syringe feeder. On day 2 the 10% sucrose solution was 

replaced in the two experiment cups with each nanoparticle solution at 0.25 mg/mL 

in 10% sucrose. In the control cup the mosquitos continued to feed with 10% sucrose. 

After 3 days feeding with nanoparticles the mosquitos were dissected and fixed in 

4% formaldehyde in 1× phosphate buffered saline (PBS). Samples were observed in 

a fluorescence stereoscope. 

Ex vivo Production of Ookinetes and SCNP Targeting 

To evaluate the ookinete targeting of Texas Red-labeled SCNPs, ookinetes were 

produced ex vivo following a protocol previously reported.26, 38 Briefly, Plasmodium 

berghei CTRP-GFP38 parasites were administered intraperitoneally (i. p.) to a 

BALB/c mouse (M1). Four days later, M1 was used as a donor to infect i. p. a second 

mouse (M2) that was previously treated with phenylhydrazine (120 µL of a 

10 mg/mL solution in PBS) to enhance reticulocyte production. Once infection was 

established in M2, blood carrying gametocytes was collected by intracardiac 

puncture and immediately diluted in 30 mL of ookinete medium (10.4 g/L Roswell 

Park Memorial Institute medium (RPMI) supplemented with 2% w/v NaHCO3, 

0.05% w/v hypoxantine, 0.02% w/v xanthurenic acid, 50 U/mL penicillin, 50 µg/mL 

streptomycin, 20% heat-inactivated fetal bovine serum (Invitrogen, USA), and 25 

mM HEPES, pH 7.4. Finally, the culture was incubated under orbital shaking 

(50 rpm) for 24 h at 21 °C to allow ookinete conversion. After this time, 0.5 mL of 

ookinete culture were incubated with 0.5 mg/mL of each SCNPs in ookinete medium 

for 1 h at room temperature. Then, samples were washed three times with PBS and 
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nuclei were counterstained with Hoechst 33342 (2 μg/mL). As a control, Cy5-labeled 

heparin was included to validate targeting. Images were acquired with a Zeiss 

LSM880 confocal microscope (Jena, Germany). Hoechst 33342 was excited with a 

405 nm diode laser and TexasRed with a 633 nm line of a helium-neon laser. To 

avoid crosstalk between the different fluorescence signals, a sequential scanning was 

performed. All experiments shown in the same figure were done with the same batch 

for comparability. Each experiment was repeated on at least three biological 

replicates. 

For flow cytometry analysis, ookinetes incubated with SCNPs were washed and 

diluted in 1:10 in PBS. Afterwards, samples were analyzed in a LSRFortessa™ flow 

cytometer (BD Biosciences) set up with the 5 lasers, 20 parameters standard 

configuration. The green fluorescent protein (GFP) and TexasRed fluorochromes 

were excited using 488 and 561 nm lasers, and their respective emissions collected 

with 525/40 and 610/20 nm filters. The GFP-positive population was selected and 

analyzed by its TexasRed intensity using Flowing Software 2.5.1 (www.btk.fi/cell-

imaging; Cell Imaging Core, Turku Centre for Biotechnology, Finland). GraphPad 

Prism 8 (GraphPad Software, San Diego, USA) was used to plot the histograms. 

Ookinete Maturation in Presence of Atovaquone-loaded SCNPs 

To evaluate the effect of atovaquone SCNPs, an ookinete maturation inhibition assay 

was carried out. Briefly, blood extracted from three infected mice was used to 

establish new cultures of Plasmodium berghei CTRP-GFP (which expresses GFP in 

the ookinete stage). The resulting gametocyte-containing culture was plated in 96-

well plates and treated with growing concentrations of the SCNP-A15 (which 

contained 15% wt of Atovaquone) and SCNP-A4 (loaded with 4% wt of 

Atovaquone). To calculate the tested concentrations, a IC50 of Atovaquone 

(0.036 µg/mL) was considered and total amount of Atovaquone present in each 

sample.42 Hence 0.032, 0.16, 0.8, 4, 20 and 100 µg/mL were tested of each sample 

by duplicate. Plates were incubated for 24 h at 21 °C under continuous stirring to 

allow ookinete production ex vivo, and the % of GFP positive events in each well 

was analyzed by flow cytometry. 
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Chapter 4 

Enhancing Cellular Internalization of Single-Chain 

Polymer Nanoparticles via Polyplex Formation  

 
Intracellular delivery of nanoparticles is crucial in nanomedicine, to reach optimal 

delivery of therapeutics and imaging agents. Single-chain polymer nanoparticles 

(SCNPs) are an interesting class of nanocarriers due to their unique size range of 5-

20 nm. The intracellular delivery of SCNPs can be enhanced by using a delivery 

agent. Here, a positive polymer is used to form polyplexes with SCNPs, similar to 

the strategy of protein and gene delivery. The size and surface charge of the 

polyplexes were evaluated. The cellular uptake showed rapid uptake of SCNPs via 

polyplex formation and the cytosolic delivery of the SCNPs was presented by 

confocal microscopy. The ability of SCNPs to act as nanocarriers was further 

explored, by the conjugation of doxorubicin.  
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4.1 Introduction 

Nanoparticles (NPs) are highly modular materials that can be engineered to deliver 

therapeutics or imaging agents to specific locations in the body. This strategy is 

utilized to increase the efficacy of therapeutics and diminish side effects. Polymeric 

NPs provide ample opportunities in the field of controlled drug delivery, such as 

control over size, composition, and surface functionality, allowing encapsulation and 

conjugation of therapeutics. The size of NPs has been shown to strongly influence 

their biodistribution behavior.1 Particles smaller than 10 nm are prone to rapid 

clearance by the kidneys, whereas NPs above 200 nm in size tend to accumulate in 

the liver and spleen.2 NPs with sizes in the range of 10 to 200 nm have shown great 

variation in biodistribution behavior, for example inorganic NPs of 10-15 nm in 

diameter have been shown to reach the brain more readily than larger sized NPs.3-4 

Also, deeper penetration has been shown for small NPs in poorly permeable 

hypovascular tumors.5-6 While various preparation strategies are well known for NPs 

above 50 nm, smaller NP systems such as dendrimers have more intricate synthetic 

routes.7-8 A different but appealing strategy to develop small NPs is intramolecular 

crosslinking of individual polymer chains forming single-chain polymer 

nanoparticles (SCNPs).9 This class of NPs is characterized by monodisperse size 

distributions and the ability for easy scale up of their production.9-12 The SCNPs have 

unique sizes in the range of 5 to 20 nm and the characteristics are highly dependent 

on the precursor polymer. Highly controlled functionalization of SCNPs can be 

achieved either before or after crosslinking of the polymer chains, and Palmans, 

Meijer and coworkers have used pentafluorophenol (PFP) acrylate based polymers 

to conjugate functional side chains onto the polymers, after which they are 

crosslinked into SCNPs.13 We previously reported the preparation of PFP-SCNPs 

from PFP-functional polymers that are intramolecularly crosslinked via a thiol-

Michael addition, and subsequently conjugated with various amines.14-15 Drug 

encapsulation of therapeutics including rifampicin,16 cisplatin17 and vitamin B918 has 

been demonstrated in SCNPs, leading research of SCNPs towards the application of 

controlled drug delivery. 

There are several barriers for NPs to overcome before reaching their specific target, 

one of these is the cell membrane.19-20 The cellular uptake and the intracellular 
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location of NPs are key to the development of efficient nanocarriers. While several 

studies have shown the uptake of SCNPs in cells, in most cases the SCNPs remain 

predominantly trapped in endosomal structures.16, 21 Research into the 

functionalization of SCNPs to direct them towards cytosolic delivery has been 

carried out through the addition of positive charges on the SCNP surface22 as well as 

through the addition of a dendritic transporter.23 However, for SCNPs without 

protonatable amines cytosolic delivery remains challenging.21 For these SCNPs, 

cytosolic delivery has only been shown using physical strategies such as 

electroporation. Liu et al. incubated HeLa cells with polyacrylamide-based SCNPs 

functionalized with oligo (ethylene oxide-co-propylene oxide), benzene-1,3,5-

tricarboxamide and catalytically active sites and utilized electroporation for their 

cytosolic delivery.21  

Cationic polymers have commonly been used to form polyplexes with DNA24-26 and 

proteins 27 to achieve cytosolic delivery. Poly(amido amine)s (PAAs) have been 

widely used in gene delivery.28-29 These peptidomimetic polymers contain amines, 

which can be protonated intracellularly through the proton sponge effect and present 

the ease of integrating disulfide moieties for biodegradability.24, 29-30 p(CBA-ABOL) 

a co-polymer containing N,N-bis(acryloyl) cystamine and 4-amino-1-butanol is 

degradable in the presence of glutathione and has shown promising gene transfection 

results.24  

Here, we explore the use of a cationic, reducible polymer-based vector to traffic 

anionically charged SCNPs to the cytosol. In previous research, p(CBA-ABOL) has 

shown low toxicity and high transfection efficiencies,24, 31 which makes this polymer 

an interesting delivery tool for SCNPs. The polyplex formation of anionically 

charged SCNPs and p(CBA-ABOL) at various weight ratios is investigated by DLS 

and zeta potential measurements. Biocompatibility of the polyplexes is evaluated in 

Hela cells. Cellular uptake as well as intracellular location of fluorescently labeled 

p(CBA-ABOL) and SCNPs is investigated by confocal microscopy and flow 

cytometry. Doxorubicin (DOX) is conjugated onto anionic SCNPs and cellular 

uptake via polyplex formation is explored in HeLa cells to evaluate the potential for 

intracellular drug delivery. 



Chapter 4 

82 

 

4 

4.2 Results 

Glycerol-SCNPs were prepared as earlier reported,16 by slow addition of the co-

polymer to a crosslinker solution. The intramolecular chain collapse was analyzed 

by size exclusion chromatography, presenting a smaller hydrodynamic radius for the 

SCNP compared to the precursor polymer. A particle size of 8.4 nm was determined 

by DLS. To induce negative surface charges on the SCNPs, succinic anhydride was 

conjugated onto the alcohol moieties of the glycerol units.32 The surface charge of 

the resulting negative SCNP (SCNP-) decreased to -43.3 mV compared to the                

-20.5 mV of the glycerol SCNP. An important aspect of this post-formation 

functionalization strategy is that the surface functionalization does not significantly 

change SCNP size. 

p(CBA-ABOL), containing protonable tertiary amines in the backbone, was mixed 

with SCNP- to obtain polyplexes with increasing weight ratios ranging from 6 to 

100 w/w pCBA-ABOL/SCNP-. The size of the polyplexes at different weight ratios 

was analyzed by DLS. Diameters of the formed polyplexes are presented in 

Figure 4.1a. At 6 w/w polymer/SCNP ratio the measured size is comparable to the 

size of bare SCNP-, while at 12 w/w polymer/SCNP ratio small sized polyplexes 

(54 ± 11 nm) with a wide particle size distribution formed as shown in the intensity 

plot. The sizes of the polyplexes increase continuously from 25 to 100 w/w 

polymer/SCNP ratios, which relates to the addition of higher amounts of p(CBA-

ABOL). Zeta-potentials of the polyplexes are depicted in Figure 4.1b. The negative 

surface charge of the polyplex with 6 w/w polymer/SCNP ratio confirms the DLS 

results indicating that no stable polyplexes are formed. At 12 w/w polymer/SCNP 

ratio the zeta-potential is around zero, while the higher ratios display positive zeta-

potentials. Correlating with the increase in size, the surface charges of 25 to 100 w/w 

polymer/SCNP ratios increased continuously as well. The increase in zeta-potential 

flattens as higher ratios are reached, indicating a saturation of the charges at the 

surface of the polyplexes. The stability of polyplexes in aqueous solution was 

evaluated over time, revealing swelling of the polyplexes as shown in Figure 4.2a. 

During the first 4 hours swelling is rapid, slowing down afterwards and for the 

polyplex with 25 w/w polymer/SCNP ratio the particle size doubled within 10 hours 

from 100 to 200 nm.  
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Figure 4.1 a) Size of polyplexes with increasing w/w ratios measured with DLS by number b) surface 

charge of polyplexes with increasing w/w ratios. 

p(CBA-ABOL) has shown potential in the intracellular delivery of genetic cargoes, 

as well as proteins.24 To adapt this strategy for the delivery of SCNPs, the 

cytotoxicity of polyplexes containing SCNPs was first evaluated in Hela cells. In 

earlier literature reports, toxicity of polyplexes based on p(CBA-ABOL) is generally 

evaluated by short incubation of cells with the polyplexes (e.g. 1 h), after which 

medium is exchanged with fresh medium and cytotoxicity is evaluated after a total 

of 24 h, resulting in cell viabilities of >80% for all test ratios with p(CBA-ABOL).24 

Here, polyplexes were incubated for 4 h and subsequently incubated with fresh 

medium for a total of 24 h incubation, see Figure 4.2b. No significant decrease in 

cell viability compared to the reference was observed for any polyplex ratio. Longer 

incubation times were also tested for the polyplexes, by incubating the polyplexes 

for up to 6 and 8 h before medium was exchanged. Cell viability only decreases to 

below 80% for 100 w/w polymer/SCNP ratio at 8 h incubation, the toxicity is 

induced by p(CBA-ABOL). In the literature, higher toxicities at shorter incubation 

times have been reported,24 indicating that the polyplexes formed with the SCNPs 

are favorable in terms of biocompatibility.  
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Figure 4.2 a) Stability of polyplexes ratios 25, 50 and 75 measured by DLS. b) Viability of Hela cells 

after incubation with SCNPs and polyplexes at various w/w ratios, asterisks indicate significant 

difference compared to reference, ** p<0.01 and *** p<0.001.   

Intracellular delivery of SCNP- via polyplexes was evaluated next by confocal laser 

scanning microscopy (CLSM). DTAF labeled SCNPs were utilized in polyplex 

formation to be able to follow the SCNPs intracellularly. Polyplexes at various ratios 

were incubated with Hela cells during 3 h at a SCNP- concentration of 10 µg/mL 

and subsequently, an actin staining was utilized to visualize the Hela cells. However, 

CLSM did not reveal any signal of SCNP- in the Hela cells after 3 h incubation (see 

Figure 4.3). Generally, SCNPs are incubated for prolonged times and higher 

concentrations are required for confocal images, Kröger et al. used glycerol SCNPs 

at a concentration of 500 µg/mL for 20 h.16 At 6 w/w polymer/SCNP ratio barely any 

SCNP- signal is observed, which is in line with the earlier reported DLS and zeta-

potential results, as this ratio has an overall negative surface charge. HeLa cells 

incubated with polyplexes with a 12 w/w polymer/SCNP ratio and higher ratios 

express stronger signals for SCNPs. Interestingly, polyplexes with a 25 w/w 

polymer/SCNP ratio and higher ratios, display signal for SCNP- throughout the cells. 

The increase in uptake is likely due to the increased positive charge and tertiary 

amines introduced by the amount of p(CBA-ABOL) in the polyplexes. The proton 

sponge effect provided by the tertiary amines becomes strong enough at a 25 w/w 

polymer/SCNP ratio to achieve endosomal release of SCNPs into the cytosol. 

To quantify cellular uptake of SCNPs, further flow cytometry measurements were 

conducted. Uptake of SCNPs was analyzed after 1, 3 and 6 h incubation and signals 
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from both the fluorescently labeled SCNP- and p(CBA-ABOL) were evaluated, see 

Figure S4.1. SCNP- without p(CBA-ABOL) displays barely any signal after 1 h 

incubation and does not significantly increase with longer incubation times. After 

1 h incubation the polyplexes show an increase in SCNP- signal in the Hela cells 

with increasing polyplex ratios. This trend is observed at each time point and is in 

line with the confocal microscopy results. The signal of p(CBA-ABOL) in HeLa 

cells increases with higher polymer/SCNP ratios at 1 h as well. After 3 and 6 h 

incubation the SCNP signal is not increasing compared to 1 h while the signal of 

p(CBA-ABOL) is increasing. The significant swelling of the polyplexes within 4 h 

in aqueous solutions might result in less SCNP uptake over prolonged incubation 

times, while p(CBA-ABOL) which is no longer complexated is able to enter the 

cells more freely.  
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Figure 4.3 CLMS images of Hela cells incubated with SCNPs and polyplexes with increasing w/w 

ratios for 3 h. Actin was stained in red and SCNPs are labeled with a green fluorescent label, scale bar 

50 µm. 
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The intracellular location of the SCNP- with  12, 25 and 75 w/w polymer/SCNPs are 

depicted in Figure 4.4. While for the low polymer/SCNP ratio of 12 w/w SCNP- 

remain inside vesicular structures, at a polymer/SCNP ratio of 25, a diffuse signal 

from the cytosol is observed, in addition to the vesicular signal. The endosomal 

escape is attained by the proton sponge effect and these results indicate that there is 

a critical amount of p(CBA-ABOL) containing tertiary amines needed in the 

polyplexes to reach the cytosol. At the higher ratio of 75 w/w polymer/SCNP, the 

SCNP- signal is shown throughout the cells, while not penetrating the cell nuclei, 

pointing to successful cytosolic delivery. Interestingly, the blue MANT signal from 

p(CBA-ABOL) co-localizes strongly with the SCNP- signal in all three cases and is 

also not observed in the nuclei. To confirm the intracellular location of SCNP- a 

lysosome staining was used for the HeLa cells (see Figure S4.2). This shows that the 

co-localization of SCNPs with the lysosome staining decreases upon increasing the 

polymer/SCNP ratio, while cytosolic delivery of SCNPs is enhanced.  

Figure 4.4 CLSM images of Hela cells incubated with polyplexes with selected w/w ratios to highlight 

the intracellular location of SCNPs and p(CBA-ABOL). Actin was stained in red, SCNPs were labeled 

with a green fluorescent dye and p(CBA-ABOL) with a blue fluorescent dye, scale bar 25 µm.  
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The ability of SCNPs to act as nanocarriers in controlled drug delivery was assessed 

by conjugating doxorubicin (DOX), a powerful anti-cancer drug, onto the anionic 

SCNPs (see Figure 4.5a).33 Successful conjugation of DOX onto the carboxylic acid 

moieties of the SCNPs was shown by the increase in surface charge upon DOX 

conjugation (see Figure S4.3). A drug loading of 6.8 wt% was measured by UV-Vis 

and a particle diameter of 39 ± 14 nm was shown by DLS (shown in Figure 4.5b).  

 

Figure 4.5 a) Reaction scheme of DOX conjugation onto carboxylic acid groups of SCNPs b) Table 

presenting the drug loading and size of DOX-SCNPs. 

The release of DOX was studied by UV-Vis after incubation in cell lysate, and after 

2 h incubation no signal was visible in the supernatant. However, after 20 h the UV-

Vis spectra shows a signal at 487 nm corresponding to free DOX (see Figure S4.4). 

Intracellular drug delivery was evaluated by incubating HeLa cells with 

fluorescently labeled DOX-SCNPs (10 µg/mL) in polyplexes with weight ratios of 

25, 50 and 75. The cells were subsequently stained using membrane and nuclei 

staining in blue. CLSM images in Figure 4.6 show polyplex-mediated cellular uptake 

of SCNPs and DOX after 4 h incubation, with co-localized signals from DOX and 

SCNPs. Further evaluation revealed that higher SCNP concentrations were required 

for DOX to lower the cell viability. However, the p(CBA-ABOL) also displays 

cytotoxicity at high concentrations and prolonged incubation times. Therefore, the 
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DOX-SCNP was also evaluated as nanocarriers itself showing a significant decrease 

in viability after 72 h incubation at 50 and 100 µg/mL (see Figure S4.5).  

Figure 4.6 CLSM images of Hela cells incubated with polyplexes with selected w/w ratios and DOX-

SCNPs. Cell nuclei and membranes are stained blue, SCNPs have a green fluorescent label and DOX 

signal is in red, scale bar 20 µm. 

4.3 Conclusions 

We present here a strategy to strongly enhanced internalization of negatively charged 

SCNPs within short incubation times in Hela cells via the formation of 

polymer/nanoparticles polyplexes. Importantly, this strategy highlights the ability of 

directing the location of SCNPs in cells based on the employed polymer/SCNP 

ratios. Polymer/SCNP ratios of 25 and 50 w/w display increased internalization of 

SCNPs over the course of 3 h, with cytosolic delivery of SCNPs, while still 

remaining non-toxic, boding well for their use in biomedical applications. This 

approach allows for introduction of SCNPs into the cell cytosol without the need for 

specific transporter molecules on the particle surface. Successful conjugation of 

DOX onto the SCNPs and concomitant drug release was demonstrated. In the future, 
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research into utilizing positively charged polymers with lower toxicity such as shown 

with polymers containing guanidine moieties will improve the biocompatibility of 

the polyplexes at high w/w polymer/SCNP ratios.   
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4.5 Supporting Figures 

 

Figure S4.1 Fluorescent intensity of HeLa cells from a) SCNPs or b) p(CBA-ABOL) signal measured 

by flow cytometry.  
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Figure S4.2 CLSM images of Hela cells incubated with polyplexes with selected w/w ratios to highlight 

the intracellular location of SCNPs. Lysosomes were stained in red and SCNPs were labeled with a 

green fluorescent dye, scale bar 50 µm. 
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Figure S4.3 Zeta-potential of SCNPs. 

 

Figure S4.4 UV-Vis of SCNPs analyzing DOX release. 
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Figure S4.5 Cytotoxicity of SCNPs and DOX-SCNPs in HeLa cells incubated for 72 h. 

4.6 Material and Methods 

Materials 

DMSO (anhydrous, 99.9%), poly(ethylene glycol) (PEGDA, Mn 258 g/mol), 

hydrazine monohydrate (98%), dimethylaminoetyl acrylate (DMAEA, 98%), tris(2-

carboxyethyl)phosphine hydrochloride (TCEP, ≥98%), succinic anhydride (99,9%, 

Fluka), pyridine (>99%), N-methylisatoic anhydride (MIA, 90%), doxorubicin 

hydrochloride (>98%), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride, N-hydroxysuccinimide (98%), Dulbecco modified Eagles medium 

(DMEM), fetal bovine serum (FBS), penicillin-streptomycin (containing 10.000 

units penicillin, 10 mg streptomycin mL-1), Trypsin-EDTA solution (steril filteres, 

BioReagent), phosphate buffered saline (PBS, pH 7.4) and resazurin sodium salt 

(BioReagent) were purchased from Sigma-Aldrich. Propidium iodide (PI), 

LysoTrackerTM Red DND-99, 5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF) 

and ActinRedTM 555 ReadyProbesTM Reagent (Rhodamine phalloidin) were 

purchased from ThermoFischer Scientific. CF® 405M Wheat Germ Agglutinin 

(WGA) was purchased from Biotium. All chemicals were used without purification 

except if stated otherwise. SnakeSkinTM dialysis tubing (10 K MWKO) from 

ThermoFisher Scientific and PD-10-desalting columns were purchased from GE 

healthcare. pCBA-ABOL was kindly provided by Dewi Hujaya. Dynamic light 
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scattering (DLS) and Zeta-potential measurements were performed on a Malvern 

Instrument Zetasizer ZS in 10 mM NaCl solution.  

Glycerol SCNP synthesis 

Glycerol SCNPs were formed as previously reported.16 In brief, co-polymer p(XMA-

SMA) (XMA:SMA 1:9, 500 mg) was dissolved in 10 mL DMSO and the thiol 

moieties on the xanthate groups (0.35 mmol eq. thiol monomer) were deprotected by 

the addition of hydrazine (34.4 µL 0.7 mmol, 2 eq.). The deprotected co-polymer 

was filtered and then added dropwise to a dilute solution of carbonate-bicarbonate 

(CB) buffer containing poly(ethylene glycol (PEGDA, 258 g/mol, 86.8 µL, 

0.35 mmol, 1 eq.) and TCEP (18.5 mg, 0.06 mmol, 0.2 eq.), to induce the 

intramolecular crosslinking via thiol-Michael addition. N,N-dimethylaminoethyl 

acrylate (DMAEA, 1.9 mL, 12.4 mmol) was added to end-cap remaining thiols. The 

resulting particles were purified by dialysis and isolated by lyophilization 

(~300 mg). 

Succinic anhydride conjugation 

Glycerol SCNPs were functionalized as previously described.32 In brief, glycerol 

SCNPs (40 mg, 0.2 mmol in glycerol units), succinic anhydride (20.8 mg, 0.2 mmol, 

1 eq.) and pyridine (16.8 µL, 0.2 mmol, 1 eq.) were dissolved in 7 mL DMSO and 

stirred at room temperature overnight. The particles were purified by dialysis and 

obtained by lyophilization (~20 mg). 

DTAF labeling of anionic SCNPs 

SCNPs (20 mg, 0.1 mmol in glycerol units) were dissolved in 5 mL CB buffer and 

0.9 mg of DTAF (0.002 mmol, 0.02 eq.) was added. The solution was stirred 

overnight. The fluorescently labeled particles were purified using a PD-10 column. 

The particles were obtained by lyophilization (~10 mg). 

MANT labeling of p(CBA-Abol) 

p(CBA-ABOL) polymer was prepared as previously described,34-35 and labeled by 

dissolving 100 mg (0.27 mol per alcohol moieties) in 10 mL DMSO and adding 

48.7 mg of MIA ( 0.27 mol, 1 eq.) to the solution. The reaction was filtered and 

dialyzed after 1 h of stirring. The labeled p(CBA-ABOL) was obtained after 

lyophilization (~ 70 mg). 
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Doxorubicin conjugation onto anionic SCNPs 

Anionic SCNP (DTAF) (anionic SCNP-hP1(31) DTAF, 20 mg) was dissolved 

2.6 mL PBS (pH 7.4) at 7.5 mg/mL and EDC (8.9 mg, 0.5 eq) and NHS (5.6 mg, 

0.5 eq) was added to the solution, which was stirred for 30 min. Then 108 µL DOX 

(5mg/mL 0.01 eq) were added to the solution and the stirring continued for 3 h, 

protected from light. The SCNPs were purified using a PD-10 column and 

lyophilized yielding 17.2 mg DOX-SCNPs. 

DOX release from DOX-SCNPs 

DOX-SCNPs were incubated in cell lysate and samples were taken after 2 and 24 h. 

The samples were centrifuged at 12000 rpm for 20 min and the UV-Vis of the 

supernatant was measured.   

Cell viability 

Hela cells were cultured in 96 well plates by adding 100 μL DMEM medium 

containing 7.5×103 cells per well and incubated overnight at 37 °C in humidified 5% 

CO2-containing atmosphere. Polyplexes were prepared using stock solutions of 

1 mg/mL SCNPs and 6 mg/mL p(CBA-ABOL), the SCNPs were diluted to 10 

μg/mL (final concentration) in Milli Q and p(CBA-ABOL) was added to 6.25, 12.5, 

25, 50, 75 and 100 charge weight ratios, to a volume of 100 μL, after 10 min 

incubation at room temperature 200 μL medium was added. As example for polyplex 

solution of 6.25 ratio 3 μL of SCNP stock solution was diluted in 95.6 μL MilliQ 

and 1.35 μL p(CBA-ABOL) stock solution was added after 10 min 200 μL medium 

was added. The polyplexes solution was added to the Hela cells, after aspiration of 

the medium, by adding 100 μL per well each sample was measured in triplicate. As 

reference cells were incubated with medium and a control of SCNPs 10 μg/mL was 

used. After 4,6 or 8 h the polyplex medium was replaced by fresh medium. The cell 

viability was analyzed after 24 h by adding resazurin solution to each well (440 μM) 

and incubate for 4 h. The fluorescent signal was measured by an Enspire plate reader 

with excitation and emission wavelength of 560/590. Statistical analysis (n=9) was 

performed utilizing One-way analysis of variance (ANOVA) with Tukey post hock 

analysis. The classifications of the differences were reported as following: 

significant (p<0.05), very significant (p<0.01) and extremely significant (p<0.001). 
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Confocal laser scanning microscopy of polyplex uptake 

On 96 senso plate Hela cells were seeded at 7.5×103 cells per well in 100 μL medium 

and incubated overnight. Polyplexes were prepared as earlier described, using 

SCNPs labeled with DTAF and p(CBA-ABOL) with or without MANT label, and 

added to the cells at 10 μg/mL SCNP concentration in 100 μL. The Polyplexes were 

incubated for 3 h. Afterwards, the cells were fixated with 4% PFA solution and 

permeabilized with 0.1% Triton-X. Subsequently, the cells were stained with Actin 

staining for 30 min and washed and stored in PBS. For the samples stained with a 

lysosome staining, the Hela cells were subsequently to the 3 h particle incubation 

also incubated with the lysosome staining before the cells were fixated and stored in 

PBS. For HeLa cells incubated with DOX loaded polyplexes CF®405 M WGA was 

used to stain the cell membranes at 5 µg/mL for 15 min at 37 °C and a DAPI counter 

staining was added for 3 min at room temperature. The internalization of polyplexes 

was examined using a Nikon confocal microscope A1, equipped with the following 

laser wavelengths: 375, 488 and 561 nm. 

Flow cytometry measurement of polyplex uptake 

Hela cells were seeded in 48 well plated at 30×103 cells per well in 300 μL medium 

and incubated overnight. Sample solutions of polyplexes were prepared as earlier 

reported and 300 μL of each sample was added per well, as control 10 μg/mL of 

SCNPs were used. The polyplexes were incubated for 1,3 and 6 h, then the cells were 

washed with PBS and harvested with trypsin. The resulting cell pellet was 

resuspended 300 μL PBS. For the flow cytometry measurements, samples were 

additionally incubated with PI staining to analyze the cell viability. The FACS 

measurement was performed with a BD Bioscience FACS Aria II using excitation 

and emission filters of 375-450/30, 488-530/30 and 630/30 nm. 
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Chapter 5 

Cytosolic Delivery of Single-Chain Polymer 

Nanoparticles 

 

Cytosolic delivery of therapeutic agents is key to improving their efficacy, as the 

therapeutics are primarily active in specific organelles. Single-chain polymer 

nanoparticles (SCNPs) are a promising nanocarrier platform in biomedical 

applications due to their unique size range of 5-20 nm, modularity and ease of 

functionalization. However, cytosolic delivery of SCNPs remains challenging. Here, 

we report the synthesis of active ester-functional SCNPs of approximately 10 nm via 

intramolecular thiol-Michael addition crosslinking and their functionalization with 

increasing amounts of tertiary amines to obtain SCNPs with increasing positive 

surface charges. Cellular uptake of the SCNPs was analyzed in bEND.3 cells, 

presenting different uptake behavior depending on the degree of functionalization. 

Confocal microscopy revealed successful cytosolic delivery of SCNPs with high 

degrees of functionalization. This work presents a strategy to direct the intracellular 

location of SCNPs by controlled surface modification to improve intracellular 

targeting for biomedical applications. 
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5.1 Introduction 

The field of controlled drug delivery has focused research efforts on developing 

nanoparticles as carriers for therapeutics,1-2 since only a small fraction of 

administered therapeutics accumulates at the desired target site in vivo, leading to 

the aspiration of nanoparticles for improved treatment efficacies and decreased side 

effects.3 Polymer NPs are highly modular in nature, and the ability to functionalize 

their surfaces is key to attaining prolonged blood circulation times and achieving 

targeted delivery of therapeutics to specific tissues.4 However, a critical challenge in 

drug delivery is the cytosolic delivery of NPs,3, 5-7 since most therapeutics only 

function in specific organelles of the cell, such as in the mitochondria8 or the cell 

nucleus.9 High therapeutic effectiveness can be achieved when NPs are released 

from endosomal structures into the cytosol, enabling therapeutics to reach their target 

inside the cell.  

One way to overcome this challenge of endosomal escape is by using polymers 

containing tertiary amines, which have been frequently utilized in non-viral gene 

delivery.10-12 The buffer capacity of tertiary amines is of key importance, since after 

NPs are taken up by endosomes, the tertiary amines are protonated causing an influx 

of chloride anions.11 The increase in ionic concentration inside the endosomes leads 

to osmotic swelling, which, together with the internal charge repulsion of the 

protonated polymers, causes the endosomes to rupture and release the cargo into the 

cytosol. Sprouse et al. compared the effects of various primary and tertiary amines 

ratios in glycopolycations for plasmid DNA delivery.13 They observed that tertiary 

amines promote cellular uptake and plasmid DNA expression, which points to 

cytosolic delivery, although also generating cytotoxic effects. Functional groups 

such as guanidine, consisting of primary and secondary amines have been 

successfully employed in the cytosolic delivery of NPs.14-15 This strategy for 

cytosolic delivery has been adapted by Lee et al. for cytosolic protein delivery.16 

Using cationic guanidium-functionalized poly(oxanorbornene)imide (PONI) 

polymers of different length nanocomposites with E-tagged proteins were formed. 

Cytosolic delivery of these nanocomposites was confirmed, additionally longer 

polymers demonstrated increasing uptake. 
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Biodistribution and cellular uptake of polymer NPs is further also dependent on 

particle size. The biodistribution behavior of gold NPs with sizes ranging from 10 to 

250 nm was evaluated in animal models and revealed that larger particles are mostly 

confined to blood, liver and spleen, whereas smaller particles reach a variety of 

organs.17-18 On the cellular level Bai et. al observed this correlation in polymer NPs 

ranging from 7 to 40 nm, demonstrating the highest extent of uptake for the smallest 

particles.19 Due to higher surface to volume ratio and increased curvature of smaller 

NPs, the contact area with membranes20 is increased, leading to enhanced cellular 

uptake.21 Access to polymer NPs smaller than 20 nm has remained limited, though 

intramolecular crosslinking of polymer chains provides single-chain polymer 

nanoparticles (SCNPs) in the 5 to 20 nm size range, in a facile and scalable manner.22-

25 Size and dispersity of SCNPs are uniquely dependent on the precursor polymers, 

which are readily obtained by utilizing controlled/living polymerization 

techniques.26-28 The SCNPs flexibility is in between a flexible polymer and a rigid 

nanoparticle.29 This combines the ability for multivalent target-ligand interactions,30 

with the increased cellular uptake seen for rigid particles.31-32 Furthermore, SCNPs 

with PTR86, a targeting ligand for pancreatic cancer, have been shown to accumulate 

at the tumor site in a murine model, demonstrating that SCNPs can avoid fast renal 

clearance.33 These characteristics have led to SCNPs being investigated in various 

biomedical applications, such as drug delivery,21, 34-39 targeting,33, 40 protein 

mimicry,41-43 imaging,33, 44 sensing45 and even catalysis.19, 46-47  

Cytosolic delivery of SCNPs has so far received only limited attention. However, 

Liu et al. have investigated several delivery strategies for cellular uptake of SCNPs 

in HeLa cells.48 PEGylated SCNPs were incubated with HeLa cells for 3 h and the 

fluorescent signal of the SCNPs was observed only extracellularly. At high 

concentrations (2.5 mg/mL) and a relatively long 24 h incubation with SCNPs, 

cellular entry was observed and high degrees of co-localization with lysosomes. 

Making use of electroporation, the cell membrane was temporarily permeabilized 

and cytosolic delivery of the PEGylated SCNPs was observed. Zimmerman and 

coworkers designed artificial metalloenzymes for intracellular applications, the 

intracellular delivery was achieved using SCNPs functionalized with quaternary 

ammonium cations.47, 49 In HeLa cells co-localization with lysosomes was 

observed.47 These results emphasize the demand of amines with high buffer capacity 
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to enable the cytosolic release. In previous work, pentafluorophenyl-functional 

(PFP) SCNPs were synthesized via thiol-Michael addition displaying the ability for 

a variety of highly controlled functionalizations for biomedical applications.43, 50 

PFP-SCNPs were functionalized with various peptides to develop protein mimics.  

Here, we utilize controlled surface modifications to enable cytosolic delivery of 

SCNPs under physiologically relevant conditions, by synthesizing PFP-SCNPs, 

which are functionalized with increasing amounts of tertiary amines. The remaining 

pentafluorophenyl groups are exchanged with aminoglycerol, and a fluorescent label 

is conjugated for the in vitro analysis. Possible cytotoxic effects of the SCNPs are 

evaluated on mouse brain endothelial cells (bEND.3). To evaluate the uptake of the 

SCNPs flow cytometry is used and the location of the SCNPs is established by 

confocal microscopy. 

5.2 Results and Discussion 

Synthesis and functionalization of SCNPs 

PFP-SCNPs were prepared by slow addition of thiol-functionalized co-polymer to a 

crosslinker solution as reported earlier.43, 50 GPC analysis showed an apparent size 

reduction of 51% after collapse into SCNPs, indicating successful intramolecular 

crosslinking. DLS measurements showed the formation of particles with a diameter 

of 12 nm, with no significant larger-sized clusters present. Subsequently, a range of 

functionalized SCNPs was synthesized by conjugating the PFP-SCNPs with 

different ratios of the tertiary amine N,N-dimethylethylenediamine (DMEN) 

(SCNP-0 to SCNP-60, see Scheme 5.1).  
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Scheme 5.1 Schematic representation of SCNP functionalization with tertiary amines, alcohols and 

fluorescent label (DTAF).  

The conjugation was conveniently followed by 19F NMR, indicating full conversion 

for all samples within 24 h. Remaining pentafluorophenyl groups were exchanged 

with 1-aminoglycerol to render the SCNPs water-soluble. Incorporation of the 

functional groups was further evidenced by 1H NMR spectroscopy. Signals at 

2.2 ppm, corresponding to the two methyl groups attached to the tertiary amine, 

increased with increasing incorporation ratio, while the signals at 2.9, 3.5 and 4.5-

5.0 ppm, corresponding to the incorporation of 1-aminoglycerol diminished. The 

absence of signals in the 19F NMR spectra further indicates the successful formation 

of SCNPs with increasing amounts of tertiary amine groups. After fluorescent 

labelling of the SCNPs with 5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF), the 

functionalized SCNPs were analyzed by GPC as shown in Figure 5.1a. The elution 

profiles of SCNP-0 to SCNP-60 show a small shift towards lower molecular mass 

upon higher degrees of substitution, indicating only a minor influence of the 

substituents on the hydrodynamic volume of the particles. Furthermore, the GPC 

traces confirm successful fluorescent labelling, without any significant residual free 

label present, which could interfere with in vitro experiments. Additionally, DLS 

measurements show particles with comparable diameter of approximately 10 nm, 

while no larger aggregates are observed (see Figure 5.1b).  
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Surface charge of the particles was evaluated in HEPES buffer at pH 7.0 (see Figure 

5.1c). For 0% incorporation of tertiary amines, the alcohol-groups render the 

particles negatively charged, but upon increasing the incorporation, the SCNPs 

become positively charged with an apparent plateau of +27 mV for the SCNP-60. 

 

Figure 5.1 a) Fluorescent SEC-analysis of SCNP-0 to SCNP-60 (λex = 492 nm, λem = 516 nm). Dotted 

line represents refractive index (RI) signal for precursor PFP-SCNP, corrected for elution time. b) DLS-

analysis of SCNP-0 to SCNP-60.c) Surface charge of SCNP-0 to SCNP-60.  

Cytotoxicity of SCNPs 

We previously reported that SCNPs with 1-aminoglycerol surface functionalities do 

not display adverse effects on the viability of human cerebral endothelial cells 

(hCMEC/D3).43 However, cationic charges on the NP surface induced by 

protonation of tertiary amine groups are known to generate cytotoxic effects.13, 51-52 

Cytotoxicity of the SCNPs was therefore evaluated on a mouse endothelial cell line 

(bEND.3) utilizing a resazurin assay. The cells were incubated with SCNPs over a 

wide concentration range from 50 µg/mL to 500 µg/mL for 24 h. The results in 

Figure 5.2a show that SCNP-0 to SCNP-30 do not exert significant cytotoxic effects 

on the endothelial cells. At higher degrees of functionalization, however, cell 

viabilities decrease. For SCNP-45 the viability decreases only when cells are 

exposed to an elevated concentration of 500 µg/mL, while significant toxicity for 

SCNP-60 is already observed at lower concentrations. These results are in line with 

the results of Sprouse et al., who observed that the addition of increasing amounts of 

surface-located tertiary amines leads to a decrease in cell viability. Therefore, careful 

consideration of the density of tertiary amines on NP surfaces is key to achieving an 

optimal balance between high NP internalization and maintaining biocompatibility. 
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Figure 5.2 a) Cell viability of bEND.3 cells after incubation with SCNPs for 24 h. b) Fluorescence 

intensity of SCNPs in bEND.3 cells after 1, 3 and 6 h incubation measured by FACS. Asterisks indicate 

significant higher uptake relative to SCNP-0, * p<0.05, ** p<0.01 and *** p<0.001 (n=9). 

Cellular Uptake 

Cellular uptake of the SCNPs was studied by incubating endothelial cells with the 

SCNPs over various time periods, followed by analysis by flow cytometry. In Figure 

5.2b a distinct difference in uptake behavior is observed for particles with lower 

ratios of tertiary amine groups on their surface (SCNP-0, SCNP-15 and SCNP-30) 

and particles with higher ratios (SCNP-45, SCNP-60) after 1 h incubation. This 

disparity in uptake increases over time. For SCNP-0 to SCNP-30 a slow increase in 

uptake is observed over time. Interestingly, SCNP-0 displayed higher uptake than 

SCNP-15 and SCNP-30 after 1 h incubation, but also after longer incubation times. 

This implies that the interaction of particles and cell membrane is favorable for 

particle uptake when the particle surface is slightly negatively charged as compared 

to a neutral or slightly positively charged particle surface. These results are in line 

with the results from Xiao et al., who studied the uptake of polymer micelles with a 

range of surface charges.53 The particle uptake of negatively charged NPs was higher 

compared to neutral NPs. They demonstrated that this effect was due to serum in the 

medium, which forms a protein corona that influences NP uptake,54 as the uptake of 

the negatively charged and neutral particles was similar after incubation in serum 

free medium.53  

In comparison, SCNP-45 displayed an over 10-fold higher uptake than SCNP-0 after 

1 h incubation. Similarly enhanced uptake behavior was observed for SCNP-60. 

After prolonged incubation, SCNP-45 shows the highest extent of internalization. 
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Additionally, cell viabilities were evaluated utilizing a PI staining. Even for SCNP-

60 no significant cytotoxicity was observed after 1 h and 6 h incubation. This 

confirms that the tertiary amines on SCNP-45 and SCNP-60 only lead to decreases 

in cell viabilities when incubated over prolonged periods of time and high 

concentrations. 

Intracellular Location of SCNPs  

The differences in uptake behavior were further investigated by confocal 

microscopy. SCNP-0 to SCNP-30 were incubated at 50 µg/mL for 6 h and the cells 

were subsequently stained with a membrane and nuclei staining. In Figure 5.3 the 

gradual decrease of green signal from SCNP-0 to SCNP-30 can be observed, 

confirming the increase in uptake for negatively charged SCNP-0 as compared to 

SCNP-30, as measured by flow cytometry. Furthermore, the fluorescent signal of 

SCNPs is observed in vesicle structures inside the cells. These results resemble the 

uptake behavior of glycerol-SCNPs shown in previous work, indicating endosomal 

uptake.37  
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Figure 5.3 CLSM images of SCNP-0, SCNP-15 and SCNP-30 uptake in bEND.3 cells after 6 h 

incubation at 50 μg/mL. Nuclei and membranes were stained blue and a green-fluorescent label was 

used on the SCNPs, scale bar 10 μm.  

As described above, high uptake rates were observed for SCNP-45 and SCNP-60. 

Therefore, these particles were incubated for only 1 h at 50 µg/mL with bEND.3 

cells for confocal microscopy. Subsequently, the cells were stained with membrane 

and nuclei staining. In contrast to SCNP-0 to SCNP-30, less SCNPs in vesicle 

structures were observed for SCNP-45. Instead, the signal of the SCNPs is observed 

in the cytosol shown in Figure 5.4. In gene13, 55 and protein5, 56 delivery, polymers 

with tertiary amines are utilized to form complexes with negatively charged cargoes, 

to deliver the cargo in the cytosol of cells exploiting the proton sponge effect. In line 

with these studies, amine moieties of the SCNPs become protonated at the 

endosomal/lysosomal pH increasing the internal pressure after internalization. With 

increasing surface functionality of the SCNPs, the pressure increases, leading to 



Chapter 5 

110 

 

5 

lysing of the endosomes and endosomal escape for SCNP-45. For SCNP-60 the 

cytosolic delivery is also observed, but additional signals corresponding to 

aggregated SCNPs are also observed (see Figure 5.4).  

 

Figure 5.4 CLSM images of SCNP-45 and SCNP-60 uptake in bEND.3 cells after 1 h incubation at 

50 μg/mL. Nuclei and membranes were stained blue and a green-fluorescent label was used on the 

SCNPs, scale bar 10 μm. 

In the analysis of the location of SCNPs in the bEND.3 cells, SCNP-0 to SCNP-30 

were incubated with cells for 6 h. Subsequently, the lysosomes were stained. In 

Figure 5.5 particle uptake and co-localization with lysosomes is shown. High degrees 

of co-localization for SCNP-0 and SCNP-15 with the lysosomes were observed. 

Additionally, green signals corresponding to SCNP-0 inside vesicle structures were 

observed. As shown earlier, less internalization of SCNP-30 was visible, and the 

signal co-localized partly with lysosomes. While this uptake behavior is not 

favorable for drug delivery in most applications, as encapsulated therapeutics do not 

reach the cytosol efficiently,10 these results are interesting for applications in which 

NPs rather have to cross a cell barrier. For example in drug delivery to the brain, NPs 

have to cross the blood-brain barrier (BBB) to reach the target.57 In this highly 

selective process, NPs are taken up by cells and have to achieve transcytosis to enter 

the brain. The particles are dependent on the intracellular vesicular trafficking, that 

directs particles that are taken up by endocytosis towards lysosomes, recycling 
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endosomes, which release the particles back into the blood stream or transcystosis.58 

Bannunah and coworkers investigated the influence of NP charge and size on the 

internalization and crossing of an intestinal epithelial cell model.52 They reported 

higher uptake for positively charged NP. However, the transport across the cell 

barrier was higher for negatively charged NPs. Further research of the negative or 

neutral surface charged SCNPs could demonstrate what surface charge is optimal to 

cross cell barriers, such as the BBB. 

 

Figure 5.5 CLSM images of bEND.3 cells incubated with SCNP-0, SCNP-15 and SCNP-30 for 6 h 

and stained with Lysotracker, scale bar 10 μm. 

SCNP-45 and SCNP-60 were incubated for 30 min with bEND.3 cells before the 

lysosomes were stained. In Figure 5.6 the green signal from SCNP-45 and SCNP-

60 was observed throughout the cells confirming successful cytosolic delivery. 

Furthermore, some intracellular aggregation of SCNP-45 and SCNP-60 was 

observed as well at shorter incubation time, as compared to the uptake study. 
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However, the lysosome staining does not co-localize with the particle aggregations, 

indicating that the particles partly form intracellular clusters. 

 

Figure 5.6 CLSM images of bEND.3 cells treated with SCNP-45 and SCNP-60 for 30 min and 

Lysotracker, scale bar 10 μm.  

5.3 Conclusions 

In this work, PFP-SCNPs were synthesized and subsequently functionalized with 

tertiary amines to induce a positive surface charge under physiological conditions. 

Zeta-potential of the SCNPs increased with higher degrees of functionalization, 

while particle size remained constant. This range of SCNPs enabled investigation of 

their cellular interactions, only in relation to the degree of functionalization. None of 

the SCNPs exerts significant cytotoxicity after 6 h incubation on bEND.3 cells. The 

SCNPs with high amounts of tertiary amines only caused minor cytotoxicity at high 

concentrations coupled with long incubation times. However, all SCNPs show 

cellular uptake at low particle concentrations, which have been shown to be 

biocompatible. Highest cellular uptake was observed for SCNP-45, in which 45% 

of the monomer units possess a protonable tertiary amine. Significant differences in 

uptake behavior were observed for SCNP-0 to 30 and SCNP-45 and 60. At lower 

degrees of functionalization (0-30%), cellular uptake remained low, while at 45-60% 

of functionalization, uptake increased by up to 2 orders of magnitude. Confocal 
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microscopy revealed successful cytosolic delivery of SCNP-45 and SCNP-60. As 

shown with a lysosome staining for SCNP-0 to SCNP-30 the majority of SCNPs 

end up in lysosomes, the higher amounts of tertiary amines in SCNPs-45 and SCNP-

60 were sufficient to increase the ionic concentration inside the endosome, 

promoting endosomal escape. This systematic study shows the importance of 

controlled surface functionalization, as minor changes in the amounts of tertiary 

amines can already affect uptake rate and even intracellular location. The 

introduction of new and more specific targeting ligands can further increase 

selectivity of SCNP targeting. These versatile SCNPs provide a platform for various 

drug delivery applications as the surface modification enables directing the delivery 

to different subcellular targets, importantly including the cytosol and thereby 

increasing the efficacy of therapeutics. The control and ease of functionalization 

contributes to the ability to rapidly adapt SCNPs for therapeutic translation.  
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5.5 Materials and Methods 

Materials 

Tetrahydrofuran (THF, >99%) and methanol (>99%) were purchased from LPS B.V. 

N,N-dimethylformamide (DMF, >99.8%) was purchased from VWR. Chloroform 

(>99.8%) was purchased from Merck. Triethylamine (TEA, 99%), N,N-

dimethylethylenediamine (DMEN, 95%), 3-amino-1,2-propanediol (1-

aminoglycerol, 97%), DMSO (anhydrous, 99.9%), 1,4-butanediol diacrylate 

(>90.0%), methyl acrylate (99%), tri-n-butylphosphine (97%), chloroform-d (99.8% 

atom % D), DMSO-d6 (99.9 atom % D) and Dulbecco modified Eagles medium 

(DMEM), fetal bovine serum (FBS), penicillin-streptomycin (containing 10.000 

units penicillin, 10 mg streptomycin mL-1), resazurin sodium salt (BioReagent), 

phosphate buffered saline (PBS, pH 7.4), Hanks’ balanced salt solution (HBSS), 
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Trypsin-EDTA solution (steril filtered, BioReagent) and 4,6-diamidino-2-

phenylindole dihydrochloride (DAPI, 98%) were purchased from Sigma-Aldrich. 

Propidium iodide (PI), fluorescent label 5-(4,6-Dichlorotriazinyl) aminofluorescein 

(DTAF), and Lyso TrackerTM Deep Red were purchased from ThermoFisher 

Scientific. CF® 405M Wheat Germ Agglutinin (WGA) was purchased from 

Biotium. Cell culture bEND.3 cells were purchased from ATCC. All chemicals were 

used without further purification unless stated otherwise. When stated as dry, 

solvents were treated with molecular sieves (3 Å) 24 h before usage and stored under 

nitrogen. SnakeSkin™ dialysis tubing (10 K MWCO) from ThermoFisher was 

employed for dialysis and disposable PD-10 desalting columns were purchased from 

GE healthcare. 1H-NMR (400 MHz) and 19F-NMR (376 MHz) spectra were recorded 

on a Bruker 400 spectrometer. Size exclusion chromatography (SEC) analysis was 

performed on a Waters e2695 Separations Module equipped with an Agilent PLgel 

5 μm MIXED-D 300 × 7.5 mm column and Waters photodiode array detector (PDA 

2998), fluorescence detector (FLR 2475) and refractive index detector (RI 2414). 

Chloroform and DMF were employed as eluent with molecular weights calibrated 

against linear polystyrene for chloroform. Dynamic light scattering (DLS) and zeta 

potential measurements were performed on a Malvern Instruments Zetasizer ZS in 

chloroform and HEPES buffer (10 mM, no added NaCl, pH 7.0). Samples for SEC 

and DLS were filtered using a GE Healthcare Whatman SPARTAN 13/0.2 RC 0.2 

μm syringe filter prior to measurements. 

Synthesis of SCNPs with pendant pentafluorophenyl groups (PFP-SCNPs) 

PFP-SCNPs were prepared as previously described.1 Briefly, a co-polymer (600 mg, 

DP=200), containing pentafluorophenyl and xanthate methacrylate pendant side-

groups was deprotected by ethanolamine to yield free thiols. After precipitation, the 

co-polymer was intramolecularly crosslinked by a thiol-Michael addition, by slowly 

adding the co-polymer to a solution of 1,4-butanediol diacrylate as crosslinker and 

tri(n-butyl)phosphine as initiator. Residual thiols were end-capped by methyl 

acrylate and the SCNPs were obtained after repeated precipitation in methanol as a 

white powder (320 mg, 55% yield). 
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Pentafluorophenyl functionalized SCNPs 

The range of differently positively charged was made from the same batch PFP-

SCNPs. As an example, for the 15% substituted SCNPs (SCNP-15), 50 mg of PFP-

SCNPs (0.17 mmol PFP, 1 eq) was dissolved in 3 mL dry THF under nitrogen 

atmosphere. Triethylamine was added (96 μL, 0.69 mmol, 4 eq), followed by N,N-

dimethylethylenediamine (DMEN) (2.3 mg, 0.026 mmol, 0.15 eq, from a 5.0 wt% 

stock solution in dry THF) and the solution was stirred for 24h at 45° C. Full 

conversion was confirmed by 19F NMR analysis, followed by the addition of 3-

amino-1,2,-propanediol (157 mg, 1.72 mmol, 10 eq, 10 wt% solution in DMSO) to 

endcap the remaining reactive PFP-groups. After stirring overnight at room 

temperature, the mixture was dialysed against 1 wt% NaCl for 24 hours, followed 

by another 48 hours against demineralized water. The clear solutions were 

lyophilized to yield a white powder (25 mg, 79% yield).  

Fluorescent labelling 

Functionalized SCNPs (10 mg) were dissolved in 2 mL of 0.1M carbonate-

bicarbonate buffer (pH 9.5). 5-DTAF (0.02 eq to alcohol groups, 10 mg/mL stock 

solution in dry DMSO) was added and the solutions were stirred under ambient 

conditions overnight, after which they were purified by elution with water from a 

PD10 column and subsequently lyophilized to yield yellow powders (9 mg, 90% 

yield).  

Cell Culture 

bEND.3 cells (p.25-30) were cultured in DMEM medium with 10% FBS, L-

glutamine and Pen/Strep. 

Cytotoxicity 

bEND.3 cells were seeded at 10×103 cells per well in 100 µL DMEM medium in 96 

well plates and incubated overnight at 37 °C in humidified 5% CO2-containing 

atmosphere. From a stock solution of 1 mg/mL SCNPs-0-60 sample solutions of 50, 

100, 200 and 500 µg/mL were prepared. The medium was aspirated from the wells 

and 50 µL of the sample solution was added per well in triplicates. In the reference 

wells 50 µL DMEM was added. The SCNPs were incubated for 24 h with the cells, 

before the medium was aspirated and the cells were washed with PBS. A resazurin 



Chapter 5 

116 

 

5 

assay was utilized to analyze the viability of the cells, 100 µL of the resazurin 

solution was added per well and incubated with the cells for 4 h. Afterwards, the 

fluorescence intensity was measured by an EnSpire plate reader at excitation and 

emission wavelengths of 560/590 nm. 

Cellular uptake by FACS 

In 48 well plates bEND.3 cells were seeded at 30×103 cells per well in 300 µL 

medium and incubated overnight. Sample solutions of each particle at 100 µg/mL 

were prepared. The particles were incubated with the cells for 1, 3 and 6 h. Then, the 

cells were washed with PBS and harvested using trypsin. Subsequently, the samples 

were centrifuges at 1.5 g for 4 min and the supernatant was removed. The cell pellet 

was resuspended in 300 µL PBS. During the flow cytometry the samples were 

additionally incubated with a PI staining to analyze the cell viability. The FACS 

analysis was performed using BD Bioscience FACS Aria II with excitation and 

emission filter of 488-530/30 and 630-660/30 nm. 

Statistical analysis 

Statistical analysis (n=9) was performed using SPSS 22, utilizing One-way analysis 

of variance (ANOVA) with Tukey post hock analysis. Classifications of the 

differences were described as following: significant (p<0.05), very significant 

(p<0.01) and extremely significant (p<0.001). 

Confocal laser scanning microscopy 

bEND.3 cells were incubated at 10×103 cells per well in 100 µL medium on a 96 

senso plate overnight. Cells were incubated with sample solutions of SCNPs at 50 

µg/mL for 1 (SCNP-45 and SCNP-60) or 6h (SCNP-0,15 and 30). Afterwards, the 

cells were fixated using a 4% PFA solution. CF®405 M WGA was used to stain the 

cell membranes at 5 µg/mL for 15 min at 37 °C and a DAPI counter staining was 

added for 3 min at room temperature. Subsequently, the cells were washed and stored 

in HANKS buffer. In case of the lysosome staining, cells were incubated with sample 

solutions of SCNPs at 50 µg/mL for 30 min (SCNP-45 and SCNP-60) or 6h (SCNP-

0,15 and 30). Lysozyme staining was added to living cells after removing the sample 

solutions and incubated for 20 min in the incubator. Afterwards, the cells were 

prepared for imaging by fixation and stored in HANKS buffer. The cells were 
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examined using a Nikon confocal microscope A1, equipped with the following laser 

wavelengths: 375, 488 and 561 nm. 
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Chapter 6 

Controlled Drug Delivery by Subcellular 

Targeting with Single-Chain Polymer 

Nanoparticles 

 
Single-chain polymer nanoparticles (SCNPs) have a specific size range of 5 to 20 nm 

and are promising in biomedical applications. SCNPs provide excellent control over 

their surface chemistry through post-formation functionalization, without affecting 

the particle core size, and therefore enable systematic evaluation of cell-particle 

interactions. In this study, the influence of subcellular location on controlled drug 

delivery is investigated. SCNPs were prepared with 15% and 40% of the functional 

moieties with tertiary amines, as well as SCNPs with 40% of quaternized amines. 

Directed delivery of the nanocarriers intracellularly to lysosomes and the cytosol or 

to the cell membrane was observed, depending on the type and extent of surface 

functionalization on the SCNPs. The influence of the different fates of these SCNPs 

on controlled drug delivery was investigated by conjugating the particles with the 

anti-cancer drug atovaquone and evaluating the three loaded particle systems on 

HeLa cells. The results showed a strong decrease in cancer cell viability only in the 

case of cytosolic delivery of atovaquone. 
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6.1 Introduction 

Single-chain polymer nanoparticles (SCNPs) have gained increasing interest in the 

field of biomedical applications over the last decade,1-2 with promising results in cell 

targeting,3-5 drug delivery6-7 and imaging.4, 8 The unique size range of SCNPs from 

5-20 nm with low dispersity as well as the ease of preparation and high control over 

the functionalization of the SCNPs are specific advantages of these nanocarriers. The 

application potential of SCNPs in the controlled delivery of therapeutics and imaging 

agents has been investigated by multiple research groups. Cheng et al. for example 

encapsulated doxorubicin (DOX) and showed cancer cell specific targeting and cell 

death after incubating HeLa cells with the DOX loaded SCNPs in comparison to 

mouse fibroblasts.7 Zimmerman and coworkers presented tandem catalysis using 

ruthenium-containing SCNPs incubated with HeLa cells and two prodrugs, cleaving 

DOX from the prodrug and resulting in reduced cell viability.6 In recent work by 

Loinaz and coworkers, SCNPs were decorated with a targeting peptide for pancreatic 

cancer and investigated as imaging agent.4 In vivo analysis of the SCNP distribution 

revealed accumulation of the SCNPs at the tumor site in tumor bearing mice.  

To achieve efficient nanocarriers for controlled drug delivery, the interactions of 

SCNPs with cells are crucial to ensure high cellular uptake. Further, cytosolic 

delivery of SCNPs is key to achieving high therapeutic efficacy. The delivery of 

SCNPs to different cell compartments has been studied on multiple occasions, with 

the cell cytosol being reached either via electroporation,9 using dendritic transporters 

including guanidine moieties on the SCNP surface5 or by using SCNPs with high 

surface content of tertiary amines.10 Utilizing a strategy employing active ester 

functional SCNPs, a systematic range of SCNPs containing increasing amounts of 

tertiary amines on the surface was developed.10 In brain endothelial cells (bEND.3) 

the subcellular location of SCNPs is depended on the type of surface 

functionalization. SCNPs with low tertiary amines content showed co-localization 

with lysosomes, while SCNPs with high tertiary amines content were present in the 

cytosol of the cells. The high content of tertiary amines promotes stronger cell 

interactions and further provides the ability for protonation in the endosomal 

structures, leading to SCNP release via the proton sponge effect.11  
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Various SCNP systems have been used to encapsulate therapeutics, including 

cisplatin,12 lovastin,12-13 folic acid13 and rifampicin.14 However, drug encapsulation 

can lead to change in size and surface charge as compared to the empty nanocarriers,7 

which may lead to altered cellular interactions and needs to be accounted for through 

in vitro and in vivo studies. Further disadvantages of drug loading by encapsulation 

include burst release and low drug loading depending on the employed system, for 

example in the case of therapeutics that are poorly miscible with the polymer matrix 

and can thus not be trapped efficiently.15 Another strategy to integrate therapeutics 

in polymer nanoparticles is drug conjugation.15-16 The burst release is avoided and 

sustained drug release due to linker cleavage is achieved. Proteins17 or drugs, such 

as paclitaxel,18 doxocubicine,19 docetaxel20 and cladribine21 are functionalized 

forming prodrugs,15 these are easily conjugated to polymers and polymeric NPs. 

Intracellular release of the therapeutics is controlled via the integration of degradable 

linkers. For example, Li et al. used disulfide linkers, which are reduced 

intracellularly by glutathione releasing a model antigen ovalbumin.22 Stayton and 

coworkers have studied various linkers for controlled release including alkylic and 

phenolic ester linkers for respectively slow or fast hydrolytic cleavage.23 The linker 

through which the drug is conjugated can further be targeted towards proteases to 

give intracellular release.24 

Atovaquone is a common anti-malarial drug, which has recently been successfully 

explored against various cancers including leukemia,25 hepatocellular carcinoma,26 

renal cell carcinoma27 and lung carcinoma.28 Atovaquone targets the mitochondrial 

complex III in cancer cells, leading to a decrease in oxygen consumption rate (OCR) 

and ATP production and an increase in apoptosis.28-30 Through cytosolic delivery, 

employing SCNPs, the potential of atovaquone in cancer therapy may lead to 

targeted delivery and higher efficacies. 

In this work, we evaluate the potential of SCNPs to deliver therapeutics to cancer 

cells (HeLa) and we investigate the influence of surface charge on drug efficacy. 

Employing our earlier developed SCNP functionalization strategy, a set of SCNPs 

with increasing content of tertiary amines, as well as quaternary ammonium 

moieties, is prepared to investigate the influence of tertiary amines on subcellular 

location of SCNPs. A homologous set of SCNPs is prepared and conjugated with an 
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atovaquone prodrug. Cellular uptake and nanoparticle location are studied by flow 

cytometry and confocal laser scanning microscopy (CLSM) and the efficacy of the 

drug-conjugated SCNPs is evaluated by flow cytometry to understand the influence 

of their subcellular location. 

6.2 Results and Discussions 

PFP-SCNPs containing active esters were synthesized via thiol-Michael addition 

utilizing a diacrylate crosslinker and thiol-functional co-polymers as reported 

previously.10, 31 The nanoparticles were subsequently functionalized with 15% or 

40% N,N-dimethylenediamine (DMEN), introducing tertiary amines on the SCNPs, 

while remaining PFP-esters were reacted with excess aminoglycerol to render the 

SCNPs water-soluble (see Figure 6.1a). The molecular weights of the two 

functionalized SCNPs are comparable (39.6 kDa and 39.3 kDa for SCNP 15 and 

SCNP 40 respectively) as the two functional groups added in different ratios have 

nearly the same molecular weight. This is reflected in the characterization of the 

functionalized SCNPs, where size exclusion chromatography analysis on SCNP 15 

and SCNP 40 showed no significant differences in size. Additionally, SCNPs with 

40% quaternary ammonium moieties were prepared by quaternization of tertiary 

amine moieties with methyl iodide. Quaternization of the tertiary amines was 

followed by 1H NMR spectroscopy, revealing a shift from 2.3 ppm to 3.1 ppm. The 

sizes of the prepared SCNPs were analyzed by dynamic light scattering (DLS). In 

Figure 6.1b a particle size of about 10 nm is measured for SCNP 15 and SCNP 40, 

while the quarternized SCNP 40Q also shows the presence of larger aggregates. The 

aggregates are likely due to interactions of the quaternized amines and amino 

glycerol units on the SCNPs.  
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Figure 6.1 a) Scheme of SCNP synthesis and functionalization. b) Size of SCNPs measured by DLS. 

c) Zeta-potential of SCNPs. 

The zeta-potential of the SCNPs was measured at different pH to carefully analyze 

the surface charge and take into account protonation of the tertiary amines (see 

Figure 6.1c). At pH 7.4 an increase of surface charge from SCNP 15 to SCNP 40 

was observed and a smaller increase between SCNP 40 and SCNP 40Q. At pH 9.5, 

the difference in zeta-potential between SCNP 40 and SCNP 40Q becomes more 

pronounced, as the tertiary amines are not protonated under these basic conditions, 

while quarternized amines maintain their positive charge. Together with the 
1H NMR data, this confirms successful introduction of permanent charges on SCNPs 

40Q. To enable in vitro analysis of the SCNPs a fluorescent label (5-DTAF) was 

conjugated on all SCNPs. 

Application of SCNPs as drug delivery systems requires the carriers to be 

biocompatible. Therefore, the cytotoxicity of the SCNPs on HeLa cells was 

evaluated after 24 h incubation with the SCNP set. The results depicted in Figure 

6.2a show no significant decreases in cell viability even at 500 µg/mL, and are in 

line with earlier work.10 Positive surface charges have shown to promote cellular 

uptake.32-33 Cellular uptake of SCNPs by HeLa cells is depicted in Figure 6.2b, 

showing stronger fluorescent signal for SCNP 40 than SCNP 15. Further, the 
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interaction of SCNPs with permanent positive surface charge was tested. Cells 

incubated with SCNP 40Q display a significantly higher fluorescent signal as 

compared to SCNP 40. The permanent charge of the quaternized amines promotes 

the interaction with the cell membrane more strongly than the tertiary amines, which 

are protonated only partially.  

 

Figure 6.2 a) Viability of HeLa cells after 24 h incubation with SCNPs. b) fluorescence intensity of 

HeLa cells after 1, 3 and 6 h incubation with SCNPs measured by flow cytometry. Asterisks indicate 

significant higher uptake relative to SCNP-0, ** p<0.01 and *** p<0.001 (n=9). 

Cellular interactions with SCNPs were further studied with confocal microscopy. 

Due to the considerable differences in fluorescence signal intensity as measured by 

flow cytometry, the incubation times for the different particles were adapted for 

confocal microscopy, starting with a relatively long 4 h incubation with SCNP 15. 

The results confirm the low internalization of SCNP 15, as barely any uptake is 

visible (see Figure 6.3). Lysosome staining revealed high co-localization of SCNP 

15 with lysosomes in HeLa cells (see Figure S6.1). SCNP 40 has previously shown 

to be released into the cytosol of endothelial cells. SCNP 40 was incubated for 1 h 

with HeLa cells and cytosolic delivery of these SCNPs in HeLa cells is observed, as 

shown in Figure 6.3.10 Additionally, only minor co-localization of the SCNP signal 

and lysosomes is observed (see Figure S6.1). SCNP 40Q was incubated for 30 min 

with HeLa cells before the evaluation. Interestingly, the SCNPs are predominantly 

located at the cell membrane (see Figure 6.3). SCNP 40Q does not show co-

localization with the lysosome staining (Figure S6.1). These results indicate that the 

permanent charge on SCNP 40Q inhibits internalization of SCNPs in Hela cells and 
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causes the nanoparticles to remain at the cell membrane. Chen et al. have shown the 

cellular uptake of SCNPs functionalized with quaternary amines in HeLa cells.6 

However, the SCNPs had a higher degree of functionalization of quaternary amines 

of 60%. This higher degree of functionalization as well as a prolonged incubation 

time could therefore lead to the internalization of our quaternized SCNPs. 

 

Figure 6.3 CLSM images of SCNPs in HeLa cells with nuclei and membrane in blue and SCNPs signal 

in green. SCNP 15 was incubated for 4 h, SCNP 40 was incubated for 1 h and SCNP 40Q was 

incubated for 30 min, scale bar 20 µm. 

In order to further verify the subcellular location of the SCNPs, a calcein assay was 

employed, and SCNPs without fluorescent label were incubated, together with 

calcein, on HeLa cells. The cellular uptake of calcein is shown in Figure 6.4, 

presenting little signal in the case of SCNP 15 and 40Q, indicating endosomal uptake 

of calcein. However, HeLa cells incubated with SCNP 40 and calcein show a 

considerably higher calcein signal, diffused throughout the cells, confirming 

cytosolic delivery of SCNP 40. 
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Figure 6.4 Fluorescent microscopy images of calcein assay. HeLa cells were incubated with SCNPs 

and calcein for 3 h.  

The influence of the subcellular location on controlled drug delivery using SCNPs 

as carrier was studied next. Atovaquone, an anti-malarial agent that has also become 

of interest in the treatment of cancer,30 was conjugated onto the SCNPs. First, 

atovaquone was functionalized through the alcohol moiety with an acrylate group to 

form the prodrug atovaquone-acrylate (ATOA). Successful synthesis was confirmed 

by 1H NMR spectroscopy. The prodrug was conjugated to residual thiol moieties on 

the PFP-SCNPs after intramolecular crosslinking (see Figure 6.5a). Afterwards, the 

batch of PFP-SCNPs was split in three parts for subsequent functionalization with 

15% or 40% tertiary amines, as well as 40% quaternary amines. Conjugation of 

ATOA onto SCNPs, giving ATO-SCNPs, was confirmed and quantified by 1H NMR 

spectroscopy. Drug loading was determined to be 1.5 wt% in PFP-SCNPs and 2 wt% 

in the amine-functionalized SCNPs. Size exclusion chromatography shows similar 
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elution times for SCNP 15 and 40 with and without the prodrug, indicating that its 

conjugation did not significantly increase particle size (see Figure 6.5b). The surface 

charges of ATO-SCNPs were measured by zeta-potential, and the values are in line 

with the results presented above (Figure 6.5c).  

 

 

Figure 6.5 a) Reaction scheme of ATO conjugation onto SCNPs and subsequent SCNP 

functionalization. b) Size exclusion chromatography traces of SCNP 15 and SCNP 40, and ATO-

SCNP 15 and ATO-SCNP 40. c) Zeta-potential of ATO-SCNPs at different pH. 

The advantage of drug conjugation lies in its controlled release. The ester linkage 

through which ATO is conjugated onto the SCNPs can be hydrolyzed under acidic 

conditions, as for example are present in the maturation of endosomes towards 

lysosomes. In order to explore ATO release, ATO-SCNP 40 was incubated under 

acidic conditions for 24 h. HPLC traces of ATO are given in Figure S6.2, showing 

the elution of ATO released from ATO-SCNP 40, as well as the elution of SCNPs 

after 20 min, which is in line with the elution of SCNP 40.  
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The subcellular location of the prodrug-conjugated ATO-SCNPs was evaluated by 

confocal microscopy, revealing low endosomal uptake for ATO-SCNP 15, cytosolic 

release for ATO-SCNP 40 and high SCNP content on the cellular membrane for 

ATO-SCNP 40Q, as depicted in Figure 6.6. Furthermore, only the signal of SCNP 

15 showed high co-localization with lysosomes. These results confirm that the 

addition of the atovaquone prodrug did not alter the interactions of SCNPs with HeLa 

cells. 

 

 

Figure 6.6 CLSM images of SCNPs in HeLa cells with nuclei and membrane in blue and ATO-SCNPs 

signal in green. ATO- SCNP 15 was incubated for 4 h, ATO-SCNP 40 was incubated for 1 h and 

ATO-SCNP 40Q was incubated for 30 min, scale bar 20 µm. 

The influence of subcellular location of SCNPs on drug efficacy was studied next. 

ATO-SCNPs were incubated with HeLa cells for 24 h and apoptosis was evaluated 

using Annexin/PI staining. The flow cytometry results in Figure 6.7 indicate no 

significant effects of the (empty) nanocarriers on HeLa cells, neither did the free 
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atovaquone drug significantly increase the Annexin signal (see Figure S6.3a). Upon 

exposing HeLa cells to ATO-loaded SCNPs, no significant increases in Annexin 

signal were visible for ATO-SCNPs functionalized with 15% tertiary amines or 40% 

quaternary amines. However, when HeLa cells are incubated with ATO-SCNP 40, 

a shift towards higher Annexin signal is observed, which is significant compared to 

the control.  

 

Figure 6.7 Flow cytometry images of HeLa cells incubated with SCNPs, ATO-SCNPs or free 

atovaquone for 24 h and stained by annexin-V and propidium iodide.  

To evaluate the specificity of ATO-SCNPs in cancer therapy the internalization of 

ATO-SCNPs and apoptosis due to ATO-SCNPs was analyzed in NIH/3T3 mouse 

fibroblasts. Uptake of ATO-SCNPs in NIH/3T3 cells is shown in Figure 6.8, 

revealing a similar fate of the SCNPs as observed for HeLa cells, owing to their 

surface functionalization. Interestingly, apoptosis of NIH/3T3 cells after incubation 

with ATO-SCNPs differs (see Figure 6.9). A shift of the NIH/3T3 cell population 

towards higher Annexin signal is presented for the nanocarriers SCNP 40, most 

likely to their entry into the cell cytosol. However, addition of the atovaquone 

prodrug did not increase this shift significantly (Figure S6.3b). 
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Figure 6.8 CLSM images of ATO-SCNPs in NIH/3T3 cells with nuclei and membrane in blue and 

SCNPs signal in green. ATO-SCNP15 and ATO-SCNP 40 were incubated for 5 h and SCNP 40Q 

was incubated for 30 min, scale bar 20 µm. 
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Figure 6.9 Flow cytometry images of NIH/3T3 cells incubated with SCNPs, ATO-SCNPs or free 

atovaquone for 24 h and stained by annexin-V and propidium iodide.  

6.3 Conclusions 

Single-chain polymer nanoparticles with different surface functionalizations, but 

comparable size were synthesized using active ester functional SCNPs. The SCNP 

nanocarriers were evaluated on HeLa cells, with a focus on the influence of surface 

functionalization on cell interactions. The intracellular fate of SCNPs has been 

shown to be directed by the surface functionalization and a low content of tertiary 

amines leads to endosomal uptake, with SCNPs co-localizing with lysosomes, while 

a higher content of tertiary amines leads to cytosolic release of the SCNPs. 

Interestingly, SCNPs with permanent positive charge are highly co-localized with 

the cell membranes. Therefore, we conclude that the tertiary amines induce high 

cellular uptake and that protonation of the tertiary amines upon cellular entry is 

crucial for cytosolic release. Only ATO-SCNP 40, which is released in the cytosol 

induced apoptosis in HeLa cells. In NIH/3T3 cells, ATO-loaded SCNPs did not have 

a higher apoptosis as compared to empty SCNPs, indicating the selectivity of 

atovaquone on cancer cells. Cytosolic release is crucial for therapeutics that work in 

specific cell organelles, and this work demonstrates targeting of subcellular locations 

with SCNPs, which can lead to improved drug efficacies in a variety of applications.  
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6.5 Supporting Figures 

 

 

Figure S6.1 CLSM images of HeLa cells incubated with either SCNP 15, 40 or 40Q for 4h, 1h or 30 

min respectively. Cells were stained with nuclei and membrane staining in blue and lysosome staining 

in red, scale bar 20 µm. 
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Figure S6.2 HPLC eluogram of ATO-SCNP 40, free ATO and SCNP 40 at 282 nm. 

 

 

Figure S6.3 Percentage of a) HeLa cell or b) NIH/3T3 cell populations positive for annexin V (An) or 

propidium iodide (PI) after 24 h incubation with SCNPs. Asterisks indicate significant lower cell 

population in percentage relative to the reference, ** p<0.01 and *** p<0.001. 

6.6 Materials & Methods 

Materials 

Tetrahydrofuran (THF, >99%) and methanol (>99%) were purchased from LPS b.v. 

Heptane (>99%) was purchased from Actu-all Chemicals. N,N-dimethylformamide 

(DMF, >99.8%) and dichloromethane (>99%) were purchased from VWR. 

Triethylamine (TEA, 99%), N,N-dimethylethylenediamine (DMEN, 95%), 3-amino-
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1,2-propanediol (1-aminoglycerol, 97%), DMSO (anhydrous, 99.9%), 1,4-

butanediol diacrylate (>90.0%), methyl acrylate (99%), tri-n-butylphosphine (97%), 

acetic acid (≥99.8%), acryloyl chloride, methyl iodide, trioxane, ethanolamine, 

chloroform-d (99.8% atom % D), DMSO-d6 (99.9 atom % D), 

atovaquone, Dulbecco’s modified Eagles medium (DMEM), fetal bovine serum 

(FBS), penicillin-streptomycin (containing 10.000 units penicillin, 10 mg 

streptomycin mL-1), resazurin sodium salt (BioReagent), phosphate buffered saline 

(PBS, pH 7.4), Hanks’ balanced salt solution (HBSS), calcein, Trypsin-EDTA 

solution (sterile filtered, BioReagent) and 4,6-diamidino-2-phenylindole 

dihydrochloride (DAPI, 98%) were purchased from Sigma-Aldrich. Fluorescent 

label 5-(4,6-Dichlorotriazinyl) aminofluorescein (DTAF) and Lyso TrackerTM Deep 

Red were purchased from ThermoFisher Scientific. CF® 405M Wheat Germ 

Agglutinin (WGA) was purchased from Biotium. Annexin V-DY-634/PI Apoptosis 

detection kit was purchased from Abcam. All chemicals were used without further 

purification unless stated otherwise. When stated as dry, solvents were treated with 

molecular sieves (3 Å) 24 h before usage and stored under nitrogen. SnakeSkin™ 

dialysis tubing (10 K MWCO) from ThermoFisher was employed for dialysis and 

disposable PD-10 desalting columns were purchased from GE healthcare. 

1H-NMR (400 MHz) and 19F-NMR (376 MHz) spectra were measured on a Bruker 

400 spectrometer. Size exclusion chromatography (SEC) analysis was performed 

using a Waters e2695 Separations Module equipped with an Agilent PLgel 5 μm 

MIXED-D 300 × 7.5 mm column and Waters photodiode array detector (PDA 2998) 

and refractive index detector (RI 2414) and DMF was used as solvent. Dynamic light 

scattering (DLS) and zeta potential measurements were performed on a Malvern 

Instruments Zetasizer ZS in chloroform and HEPES buffer (10 mM, no added NaCL, 

pH 7.0, 9.5 or 13.5). For SEC and DLS analysis samples were filtered using a GE 

Healthcare Whatman SPARTAN 13/0.2 RC 0.2 μm syringe filter. RP-HPLC 

analysis was performed on a Waters 2535 Quaternary Gradient Module equipped 

with a Waters XBridge C18, 5 µm, 4.6 mm x 250 mm column and a Waters 

photodiode array detector (PDA 2998), using a H2O + 0.1% TFA : acetonitrile 

gradient (95:5 to 5:95). 
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Synthesis of SCNPs with pentafluorophenyl active esters (PFP-SCNPs) 

PFP-SCNPs were synthesized as previously reported31 utilizing a co-polymer (600 

mg, DP=200, 0.24 mmol xanthate groups, 1 eq.), containing pentafluorophenyl and 

xanthate pendant side-groups. The xanthate moieties were deprotected by 

ethanolamine (87 μL, 1.44 mmol, 6 eq.) to obtain free thiols. After precipitation of 

the co-polymer in MeOH (130 mL), the co-polymer was redissolved in THF (12 mL) 

and intramolecularly crosslinked via a thiol-Michael addition, by slow addition of 

the co-polymer to a solution of 1,4-butanediol diacrylate (47 mg, 0.24 mmol, 1 eq.) 

as crosslinker and tri(n-butyl)phosphine (10 mg, 0.04 mmol, 0.2 eq) as initiator in 

DCM (130 mL) . After stirring for an additional 2 hours, the remaining thiols were 

end-capped by methyl acrylate (1 mL, 12 mmol, 50 eq.). The SCNPs were obtained 

as a white powder after repeated precipitations in MeOH (60 mL) (320 mg, 55% 

yield). 

Functionalization of PFP-SCNPs with tertiary amines 

A particle set with different surface charges was obtained by functionalization of 

PFP-SCNPs with either 15 or 40% tertiary amines following an earlier reported 

method.10 In brief, for 15% substituted SCNPs, 50 mg of PFP-SCNPs (0.17 mmol 

PFP, 1 eq) was dissolved in dry THF (3 mL) under nitrogen atmosphere. To the 

solution triethylamine (96 µL, 0.069 mmol, 4 eq.) and N,N-dimethylethylenediamine 

(DMEN) (2.3 mg, 0.026 mmol, 0.15 eq., from a 5.0 wt% stock solution in dry THF) 

were added and the solution was stirred for 24 h at 45 °C. After confirmation of full 

conversion by 19F NMR analysis, 3-amino-1,2-propanediol (157 mg, 1.72 mmol, 10 

eq., 10 wt% solution in DMF) was added to the solution to substitute all residual 

reactive PFP-groups. The solution was left stirring overnight and was afterwards 

dialyzed against 1 wt% NaCl for 24 h and then against demineralized water for 48 h. 

The SCNPs were obtained via lyophilization yielding a white powder (25 mg, 79% 

yield). For SCNP 40 double the amount of PFP-SCNP was functionalized (100 mg). 

Quaternization of amines on SCNP 40 

To circumvent O-methylation of alcohol moieties, SCNPs with tertiary amine side 

groups were first quaternized and then remaining pentafluorophenyl esters were 

reacted with aminoglycerol. PFP-SCNPs with and without atovaquone (50 mg, 0.173 

mmol PFPMA, 1 eq.) were dissolved in 3.5 mL dry THF, followed by addition of 
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TEA (96 µL, 0.67 mmol, 4 eq.) and DMEN (6.65 mg, 0.075 mmol, 0.45 eq.) 

dissolved in 200 μL dry THF. The mixture was stirred for 48 h at 45 °C. After 

determining conversion by 19F NMR, the temperature was lowered to 30 °C, and 3 

mL dry DMF was added, followed by methyl iodide (33.1 mg, 0.23 mmol, 3 eq.) 

dissolved in 150 μL dry THF and the mixture was stirred overnight. The particles 

were subsequently reacted with aminoglycerol (393 mg, 4.3 mmol, 25 eq.) dissolved 

in 6 mL dry DMF. After stirring overnight at room temperature, the mixture was 

dialyzed against 1 wt% NaCl for 24 h, followed by another 48 h against 

demineralized water. The clear solution was lyophilized to yield a white powder 

(non-atovaquone) or a faint yellow powder (particles with atovaquone). 

Fluorescent labeling of SCNPs 

Each of the functionalized SCNPs (10 mg) was dissolved in carbonate-bicarbonate 

buffer (2 mL, 0.1 M, pH 9.5) and 5-DTAF (0.02 eq. to alcohol groups, 10 mg/mL 

stock solution in dry DMSO) was added and the solution was stirred overnight. 

Afterwards, the SCNPs were purified on a PD10 column by elution with water and 

the SCNPs were obtained after lyophilization yielding a yellow powder. 

Synthesis of atovaquone-acrylate (ATOA) 

To a stirred solution of atovaquone (200 mg, 0.55 mmol) in dichloromethane (8 mL) 

under nitrogen atmosphere, triethylamine (92 μL, 0.66 mmol) was added and the 

solution was cooled on an ice bath. Acryloyl chloride (53 μL, 0.66 mmol) was added 

dropwise and the solution was stirred overnight while warming up to room 

temperature. The mixture was diluted with dichloromethane (15 mL) and washed 

with water (2 × 5 mL) and brine (1 × 5 mL), dried over MgSO4 and concentrated 

under reduced pressure. The residue was purified by flash column chromatography 

(silica gel, heptane:dichloromethane 2:1) to give ATOA as yellow crystals in 140 

mg yield (60%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.08, 7.75, 7.28 and 7.16 (m, 8H, ArH), 6.74, 

(d, 1H, CH2=CH) 6.45 (m, 1H, CH=CH2), 6.17 (d, 1H, CH2=CH), 3.11 (m, 1H, 

(CH2)2-CH-PhCl), 2.58 (m, 1H, (CH2)2-CH-C=C), 1.98 (m, 4H, CH2-CH2-CH-

PhCl), 1.85 (m, 2H, CH2-CH2-CH-C=C) and 1.55 (m, 2H, CH2-CH2-CH-C=C) 
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ATO-SCNP preparation and functionalization 

Atovaquone functionalized PFP-SCNPs were prepared as described for non-

functionalized PFP-SCNPs, with the extra addition of atovaquone as functional 

agent by a thiol-Michael addition. After slow addition of the deprotected polymer to 

the crosslinker solution and stirring for an additional 2 hours, the residual thiols were 

reacted with atovaquone acrylate (40 mg, 0.1 mmol, 0.4 eq. to xanthate groups) and 

stirred overnight, followed by endcapping with methyl acrylate (1 mL, 12 mmol, 50 

eq.) and the SCNPs were obtained after repeated precipitation in methanol as a faint 

yellow powder (319 mg, 55% yield). 

The atovaquone drug loading was determined by 1H NMR spectroscopy. ATO-

SCNPs (Mn = 59 kDa, 7.45 mg, 1.26 × 10-4 mmol) were dissolved in d-acetone. 

Trioxane was added from a stock solution as internal standard (0.026 mg, 2.9 × 10-4 

mmol). The ratio between the 6 trioxane protons and 4 of the atovaquone protons 

was determined at 1:0.5, resulting in 2.3 × 10-4 mmol atovaquone in the sample, 

which is a drug loading of approximately 2 atovaquone moieties per SCNP (1.3 

wt%). 

Drug release 

ATO-SCNP 40 was incubated at 5 mg/mL in 1 M acetic acid and stirred for 24 h. 

The sample was centrifuged at 12000 rpm for 20 min and the drug release was 

measured by HPLC and compared to free atovaquone and SCNP 45.  

Cell culture 

HeLa cells (p.4-15) and NIH/3T3 cells were cultured in DMEM medium with 10% 

FBS, L-glutamine and Pen/Strep.  

Cytotoxicity 

HeLa cells were seeded at 10×103 cells per well in 100 µL medium in 96-well plates 

and incubated overnight at 37 °C in humidified 5% CO2-containing atmosphere. 

Sample solutions containing SCNP 15, 40, and 40Q were prepared from 1 mg/mL 

stock solution in medium to final concentrations of 50, 100, 200 and 500 µg/mL. 

The medium in the 96-well plates was aspirated and 100 µL of the sample solutions 

were added per well in triplicates. In the reference wells the medium was exchanged 

with fresh medium. The SCNPs were incubated for 24 or 48 h, afterwards the cells 
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were washed with PBS. A resazurin assay was used to analyze the viability of the 

cells, 100 µL of the resazurin solution was added per well and incubated with the 

cells for 2 h. The fluorescence intensity was measured by an EnSpire plate reader at 

excitation and emission wavelength of 560/ 590 nm. 

Cellular uptake by FACS  

In 300 µL medium HeLa cells were seeded at 30×103 in 48-well plates and incubated 

overnight. The SCNPs were added in sample solution of 100 µg/mL after removal 

of the medium, the SCNPs were incubated for 1, 3 and 6 h. Afterwards, the cells 

were washed with PBS and harvested with trypsin. In the preparation of the FACS 

experiment PI staining was added to the cell solutions to analyze the cell viability. 

The FACS measurements were performed using a BD Bioscience FACS Aria II with 

excitation and emission filter of 488-530/30 and 630-660/30 nm.  

Statistical analysis 

Statistical analysis for in vitro results (n=9) was performed utilizing SPSS 22, via 

One-way analysis of variance (ANOVA) with Tukey post hock analysis. 

Classifications of the differences were reported as following: significant (p<0.05), 

very significant (p<0.01) and extremely significant (p<0.001). 

Confocal laser scanning microscopy  

HeLa cells were cultured at 10×103 cells per well in 100 µL in 96-well plates and 

incubated overnight. For HeLa cells SCNPs or ATO-SCNPs were incubated at 100 

µg/mL for 4h, 1h or 30 min in the case of SCNP 15, SCNP 40 or SCNP 40Q 

respectively. In the case of NIH/3T3 cells, ATO-SCNP 15 and ATO-SCNP 40 were 

incubated for 5 h and ATO-SCNP 40Q was incubated for 30 min at 100 µg/mL. The 

cells were washed and stained with lysostaining for 20 min before fixation with 4% 

PFA. Afterwards, cell membranes were stained with CF®405 M WGA at 5 µg/mL 

at 37 °C for 15 min and nuclei were stained using DAPI. The samples were analyzed 

using a Nikon confocal microscope A1, equipped with the following laser 

wavelengths: 375, 488 and 561 nm. 

Calcein assay 

HeLa cells were seeded at 7.5×103 cells per well in 100 µL in 96-well plates and 

incubated overnight. SCNPs (without DTAF label) were incubated at 100 µg/mL 
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with calcein (200 µM) in 100 µL medium for 3 h. Then the cells were washed with 

PBS and fixated with 4% PFA. The cells were imaged using a fluorescent 

microscope Olympus IX 71.  

ATO-SCNP activity analysis 

HeLa cells or NIH/3T3 cells were seeded at 30×103 cells in 300 µL in 48-well plates 

and incubated overnight. Sample solutions of ATO-SCNPs and references of 

SCNPs, as well as free ATO, were incubated with the cells at 100 µg/mL for the 

SCNPs and 5 µg/mL for the free ATO. After 24 h incubation the cells were washed 

with PBS and harvested with trypsin. The samples were prepared for FACS using an 

Annexin V-DY-634/PI Apoptosis detection kit. The ATO activity was analyzed 

using a BD Bioscience FACS Aria II with excitation and emission filter of 375-

450/30, 488-530/30 and 630-660/30 nm. 
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7.1 Introduction 

The aim of the research described in this thesis was the development of SCNPs for 

controlled drug delivery. We have shown successful targeting of the malaria parasite, 

as well drug conjugation of an antimalarial drug. Furthermore, control over the 

intracellular location of SCNPs was accomplished, either through careful 

functionalization of SCNPs or through polyplex formation. This has led to the in 

vitro application of drug-loaded SCNPs in inducing cell death in cancer cells. 

Biodistribution studies and integration of cell-specific targeting will aid the advance 

of SCNPs as nanocarriers in biomedical applications.  

7.2 Controlling the intracellular location of SCNPs 

Reaching the cell cytosol is key challenge for nanocarriers to enable optimal delivery 

of therapeutics. In the effort to reach the cytosol using SCNPs, two approaches have 

been reported in the literature, i.e. using electroporation1 and through conjugation of 

dendritic transporters onto SCNPs.2 However, electroporation is not feasible for in 

vivo applications, while the development and conjugation of dendritic transporters 

considerably increases the complexity of synthesis. Cytosolic delivery of SCNPs 

was therefore investigated in this thesis following two new strategies, first a vector-

based delivery approach and secondly through functionalization of SCNPs with 

small molecules (see Figure 7.1). The vector-based delivery strategy was adapted 

from gene and protein delivery, where positive polymers are employed to form 

polyplexes with anionic proteins.3-5 The delivery of SCNPs via polyplex formation 

showed fast internalization of SCNPs. Successful cytosolic release of SCNPs was 

achieved for polyplexes with a specific threshold in polymer/SCNP ratio. An 

important limitation of this approach is the toxicity of the p(CBA-Abol) polymer. 

The polymer has been demonstrated to display cytotoxicity at high concentrations of 

polyplexes and during prolonged incubation times. However, the polyplex approach 

offers flexibility for cytosolic delivery of SCNP systems, the only requirement being 

a negative surface charge. In the future, positively charged polymers with greater 

biocompatibility can be explored for these applications. Polymers with positive 

charges induced by guanidinium have shown higher biocompability.3-4, 6 

Yolamanova et al. investigated 12-mer peptides, which form self-assembled 
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nanofibrils to capture virus particles and induce the cell uptake of the virus particles.7 

The size of SCNPs is in the same range as virus particles, therefore short peptides 

may also form an interesting vector material for future investigations into the 

intracellular transport of SCNPs.  

 

 
Figure 7.1 Overview of intracellular delivery of SCNPs in HeLa cells and endothelial cells in this 

thesis. Negatively charged SCNPs display cytosolic delivery via polyplex formation, while SCNPs with 

high tertiary amine content can directly enter the cytosol. SCNPs with low amounts of tertiary amines 

are located in vesicle structures and SCNPs with quaternary amines remain located at the cell 

membrane. 

Cytosolic delivery of SCNPs by means of surface functionalization with tertiary 

amines was also explored in this thesis. Chapters 5 and 6 highlight the use of SCNPs 

with pendant pentafluorophenyl moieties, which facilitate highly controlled 

functionalization of the SCNPs. This has enabled the systematic investigation of 

interactions of SCNPs with cells as a function of their surface functionalization, 

while keeping the core particle constant. The presented results have shown the ability 

to control the intracellular location of SCNPs based on the amounts of tertiary 

amines, provided the threshold amount of tertiary amines is exceeded (40% in HeLa 

cells), the particles are released into the cytosol. At lower amounts of tertiary amines, 

the particles are mostly present in endosomal structures. The ability of the tertiary 
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amines to be protonated is key to endosomal release of SCNPs; this process is called 

the proton sponge effect.8 Further investigations into this process could lead to a 

better understanding of the degree of protonation of the tertiary amines 

extracellularly and intracellularly. The use of functionalized SCNPs for cytosolic 

delivery of therapeutics has a key advantage compared to the polyplex approach, 

namely the higher vector loading of the final particles.  

In the future, introduction of additional targeting ligands may allow directing the 

SCNPs towards specific organelles in the cells, such as mitochondria or the nuclei, 

or improve the selectivity in cell uptake. Targeting of specific organelles in the cell 

can improve drug efficacy. For example, doxorubicin interacts with DNA, therefore 

delivery of doxorubicin direct into cell nuclei would be preferred. Introducing cell 

specific targeting on the SCNPs may enhance the local drug concentration and 

additionally decrease side effects. Research into cell specific uptake has introduced 

many new targeting peptides and antibodies over the last decades. Size is an 

important factor when working with SCNPs. For example, antibodies commonly 

have sizes of around 150 kDa, which would lead to a drastic increase in the final 

particle size. Targeting peptides offer an interesting solution, as short peptides can 

offer targeting without influencing the final particle size drastically. The 

modification of SCNPs with targeting ligands such as glucose molecules, which can 

be utilized for cells with high GLUT receptor expression,9 add the benefit of rather 

small molecule sizes and ease of incorporation. The facile amine conjugation onto 

PFP-SCNPs has already shown great potential for the functionalization of SCNPs 

with peptides.10 The use of targeting peptides for specific applications, combined 

with investigations into multivalent targeting, may lead to further progress towards 

clinical application of SCNPs.  

7.3 Drug loading and controlled release 

In this thesis therapeutics were conjugated onto SCNPs. Drug conjugation avoids 

burst release, which is often seen in drug encapsulated NPs, by having a stimuli 

responsive drug release.11 Drug loading via conjugation was accomplished for 

atovaquone (Chapter 3 and 6), as well as for doxorubicin (DOX) (Chapter 4). We 

have shown that the drug loading of atovaquone can be increased by using polymers 
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with higher xanthogenate methacrylate (XMA) content for the SCNP formation 

(Chapter 6: 10% XMA vs. Chapter 3: 20% XMA). Higher drug loading can be 

achieved in the future by utilizing a drugamer approach,12 where the therapeutic is 

functionalized with a methacrylate moiety to incorporate the therapeutic through co-

polymerization. Tuning of the therapeutic linker may lead to highly controlled and 

selective release of therapeutics, as shown in the literature.13-14 The use of a 

therapeutic linker that is responsive to specific enzymes, as well as to ester 

hydrolysis has been shown earlier.12, 15 For example, drugamers with phenyl esters 

have been demonstrated to more rapidly release drug molecules as compared to those 

linked through aliphatic esters.15   

7.4 SCNPs in controlled drug delivery 

In Chapter 3 we explored the application of SCNPs in fighting malaria in mosquitos. 

This novel route avoids the administration of NPs in humans and instead targets the 

parasite directly in mosquitos. In the future, utilizing therapeutics that show higher 

efficacy against the ookinete stage may lead to the desired therapeutic effect. For 

example, thiostrepton has shown consistent blocking activity against the parasite 

stages in mosquitos, including zygote, ookinete and oocyst.16 We have localized 

SCNPs in mosquitos after administration through a feeding assay. It would be 

interesting to track SCNPs in malaria-infected mosquitos, to study ookinete targeting 

in vivo. The proposed strategy of targeting the parasite in the vector may further be 

translated to other parasites in the future such as leishmania, which is transmitted by 

sandflies and trypanosoma brucei, which uses tsetse flies as vector.  

SCNPs have tremendous potential in controlled drug delivery, when we can combine 

optimal pharmacokinetics with high local SCNP concentration at the desired 

location, with cell specific uptake and the ability to deliver therapeutics into the 

cytosol. This thesis has accomplished the first steps towards optimal nanocarriers by 

illustrating the cytosolic delivery of therapeutics. To evaluate SCNPs for controlled 

drug delivery, in vivo studies are crucial to determine the potential of SCNPs in 

clinical applications. First efforts in this direction have been done by injection of the 

anionic SCNPs that are described in Chapter 4 in zebrafish.17 The study was aimed 

at analyzing the involvement of stabilin-1 and stabilin-2, i.e. cell receptors on liver 



Chapter 7 

152 

 

7 

endothelial cells, with NPs in the clearance of NPs from the bloodstream. The 

findings indicate clearance of anionic SCNPs via liver endothelial cells mediated by 

stabilin-1 and partly by stabilin-2. First in vivo studies in mice and rats have shown 

that SCNPs avoid rapid clearance by the kidneys,18-19 these experiments are key steps 

towards the application of our SCNPs. The biodistribution of our SCNPs can be 

tuned with two important factors in the future, including the integration of targeting 

ligands and by adapting the size of SCNPs. Song et al. have presented an interesting 

strategy to temporarily increase the NP size of tad-pole SCNPs.20 The tad-pole 

SCNPs (11 nm) formed micelles (80 nm) that dispersed at the tumor site under local 

pH. This enabled deep tumor penetration of SCNPs, due to their size. Another 

strategy to increase particle size is by incorporating the SCNPs  inside bigger NPs. 

For example anionic SCNPs, as presented in Chapters 3 and 4, can be used to induce 

protein cage formation resulting in virus-like particles (VLPs) (see Figure 7.2 a). 

Preliminary results showed monodisperse particle formations of around 30 nm using 

capsid proteins from cowpea chlorotic mottle virus (CCMV) by DLS and TEM (see 

Figure 7.2 b & c). Further research in the particle stability and cellular uptake are 

required to investigate the effect of the virus shell for the SCNP delivery.  

 
Figure 7.2 Virus-like particle formation templated by anionic SCNPs. a) Scheme of CCMV 

disassembly and reassembly induced by anionic SCNPs. b) DLS of SCNPs and VLPs and c) TEM 

images of SCNPs and VLPs with a scale bar of 50 nm. 
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7.5 Conclusion 

Overall, the research in this thesis provides two successful strategies to overcome 

the challenge of cytosolic delivery for SCNPs. In prospective drug delivery 

applications, SCNPs may excel through more intricate functionalization of the 

SCNPs. Furthermore, promising results in the application of SCNPs in targeting 

malaria in mosquitos are shown. These prompt further investigations to enable 

eradication of this parasite.  
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Summary 

Research in our group on covalently crosslinked single-chain polymer nanoparticles 

(SCNPs) has previously shown consistent and monodisperse formation with particle 

sizes of around 10 nm. These SCNPs have the ability to incorporate various 

functional groups with high biocompatibility. These properties make the SCNPs an 

interesting nanoparticle class for biomedical applications. This dissertation focuses 

on using covalently crosslinked SCNPs in controlled drug delivery, with the aim of 

developing highly efficient nanocarriers for cytosolic delivery. 

Chapter 2 reviews various SCNPs systems and their broad applications in 

biomedical applications, including controlled drug delivery, protein mimicry and 

imaging. 

SCNPs that target malaria parasites in mosquitos, have been developed for controlled 

drug delivery, as described in Chapter 3. Glycerol-SCNPs were synthesized and 

were further equipped with a range of anionic charges to induce targeting of the 

parasite at the ookinete stage. In a mosquito feeding assay Glycerol-SCNPs were 

detected in mosquito midguts, which is the location of ookinete maturation. 

Targeting of the ookinete stage was investigated using anionic SCNPs and revealed 

efficient targeting of SCNPs with high anionic surface charges, while the SCNPs 

with the highest surface charges exhibited lower targeting. Confocal microscopy 

images confirmed the uptake of SCNPs with an optimum of anionic charges in 

ookinetes. Atovaquone, a common antimalarial drug, was functionalized with an 

acrylate group forming a prodrug. This prodrug was then further conjugated onto the 

SCNPs. Atovaquone release under acidic condition was confirmed. However, in an 

ookinete maturation assay no significant decrease of ookinete formation after the 

addition of atovaquone loaded SCNPs was observed. 

In more conventional controlled drug delivery approaches, nanoparticles target 

specific organs in the human body, to deliver therapeutics. However, anionic surface 

charges on nanoparticles lead to low cellular uptake. Research has shown cellular 

uptake of anionic molecules such as DNA and proteins using a positive polymer as 

vector. Therefore, the cellular uptake of anionic SCNPs was explored via the 
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formation of polyplexes with a positive polymer (pCBA-ABOL) in Chapter 4. Here, 

we showed the formation of polyplexes at various polymer/SCNP weight ratios and 

evaluated the cellular uptake and biocompability in HeLa cells. Increased cellular 

uptake with higher polymer/SCNP ratios and cytosolic release of SCNPs at high 

p(CBA-ABOL) content was observed. At short incubation times, low cytotoxicity 

was exerted by the polyplexes. With increasing time and high p(CBA-ABOL) 

content, an increase in cytotoxicity was shown. Drug loading was explored in an 

effort to develop nanocarriers for controlled drug delivery by conjugating 

doxorubicin (DOX) onto the SCNPs. The release of doxorubicin was shown in cell 

lysate and the SCNPs further demonstrated the ability to transport DOX into the 

HeLa cells.  

Based on the findings in Chapter 4, the interactions of positively charged SCNPs 

with cells were studied in Chapter 5. For these investigations, SCNPs with 

increasing amounts of tertiary amines were synthesized, affording SCNPs with 

protonatable moieties to induce positive charges. The particle behavior was analyzed 

on endothelial cells, revealing no cytotoxic effect at moderate concentrations. Only 

at high tertiary amine content in combination with high concentrations minor 

cytotoxic effects were measured. The cellular uptake of SCNPs was measured by 

flow cytometry and was shown to be highly dependent on the tertiary amine content; 

low amounts of tertiary amines resulted in lower cellular uptake. Furthermore, 

SCNPs with low tertiary amine content displayed high co-localizations with 

lysosomes, while SCNPs with higher amounts of tertiary amines were released into 

the cytosol.  

The research on drug conjugation as shown in Chapter 3 and functionalization of 

SCNPs as shown in Chapter 5 were combined in Chapter 6 to explore controlled 

drug delivery of SCNPs based on their intracellular location. Atovaquone (ATO), 

which has shown potential in cancer therapy, was conjugated to SCNPs. In turn, 

these particles were functionalized with 15 or 40% of tertiary amines as well as 40% 

of quaternary amines. While cytosolic delivery of SCNPs with 40% tertiary amines 

in HeLa cells was confirmed, the SCNPs with 40% quaternary amines were 

predominantly present at the cell membrane, indicating a strong electrostatic 

interaction of SCNPs which the cell membrane. Further evaluation of ATO 
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conjugated SCNPs has shown that only SCNPs with 40% tertiary amine content have 

the ability to decrease the viability of HeLa cells. These results emphasize the 

importance of the intracellular location of nanoparticles and the influence of the 

location on the potency of therapeutics. 

In Chapter 7 a perspective on the results of this thesis is given as well as an outlook 

of SCNPs in controlled drug delivery. 
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Samenvatting 

Onderzoek in onze groep heeft aangetoond dat middels een covalente 

intramoleculaire koppeling goed gedefinieerde en monodisperse enkel-keten 

polymeer nanodeeltjes (Engels: single-chain polymer nanoparticles, SCNP) 

gevormd kunnen worden met een grootte van gemiddeld 10 nm. Deze SCNPs 

kunnen worden uitgerust met een brede verscheidenheid aan functionaliteiten met 

een hoge biocompatibiliteit. Dankzij deze eigenschappen zijn de SCNPs een zeer 

interessante klasse van nanomaterialen voor biomedische toepassingen. Dit 

proefschrift beschrijft het gebruik van covalent intramoleculair gekoppelde SCNPs 

voor gecontroleerde medicijnafgifte, met als doel het ontwikkelen van zeer efficiënte 

nanodeeltjes voor bereiken van het cellulaire cytosol.  

Hoofdstuk 2 vat verscheidene SCNPs methoden samen, met betrekking tot hun 

brede toepassing in biomedische applicaties, waaronder gecontroleerde 

medicijnafgifte, eiwitnabootsing en beeldvorming.  

In hoofdstuk 3 worden SCNPs beschreven die zich specifiek richten op 

malariaparasieten in muggen, met als doel gecontroleerde medicijnafgifte. Glycerol-

SCNPs werden gesynthetiseerd en vervolgens uitgerust met een reeks toenemende 

anionische ladingen, om zo specifiek de parasiet in het ookineet stadium te bereiken. 

Middels een voedingsonderzoek op muggen werd aangetoond dat de glycerol-

SCNPs zich ophoopten in de middendarm, daar waar ook de ookineet maturatie 

plaatsvindt. Het gericht bereiken van het ookineet stadium werd onderzocht door 

middel van anionische SCNPs. De nanodeeltjes met een hoge anionische 

oppervlaktelading bereikten efficiënt het ookineet stadium, terwijl de nanodeeltjes 

met de meest negatieve oppervlaktelading minder efficiënt werkten. Confocale 

laserfluorescentiemicroscopie bevestigde het optimum voor anionische lading voor 

de opname van SCNPs in ookineten. Atovaquone, een veel voorkomend antimalaria 

medicijn, werd gefunctionaliseerd met een acrylaatgroep, om zo een prodrug te 

verkijgen. Deze prodrug werd vervolgens gekoppeld aan de SCNPs. De afgifte van 

atovaquone onder zure omstandigheden kon worden aangetoond. Na toevoeging van 

de atovaquone-SCNPs kon er echter geen significante afname van het aantal 

ookineten worden waargenomen in een ookineet maturatie experiment. 
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In de meer gangbare toepassingen van gecontroleerde medicijnafgifte worden 

nanodeeltjes aangewend om bepaalde specifieke organen te bereiken. Deeltjes met 

een anionische oppervlaktelading leiden echter meestal tot een lage cellulaire 

opname. Onderzoek heeft aangetoond dat anionische moleculen zoals DNA en 

eiwitten opgenomen kunnen worden in cellen door deze te combineren met een 

positief geladen polymeer als vector. Om die reden werd in hoofdstuk 4 de cellulaire 

opname van anionische SCNPs bestudeerd middels de vorming van polyplexen met 

p(CBA-ABOL), een positief geladen polymeer. In dit hoofdstuk lieten we de 

vorming van polyplexen zien met verschillende massaverhoudingen 

polymeer/SCNP en werd de cellulaire opname in en de biocompatibiliteit met HeLa 

cellen bestudeerd. Een hogere polymeer/SCNP verhouding leidde tot een toename 

in cellulaire opname. Daarnaast kon de afgifte van SCNPs in het cytosol worden 

aangetoond bij een hoge hoeveelheid p(CBA-ABOL) ten opzichte van de SCNPs. 

De polyplexen vertoonden een lage cytotoxiciteit na een korte incubatietijd. Met een 

toename van de incubatietijd en de hoeveelheid p(CBA-ABOL), nam eveneens de 

cytotoxiciteit toe. Doxorubicine werd bevestigd aan de SCNPs, om zo nanodeeltjes 

te ontwikkelen voor gecontroleerde medicijnafgifte. De afgifte van doxorubicine 

werd aangetoond in cellysaat en de SCNPs waren eveneens in staat om doxorubicine 

af te geven in HeLa cellen. 

Vanwege de bevindingen in hoofdstuk 4, werd in hoofdstuk 5 de wisselwerking 

tussen positief geladen SCNPs en cellen bestudeerd. Voor deze experimenten werd 

een reeks SCNPs gesynthetiseerd met een toenemende hoeveelheid tertiaire amines, 

om zodoende SCNPs te verkrijgen met protoneerbare groepen voor een positieve 

oppervlaktelading. Het gedrag van de reeks nanodeeltjes werd onderzocht op 

endotheelcellen, waarbij geen cytotoxiciteit werd waargenomen bij relatief hoge 

concentraties. Alleen wanneer SCNPs met een grote hoeveelheid tertiaire amines 

hoog geconcentreerd werden gemengd met cellen, werd een geringe cytotoxiciteit 

waargenomen. Middels flowcytometrie werd aangetoond dat de cellulaire opname 

van de reeks SCNPs sterk afhankelijk is van de hoeveelheid tertiaire amines op het 

oppervlak; nanodeeltjes met een lage hoeveelheid tertiaire amines vertoonden 

verminderde cellulaire opname. Bovendien vertoonden SCNPs met een lage 

hoeveelheid tertiaire amines co-lokalisatie met de lysosomen, terwijl de SCNPs met 

een hogere hoeveelheid tertiaire amines werden afgegeven in het cytosol. 
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In hoofdstuk 6 werd de medicijnconjugatie uit hoofdstuk 3 en de functionalisatie 

met positieve lading uit hoofdstuk 5 gecombineerd om zo gecontroleerde 

medicijnafgifte te bestuderen, op basis van de intracellulaire locatie van de 

nanodeeltjes. Atovaquone (ATO), een medicijn dat toegepast kan worden tegen 

kanker, werd geconjugeerd aan de SCNPs. Deze deeltjes werden vervolgens verder 

gefunctionaliseerd met 15% of 40% tertiaire amines, als mede met 40% quaternaire 

ammoniumgroepen. Daar waar de nanodeeltjes met 40% tertiaire amines zich 

bevonden in het cytosol van HeLa cellen, daar bleven de SCNPs met 40% 

quaternaire ammoniumgroepen voornamelijk steken op het celmembraan, wat een 

sterke elektrostatische interactie aantoont tussen de deeltjes en het celmembraan. 

Daarnaast lieten louter de ATO-SCNPs met 40% tertiaire amines op het oppervlak 

na incubatie een afname zien van het aantal HeLa kankercellen, wat duidelijk 

aantoont hoe belangrijk de intracellulaire locatie van nanodeeltjes is voor de 

effectiviteit van medicijnen.  

Hoofdstuk 7 plaats de resultaten van dit proefschrift in een bredere context, alsmede 

wordt er een vooruitzicht geschetst hoe SCNPs gebruikt zouden kunnen worden voor 

gecontroleerde medicijnafgifte.  
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Zusammenfassung 

Kovalent vernetzte Polymer-Einzelketten-Nanopartikel (engl. Single-Chain 

Polymer Nanoparticles, SCNPs)  haben eine einheitliche und gleichmäßige 

Herstellung mit Partikel Größen von ungefähr 10 nm gezeigt. Diese SCNPs haben 

die Möglichkeit mit verschiedenen funktionalen Gruppen ausgestattet zu werden, die 

unteranderem eine hohe Biokompatibilität haben. Diese Eigenschaften machen 

SCNPs zu einer interessanten Nanopartikel Klasse für biomedizinische 

Anwendungen. Diese Dissertation konzentriert sich auf die Verwendung von 

kovalent vernetzten SCNPs zum kontrollierten Transport von Therapeutika, mit dem 

Ziel der Herstellung von sehr effizienten Nanotransportern, die die Therapeutika in 

das Zellcytosol bringen.    

Kapitel 2 gibt eine Übersicht von verschiedenen SCNP-Systemen und deren breiten 

Anwendungsgebieten in der biomedizinischen Forschung.  

In Kapitel 3 wird die Herstellung von SCNPs für den gezielten Transport von 

Therapeutika zu den Malaria Parasiten in Mücken beschrieben. Glycerol-SCNPs 

wurden synthetisiert und wurden mit einer Reihe von unterschiedlichen negativen 

Oberflächenladungen ausgestattet, um den gezielten Transport zu dem Ookinet 

Stadium des Malaria Parasiten zu erzielen. Diese Glycerol-SCNPs wurden in dem 

Mitteldarm von Mücken nachgewiesen, nachdem die Partikel bei einem Futter 

Experiment von den Mücken aufgenommen wurden. Die Studie der negativ 

geladenen SCNPs für den gezielten Transport zu den Ookineten zeigte ein Optimum 

für die Höhe der negativen Ladung der SCNPs, bei der die beste Bindung an die 

Ookineten erfolgte.  Konfokale Mikroskopiebilder bestätigten die Aufnahme von 

SCNPs mit optimaler negativer Ladung. Atovaquone, ein weit verbreitetes 

Therapeutikum gegen Malaria, wurde mit einer Acryl-Gruppe ausgestattet um mit 

Hilfe dieser an die SCNPs gebunden zu werden. Die Freisetzung von Atovaquone 

unter säuerlichen Bedingungen wurde nachgewiesen. Aber ein Experiment zur 

Ookinete Reifung zeigte keine Signifikante Abnahme der Ookineten unter der 

Zugabe von Atovaquone beladenen SCNPs.  
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In konventionellen Nanopartikel Anwendungen ist der gezielter Transport von 

Nanopartikel zu einem bestimmten menschlichen Organ notwendig. Nanopartikel 

mit negativer Oberflächenladung zeigen generell eine niedrige Aufnahme in Zellen. 

Daher wurde die Aufnahme von negative geladenen SCNPs in Zellen via der 

Formation von Polyplexen mit einem positiven Polymer (pCBA-ABOL) in 

Kapitel 4 studiert, diese Strategie wurde bereits für den Transport von DNA und 

negative geladenen Proteinen genutzt. Die Formation von Polyplexen bei 

verschiedenen Polymer/SCNP Gewicht Verhältnissen wurde studiert und die 

Aufnahme in Krebszellen (HeLa Zellen) sowie die Biokompatibilität wurde 

analysiert. Eine bessere Aufnahme mit höheren Polymer/SCNPs Verhältnissen 

wurde ermittelt und die Freisetzung der SCNPs in das Cytosol wurde bei hohen 

Polymer-Anteilen beobachtet. Bei kurzer Inkubation wurden nur geringe toxische 

Einflüsse von den Polyplexen gemessen, aber bei der Kombination aus langer 

Inkubation und hoher Polymer Anteilen wurde eine größere Toxizität gemessen. 

Doxorubicin, eine Krebsmedizin, wurde an die SCNPs gebunden und dessen 

Freilassung wurde in Zelllysat nachgewiesen. Schließlich wurde der Transport von 

Doxorubicin in die Krebszellen nachgewiesen. 

Basiert auf den Ergebnissen in Kapitel 4 wurden SCNPs mit einer Reihe von 

positiven Oberflächenladung in Kapitel 5 hergestellt, um den direkten Transport der 

SCNPs in die Zellen zu erreichen. Hierfür wurden die Partikel mit verschiedenen 

Mengen von tertiäre Aminen ausgestattet. Wenn die tertiäre Amine protoniert 

werden, erhalten diese eine positive Ladung. Die Eigenschaften der verschiedenen 

SCNPs wurde an Endothelien-Zellen getestet. Diese zeigten keine Toxizität bei 

moderaten Konzentrationen, nur bei hohen Konzentrationen in Kombination mit 

hoher Anzahl an tertiären Aminen wurde eine Toxizität festgestellt. Die Aufnahme 

der SCNPs zeigte eine große Abhängigkeit zu der Menge an tertiären Aminen an den 

SCNPs. SCNPs mit wenigen tertiäre Aminen zeigte eine geringere Aufnahme in 

Zellen verglichen mit SCNPs mit mehr tertiären Aminen. Des Weiteren haben 

SCNPs mit wenigen tertiären Aminen eine hohe Kolokalisierung mit Lysosomen 

gezeigt, während SCNPs mit mehr tertiären Aminen in das Zellcytosol freigelassen 

wurden. 
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Im Kapitel 6 wurde das Wissen von Kapitel 3 über die Beladung der SCNPs mit 

Therapeutika und das Wissen aus Kapitel 5 über den Transport der Partikel in das 

Zellcytosol kombiniert, um die Wirkung von Therapeutika abhängig von dem 

intrazellulären Ort der SCNPs zu bestimmen. Atovaquone, welches unter anderem 

auch Potential in der Krebsheilung gezeigt hat, wurde an die SCNPs gebunden und 

die SCNPs wurden mit 15 oder 40% tertiären Aminen ausgestattet. Außerdem 

wurden auch SCNPs mit 40% quaternären Aminen hergestellt. Der Transport der 

SCNPs mit 40% tertiären Aminen in das Cytosol von Krebszellen wurde bestätigt, 

während die SCNPs mit 40% quaternären Aminen überwiegend an der Zellmembran 

nachgewiesen wurden, was auf eine hoher elektrostatische Interaktion der 

Zellmembrane mit den SCNPs schließen lässt. Interessanter Weise wurde 

nachgewiesen, dass nur die mit Atovaquone beladene SCNPs mit 40% tertiären 

Aminen eine Abnahme in der Zellviabilität verursachen. Diese Ergebnisse betonen 

die Relevanz des intrazellulären Ort der Nanopartikel nach der Aufnahme und dessen 

Einfluss auf die Wirksamkeit der Therapeutika.  

Im Anschluss bietet Kapitel 7 eine Perspektive über die gesamten Ergebnissen und 

eine Ausblick auf die Zukunft von SCNPs in der biomedizinischen Forschung. 
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