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Chapter 1 

Biocompatible self-assembled nanoparticles 

 

 

Abstract  

Nature comprises many self-assembling systems and regulation mechanisms, 

operating on the nano-scale (e.g. the actin filaments of the cytoskeleton and lipids in the 

cells’ membrane). Inspired by these phenomena, synthetic self-assembling systems are 

currently under development for use in a broad range of biomedical applications. Synthetic 

supramolecular self-assembly uses exclusively non-covalent interactions such as 

hydrophobic and hydrogen-bonding to form well-defined architectures. Intrinsically 

fluorescent self-assembled nanoparticles are a special class of synthetic, modular 

materials. Their intrinsic properties allow for optical imaging while their modularity 

enables the blending of other imaging and targeting components. Here, an overview of 

natural and synthetic self-assembled architectures will be presented, focusing on the 

molecular interactions involved. Furthermore a pallet of bio-orthogonal chemistries will be 

discussed potentially to be applied for nanoparticle functionalization. Both self-assembled 

nanoparticles and bio-orthogonal chemistries find their application in the research 

described in this thesis. 
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1.1 Self-assembly in nature 

Self-organizing matter is abundantly found in nature and comprises, for instance, the 

self-organization of amphiphilic lipids to the lipid bilayer of the cell membrane (Figure 1.1 

A).1 Here, the sum of hydrophobic interactions between the fatty acids of the lipid and the 

polar head group preferably orientated to the water phase, results in the energetically 

favoured lipid bilayer.2 The membrane of a cell serves not only as a container to retain 

cellular components, but also as a platform for transmembrane proteins important for 

cellular function and communication such as sodium channels or the epidermal growth 

factor receptor (EGFR).3,4 Proteins themselves are another example of self-assembling 

entities, in which the amino-acid-backbone folds into well-defined secondary structures, 

such as α-helices or β-sheets. These assemble to form the protein’s tertiary structure, or 

fully folded 3D structure, which gives rise to protein function, like catalysis.5 During 

protein folding, self-assembly is driven by a combination of non-covalent interactions: 

hydrophobic interactions, hydrogen bonding and ionic interactions. The cytoskeleton of a 

cell, consisting of actin filaments, microtubule and intermediate filaments, is the 

archetypical example of a dynamic and adaptive self-assembling process inside the cell.6,7 

Actin filaments grow in a specific manner through self-assembly of actin monomers and 

the catalytic conversion of ATP to ADP (Figure 1.1 B).8 The proteins of a cell are produced 

in ribosomes, which on its own is a complex self-assembled structure comprised of two 

protein units and several RNA strands (Figure 1.1 C).9,10 Key self-assembling interactions 

involved within a functional ribosome comprises amongst others hydrophobic, hydrogen-

bonding motifs and van der Waals interactions.11 

 
   

Figure 1.1: Schematics of self-assembly in nature: A) lipids assembled into a lipid bilayer; B) actin 

assembly into actin-filaments; C) polypeptide chain production by mRNA translation inside a ribosome.12

A B C 
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1.2 Synthetic self-assembly of oligomeric entities 

Inspired by nature, researchers try to design and synthesize molecular systems capable 

of self-assembling in water. Such ‘bottom-up’ controlled molecular architectures show 

potential to be applied in biomedical applications for imaging,13 sensing,14 diagnostics,15 

tissue engineering16,17 and drug delivery platforms.18,19 In one example, a self-assembled 

nanodisc was engineered for imaging and possibly for phototherapeutic applications. The 

nanodisc was formed by a hydrophobic interaction driven self-assembly between a lipid-

based reduced porphyrin, cholate and a protein. After cellular uptake of the self-assembled 

nanodisc, disassembly of the structure resulted in a photoactive porphyrin, responsible for 

the fluorescence and possible phototherapeutic action.20 In another example, a set of novel 

amphiphiles were prepared, bearing a variable lipid-based hydrophobic domain and a 

variable non-ionic hydrophilic dendrimer-based domain. The amphiphiles formed 

nanoparticles in water and were capable of encapsulating a dye.21 Non-covalent binding 

motives play an important role in the organised self-assembly of such supramolecular 

architectures.22 Therefore, native- and novel molecular recognition motives are 

incorporated into the self-assembly unit, responsible for the creation of well-defined 

structures and novel functional materials.23 Nature provides perhaps the most versatile 

native molecular self-recognition toolbox, based on arrays of nucleotides present in 

deoxyribonucleic acid (DNA).24 The specific self-assembly of DNA strands, results in a 

wide variety of structures and shapes, with functions such as enzyme nano-cages.25–27 

Inspired by nature, various novel molecular recognition motifs have been designed,28–30 

like a self-complementary quadruple hydrogen bonding array, based on 2-ureido-4-

pyrimidone (UPy).31 When incorporated along a polymer backbone, a dynamic polymer 

with thermodynamically controlled architectures could be formed. Specific self-assembly 

by for instance hydrogen bonding arrays or recognition motifs, often involves additional 

hydrophobic interactions as illustrated by the formation of lipid bilayers from 

phospholipids in Figure 1.1 A. In one example, the self-assembly of synthetic peptide-

amphiphiles (PAs) was investigated. Interestingly, the type of architecture obtained 

depended on the size of the hydrophobic domain of the PA.32 The PA contained a collagen-

binding peptide sequence on one side and a variable hydrophobic domain on the other side 

(Figure 1.2 A, B). The PAs with longer aliphatic domains self-assembled into fibrils (Figure 

1.2 D) while PAs with shorter hydrophobic domains resulted in spherical nanoparticles of 

ca 20 nm (Figure 1.2 C). The obtained structures were shown to be important when applied 

to biology. Both structures, fibrils and nanoparticles were injected into rats with damaged 

carotid arteries. Selective accumulation by fibrillary PAs was observed on the damaged 
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tissue site, while the spherical nanoparticles exhibited no accumulation. These 

observations emphasize the importance of length and type of hydrophobic domain in 

supramolecular assembly versus biological fate.  

  

A 

 
  

B 

 
  

C 

 

D 

 

E 

     

Figure 1.2: Synthetic self-assembled systems based on peptide-amphiphiles: A) collagen-targeting peptide 

amphiphile, self-assembling in spherical particles; B) collagen-targeting peptide amphiphile, self-assembling 

in fibrils; C), cryo-TEM of (A) amphiphiles; D) cryo-TEM of (B) amphiphiles; E) selective accumulation 

of fibrils peptide-amphiphile in injured carotid arteries shown by increased fluorescence. Reprinted with 

permission of 32. 

 

The use of hydrogen-bonding is of high importance in molecular recognition and also 

for use in controlled self-assembly.33 Hydrogen-bonding arrays combine individual 

hydrogen bonds in a spatially organised matter, resulting in an overall more selective, 

directional, and stronger binding interaction.30 One illustrative example used quadruple 

hydrogen-bond arrays for the creation of a hydrogel, which was developed into an injectable 

drug-releasing carrier.18 Therefore a linear PEG polymer was functionalized on both 

termini with a hydrophobic, urea-containing domain and end-capped with an 

ureidopyrimidinone (UPy) unit (Figure 1.3 A). The keto and enol-tautomer of the UPy unit 
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form homodimers in a hydrophobic environment through the formation of quadruple 

hydrogen bonds (Figure 1.3 B). When UPy is added to water, the PEG polymer aids in the 

aqueous solubility of the molecule, while the hydrophobic UPy-containing domain self-

assembles. The hydrophobic pocket, created by the appended alkyl moieties, allows for the 

directional hydrogen bonding array to be establish in a non-aqueous microenvironment. 

Therefore, in pH neutral aqueous solutions, UPy dimerization within this material results 

in gel formation. When the pH of the aqueous solution was increased > 8.5, the hydroxide 

group on the enol-tautomer deprotonates, yielding the enolate. The enolate form 

disfavours UPy dimer formation resulting in the loss of the macroscopic gel-like structure. 

The obtained solution was sufficiently fluid to allow injection via a long needle. Upon 

lowering of the pH, the enolate reverted to the enol tautomer and an adaptive gel-matrix 

was recovered. The biomedical application of this system was found in the recovery process 

of porcine with myocardial infarction. Less scar tissue in the porcine heart was observed 

when UPy-gel components combined with drugs promoting cardiac healing were injected 

in the ischemic site (Figure 1.3 C), compared to injection of the drugs without gel-matrix 

(Figure 1.3 D). The drugs were released for a sustained period in a controlled manner due 

to the UPy gel, thereby stimulating cardiac recovery more efficiently. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 

6 

 

A 

 
  

 

B 

 

 

 

 
   

Figure 1.3: A) Chemical structure of the UPy-hydrogelator building block; B) chemical structures of homo-

dimerized UPy tautomers, which disassemble at pH > 8.5; C) cross section of porcine heart with scar tissue 

in white. Porcine was treated with UPy hydrogen, containing cardiac-recovery-stimulating drugs, after 

cardiac infarct; D) cross section of porcine heart with scar tissue in white. Porcine was treated with cardiac-

recovery-stimulating drugs only after cardiac infarct (control). Reprinted with permission of 18. 

 

The class of synthetic self-assembled materials probably most closely resembling nature 

are liposomes. Just like the cellular membrane, liposomes are composed of phospholipids, 

which self-assemble into a lipid bilayer, predominantly through hydrophobic interactions. 

Liposomes form a class of synthetically prepared supramolecular structures that are useful 

for a broad range of applications, including tissue engineering,34 regenerative medicine,34 

drug delivery35–37 and imaging.38 Liposomes allow for the incorporation of probes for 

multiple imaging modalities, encapsulation of either hydrophobic or hydrophilic drugs 

and can be decorated with targeting ligands (Figure 1.4 A).13 These molecular possibilities 

result from the modularity of the system i.e. mixing in differently functionalized lipids in 

one liposome. Another principle advantage of liposomes is that lipid building blocks occur 

naturally in cells, making synthetic liposomes frequently biocompatible. Several liposome 

formulations are FDA-approved, finding their application in drug delivery in tumours.39,40 

Doxil is one such example where the anti-cancer drug doxorubicin is encapsulated in 

liposomes and thereby not directly exposed to healthy cells. The long circulating liposomes 

accumulate at the tumour site via the enhanced permeability and retention effect (EPR) 

and thereby release their cytotoxic cargo in the tumour.41 The potency of liposomes in 

optical imaging was in one example investigated by incorporation of a near-infrared 

fluorescent dye, followed by administration to tumour-bearing rabbits (Figure 1.4 B).42 

C 

D
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Four days post-administration, tumour accumulation of liposomes could be visualized by 

endoscopic fluorescence imaging, demonstrating the potency of this supramolecular dye-

loaded system in tumour guided surgery. 

 

A

 
  

B

 
 

Figure 1.4: A) Schematic drawing of a liposome which allows multiple decoration with imaging- and 

targeting moieties or entrapment of drugs; B) in vivo optical imaging of tumour bearing rabbit, treated

with near-infrared loaded liposomes, 4 days after injection. Reprinted with permission of 42,43. 

 

1.3 Intrinsically fluorescent self-assembled nanoparticles 

The field of optical imaging typically involves imaging techniques that rely on the 

detection of electromagnetic waves in either the ultra-violet, visible or near-infrared 

region.44 Optical imaging has gained much attention since the beginning of this 

millennium, owing to its low cost, high sensitivity and use of non-ionizing radiation.45–47 

Intrinsically fluorescent self-assembled nanoparticles might be a promising class of optical 

imaging agents as they allow for the easy blending of imaging- and targeting modalities 

and are optically active.13,48–50 Intrinsic fluorescent nanoparticles are made of molecular 

building blocks which inherently causes the particle to be fluorescently active, by for 

instance an aromatic π-conjugated system. Intrinsically fluorescent nanoparticles have 

much potential for the development of cellular and in vivo optical imaging probes as they 

typically exhibit good photophysical properties themselves, and therefore, do not require 

dye functionalization.51,52 Examples of intrinsically fluorescent nanoparticles include 



Chapter 1 

8 

 

polymer-dots (Pdots), quantum dots (Qdots) and small molecule-based nanoparticles 

(SMNPs) – Figure 1.5.53  

    

  

 

 
    

Figure 1.5: Schematic overview of intrinsic fluorscent nanoparticles. Quantum dots, containing a 

metal-based core and shell (red and green respectively) for optical properties and surface (blue) for 

functionalization or anti-fouling; Polymer dots, consisting of donor / acceptor π-conjugated polymers; 

Small molecule-based nanoparticles are constructed from π-conjugated oligomers. Reprinted with 

permission of 53. 

 

Qdots exhibit very good photophysical properties, including quantum yields up to 0.9 

and absorption coefficients up to 107 M-1cm-1, making them very useful for biomedical 

imaging applications.54–56 Qdots are nanocrystals bearing a metal-based core like 

CdSe/ZnS or CdTe/ZnS and based on the core composition and size, the photophysical 

properties are determined (Figure 1.5).57 By precisely tuning their size, narrow emission 

bands are obtained, which allows the simultaneous imaging of multiple Qdots with 

different emission wavelength and functionality. An inherent drawback of using Qdots for 

imaging is their blinking property, which results from a short temporary loss of 

photoluminescence.58 Moreover, the use of Qdots in human studies is hampered by 

toxicity concerns due to the heavy metal rich core.59,60  

Pdots are nanoparticles composed of organic π-conjugated polymers and have like 

Qdots, very good photophysical properties, including high brightness, absorption 

coefficients up to 108 M-1cm-1, but also typically the lack of blinking.56,61 Pdots are easily 

formed by the reprecipitation method, which involves the rapid injection of a small amount 

of concentrated polymer solution dissolved in an organic solvent into water. The size of the 

particle can be tuned by varying the polymer-stock concentration. The π-conjugated 

domains embedded within the polymer are responsible for the intrinsic fluorescence. By 

modifying the π-conjugated core, the absorption and emission spectrum can be tuned and 

can cover the entire visible spectrum.61 In one example, Pdots were formed out of the 

Quantum dots Small molecule Polymer dots 
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donor-acceptor polymer PF-TC6FQ, yielding particles of 22 nm with very high brightness 

of 9.2 x 10-12 cm2 (Figure 1.6 A).62 The Pdots showed minimal toxicity effects in MTT cell 

tests and could stain actin filaments in the cell wall (Figure 1.6 B). The biocompatibility of 

the Pdots was further demonstrated by performing microangiography in zebrafish 

embryos, revealing the blood vessels (Figure 1.6 C), while no changes in development and 

growth were observed. 

   

A 

 

 

  

Figure 1.6: A) Chemical structure and illustration of Pdot formation; B) cellular actin-filament imaging 

using Pdots; C) zebrafish microangiography. Reprinted with permission of 62. 

 

For applications of Qdots or Pdots to biology, the surface of Qdots/Pdots must be 

functionalized with bioactive moieties, such as drugs, peptides, proteins or sugars.63 The 

introduction of multiple ligands (multifunctionalization) in a certain ratio and density is 

of importance for selective targeting and cellular uptake.64 Multifunctionalization is, 

however, fairly challenging for solid particles,65 such as Qdots or Pdots, due to the limited 

diversity in bioorthogonal reactive handles on the particle, the ligand-dependent coupling 

conditions or the limited purification strategies. Multifunctionalization of a modular 

system such as liposomes is in principle straightforward, and often involves simply mixing 

in differently functionalized lipids prior to liposomal preparation. A modular nanoparticle 

system using intrinsic fluorescent building blocks combines the two advantages into one 

system.  

Small molecule based intrinsically fluorescent (SMNPs) are composed of π-conjugated 

oligomers and, similar to Qdots and Pdots, exhibit outstanding photo-physical properties, 

rendering them ideal candidates for cellular and optical imaging.70 SMNPs allow easy 

multifunctionalization as well as optical imaging.66,67 As for liposomes, a whole series of 

oligomers containing different ligands or imaging probes can in principle be mixed into 

one particle.67,68 The preparation method of SMNPs is rather simple and typically involves 

B 

C 
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the rapid injection of a concentrated oligomer containing water miscible organic solvent, 

into water or buffered water solution (Figure 1.7).69  

   

 
  

Figure 1.7: Schematic illustration of preparing multifunctional SMNPs by injecting a concentrated 

solution of molecularly dissolved oligomers in an organic solvent like tetrahydrofuran (THF), in water. 

 

Hence, by mixing in different functionalized oligomers in the concentrated organic 

solvent solution, SMNPs are obtained bearing a variety of functionalities at their periphery. 

The intraparticle interaction between oligomers is believed to comprise predominantly of 

hydrophobic interactions. Due to the method applied, oligomers are typically kinetically 

trapped in the particle, and the lack of chiral amplification of chiral oligomers in 

nanoparticles suggests no-to-little organisation of oligomers in the particle.69 In one 

example, oligomers were used based on a benzothiadiazole-co-fluorene π-conjugated 

system, of which the fluorene units were substituted with dimethyl amino propyl chains 

(Figure 1.8 A).71 SMNPs formed out of these oligomers measured an average size of 90 

nm, and when incubated for 24 h on cells, uptake was observed as shown by the bright 

yellow dots in the perinuclear region of the cell (Figure 1.8 C).  

      

A B C

      

Figure 1.8: A) Chemical structure of oligomer and illustration of SMNP formation; B) control cells; C) 

SMNPs containing cells. Nuclei were stained blue, f-actin filaments were stained green and SMNPs yellow.

Reprinted with permission of 71. 
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In our group, another type of oligomers was developed, bearing a π-conjugated 

benzothiadiazole-co-fluorene core. The core was substituted on the 5-ring of the fluorene 

units with aliphatic tails and wedges inserted on the outer benzene-ring.66 Furthermore, 

the polar wedge was functionalized with either a methoxy group or a primary amine and 

by mixing these oligomers in certain ratio in the organic solvent, SMNPs were obtained 

after nanoprecipitation, exposing defined amounts of amine functionality on the periphery 

of the particle (Figure 1.9 A). The photophysical properties of the SMNPs were excellent 

with a quantum yield of 0.8 and a large absorption cross-section of 8 x 10-13 cm2. When 

exposed to cells, uptake was observed for all amine-containing SMNPs shown by green 

dots, within minutes after addition (Figure 1.9 B). Also, here it is believed that hydrophobic 

interactions between oligomers within a particle relate to the stability of the particles. 

  

A 

 

 

 

 

 

 

 

 

 
        

B

 

 

  

Figure 1.9: A) Chemical structures of inert- and amine-oligomers and illustration of SMNPs formed with 

different amounts of amine functionality incorporated; B) two-photon imaging of live HeLa cells incubated 

with SMNPs. Reprinted with permission of 66. 

 

The introduction of more complex functionalities in SMNPs for interaction with 

biological systems requires appropriate orthogonal chemistries. First, attachment of an 

antibody to a particle necessitates mild reaction conditions to preserve the antibody’s 
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molecular and functional integrity. Furthermore, the orientation of the antibody on the 

surface of the particle is preferably unidirectional so as not to affect antibody binding. 

Finally, the reaction should preferably proceed quickly and at low concentrations. A broad 

range of chemistries exist for the functionalization of oligomers or nanoparticles, a 

selection of which is presented in the next sub-section. 

 

1.4 Bio-orthogonal chemistries on nanoparticles 

The introduction of relatively simple functional groups, like primary amines, onto 

nanoparticles (NP) can already elicit interesting biological responses (Figure 1.9). By 

introducing more complex biological entities, such as DNA-strands, sugars, peptides and 

proteins or chemically based moieties like doxorubicin to nanoparticles, a much larger 

research area for applications in imaging, targeting, signalling and therapy with 

nanoparticles can be addressed.72 A diverse palette of chemistries have been applied for 

NP-functionalization, all addressed in good reviews.72–74 The chemistry applied greatly 

depends on the nanoparticle type and the functionality to be introduced. The (bio)-

orthogonal functionalization chemistry of choice, is ideally selective, fast, side-product free 

and can proceed at low concentrations (Scheme 1.1). N-hydroxysuccinimide (NHS) 

chemistry is frequently applied and involves the coupling between a NHS-ester and an 

amine. The NHS is mostly introduced by first activating the carboxylic acid with a 

carbodiimide, such as EDC. The product of the reaction between an NHS-ester and an 

amine is a peptide bond. For proteins or antibodies bearing multiple amines however, 

there is less control over which amine is coupled to the surface of the particle. This results 

in the coupling of antibodies or proteins to the surface of NPs with mixed orientation and 

possibly with loss of antibody recognition and binding. Thiols are naturally less frequently 

present on the surface of proteins and by mutational insertion therefore allow for more 

selective coupling with maleimide-functionalized NPs. This might result in a more 

uniform protein orientation on the particle surface. The chemistry however requires 

reducing conditions as otherwise disulfide bonds between thiols can form, which do not 

participate in the coupling. A selective and thereby orthogonal route for conjugating 

proteins to particles is by native chemical ligation, where an N-terminal cysteine of a 

protein reacts selectively with a C-terminal thioester. One nice example applied native 

chemical ligation to a protein-based nanoparticle with peptides and fluorescent proteins.75 

The Staudinger ligation involves an azide and triarylphosphine and has been applied 

frequently for nanoparticle functionalization since its inception in 1916. The Staudinger 

ligation was also applied in vivo for pre-targeted imaging purposes, and although the 
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ligation occurred in the complex in vivo environment, efficiencies were in general 

hampered by a low second order reaction constant.76–78 A frequently used conjugation 

strategy is the copper-catalysed azide-alkyne cycloaddition (CuAAC) reaction.79,80 In 

pursuit of circumventing the use of cytotoxic copper, Bertozzi and co-workers developed 

strain-promoted cycloaddition reactions, in which the strained alkynes showed to be 

reactive towards azides introduced on living cells.81 These reactions do not require a 

catalyst, are selective, proceed in complex media and are quite fast. One example involving 

strain-promoted click chemistry on nanoparticles, made use of protected sugars, 

functionalized with azides (Ac4ManNAz), which after being taken up by tumour tissue, 

expose the metabolized azide-sugar on the outside of the cellular membrane (Figure 1.10 

A).87 Liposomes containing a near-infrared fluorescent dye and a strained alkyne (DBCO) 

reacted selectively with the azide-sugars on the cellular membrane (Figure 1.10 B) while 

cells without Ac4ManNAz did not show liposomal localization on the membrane (Figure 

1.10 C). The chemistry could also be applied in mice models, as shown by an increase in 

fluorescence through liposomal accumulation on the left tumour which was treated with 

Ac4ManNAz, while the tumour on the right, lacking treatment with Ac4ManNAz, showed 

less liposomal accumulation (Figure 1.10 D). This implies that bio-orthogonal chemistry 

was successfully applied in vivo to a self-assembled system using strain-promoted click 

chemistry. 
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Figure 1.10: A) Concept of selective liposomal tumour targeting by addition of (i) azide-sugar 

(Ac4ManNAz) to tumour cells, which after metabolism (ii) is exposed on the outer membrane of a cell 

(iii), allowing strained-alkyne functionalized liposomes to react; B) cells incubated with strained alkyne-

and dye-containing liposomes and incubated with Ac4ManNAz; C) cells incubated with strained-alkyne 

and dye-containing liposomes without Ac4ManNAz; D) tumour-bearing mice model, left: incubated with 

Ac4ManNAz, right: incubated with saline, both treated with strained-alkyne and dye-containing liposomes.

Reprinted with permission of 87. 

 

For the strained cycloadditions to take place on proteins, unnatural amino acid residues 

need to be incorporated, which might be challenging.82 This also holds for tetrazine 

ligations (Scheme 1.1), which can react with strain-promoted alkynes as well as trans-

cyclooctenes via an inverse-electron-demand Diels-Alder reaction (iEDDA). The tetrazine 

reaction is not only selective, it can be four to five orders of magnitude faster compared to 

strain-promoted azide click reactions, depending on the chemical entities involved.78  
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Scheme 1.1: Overview of bio-orthogonal chemistries to be applied for nanoparticle conjugation. 

 

The iEDDA reaction has gained a lot of attention since its introduction and is currently 

the fastest bio-orthogonal reaction.83–85 The iEDDA is different compared to the normal 

electron demand Diels-Alder reaction in terms of the difference in the energy levels of the 

diene and the dienophile (Figure 1.11 A).86 In normal electron demand Diels-Alder reaction 

an electron-rich diene and electron-poor dienophile react, resulting in an energetically 

favoured product. In iEDDA, a similar reaction occurs but now involving an electron-poor 

diene, due to electron withdrawing groups and an electron-rich dienophile. In Figure 1.11 

B the reaction between a tetrazine and alkene like trans-cyclooctene is presented in detail. 

The first step involves the iEDDA cycloaddition, followed by a rapid retro Diels-Alder 

reaction expulsing nitrogen. The next step involves an isomerisation reaction and in the 

presence of an oxidiser, the aromatic cyclo-adduct reaction is complete.  
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Figure 1.11: A) Frontier orbital model of a normal electron demand Diels-Alder reaction and of an inverse 

electron demand Diels-Alder reaction, EDG = electron donating group, EWG = electron withdrawing 

group; B) inverse electron demand reaction scheme, side groups are numbered (R1-R4) to allow tracking.

Reprinted with permission of 86. 

 

In one example, Qdots were decorated with norbornene, capable of reacting with 

tetrazines in an inverse-electron-demand Diels-Alder reaction.88 Therefore, the epidermal 

growth factor (EGF) was functionalized with tetrazine (Figure 1.12 A) and subsequently 

incubated with A431 cells expressing the EGF-receptor. Norbornene-Qdots were incubated 

for 30 minutes with the EGF-tetrazine treated cells (Figure 1.12 B) and clearly reaction took 

place as observed by the red-fluorescence on the contours of the cells (Figure 1.12 C). As a 

control, cells were incubated with EGF-tetrazine and subsequently incubated with Qdots 

lacking norbornene. Here, no fluorescence originating from Qdots was observed (Figure 

1.12 D), proving that selective tetrazine-norbornene takes place, in a fast manner between 

a protein and a particle. 
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Figure 1.12: A) Epidermal growth factor (EGF) functionalization with tetrazine by NHS-chemistry; B) 

incubation of EGF-tetrazine with HeLa cells followed by addition of norbornene-functionalized Qdots, 

allowing inverse-electron-demand Diels-Alder reaction to take place; C) cells incubated with EGF-tetrazine 

and naked Qdots (control); D) cells incubated with EGF-tetrazine and with norbornene-Qdots. Reprinted 

with permission of 88. 

 

1.5 Aim & outline of this thesis 

As shown in this chapter, synthetic self-assembled intrinsically fluorescent 

nanoparticles have high potential in in vivo applications for diagnostics, optical imaging 

and possibly fluorescence-guided surgery, due to their outstanding photophysical 

properties and modular functionalities possibilities. In our group, a class of SMNPs has 

been developed, demonstrating excellent photophysical properties as high brightness and 

non-blinking behaviour. The particles have an easy preparation method and allow the 

display of a variety of ligands by pre- and post-particle formation functionalization. Cellular 

studies with amine-decorated SMNPs showed that SMNPs could be readily imaged by 

optical microscopy and showed low toxicity. The potential for these SMNPs as optical 

imaging agent in vivo is the next step to be determined and therefore addressed in this 

research.  

This chapter also presented on orthogonal ligation strategies for the use of 

functionalizing nanoparticles with ligands. The type of chemistry to be used, depends on 

the origin of the nanoparticle and the ligand to be introduced. In particular the tetrazine – 

trans-cyclooctene chemistry was shown to be versatile and react efficiently at low 

concentrations, even in vivo. The research described in this thesis also investigates the use 

of several orthogonal chemistries on nanoparticles and especially the iEDDA reaction is 

explored for the functionalization of diverse nanoparticle systems. 

C D 
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Having a small library of oligomers in hand, chapter 2 focusses on the in-cellular 

stability and capability of imaging SMNPs with oligomers of different hydrophobicity. 

Therefore, several SMNPs with oligomers of specific hydrophobicity were electroporated 

in HeLa cells and their integrity and fate tracked by two-photon excitation microscopy. 

Amp1-SMNPs was shown to be stable for several hours in cells and appeared the brightest 

of all SMNPs tested, and were therefore selected for further studies in chapters 3 and 4. 

To enable accurate in vivo tracking, a radioactive tracer was incorporated into the 

SMNPs. Chapter 3 presents the investigated radiolabelling methods, which comprises pre-

particle SMNP labelling by a DOTA-oligomer as well as post-particle formation labelling 

by the use of inverse-electron-demand Diels-Alder chemistry between tetrazine-DOTA and 

trans-cyclooctene decorated SMNPs. 

In chapter 4, the in vivo behaviour of radiolabelled SMNPs in mice models was 

determined. The blood clearance and biodistribution was monitored based on the 

radioactive label present on the SMNPs. Moreover, the fluorescent properties of SMNPs in 

vivo were determined by several optical techniques. 

In chapter 5, a different type of nanoparticle was developed, based on the biodegradable 

polymer poly(lactic-co-glycolic acid) (PLGA). The polymeric particle is to be used for 

clearing TCO-antibody in vivo in pre-targeted radioimmunotherapy. Therefore, the 

periphery of the particle was functionalized with tetrazines, which react efficiently in vivo 

with the TCO-antibody. The clearance capacity of the PLGA-tetrazine particles was 

assessed by clearing trans-cyclooctene containing antibody in PBS, serum and in vivo. 

In chapter 6, chemically triggered cargo releasing liposomes were prepared by making 

use of tetrazine – trans-cyclooctene unclick chemistry. Two lipid mimics were synthesized 

by flanking the trans-cyclooctene with two fatty acid derivatives. Upon reaction with the 

tetrazine trigger, one fatty acid derivative was liberated. By this mode, liposomes 

containing the TCO-lipid mimic, showed significant responsiveness when the tetrazine 

trigger was present. 

The epilogue presented in chapter 7 focuses on the general future directions of the 

research and briefly elaborates on risk analysis of the nanoparticles used in this thesis. 
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Chapter 2 

Profiling self-assembled fluorescent nanoparticles in cells; 

tuning of hydrophobicity determines molecular fate 

 

 

Abstract  

The interplay of self-assembled nanoparticles and cells is typically unresolved.  Here, a 

small library of self-assembled nanoparticles composed of fluorescent oligomers with 

varying degrees of hydrophobicity was explored regarding its cellular uptake, imaging and 

localization characteristics. Four different self-assembled and intrinsically fluorescent 

nanoparticles (SMNPs) were prepared and their optical and physical properties 

determined, including their potential for imaging by two-photon excitation microscopy. 

The stability of the resulting self-assembled nanoparticles in water positively correlated 

with the hydrophobicity of the oligomeric building blocks. Upon cellular electroporation, 

the hydrophobic SMNPs appeared as individual bright dots in the cytosol of the cells. The 

more hydrophilic SMNPs featured higher dynamics and disassembled in the cell, resulting 

in the oligomers with their resulting fluorescence dispersed mainly throughout the cytosol. 

The hydrophilic oligomer-based SMNPs also featured a blue shift in the emission 

spectrum upon cellular uptake, which revealed a change in hydrophobicity of the 

environment of the chromophore as a result of nanoparticle disassembly in the cell. 

Adjusting the hydrophobicity of the fluorescent oligomers of self-assembled nanoparticles 

thus allows for the tuning of the cellular stability, localization and responsive optical 

properties of these promising cellular targeting agents. 
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2.1 Introduction 

Fluorescent nanoparticles hold great promise in cellular imaging because of their 

excellent photophysical properties compared to single-dye imaging or single-dye 

functionalized nanoparticles.1,2 There is a particular interest for intrinsically fluorescent 

nanoparticles, which are self-assembled out of small π-conjugated molecules.3–6 This class 

of particles not only show outstanding optical properties, they might also circumvent issues 

of high toxicity issues and low biodegradability associated with solid or polymer based 

nanoparticles.7 The reprecipitation method mostly used for preparing these small 

molecule-based nanoparticles (SMNPs) is straightforward and allows for the mixing of 

oligomers with a variety of functionalities, leading to nanoparticles composed of different 

well-defined molecular entities.4,8 Hence, SMNPs have the potency to be decorated with 

multiple ligands thereby binding in a more specific, multivalent way.9,10 In one example 

SMNPs were prepared out of π-conjugated oligomers functionalized with adenine. These 

SMNPs could therefore be used as ssDNA carriers as well as cellular imaging agent.11 In 

another example, π-conjugated oligomers bearing an amine group were converted to 

amine-exposing SMNPs, which thereby showed cellular uptake.12  

Knowledge of the interplay between particles and biological systems is of high 

importance to understand and tune cellular stability and fate of SMNPs.13 The first barrier 

nanoparticles face and need to overcome is the cellular membrane. Parameters like size, 

surface charge,14 functional groups,15 hydrophobicity16–18 and geometry19 greatly determine 

the membrane passage and mode of cellular uptake. In the cytosol, nanoparticles are 

exposed to high protein concentrations and again parameters like size,20 surface charge 

and hydrophobicity21,22 are of influence on the protein corona formed around the 

nanoparticle. For instance, gold nanoparticles with increasing PEGylation density on the 

surface, correlated negatively with the amount of proteins in the protein corona.21 

Furthermore, low density PEGylated particles were observed as aggregated masses in 

intracellular vesicles while high density PEGylated particles were dispersed in intracellular 

vesicles. The cellular stability and fate of self-assembled small molecule based 

nanoparticles particles (SMNPs), composed of oligomers with different hydrophobicity is 

less explored. SMNPs with oligomers which are intrinsically fluorescent are ideal in the 

study to determine cellular stability and fate of SMNPs. The oligomer can be tracked when 

incorporated within a particle and as a free oligomer. One example used pyrene-conjugate 

squaraine nanoparticles, which disassembled upon binding to serum albumin, thereby 

restoring intrinsic fluorescence.23 In cells, the nanoparticles did not show fluorescence 

while after incubation with serum albumin, fluorescence was regained through the 
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disassembly of the SMNP inside the cell. For cell- and in vivo applications of particles, there 

is a need to understand and tune the stability. At first, particles need to be stable in order 

to retain, for instance, drugs or label a target, but also to disintegrate after use. Self-

assembled intrinsically fluorescent nanoparticles are ideal for investigating the fate and 

possibly environmental changes as the particle and the individual oligomer can be tracked. 

Kaeser et al synthesized a library of oligomers with different degrees of hydrophilicity 

by structurally varying the side chains on the periphery around the chromophore (e.g. 

Scheme 2.1).24 Interestingly, SMNPs prepared from these oligomers in water, led to 

particles with differing stability. In general, the content of ethylene glycol side chains 

present in the oligomer, correlated with the size of the particles obtained. A strong 

hydrophobic character of the oligomer results in stable and compact particles. While 

apolar- and amp1-based SMNPs did not show exchange of oligomers between particles, 

amp2- and bola-based SMNPs revealed exchange of the conjugated oligomers between the 

initially formed particles. It is of note that the excellent optical properties of SMNPs 

observed in these oligomers is due to the fluorescent core, consisting of a centered 

benzothiadiazole, flanked by two fluorene units. 

  

  
  

apolar amp1 
  

  
  

amp2 bola 

 
  

 
    

Scheme 2.1: Overview of oligomers used for nanoparticle preparation with chemical structures.  
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The high intrinsic fluorescence intensity of both the nanoparticles as a whole, and of 

the individual building blocks, combined with their diverse behaviour in dynamicity in 

aqueous solution depending on the side chain characteristics, makes these systems ideal 

for differentiated behaviour profiling of the nanoparticles in a cellular setting.  The 

characteristics of SMNPs built up from (apolar, amp1, amp2, and bola) regarding optical 

properties, including two-photon imaging, their cellular stability, localization and 

responsive optical properties were therefore studied and related to the molecular 

characteristics of the oligomeric building blocks. Therefore, HeLa cells were electroporated 

with SMNPs and localization studies were performed and spectral changes were 

determined. 

 

2.2 Results and discussion 

2.2.1 Oligomer-based nanoparticle preparation & characterization 

SMNPs were prepared by the reprecipitation method.8,25 Dynamic light scattering and 

/ or transmission electron microscopy confirmed particle formation of sizes between 78 – 

161 nm, which is in agreement with literature.24 Excitation and emission spectra of the 

resulting SMNPs were recorded in water (Figure 2.1). The excitation coefficients obtained 

from the excitation spectra (Figure 2.1 A) at the maxima of λexc = 340 nm and λexc = 430 

nm are similar as reported before, indicating consistent SMNP preparation.24 The bola-

SMNPs have a maximum emission wavelength around 577 nm in water, while apolar- and 

amp1-SMNPs have their emission maximum wavelengths around 539 nm (Figure 2.1 B), 

amp2-SMNPs have a maximum wavelength of emission at 563 nm. The amp2-SMNPs and 

the bola-SMNPs have their maximum emission wavelength more red shifted due to the π-

conjugated core which is sensitive to the hydrophobicity of the environment. 24,26,27  
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Figure 2.1: Spectra of nanoparticles in water consisting of oligomers listed in the insert; A) excitation 

spectra; B) normalized emission spectra with excitation wavelength = 340 nm.  

 

The potential to monitor SMNPs localization in cells via two-photon excitation 

microscopy, providing for less cellular background emission as well as less cellular 

photochemical damage,28 was evaluated by recording two-photon excitation and emission 

spectra  from the SMNP water solutions (Figure 2.2 A). The two-photon excitation spectra 

of apolar-, amp1- and amp2-SMNPs reveal three absorption maxima at λtwo-photon exc max = 

725, 770 and 885 nm (λemm = 480 – 580 nm). The two-photon excitation spectrum of bola-

SMNPs features less fine structure with a pronounced excitation maximum at 720 nm and 

less pronounced maxima at 775 and 885 nm, an observation not made with the one-photon 

excitation studies.28,29 The two-photon emission spectra were recorded using λtwo-photon exc  

= 725 nm (Figure 2.2 B). The maximum emission wavelength of apolar- and amp1-SMNPs 

was observed at 545 nm. Both amp2- and bola-SMNPs find their maximum emission 

wavelength red-shifted at 580 nm. The emission spectrum of bola-SMNPs is more red-

shifted compared to amp2-SMNPs, indicating that the chromophore of bola-SMNPs 

encounters a more hydrophilic environment.  
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A B 

  
  

Figure 2.2: Two-photon spectra of nanoparticles in water consisting of oligomers listed in the insert; A) 

two-photon excitation spectra, monitored between λ = 480 – 580 nm; B) normalized emission spectra with 

λtwo-photon excitation = 725 nm.  

 

2.2.2 Interplay between apolar-SMNPs and cells 

Apolar-SMNPs were electroporated into the commonly used immortal human HeLa cell 

line and imaged using two-photon excitation microscopy (Figure 2.3). Multiple cells were 

efficiently electroporated and contain nanoparticles. The nanoparticles remain intact 

inside the cells, as judged by the presence of single bright dots (Figure 2.3 A). Single cell 

analysis revealed that cells typically contained a few SMNPs all located inside the cytosol. 

In all cells analysed, the nucleus was free from apolar-SMNPs; the typical size of the 

nanoparticles (minimal 78 nm) would prevent passing the nuclear membrane in an intact 

form.  
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2.2.3 Interplay between amp1-SMNPs and cells 

Next, SMNPs consisting of amp1 oligomers were electroporated into Hela cells and 

imaged within an hour after electroporation (Figure 2.4). The typical morphology of the 

HeLa cells as observed in bright-field was maintained after electroporation indicating no-

to-little toxicity of the SMNP electroporation on the cells. The amp1-SMNPs are clearly 

visible, observed as bright dots, located throughout the cell and particularly present around 

the nucleus. The nucleus remained SMNP-free, similar to the studies on the apolar-

 bright-field apolar-SMNP 
A

 

  
   

B
 

  
 

Figure 2.3: Apolar-SMNPs electroporated in HeLa cells: A) multiple cell imaging. The insert in the 

nanoparticle channel represents the area of the bight-field picture; B) single cell.  
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SMNPs. Also, the appearance of amp1-SMNPs is similar compared to apolar-SMNPs in 

terms of morphology. The amount of fluorescent particles originating from the amp1-

SMNP in cells was higher compared to the apolar-SMNPs.  

  

bright-field Amp1-SMNP 

  
  

Figure 2.4: Amp1-SMNPs electroporated HeLa-cells.  

 

The fluorescent amp1-SMNPs were tracked over time via several time-lapse recordings. 

The amp1-SMNPs were electroporated and within one hour, the living HeLa cells were 

studied by two-photon excitation microscopy. A short time-lapse of 15 seconds revealed that 

amp1-SMNPs slowly moved throughout the cytoplasm of living cells as observed by small 

spatial differences in location of SMNPs (Figure 2.5). 

   

t = 0 s t = 7 s t = 15 s 
   

    

Figure 2.5: Time-lapse study of amp1-SMNPs in living HeLa cells after electroporation. The insert in the 

picture on the right, highlights the single cell studied in the pictures on the left. 
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Co-localization studies of the amp1-SMNPs with Lyso-tracker® were performed (Figure 

2.6). For almost all cells analysed, amp1-SMNPs and lysosomes appeared to be in close 

proximity to one another. The merge channel did not, however, show overlap between the 

lysosomes and amp1-SMNPs, demonstrating that the particles are not located inside 

lysosomes and most probably freely available within the cytosol, in line with the delivery 

technique.30,31 The observation that SMNPs are most likely freely available inside the 

cytosol, opens up the possibility of targeting SMNPs specifically to cytosolic proteins by 

functionalizing SMNPs with ligands, enabling tracking or activating cytosolic proteins.   

 

2.2.4 Interplay between amp2-SMNPs and cells 

Amp2-SMNP were electroporated and imaged by two-photon excitation microscopy 

(Figure 2.7 A). The bright-field picture revealed characteristic HeLa morphology. The 

confocal image at normal intensity setting (used in images recorded earlier) revealed no 

detectible fluorescence. This observation might be due to the fact that no particles were 

electroporated or that the intrinsic fluorescence signal was too low to be detected. When 

the intensity was increased (high intensity) autofluorescence of the cell was slightly visible 

as well as dots possibly originating from amp2-SMNPs. As a control, HeLa cells were also 

electroporated with phosphate buffered saline (PBS) and imaged in the same way as for 

amp2-SMNPs. In Figure 2.7 B the bright-field and confocal images of HeLa cells 

electroporated with PBS are presented and at high intensity, autofluorescence of cellular 

content was slightly visible. When compared with amp2-SMNPs however, less 

fluorescence was observed. The total intensity determined with ImageJ was 1.6 times 

higher for the high intensity image of amp2-SMNPs compared to the corresponding 

control. It is most likely that amp2-SNMPs were electroporated successfully, but either the 

    

 amp1-SMNP lyso-tracker merge 
    

    
  

Figure 2.6: Co-localization of amp1-SMNPs electroporated in HeLa-cells and Lyso-tracker®. 
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absorption was not high enough to detect the fluorescence significantly or the SMNPs 

disintegrate in the cell after electroporation thereby hampering the optical properties. 
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Figure 2.7: A) Amp2-SMNPs electroporated in HeLa-cells and B) PBS electroporated in HeLa-cells which 

served as control.  

 

2.2.5 Interplay between bola-SMNPs and cells 

HeLa cells were electroporated with bola-SMNPs and imaged (Figure 2.8). The HeLa 

cells showed typical spreading, indicative of little-to-no toxicity due to electroporation. The 

area and number of cells successfully electroporated around the electroporation pin was 3-

4 fold larger compared to the apolar and amp1-SMNP systems. Interestingly, fluorescence 

originating from the bola-SMNPs was found abundantly and dispersed throughout the cell. 

In contrast to apolar- and amp1-SMNPs, no bright dots in cells were observed anymore.  

The bola-SMNPs thus disassemble inside the cell and the oligomeric building blocks of 

the nanoparticle diffuse throughout the cell. 
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 bright-field bola 
A

 

 
   

B
 

 
  

Figure 2.8: Bola-SMNPs electroporated in HeLa-cells: A) multiple cell imaging. The insert in the bola 

channel represents the area of the bight-field picture; B) single cell amplification. 

 

Co-localization studies on fixed bola-SMNP electroporated cells with cetuximab-

alexa647, which binds to the epidermal growth factor receptor (EGFR) present at 

membranes of HeLa-cells (Figure 2.9) were performed.32,33 The bright-field picture 

revealed few HeLa cells with again, normal phenotype, indicating no direct toxicity due to 

electroporation or nanoparticle presence. It was observed from the SMNP channel that 

bola oligomers are dispersed throughout the cells. The cetuximab-647 seemed to have 

accumulated on the membrane of only one cell. This is most likely due to the 
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heterogeneous expression of EGFR i.e. not all cells express EGFR in the same degree. The 

merged image showed particularly for the cell in the middle, that fluorescence originating 

from bola was surrounded by fluorescence originating from membrane-localized 

cetuximab-647. This clearly revealed that bola was localized within the cellular boundary. 

  

bright-field bola 

  

cetuximab-647 merge 

  
  

Figure 2.9: Bola-SMNPs electroporated in HeLa-cells and after fixation incubated with cetuximab-647. 

 

 

 



Profiling self-assembled fluorescent nanoparticles in cells 

35 

 

2.2.6 Fluorescent emission of SMNPs in cells  

The emission spectra of SMNPs located in cells were recorded and compared to 

emission spectra recorded in water (Figure 2.10). The apolar- and amp1-SMNPs did not 

show a significant change in maximum emission wavelength, indicating that the 

hydrophobicity surrounding the chromophore outside and inside cells was the same.24,26 

This supports the microscopy observation, which showed that the particle integrity in cells 

remains unaffected. For bola-SMNPs however, a large shift in maximum emission 

wavelength, from 585 nm in water to 545 nm inside the cells was observed. The resulting 

bola spectrum in cells is similar to those observed for apolar- and amp1-SMNPs. In line 

with the observations made during the cellular imaging studies (analysis corresponding to 

Figures 2.9 and 2.10) the bola-SMNPs undergo a major change in spectral properties upon 

cellular uptake. The blue shift of the emission wavelength upon disassembly of the 

oligomers points to a more hydrophobic environment upon cellular entry, compared to an 

aqueous environment at neutral pH. The subcellular distribution and accumulation in 

organelles of small molecules in a cell is determined by parameters like size, hydrogen 

bonding, electric charge, acid/base strength (pKa) and hydro-lipophilicity (logP).34 One 

example showed that the metabolized product of methyl-thiazolyl-tetrazolium (MTT), 

accumulates in lipid droplets in cells. The MTT formazan derivative has (amongst others) 

a neutral charge, small size and a logP of 4.9.35 Several studies correlated these parameters 

of many small molecule-based compounds to subcellular localization, resulting in several 

quantitative structure-activity decision rule models (QSAR).34,36–38 The bola oligomer 

however does not follow the model criteria well, because of the large size (Mw = 2349 Da) 

and the bola-amphiphilic characteristics. Therefore the prediction of the subcellular 

localization of the oligomer, needs to be treated with cautious. According to a decision-

logic table from reference 38, the bola oligomer might localize in the cytosol, Golgi 

membranes and lipid droplets, because of the estimated logP value of the bola oligomer of 

5.2* and the overall neutral charge (*calculated by PerkinElmir ChemBio3D Ultra v14). 

Microscopy images of HeLa cells electroporated with bola-SMNPs (Figure 2.8 and 2.10) do 

not exclude accumulation of the bola-oligomer in these cellular compartments, making it 

plausible that bola oligomers might be accumulated (partly) in these compartments. The 

hydrophobicity in these cellular domains might be low enough for the chromophore of the 

bola oligomer, to cause the blue-shift observed in Figure 2.10 C.34  
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A B C 

   
   

Figure 2.10: Emission spectra of SMNPs recorded in cells after electroporation and in water solution of 

A) apolar-SMNPs; B) amp1-SMNPs; C) bola-SMNPs. 

 

2.3 Conclusion 

A small library of small-molecule based intrinsically fluorescent nanoparticles (SMNPs) 

were prepared. The small molecules used for preparing the SMNPs, differed in 

hydrophilicity via side-chains of aliphatic or hydrophilic nature. The interplay of SMNPs 

of different hydrophobicity with cellular systems was investigated by two-photon excitation 

microscopy. The more hydrophobic SMNPs apolar- and amp1-SMNPs appeared as bright 

dot like particles, localized in the cytoplasm. The hydrophilic amp2-SMNPs were not 

sufficiently visible by microscopy in cells, possibly due to lower absorption. The most 

hydrophilic bola-SMNPs appeared after electroporation in cells as dispersed, non-dot like 

fluorescence localized throughout the cell, predominantly in the cytosol. Most likely, bola-

SMNPs disintegrate in the cell and bola oligomers distribute throughout the cell. The 

intrinsic fluorescent core of the small-molecule is sensitive to hydrophobicity changes, 

shown as a blue shift for more hydrophilic environment. Emission spectra of SMNPs 

recorded outside and inside cells were compared and no difference was observed for the 

apolar- and amp1-SMNPs. The bola system interestingly showed a blue shift in cells, 

compared to the emission spectrum in water. This supports the microscopy observation 

that it is most likely that particles disassemble in cells, exposing the chromophore to the 

more hydrophobic environment. In general, hydrophobic particles were stable for hours 

in cells while hydrophilic particles disassembled upon entry. 

This research assessed the stability of self-assembled intrinsically fluorescent 

nanoparticles in biological systems. For several applications particles need to be stable for 

a certain time period and disassemble after use. Here it was shown that by tuning the 

hydrophobicity of nanoparticle building blocks, this need can potentially be fulfilled. 
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2.4 Materials and methods 

2.4.1. Materials 

Unless stated otherwise, all reagents and chemicals were obtained from commercial 

sources and used without further purification. Oligomers amp2 and bola were kindly 

provided by prof.dr. Albert Schenning and dr. Adrien Kaeser.24 Alexa647 labelled antibody 

was kindly provided by dr.ir. Brian Janssen and preparation is described elsewhere.39 Water 

was purified on an EMD Millipore Milli-Q integral water purification system. Fetal bovine 

serum (FBS) and penicillin streptomycin (Pen/Strep) were bought from Invitrogen. 

Phosphate Buffered Saline tablets were bought from Novagen. 8-well glass chambers for 

cell-seeding, electroporation and confocal microscopy were bought from LabTek. 

Dulbecco’s Modified Eagle Medium (DMEM + phenolred + glutamine + glucose + HEPES 

– pyruvate) and Lysotraker red dnd-99 in DMSO were bought from ThermoFisher. Trypsin 

was bought from Sigma-Aldrich.  

2.4.2 Instrumentation 

UV-spectra were recorded on a Perkin Elmer Lambda 950 or Perkin Elmer Lambda 

900. Dynamic light Scattering (DLS) measurements were performed on a Malvern 

Zetasizer ZMV2000. Fluorescent spectroscopy was performed on a Varian Cary Eclipse 

fluorescence spectrometer with temperature controlled multi-cell holder. Electroporation 

was performed using a cellaxess CX1 system from Cellectricon. Confocal microscopy was 

performed using a Leica TCS SP5 AOBS equipped with a HCX PL APO CS x63/1.2 NA 

water immersion lens and temperature controlled incubator. SMNPs were excited by a 

Chameleon Multiphoton laser.  

2.4.3. Methods 

SMNP preparation was performed according to a previously published protocol.24 

Briefly solid oligomer was dissolved in tetrahydrofuran (THF) at 1 mM and typically 15 µL 

of this concentrated solution was injected in 5 mL water or PBS resulting in a SMNP 

solution at 3 µM. 

HeLa cells were cultured in cell media (DMEM + 10 % (v/v) filtered FBS + 1 % (v/v) 

Penstrep) and in a 8 - well chamber 15 * 104 cells/well were seeded the day prior to 

electroporation. About 1 hour prior to electroporation, cells were washed with fresh cell 

media. Electroporation was performed at 70 – 80 % cell confluency by using a SMNP 

dispense volume of 30 µL, a dispense rate of 30 µL/min at 120 V with 25 pulses, pulse 

length of 25 ms starting at 50 seconds. After electroporation, cells were kept in incubator 

and washed with fresh cell media prior to imaging or washed with PBS prior to fixation. 
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Fixation was performed by washing cells 3 x with PBS and subsequently incubating the 

cells with 4% formaldehyde / PBS solution for 10 min. Cells were again washed 3 x with 

PBS and stored in fridge. 

SMNP visualization by two-photon microscopy was performed by exciting at 725 nm 

and detecting emission between 480 and 680 nm using a fully opened pinhole (600 µm). 

Lyso-tracker was visualized using Whitelight laser with pinhole at 1 airy unit, exciting at 

577 nm and emission was detected between 590 and 623 nm. Cetuximab-647 was imaged 

by Whtielight laser exciting at 648 nm and detecting the emission between 650 and 690 

nm. Cetuximab-647 incubation was performed for 15 minutes in PBS on fixed cells 

followed by one PBS wash step. 
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Chapter 3 

Radiolabelling strategies for self-assembled,  

intrinsically fluorescent nanoparticles 

 

 

Abstract  

Multimodal imaging agents combine two or more imaging modalities, like MRI and 

fluorescence, in one probe. Nanoparticles are a promising class of multimodal imaging 

probes as they often allow easy blending of imaging modalities. Our group recently 

developed a class of intrinsically fluorescent self-assembled nanoparticles (SMNPs) which 

feature excellent optical properties in vitro and in cells and the potential of these particles 

as optical imaging agents in vivo is of great interest. To enable in vivo tracking of the SMNPs 

and multimodal imaging, a second label is required, for example a radiolabel, which 

operates beside the intrinsic fluorescence of the SMNPs. Here, several strategies for 

radiolabelling SMNPs were explored. In the first strategy, the oligomer was functionalized 

with a DOTA, capable of complexing a radioactive metal. The SMNPs formed with this 

oligomer could be radiolabelled but with modest labelling degrees. The second strategy 

included a two-step labelling strategy based on strained-promoted cycloaddition. The third 

two-step labelling strategy involved the use of the efficient inverse-electron-demand Diels-

Alder reaction between a tetrazine and trans-cyclooctene and proved to be the most efficient 

and practical labelling strategy for SMNPs and possibly also for other types of 

nanoparticles. 
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3.1 Introduction 

Multimodal imaging combines two or more imaging modalities in one probe, with the 

intention to combine the advantages of the individual techniques.1 For instance, much 

research efforts have been made to develop probes which allow for both magnetic 

resonance imaging (MRI) which features no tissue penetrating limit, and optical imaging 

capable of real-time optical imaging.2 If the probe were to be localized on a tumour site, 

MRI would facilitate non-invasive tracking while optical imaging would allow for real-time 

fluorescence-guided surgical removal of the lesion.3 One recent example involved the 

development of a small molecule probe which combined near-infrared optical imaging 

with single photon emission computed tomography (SPECT).4 The probe (Figure 3.1 A), 

which accumulates in necrotic tissue, bears a chelating moiety, to complex 111indium, 

attached via a flexible linker to a cyanine-based dye. The probe was injected in tumour-

bearing mice and after 24 h, whole body SPECT and optical imaging showed probe 

accumulation at the tumour site. Histological evaluation ex vivo revealed probe 

accumulation determined by fluorescence and radioactivity (Figure 3.1 B). 

    

A B   

 

bright-field fluorescence radioactivity 

 
Tumour cross-section 

  

Figure 3.1: A) Chemical structure of combined SPECT / near-infrared probe; B) histological ex vivo 

analysis of tumour tissue 24 h after probe injection. Reprinted with permission of 4. 

 

Nanoparticles are a promising class of multimodal imaging agents as they often allow 

blending of specific imaging components without affecting the pharmacokinetic profile of 

the NP; often a disadvantage for small molecular probes.5 Furthermore, nanoparticles can 

be decorated with a variety of targeting moieties, possibly binding in a more selective, 

multivalent fashion.6,7 Many different types of nanoparticles are in pre-clinical 

development as multimodal imaging agent. For example, quantum dots (Qdots) are 

studied for optical and PET or MRI imaging,8,9 liposomes for optical and MRI imaging10 

and iron oxide particles for PET and MRI imaging.11 Lastly, nanoparticles like liposomes 

can encapsulate drug molecules and thereby act as drug delivery vehicle.12  
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To be able to track nanoparticles like liposomes and quantum dots in vivo, either a 

radioactive tracer or MRI tracer would need to be incorporated. Many different 

radiolabelling methods have been applied on nanoparticles, of which the method of choice 

depends on the particle and radionuclide.13 A frequently applied method for ligating a 

radioactive metal ion is the attachment of a chelator, like DOTA or DTPA as described vide 

supra. The chemistry for attachment of DOTA or DTPA can involve a NHS coupling, 

involving an N-hydroxysuccinimide-activated acid and an amine; frequently used for 

functionalizing lipids or quantum dots. A two-step labelling strategy is of advantage for 

certain particles as shown in Figure 3.2. The chemistries used for this two-step labelling 

approach comprise, but are not limited to: Staudinger ligation, strain-promoted click 

chemistry and inverse-electron-demand Diels-Alders ligation (chapter 1).  

One way of radiolabelling liposomes is to anchor a lipid-functionalized chelator to the 

lipid bilayer and complex a radioactive metal ion after liposome preparation.14 Another 

example, used in a two-step radiolabelling strategy for glycol chitosan nanoparticles, 

involves a strain-promoted click reaction.15 In the first step, a precursor (DOTA-lysine-

PEG4-dibenzyl cyclooctyne) was complexed with 64copper (Figure 3.2 A) which is added in 

the second step to azide-decorated glycol chitosan nanoparticles (Figure 3.2 B). The strain-

promoted click reaction between the DBCO and azide groups yielded radiolabelled 

nanoparticles, as observed by radio-TLC (Figure 3.2 C and D).  

    

A 

 
 
 
B 

 

       C 

 
       D 

 

  

Figure 3.2: A) Step 1: pre-radiolabelling of DBCO-PEG4-Lys-DOTA with 64Cu; B) step 2: 

radiolabelling of azide-functionalized glycol chitosan nanoparticles by copper-free click chemistry with

DBCO-PEG4-Lys-DOTA-64Cu; C) radio-TLC of labelled probe before N3-NP addition; D) radio-TLC 

of probe after incubation with N3-NP.Reprinted with permission of 15. 
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As introduced in chapter 2, our group has recently developed a class of small molecule-

based intrinsic fluorescent nanoparticles (SMNP) with excellent photophysical 

properties.16–19 To investigate the in vivo potential of SMNPs as optical imaging agents, and 

possibly as a multimodal imaging device, the SMNPs would need to be equipped with a 

radiolabel for sensitive tracking. In chapter 2, amp1-SMNPs were shown to be stable inside 

cells and imageable by fluorescence microscopy. Therefore amp1-SMNPs were selected to 

be used for the radiolabelling studies and potency for optical imaging.  

The first part of this chapter focuses on the synthesis of amp1-SMNP building 

blocks.19,20 The subsequent subsections describe routes to radiolabelling SMNPs and the 

most important results are presented. The concept of the first route is to introduce a 

DOTA-containing oligomer (Figure 3.3 B) or lipid to the nanoparticle, which after particle 

formation is susceptible to radiolabelling (Figure 3.3 A). This route is typically followed 

when liposomes are radiolabelled and therefore potentially applicable to SMNPs.21,22 The 

influence of several experimental parameters like buffer, temperature and incubation time 

are determined.  

  

 
  

Figure 3.3: A) Schematic drawing of SMNPs containing a DOTA-oligomer being radiolabelled; B) 

chemical structures of amp1-DOTA 19 and inert-amp1 29 oligomers. 

 

The second concept is based on a two-step labelling approach, which is comparable to 

the example discussed earlier (Figure 3.2). The SMNPs are functionalized with an 

orthogonal reactive group, for example an azide group. The pre-labelling compound bears 

a DOTA group and a strained cyclooctyne. By pre-labelling the compound in the first step 

and through addition of the labelled complex to the azide-SMNPs in the second step, the 

strained-promoted click reaction should result in radiolabelled SMNPs. The most 

important results and challenges involving this two-step strategy are well addressed. The 

third concept is in many aspects similar to the second concept as it also involves a two-step 

A 

B 
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process. Now, SMNPs contain the trans-cyclooctene orthogonal reactive group and the pre-

labelling compound bears DOTA and tetrazine groups. By an inverse-electron-demand 

Diels-Alder ligation, radiolabelled SMNPs is envisaged.  

 

3.2 Results and discussion 

3.2.1 Synthesis of SMNP building blocks  

The synthesis of the intrinsically fluorescent building blocks started with the 

hydrogenation of the alkene bond in the commercially obtained citronellol 1 using 

palladium on carbon catalyst and hydrogen gas at 70 psi (Scheme 3.1). After 6 hours, the 

catalyst was filtered off and the solution concentrated in vacuo, yielding compound 2. A 

bromination reaction on 2 was performed by dissolving 2 and triphenylphosphine in 

dichloromethane (DCM), cooling the solution down to 0 °C, followed by the step-wise 

addition of N-bromosuccinimide (NBS), while keeping the reaction temperature below 15 

°C. After 40 h stirring, the mixture was concentrated in vacuo and extracted multiple times 

with n-hexane. Subsequently CHCl3 / heptane column chromatography (SiO2) was 

performed, leading to 3 in a yield of 88 %. 5 was prepared by an alkylation reaction which 

started by dissolving the monosubstituted bromo-fluorene 4 and 3 in toluene, followed by 

the addition of tetra-n-butylammonium bromide (TBAB) and a concentrated aqueous 

solution of sodium hydroxide (NaOH, aq). The mixture was stirred for 60 h yielding a dark 

green solution. Acid, water and brine extraction was performed and the organic phase 

dried over magnesium sulphate (MgSO4). Column chromatography (SiO2, heptane) 

yielded 5 in 87 %. The nitration reaction of compound 5 to compound 6 involved the use 

of catalyst (H2SO4 on SiO2), which was prepared according to literature procedure.23 

Compound 5 was dissolved in CH2Cl2 and the catalyst added followed by the drop wise 

addition of 65 % nitric acid (HNO3). Within two hours, the solution changed from 

colourless to orange and after filtration and concentration in vacuo compound 6 was 

obtained in 91 %. The nitro group of 6 was reduced by dissolving 6 in ethyl acetate / 

ethanol and addition of stannous chloride. After the mixture was refluxed overnight, an 

extraction was performed and the organic layers were combined and concentrated in vacuo. 

Although TLC showed full conversion, the yield was 106 %, possibly due to tin salts which 

are difficult to remove.24 Column chromatography was performed using K2CO3 / SiO2 as 

a stationary phase and 10 % ethyl acetate / heptane as eluent.24 The obtained overall yield 

after isocratic column chromatography for compound 7 was 88 %. The bromide was 

converted into a boronic ester by dissolving 7 into degassed dioxane in combination with 

potassium acetate (KOAc), bis(pinacolato)diboron and palladium catalyst. Under inert 
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conditions, the mixture was refluxed overnight and after filtration, extraction, and column 

chromatography (SiO2, CH2Cl2 / heptane), 8 was obtained in 68 %. The conjugated 

diamine 10 was obtained by a Suzuki-coupling between 8 and dibromo-benzothiadiazole 

9. Therefore compound 8 was dissolved in degassed dioxane, together with 9, potassium 

carbonate (K2CO3) and palladium catalyst. After 64 h, the mixture was extracted and 

column chromatography (SiO2) using 60 � 100 % CH2Cl2 / heptane + 0.1 % triethylamine 

(TEA) yielded 10 in 81 %. 

  

 
  

Scheme 3.1: Synthesis approach to diamine 10, RT = room temperature and ON = overnight. 

 

The monosubstitution of 10 with a side-chain functionalized gallic acid wedge was 

performed by first converting the carboxylic acid of the gallic acid into an acyl chloride 

using Ghosez’s reagent (Figure 3.4 A). The conversion of 10 into 11 could be monitored by 

NMR where the α-protons shift downfield (Figure 3.4 B) or by infrared spectroscopy, where 

the vibration of the carbonyl shifts to higher wavenumbers (Figure 3.4 C). After 12 was 

formed, CH2Cl2 and residual Ghosez’s reagent were evaporated off under high vacuum 

(oil pump p < 0.4 mbar) for at least 3 h.  
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                                         A  

  

   B      C 

  
    

Figure 3.4: Conversion of carboxylic acid to acyl chloride, A) in chemical structures; B) monitored by 

NMR by the α protons of 11 to 12 in acetone-d6; C) monitored by the carbonyl vibration of 11 to 12. 

 

Conversion of the conjugated diamine 10 to amine-amphiphile 17, started by dissolving 

10 and TEA in dry tetrahydrofuran (THF) under inert conditions (Scheme 3.2). Compound 

12 was also dissolved in dry tetrahydrofuran (THF) and added to the solution containing 

10 via syringe pump over the course of 30 min. The solution was stirred for further 90 

min. and subsequently extracted and concentrated in vacuo. TLC and MALDI-ToF showed 

the presence of 10, double reacted diamine (apolar-oligomer), but predominantly product 

13. Double reacted diamine was precipitated in 10 % THF / heptane and the filtrate purified 

by column chromatography conditions using 10 � 40 % THF / heptane (SiO2), isolating 

13 in 42 %. Acyl chloride derivative 15 was made from the corresponding carboxylic acid 

polar wedge 14,25 in a similar way as shown in Figure 3.4. Compound 13 and TEA were 

dissolved in dry THF under inert conditions and in dry THF dissolved 15 was added drop-

wise to the solution. After 60 min, crude 16 was concentrated in vacuo and size exclusion 

purification (recycling GPC, CHCl3) isolated 16 in 76 %. The 1H-NMR spectrum of 

compound 16 is presented in Figure 3.5, which is in good agreement with literature.19  
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Scheme 3.2: Synthesis approach to amp1-1NH2 oligomer 17. 

  

 
    

Figure 3.5: 1H-NMR spectrum of 16 after purification by size exclusion column chromatography (CHCl3). 

Cl

O

OC12H25

OC12H25

OC12H25

+    10

N
H

O
OC12H25

OC12H25

OC12H25

H2N N N
S

12

Et3N
THF

1.5 h, RT, 42%

13

Cl

O

O

O

O

O

O

O

NHBoc

5

5

5

+ 13

15

N
H

H
N

O
O

O

O
O

O

O
N N

S

O
OC12H25

OC12H25

OC12H25

H
N

5

5

5

16
1 h, RT 76%

Et3N
THF

HCl
dioxane

2.5 h, RT, quant.

ii)

N
H

H
N

O
O

O

O
O

O

O
N N

S

O
OC12H25

OC12H25

OC12H25

H2N

5

5

5

17

O

O

16



Radiolabelling strategies for self-assembled intrinsically fluorescent nanoparticles 

49 

 

The Boc-group of 16 was removed by first dissolving 16 in dioxane followed by the drop-

wise addition of 4 M HCl dioxane solution. The reaction was terminated after 2.5 h and the 

solution extracted and concentrated in vacuo, yielding 17, in a quantitative yield. The 

synthesis of the inert oligomer amp1 29, is described in the experimental section (page 

70). 

 

3.2.2 Radiolabelling of SMNPs either pre- or post-formation of the particles 

The radiolabelling of SMNPs was performed with the radionuclide 111indium3+, which 

has a radioactive half-life of 2.80 days.26 The first strategy explored for radiolabelling 

SMNPs as presented in Figure 3.3 A, is by radiolabelling DOTA moieties pre-incorporated 

onto SMNPs. Two different DOTA containing moieties were used in the first labelling 

strategy, namely amp1-DOTA 19 (Figure 3.3 B) and a DOTA-conjugated DSPE lipid (lip-

DOTA 20, chemical structure is presented in the experimental section). The hydrophobic 

domain of the lipid is expected to insert into the SMNP, while the DOTA group allows for 

radiolabelling. Amp1-DOTA was prepared by combining NHS-DOTA 18 and amp1-NH2 17 

in the presence of the base DIPEA in dimethylformamide (DMF). After overnight reaction, 

the crude mixture was concentrated in vacuo, triturate with THF and the supernatant 

concentrated in vacuo (Scheme 3.3). MALDI-ToF MS revealed the formation of product 19 

and the absence of starting material 17 (section 3.4.4 Synthetic procedures). 

   

 
 

Scheme 3.3: Synthesis of DOTA-amphiphile (amp1-DOTA) 19. 

 

Nanoparticles were prepared by mixing 5 % amp1-DOTA 19 or 5 % lip-DOTA 20 in an 

inert amp1 29 matrix yielding 5 % amp1-DOTA-SMNPs and 5 % lip-DOTA SMNPs 
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respectively, with an average diameter of 88 nm, as determined by dynamic light scattering 

(DLS). Labelling studies were typically performed in 0.2 M ammonium acetate buffer at 

pH 5.5 for 30 min at 60 °C. Optionally, DTPA was added to scavenge-free or non-

specifically bound radionuclides. The labelling readout was performed by iTLC in 200 mM 

EDTA / water. Using these conditions, labelled particles retain on the baseline (Rf = 0) 

while free radionuclides migrate (Rf ∼1). The developed iTLC plates were analysed with a 

phosphorimager and results are presented in Figure 3.6. The 5 % lip-DOTA-SMNPs and 

the 5 % amp1-DOTA-SMNPs both showed labelling efficiencies of 4 % (as indicated by the 

arrow). However, when DTPA was added to the labelling mixture to scavenge non-

specifically-bound radionuclides, the labelling yields of SMNPs diminished to respectively 

0.1 % and 0.6 %. The labelling yields found in the systems where no DTPA was present, 

therefore were most probably due to nonspecific (weak) binding of the radionuclide to the 

ethylene glycol domain of the oligomers present in the SMNPs.27,28  

   

 
   

Figure 3.6: iTLC of SMNPs containing 5 % of the DOTA-lipid (lip-DOTA) or amp1-DOTA, 

radiolabelled in 0.2 M NH4OAc buffer at pH 5.5 for 30 min at 60 °C. A large excess of DTPA was added 

as competing chelator and incubated for an additional 5 min. 

 

Besides the labelling conditions discussed above, a set of alternative labelling conditions 

was tested. Variations were made in the pH of the labelling buffer, temperature, incubation 

time and the use of oxime.21 However, the poor labelling yield could not be improved. An 

improved labelling strategy was brought forward in the literature, by changing the labelling 

from ammonium acetate based buffers to HEPES.29 This article reported that in some 

cases, a five-fold higher specific activity was obtained when MES or HEPES buffer was 
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used compared to the commonly used acetate buffers. The above described labelling 

protocol was therefore performed in HEPES buffer using the same particle compositions. 

Interestingly, the 5 % amp1-DOTA-SMNP system had a much higher labelling yield, 45 %, 

in HEPES buffer after treatment with DTPA (Figure 3.7), compared to acetate buffer. This 

large difference in labelling yield of SMNPs demonstrated the importance of the type of 

labelling buffer. The (crude) labelled 5 % amp1-DOTA-SMNP mixture could be purified by 

size exclusion column (zeba), improving the purity to 79 % after the first column (p1) and 

to a good 88 % after the second size exclusion purification (p2). This showed that SMNPs 

can be semi-successfully labelled via this strategy and that size-exclusion column 

purification is a way to improve the purity. However, for in vivo studies, a higher labelling 

purity of SMNPs is required to enable the selective tracking of the SMNPs. 

   

 
  

Figure 3.7: iTLC of SMNPs containing 5 % of the DOTA-lipid (lip-DOTA) or amp1-DOTA, labelled in 

HEPES buffer for 35 min at 60°C, followed addition of excess DTPA competition for 5 min. The 5 % 

amp1-DOTA-SMNP system was purified by size exclusion column and result after one zeba (p1) or two 

zeba columns (p2) is presented. 

 

A chemically different labelling strategy was attempted, making use of the same 

oligomers but not pre-assembled into a nanoparticle. The amp1-DOTA oligomer and lip-

DOTA lipid were molecularly dissolved in tetrahydrofuran (THF), labelled and 

subsequently assembled into SMNPs. For this, a small amount of 111indium (aq) was dried 

in a vial using a gentle airstream for 60 min and subsequently a small amount of THF 

solution was added, containing the DOTA-modified oligomer or lipid and inert oligomer. 

The composition of the three THF solutions studied was either 100% inert oligomer, 95% 
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amp1 + 5 % amp1-DOTA, or 95 % amp1 + 5 % lip-DOTA. The vial was sealed and heated 

to 60 °C for 90 min under gentle agitation. After the vial was cooled, optionally THF was 

added to compensate for evaporated THF. SMNPs were formed by rapidly injecting by 

pipette the “labelled” mixture into water. The labelling efficiency of the thus formed 

SMNPs was determined by iTLC (Figure 3.8). The 5 % lip-DOTA-SMNP and amp1-DOTA-

SMNP systems showed labelling yields of 90 % and 95 % respectively. The inert-SMNP 

system, which lacks a chelating moiety, remarkably also showed a significant labelling 

efficiency of 73 %. One explanation for this observation is that 111indium complexes weakly 

to the oligomers27,28 and upon injection in water, 111indium is trapped within the particle. 

The 5% lip-DOTA-SMNPs and amp1-DOTA-SMNPs were purified by size exclusion 

column (zeba) as performed vida supra. The SMNPs were, however, retained on the 

column hampering purification. One explanation for this observation is that large particles 

or aggregates were formed during particle preparation, which due to their large size, did 

not pass the column. The nanoparticles are typically prepared in a controlled and rapid 

manner via syringe addition. Here, because of radioactive handling, particles were 

prepared via pipette addition, which might affect the particle size, morphology or stability.  

 

 
 

Figure 3.8: iTLC of SMNPs containing 5 % of the DOTA-lipid (lip-DOTA) or amp1-DOTA or no DOTA 

(inert), oligomers were labelled in THF at 60 °C for 30 min followed by particle formation. 

 

3.2.3 Radiolabelling SMNPs in two steps: BCN-DOTA 

A two-step labelling strategy was explored which in the first step (Figure 3.9 A) involved 

the radiolabelling of a strained-alkyne (Figure 3.9 C), coupled to a DOTA derivative. The 

labelled DOTA-entity was subsequently added in the second step to SMNPs, which 
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contained an orthogonal reactive group towards the strained-alkyne, like an azide or 

tetrazine (Figure 3.9 B, C).18 A strain-promoted click reaction between the azide and 

strained-alkyne or an inverse-electron-demand Diels-Alder reaction between the strained-

alkyne and tetrazine should result in radiolabelled SMNPs.  

   

 
  

Figure 3.9: A) Step 1: pre-labelling of BCN-DOTA; B) Schematic drawing of SMNPs containing an 

azide-oligomer being radiolabelled using click-chemistry; C) chemical structures of components involved. 

 

The synthesis of BCN-DOTA 22 was performed by combining commercial amine-BCN 

21 and NHS-DOTA 18 in DMSO and after 30 h, the crude mixture was concentrated in 

vacuo and purified by HPLC (ACN / H2O, 0.1 % TFA), yielding 22 in 19% (Scheme 3.4). 

Purified BCN-DOTA 22 was analysed by liquid chromatography combined with mass 

spectrometry (LC-MS). The LC trace showed the presence of one peak (Figure 3.10 A) at 

4.60 min. The starting materials NHS-DOTA (18, Rt = 1.08 min) and amine-BCN (21, Rt = 

4.16 min) were not observed. The mass spectrum at Rt = 4.60 min matched with the mass 

and fragmentation species (see experimental section for chemical structures) of product 

22 (Figure 3.10 B). 

 

A B 

C 
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Scheme 3.4: Synthesis of BCN-DOTA 22. 

 

The BCN-DOTA 22 was radiolabelled in ammonium acetate buffer at pH 5.5 for 10 min 

and the labelling efficiency was determined by iTLC (Figure 3.11 A) as well as size exclusion 

column chromatography using water as eluent (Figure 3.11 B). The iTLC strip analysed by 

phosphorimager showed greater than 99.6 % of the activity originated from the baseline. 

Since DOTA-containing compounds typically remain at the baseline, the iTLC supports 

efficient labelling of BCN-DOTA. Water-based size exclusion chromatography (SEC) 

showed in the UV-trace the presence of predominantly one species at Rt = 14.7 min. This 

retention time corresponds with retention times of small molecule compounds analysed 

earlier on this system. The γ-trace revealed the presence of predominantly one species at 
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Figure 3.10: LC-MS analysis of BCN-DOTA: A) TIC trace on 5 � 100% ACN / water gradient; B) MS 

spectrum at 4.60 min retention time. 
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15.2 min, which correlates to the UV-absorbance peak. The SEC chromatography is 

therefore in line with efficient labelling of BCN-DOTA 22. 

  

A B 

  
  

Figure 3.11: BCN-DOTA radiolabelled in 0.2 mM NH4OAc buffer at pH 5.5 for 30 min at 60°C 

analysed by A) iTLC (Rf = 0 on bottom) B) water-based size exclusion chromatography (SEC), top 

graph corresponds to the UV-trace (254 nm), bottom to the γ-trace with on the x-axis the retention time 

in min. 

 

The reactivity of labelled BCN-DOTA towards azide-SMNPs was investigated by reacting 

labelled BCN-DOTA with 5 % azide-SMNPs and 50 % azide-SMNPs. The reaction time, 

temperature and ratio between the SMNPs and labelled BCN-DOTA were varied. However, 

no strained-promoted click reaction occurred. Possibly the intrinsic kinetics for the 

strained-promoted click reaction are not fast enough for the reaction to take place within a 

desired amount of time. The second order reaction constant between an aliphatic azide 

and the BCN is 1.7 M-1s-1 in PBS. For the reaction between the same BCN and tetrazine, 

the reaction constant is four orders of magnitude higher.30 To investigate if labelled BCN-

DOTA reacts with tetrazine and to determine the need for synthesizing amp1-tetrazine 

oligomers, the reaction between BCN-DOTA and a protein decorated with tetrazine31 was 

performed. Labelled BCN-DOTA was combined with tetrazine-coated albumin and 

analysed by water-based SEC (Figure 3.12). The tetrazine-coated albumin absorbs UV-light 

at 254 nm and has a retention time on the water-based SEC of 12.8 min. If albumin-

tetrazine reacts with labelled BCN-DOTA, the γ-trace should reveal activity at the same 

retention time of albumin-tetrazine (12.8 min). In Figure 3.12 A, the SEC trace of labelled 

BCN-DOTA combined with albumin-tetrazine after 1 hour incubation is presented. The 

UV-trace showed the absorbance of albumin-tetrazine at 12.8 min, as well as the 

absorbance of labelled BCN-DOTA at 14.7 min. The γ-trace revealed a peak at 15.2 min, 

Rf = 0 

Rf = 1 
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most likely corresponding to BCN-DOTA, similar as in Figure 3.11. A second unidentified 

peak at 18.0 min corresponded possibly to liberated 111indium. This might imply that 
111indium does not form a stable complex with the BCN-DOTA and therefore this strategy 

might be less suitable for radiolabelling SMNPs for in vivo studies. Although possibly a 

part of the 111indium is liberated, the majority (> 70 %) was still complexed and thereby can 

react and be traced by tetrazine-coated albumin. The SEC-trace of the reaction mixture after 

6 hours (Figure 3.12 B) was similar as the trace of 1 hour. No activity was observed at Rt = 

12.8 min, which implies that no co-localization of tetrazine-albumin and BCN-DOTA 

occurred. This observation proved that no reaction between labelled BCN-DOTA and 

albumin-tetrazine took place. 

  

A 

 
   

B 

 
  

Figure 3.12: labelled BCN-DOTA 22 combined with excess of albumin-tetrazine, analysed by water-

based size exclusion chromatography (SEC): A) after 1 h reaction time; B) after 6 h reaction time. Top 

graph corresponds to the UV-trace (254 nm), bottom to the γ- trace with on the x-axis the retention time 

in min. 
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Several mild radiolabelling conditions for BCN-DOTA were applied but no reaction 

between labelled BCN-DOTA and tetrazine-albumin was observed. More research into the 

intrinsic stability of BCN-DOTA by, for instance, mass-spectrometry needs to be 

performed and the stability of labelled BCN-DOTA in labelling buffers or under coupling 

conditions needs investigation.  

 

3.2.4 Radiolabelling SMNPs in two steps: tetrazine-DOTA  

A two-step labelling strategy was investigated, similar to the previous sub-section but 

using different components. In the first step, as presented in Figure 3.13 A, a DOTA 

complex functionalized with an orthogonal reactive group is prelabelled with 111indium. In 

the second step, the prelabelled complex is to be added to SMNPs which contain an 

orthogonal reactive group towards the DOTA compound, resulting in labelled SMNPs 

(Figure 3.13 B). The chemical structure of the DOTA compound is shown in Figure 3.13 C 

and consists of a bis-pyridyl-tetrazine, a short PEG linker and DOTA (tz-DOTA, 25).32 The 

SMNPs bear the novel oligomer amp1-TCO 24 (Figure 3.13 D), which is envisioned to react 

with tz-DOTA in an inverse-electron-demand Diels Alder reaction, resulting in 

radiolabelled SMNPs (Figure 3.9 B). 

 

 
 

Figure 3.13: A) Step 1: pre-labelling of tetrazine-DOTA; B) schematic drawing of SMNPs containing a 

TCO-oligomer being radiolabelled using inverse-electron-demand Diels-Alder-chemistry; C) chemical 

structure of tetrazine-DOTA 25;  D) chemical structure amp1-TCO oligomer 24. 

 

The synthesis of amp1-TCO 24 was performed by combining amp1-NH2 17 and NHS-

TCO derivate 23 in DMF with DIPEA as base (Figure 3.14 A). After 2 h reaction time, a 

clear conversion was observed by TLC and work-up consisted of extraction with chloroform 

/ water and purification by column chromatography (40 � 95 % THF / heptane, SiO2). 

A B 
C 

D
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MALDI-ToF MS (Figure 3.14 B) confirmed the formation of product 24 and of the absence 

starting material. The NMR spectrum of purified compound 24 (Figure 3.14 C) confirmed 

successful coupling of TCO to the oligomer, supporting the full conversion as observed by 

MALDI-TOF. Compound 24 was isolated in a yield of 56 %. 
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C

 
  

Figure 3.14: A) Synthesis of amp1-TCO 24; B) MALDI-ToF MS spectrum of purified 24; C) 1H-NMR 

spectrum of purified 24 in CHCl3. 

 

Radiolabelling of tz-DOTA 25 was performed as described before in literature.32 Briefly, 

a small amount of tz-DOTA 25 was dissolved in 0.2 M ammonium acetate buffer of pH 

5.5, followed by the addition of 111indium. After 5 min incubation at 60°C the solution was 

DTPA challenged and based on iTLC, >99.7 % of the activity originated from the tz-DOTA 

compound.  

The reaction between the TCO-containing SMNPs and radiolabelled tz-DOTA was 

analysed by reversed-phase TLC (RP-TLC). The RP-TLC strips were developed in 50% 

acetonitrile / water (ACN/H2O), in which the labelled tz-DOTA alone migrated to an 

average Rf of 0.3 (Figure 3.15). The activity observed for tz-DOTA alone at an Rf between 

0.10 and 0.6 was more than 90%. Labelled tz-DOTA was combined with 25% TCO-

SMNPs in buffer and after 30 min incubation, RP-TLC was performed. Interestingly, it 

was observed by RP-TLC that most activity (> 96%) originated from the baseline, co-

localizing with SMNPs. Low amounts of activity originated from material with an Rf > 0.1, 

corresponding to unreacted tz-DOTA or free 111indium. The crude radiolabelled SMNPs 

were purified by size exclusion chromatography (zeba). RP-TLC after purification revealed 

that almost all radioactivity originated from the baseline. The same RP-TLC strip after 

analysis by a phosphorimager or exposed to 365 nm UV-light are presented in Figure 3.15 

B and C respectively. The co-localization of the activity originating from the tz-DOTA and 

the fluorescence, originating from the SMNPs strongly indicates that particles are 
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radiolabelled by the tetrazine-TCO reaction. As a control, labelled tz-DOTA was also 

combined with inert-SMNP and incubated for 30 min. RP-TLC showed that in this case < 

10 % of the activity originated from the baseline and, like tz-DOTA alone, most of the 

activity was observed between Rf of 0.1 and 0.6 (Figure 3.15 A). These results show that no 

complexation between inert-SMNPs and tz-DOTA took place and thereby further support 

the earlier observation of selective tz-TCO mediated radiolabelling of TCO-SMNPs. 

  

A  B        C 

  
  

Figure 3.15: A) Reversed phase (RP) TLC using 50 % ACN / water of labelled tetrazine-DOTA 25 

(magenta), labelled tetrazine-DOTA combined with inert-SMNPs for 30 min (blue), labelled tetrazine-

DOTA combined with 25 % TCO-SMNPs for 30 min (red) purified by size exclusion column (black); 

B) RP-TLC of purified SMNP imaged with phosphorimager; C) picture of the same RP-TLC strip 

exposed by 365 nm UV light. 

 

Cold control studies were performed to investigate the effect of tetrazine-DOTA 

complexation on TCO-SMNPs, regarding particle stability and optical properties (see 

section 3.4.5 control studies). In general, tz-DOTA coupled to 25% TCO-SMNPs did not 

influence the size or optical properties of the particles. Furthermore, size exclusion column 

purification did not affect the particle size, optical properties nor resulted in significant 

particle loss. To support the hypothesis that labelling of 25% TCO-SMNP with tz-DOTA is 

due to the reaction between tetrazine and TCO, unlabelled tz-DOTA was combined with 

amp1-TCO (Figure 3.16 A) in equimolar ratio for 1 h followed by MALDI-TOF analysis 

(Figure 3.16 B). The sample preparation for MALDI-ToF MS was performed in two 

frequently used matrices (DCTB and CHCA) and in both matrices, masses corresponding 

to 26 were observed. 
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A B 

 
 
 
  
  

Figure 3.16: A) Schematic representation of reaction between unlabelled tz-DOTA 25 and amp1-TCO 24

into complex 26; B) MALDI-ToF spectrum of reaction mixture of amp1-TCO 24 and unlabelled tetrazine-

DOTA 25, combined 1 : 1 in 15 % THF / water for 1 h. The expected mass is [26+H]+: 4011.61 m/z. 

 

3.3 Conclusion 

Several strategies for radiolabelling SMNPs were explored. In the first strategy, two 

novel SMNP formulations were prepared with DSPE-DOTA or amp1-DOTA incorporated. 

Radiolabelling with 111indium in ammonium acetate buffers resulted in poor labelling 

efficiencies of less than 1 %. Radiolabelling 5% amp1-DOTA-SMNPs in HEPES buffer 

resulted in modest labelling efficiencies of 45 % and size exclusion chromatography 

increased purity to 89 %. In a different labelling strategy, radiolabelling of SMNPs was 

envisioned to happen in two steps. Therefore BCN-DOTA was successfully synthesized 

and was efficiently radiolabelled with 111indium. However, BCN-DOTA was not reactive 

towards tetrazine. Most likely, the strained alkyne did not withstand radiolabelling 

conditions or reaction conditions with tetrazine-albumin. Therefore, another two-step 

labelling strategy was investigated involving the novel amp1-TCO oligomer, which was 

successfully synthesized. SMNPs were formed containing 25 % of amp1-TCO. Tz-DOTA 

was efficiently radiolabelled with 111indium and when added to TCO-SMNPs, reversed-

phase TLC confirmed selective co-localization of radiolabelled tz-DOTA with TCO-SMNPs. 

The strong indication that SMNPs were radiolabelled was further supported by the lack of 

co-localization between inert-SMNPs and labelled tz-DOTA. Furthermore, MALDI-ToF 

MS of unlabelled tz-DOTA combined with amp1-TCO, confirmed the presence of the 

inverse-electron-demand reaction product. The tetrazine-TCO chemistry applied on SMNP 
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forms an attractive and highly efficient way to radiolabel SMNPs. In vivo evaluation of 

labelled SMNPs should reveal the potency of SMNPs as optical imaging or as multimodal 

imaging agent.   

 

3.4 Materials and methods 

3.4.1. Materials 

Unless stated otherwise, all reagents and chemicals were obtained from commercial 

sources and used without further purification. Water was purified on an EMD Millipore 

Milli-Q integral water purification system. Ghosez reagent, 2-bromofluorene, 

tetrakis(triphenylphosphine)palladium(0), 4 M HCl in dioxane, triethylamine and DIPEA 

were bought from Sigma-Aldrich. NHS-TCO was in detail characterized- and provided by 

SyMO-Chem / Synthon B.V. Tetrazine-PEG11-DOTA (tz-DOTA, 25) was synthesized and 

characterized by SyMO-Chem and provided by Tagworks Pharmaceuticals. 111Indium was 

purchased from PerkinElmer. Labelling buffers were treated with Chelex-1000 (BioRad 

Laboratories) overnight and filtered. Instant-thin layer chromatography plates (iTLC) were 

bought from Varian Inc. Zeba spin desalt columns were bought from Fisher. DSPE-DOTA 

20 and NHS-DOTA 18 were in detail characterized- and provided by SyMO-Chem. All 

solvents were of AR or HPLC quality and purchased from Biosolve. Deuterated chloroform 

was dried over 4 Å molsieves and deuterated acetone was used from capsules. Water was 

purified on an EMD Millipore Milli-Q integral water purification system. Thin-layer 

chromatography was performed with 0.25 mm 60F-254 precoated silica plates or 60 RP-

18 F254S plates from Merck. 

3.4.2 Instrumentation 

All the NMR data were recorded on a Varian Mercury Vx 400 MHz NMR for 1H-NMR 

(100 MHz for 13C-NMR). Proton experiments are reported in parts per million (ppm) 

downfield of TMS and were relative to the residual chloroform (7.26 ppm). All 13C spectra 

were reported in ppm relative to residual chloroform (77 ppm). Splitting patterns are 

labelled as s, singlet; d, doublet; ddd doublet of doublet of doublets; dt, double triplet; dd, 

double doublet; t, triplet; q, quartet; m, multiplet. Silica column chromatography was 

performed using silica with particle size 60 – 200 μm. Matrix-assisted laser 

desorption/ionisation-Time of Flight mass spectrometry was performed on a PerSeptive 

Biosystems Voyager DE-PRO spectrometer using α-cyano-4-hydroxycinnamic acid 

(CHCA) and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile 

(DCTB) as matrices. UV-spectra were recorded on a Perkin Elmer Lambda950 or Perkin 
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Elmer Lambda 900. Dynamic light Scattering (DLS) measurements were performed on a 

Malvern Zetasizer ZMV2000. Gas chromatography (GC) was performed on a GC-17A 

(Shimadzu), coupled to a QP5000 mass detector. The carrier gas used was helium and the 

column was a Phenomenex Zebron ZB-35 capillary column, 30m x 0.25mm (i.d.), 0.25 

micrometer film thickness. Temperature program: 80 °C (1 min.), heating at 30 °C/min to 

300 °C (1 min.). Fluorescent spectroscopy was performed on a Varian Cary Eclipse 

fluorescence spectrometer with temperature controlled multi-cell holder. TLC strips were 

evaluated with a phosphor imager (FLA-7000, Fujifilm) with AIDA software from Raytest). 

3.4.3. Methods 

SMNP preparation was performed according to previously published protocol17. Briefly 

solid oligomer was dissolved in tetrahydrofuran (THF) at 1 mM and typically 15 µL or 30 

µL of this concentrated solution was injected in 5 mL water or PBS, resulting in a SMNP 

solution at respectively 3 µM or 6 µM. Pre-mixing was performed by mixing in desired 

molar ratio the concentrated THF stocks prior to injection in water.  

Labelling of BCN-DOTA was typically performed by combining 25 µL probe (1.3 mg/mL) 

with buffer and the desired amount of 111indium in a total volume of 100 µL. For the 

reaction with tetrazine-albumin, tetrazine was present in large excess compared to the 

probe.  

Labelling of tz-DOTA was typically performed by combining 2 µL of tz-DOTA (1.46 

mM) with 20 µL 0.2 M NH4OAc buffer and the desired amount of 111indium. The solution 

was incubated for 5 min at 60°C and DTPA challenged by addition of an excess of DTPA 

and incubation at 60°C for 5 min.  

The SMNP labelling studies were typically performed by combining 100 µL of 25 % 

TCO-SMNPs (6 µM) with 0.5 µL of labelled tz-DOTA. The solution was incubated in dark 

for 30 min at room temperature.  

 

3.4.4. Synthetic procedures 

(S)-3,7-dimethyloctan-1-ol 220 55.6 g (355.7 mmol) of (s)-3,7-dimethyl-6-octen-1-ol or 

citronellol 1 was dissolved in 130 mL ethylacetate in a parr vessel. The solution was bubbled 

with argon for 10 min followed by the addition of 0.8 g of Pd/C. Hydrogenation was 

performed at 70 psi (H2) for 5.5 h, Pd/C was filtered off and filtrate was concentrated in 

vacuo, affording the oil 2 in a quantitative yield. 
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1H-NMR (400 MHz, CDCl3): δ 3.73 – 3.63 (m, 2H), 1.65 – 1.52 (m, 3H), 1.42 – 1.21 (m, 5H), 

1.17 – 1.14 (m, 3H), 0.90 – 0.86 (m, 9H). GC-MS: [M+] 41.1, 43.1, 55.1, 56.1, 57.1, 69.1, 70.1, 

71.1, 83.1, 84.15, 97.1, 111.15, 112.15. Rt = 2.96 min on GC-MS. 

(S)-1-bromo-3,7-dimethyloctane 320 53.7 g (339 mmol) of (S)-3,7-dimethyloctan-1-ol 2 was 

dissolved in 300 mL dichloromethane (DCM) and 98.6 g (376 mmol, 1.11 eq) 

triphenylphosphine was added. The mixture was stirred and cooled on ice to 0 °C. 36.4 g 

(356 mmol, 1.05 eq) N-bromosuccinimide was added portion wise, keeping the 

temperature below 15 °C. The average temperature during addition was 10 °C. The solution 

was stirred for 40 h and changed colour from yellow to red/brown. The crude solution was 

concentrated in vacuo and residue was extracted with n-hexane. The filtrate was 

concentrated in vacuo resulting a yellow oil in a yield of 88% (65.7 g, 0.297 mmol). 

1H-NMR (CDCl3): δ 3.48 – 3.36 (m, 2H), 1.92 – 1.85 (m, 1H), 1.71 – 1.61 (m, 2H), 1.56 – 

1.48 (m, 1H), 1.34 – 1.23 (m, 3H), 1.19 – 1.08 (m, 3H), 0.88 (m, 9H). GC-MS: [M+] 41.1, 43.1, 

55.05, 57.1, 69.1, 71.1, 83.1, 85.1, 97.1, 113.15, 149.05, 151, 177.1, 179.15. Rt = 3.03 min on GC-

MS. 

2-bromo-9,9-bis((S)-3,7-dimethyloctyl)-9H-fluorene 520 12.26 g (50 mmol, 1 eq) of 2-

bromo-9H-fluorene and 29.85 g (135 mmol, 2.7 eq) of (S)-1-bromo-3,7-dimethyloctane 3 

were dissolved in 300 mL toluene and the stirred solution was heated to 65°C. 

Subsequently, 8.039 g (25 mmol, 0.5 eq) tetra-n-butylammonium bromide (TBAB) and 90 

mL of 50 % w/v NaOH in water were added, resulting in a dark red solution which turned 

dark green after 60 h stirring. The organic phase was washed twice with 1 M HCl (aq), 

resulting in a yellow organic phase. The organic phase was washed with brine, dried over 

MgSO4 and concentrated in vacuo affording 48.32 g yellow oil. 18.0 g of yellow oil was 

applied onto a silica column (heptane) affording a colourless oil in a yield of 87 % (8.49 g, 

16.2 mmol).  

1H-NMR (CDCl3): δ 7.67 (m, 1H), 7.55 (m, 1H), 7.47 – 7.43 (m, 2H), 7.35 – 7.30 (m, 3H), 

2.04 – 1.87 (m, 4H), 1.48 – 1.42 (m, 2H), 1.16 – 0.99 ( m, 12H), 0.93 – 0.8 (m, 2H), 0.82 

(d, J = 6.6 Hz, 12H), 0.69 (d, J = 6.6Hz, 6H), 0.65 – 0.51 (m, 2H), 0.51 – 0.40 (m, 2H). Rf  

(TLC) = 0.52 in 5% MeOH / CHCl3. 

2-bromo-9,9-bis((S)-3,7-dimethyloctyl)-7-nitro-9H-fluorene 620 0.85 g (1.62 mmol, 1 eq) 

of 2-bromo-9,9-bis((S)-3,7-dimethyloctyl)-9H-fluorene 5 was charged in a vial together with 

1 g of H2SO4 / SiO2 catalyst*23. 10 mL of dichloromethane (DCM) was added and 113 µL 

(158 mg, 1.62 mmol, 1 eq) of 65% HNO3 (aq) was drop wise added. The mixture changed 

from colourless to orange and after 2 h stirring, catalyst was filtered of and substrate was 

concentrated in vacuo affording 6 in 90.8 % (0.839 g, 1.47 mmol). *The catalyst was 
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prepared according to a literature procedure, briefly 20 g of SiO2 was added to 40 mL 70 

% H2SO4 (aq) affording a gel like mixture within 5 minutes. The mixture was filtered and 

residue was dried in vacuum oven for 24 h at 130°C, yielding a solid sand like powder. 

1H-NMR (CDCl3): δ 8.27 (dd, J = 8.4, 2.1Hz, 1H), 8.18 (d, J = 1.8 Hz, 1H), 7.77 (d, J = 8.4Hz, 

1H), 7.65 (d, J = 8.8 Hz, 1H), 7.55 – 7.53 (m, 2H), 2.12 – 1.93 (m, 4H), 1.43 (m, 2H), 1.14 – 

1.02 (m, 12H), 0.90 – 0.85 (m, 2H), 0.83 – 0.78 (m, 12H), 0.69 (dd, J = 6.6, 2.4Hz, 6H), 

0.61 – 0.34 (m, 4H). MALDI-ToF: calc. [6+H]+ = 570.29, found: 570.31 and 540.31, which 

corresponds to the reduced amine 7. Rf  (TLC) = 0.61 in CHCl3 / heptane (1 : 1). 

7-bromo-9,9-bis((S)-3,7-dimethyloctyl)-9H-fluoren-2-amine 720 4.73 g (8.28 mmol, 1 eq) 

of 2-bromo-9,9-bis((S)-3,7-dimethyloctyl)-7-nitro-9H-fluorene 6 was charged in a flask and 

86 mL of ethyl acetate / ethanol (1 : 1, argon bubbled) was added. The solution was heated 

to 60°C followed by the addition of 13.77 g (72.6 mmol, 8.8 eq) anhydrous stannous 

chloride. The mixture was refluxed overnight (~85°C) and the colour of the solution 

changed from orange to red / orange. The work up started by adding 500 mL 1M NaOH 

(aq) which resulted in massive white precipitation. No clear phase transition was obtained, 

therefore another 200 mL of 1M NaOH (aq) was added together with 100 mL EtOAc. After 

3 h a clear phase separation was obtained and organic fraction was collected and washed 2 

times with 1 M NaOH, 1 time with H2O and dried over MgSO4. The organic fraction was 

concentrated in vacuo and a red/brown oil was obtained with a yield of 106 % (4.74g). TLC 

analysis confirmed one band corresponding to 7, Rf = 0.28 in CHCl3 / heptane (1 : 1). The 

too high observed yield might be caused by mass addition due to residual tin salts. 

Therefore column chromatography was performed on 9.17 g oil, using K2CO3 / SiO2 as 

stationary phase24 and eluting product isocratic at 10 % EtOAc / heptane. The isolated 

product was concentrated in vacuo and appeared as a clear orange oil with an overall yield 

of 88 % (8.25 g, 15.3 mmol). 

1H-NMR (CDCl3): δ 7.46 – 7.36 (m, 4H), 6.69 – 6.62, (m, 2H), 3.9 (br, 2H), 1.97 – 1.77 

(m, 4H), 1.52 – 1.35 (m, 2H), 1.22 – 0.93 (m, 14H), 0.87 – 0.76 (d, J = 6.5Hz, 12H), 0.73 – 

0.63 (d, J = 6.2Hz, 6H), 0.61 – 0.40 (m, 4H). MALDI-ToF MS: calc. [7]. = 539.31, found: 

539.333. Rf TLC = 0.28 in CHCl3 / heptane (1 : 1) 

9,9-bis((S)-3,7-dimethyloctyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-

fluoren-2-amine 820 6.68g (12.36 mmol, 1 eq) of 7-bromo-9,9-bis((S)-3,7-dimethyloctyl)-

9H-fluoren-2-amine 7 was combined with 4.71 g (18.55 mmol, 1.5 eq) 

bis(pinacolato)diboron, 201.7 mg (0.247 mmol, 0.02 eq) 

tetrakis(triphenylphosphine)palladium(0) and 4.85 g (49.44 mmol, 4 eq) of KOAc, 

followed by the addition of 133 mL degassed dioxane. The mixture was refluxed overnight 
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and work up consisted out of extraction, by adding 1 L water and 400 mL CHCl3. The 

organic fraction was washed two times, dried over Na2SO4 and applied onto silica column 

DCM / heptane (60�80%), affording 8 in 68% (4.93 g, 8.39 mmol). 

MALDI-ToF MS: calc. [8]. : 587.49, found: 587.49 and 657.53, the latter was formed during 

MALDI-ToF sample preparation by the reaction between unstabilized THF and compound 

833. Rf = 0.76 on Si-TLC using 6% CHCl3/heptane.   

7,7'-(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(9,9-bis((S)-3,7-dimethyloctyl)-9H-fluoren-2-

amine) 1020 4.56 g (7.76 mmol, 2.1 eq) of 9,9-bis((S)-3,7-dimethyloctyl)-7-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-fluoren-2-amine 8 was combined with 1.11 g (3.75 

mmol, 1 eq) 4,7-dibromobenzo[c][1,2,5]thiadiazole 9, 2.57 g (18.74 mmol, 5 eq) K2CO3 and 

180 mg (0.155 mmol, 0.02 eq) tetrakis(triphenylphosphine)palladium(0). 126 mL of 

degassed dioxane was added, together with 63 mL degassed water. Reaction mixture was 

stirred for 64 h under inert conditions and work up consisted out of extraction with DCM 

/ H2O (two times) and washing with brine. The dark brown syrup was purified by column 

chromatography (SiO2) using 60 % � 100% DCM / heptane + 0.1 % TEA yielding 10 in 

81% (3.22g, 3.05 mmol). 

1H-NMR (CDCl3): δ 7.98 (dd, J = 7.9, 1.6 Hz, 2H), 7.86 (d, J = 1.6 Hz, 2H), 7.82 (s, 2H), 

7.71 (d, J =7.9 Hz, 2H), 7.55 (d, 8.7 Hz, 2H), 6.70 – 6.68 (m, 4H), 3.79 (br, 4H), 2.10 – 

1.84 (m, 8H), 1.44 – 1.35 (m, 4H), 1.22 – 0.99 (m, 24H), 0.94 – 0.60 (m, 48H). MALDI-

ToF MS: calc. [10].: 1054.78, found:1054.82. Rf = 0.34 on Si-TCL using 50 % DCM / heptane 

+ 0.1 % TEA. 

N-(7-(7-(7-amino-9,9-bis((S)-3,7-dimethyloctyl)-9H-fluoren-2-yl)benzo[c][1,2,5]thiadiazol-

4-yl)-9,9-bis((S)-3,7-dimethyloctyl)-9H-fluoren-2-yl)-3,4,5-tris(dodecyloxy)benzamide (13)17 

163,4 mg (0.242 mmol, 1 eq) of 3,4,5-tris(dodecyloxy)benzoic acid 11 was converted into the 

acyl-chloride derivative by dissolving 11 in 1 mL dry DCM under inert conditions and 

adding 64.6 mg (0.484 mmol, 2 eq) Ghosez reagent drop wise. After 1 hour, NMR or IR 

confirmed full conversion of 11 into 12. The solution was concentrated in vacuo in dark by 

oil pump for at least 3 h.  

In a separate flask, 0.232 g (0.220 mmol, 1 eq) of compound 10 was dissolved in 2 mL dry 

THF under inert conditions and 26.7 mg (0.264 mmol, 1.2 eq) of triethylamine (TEA) was 

added. 12 was dissolved in 2 mL dry THF and added by syringe pump for 30 min to the 

solution containing the diamine 10. After 90 min, extraction was performed with CHCl3 / 

H2O and organic phase was washed 2 times with water. The organic fractions were 

combined and concentrated. MALDI-ToF and TLC confirmed the presence of starting 

material 10, predominantly product 13 and the double reacted compound apolar. The 
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apolar oligomer could be removed by precipitation in 10 % THF / heptane. The filtrate was 

purified by column chromatography (SiO2) using 10 � 40% THF / heptane isolating 

compound 13 in 42 % (0.159g, 0.09mmol). 

1H-NMR (CDCl3): δ 8.03 (d, J = 7.9 Hz, 1H), 7.98 (d, J = 7.9 Hz, 1H), 7.92 (s, 1H), 7.89 – 

7.79 (m, 6H), 7.75 (d, J = 7.9 Hz, 1H), 7.71 (d, 7.9 Hz, 1H), 7.55 (d, J = 8.5 Hz, 2H), 7.10 (s, 

2H), 6.72 – 6.68 (m, 2H), 4.10 – 4.01 (m, 6H), 2.15 – 1.91 (m, 8H), 1.88 – 1.74 (m, 6H), 

1.53 – 1.46 (m, 6H), 1.31 – 0.98 (m, 82H), 0.91 – 0.86 (m, 14H), 0.70 – 0.56 (m, 44H). 

MALDI-ToF MS: calc. [13+H]+: 1712.36, found: 1712.35. Rf = 0.48 on Si-TLC using 20 % 

DCM / heptane. 

tert-butyl (17-(2,6-bis((2,5,8,11,14-pentaoxahexadecan-16-yl)oxy)-4-((7-(7-(9,9-bis((S)-3,7-

dimethyloctyl)-7-(3,4,5-tris(dodecyloxy)benzamido)-9H-fluoren-2-yl)benzo[c][1,2,5]thia-

diazol-4-yl)-9,9-bis((S)-3,7-dimethyloctyl)-9H-fluoren-2-yl)carbamoyl)phenoxy)-

3,6,9,12,15-pentaoxaheptadecyl)carbamate or amp1-NHBoc 1619 64.7 mg (0.065 mmol, 1 

eq) of 3,5-bis((2,5,8,11,14-pentaoxahexadecan-16-yl)oxy)-4-((2,2-dimethyl-4-oxo-

3,8,11,14,17,20-hexaoxa-5-azadocosan-22-yl)oxy)benzoic acid 14 was converted into the acyl-

chloride derivative by dissolving 14 in 250 uL dry DCM under inert conditions and adding 

17.3 mg (0.1291 mmol, 2 eq) of Ghosez reagent drop wise. After 1 hour, NMR or IR 

confirmed full conversion of 14 into 15. The solution was concentrated in vacuo in dark by 

oil pump for at least 3 h. 

In a separate flask, 100.6 mg (0.059 mmol, 1 eq) of 13 was dissolved in 400 uL dry THF 

under inert conditions and 7.12 mg (0.07 mmol, 1.2 eq) of TEA was added. 15 was dissolved 

in 500 uL dry THF and added drop wise to the solution containing compound 13 and 

solution was stirred in dark for 1 hour. The solution was concentrated in vacuo and purified 

by size exclusion (recycling GPC in CHCl3) yielding 16 in 76.2 %. 

1H-NMR (CDCl3): δ 8.51 (s, 1H), 8.03 (d, J = 7.9 Hz, 2H), 7.93 (s, 2H), 7.89 – 7.80 (m, 6H), 

7.74 (dd, J = 8.2, 3.2 Hz, 2H), 7.64 (dd, J = 8.3, 1.6 Hz, 1H), 7.56 (dd, J = 8.2, 1.7 Hz, 1H), 

7.30 (s, 2H), 7.11 (s, 2H), 5.05 (br, 1H), 4.29 – 4.23 (m, 6H), 4.05 (dt, J = 11.5, 6.5 Hz, 6H), 

3.87 (t, J = 4.8 Hz, 4H), 3.81 (t, J = 4.8 Hz, 2H), 3.74 – 3.59 (m, 49H), 3.52 (m, 6H), 3.36 – 

3.34 (m, 6H), 3.32 – 3.25 (2H), 2.19 – 1.93 (m, 8H), 1.93 – 1.72 (m, 7H), 1.54 – 0.57 (m, 

145H). MALDI-ToF MS: calc. [16].: 2694.89, found: 2695.19; calc. [16+Na]+: 2717.89, 

found: 2718.10. Rf = 0.14 on Si-TCL using 5 % MeOH / chloroform. 

3,5-bis((2,5,8,11,14-pentaoxahexadecan-16-yl)oxy)-4-((17-amino-3,6,9,12,15-penta-

oxaheptadecyl)oxy)-N-(7-(7-(9,9-bis((S)-3,7-dimethyloctyl)-7-(3,4,5-tris(dodecyloxy) 

benzamido)-9H-fluoren-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)-9,9-bis((S)-3,7-dimethyloctyl)-

9H-fluoren-2-yl)benzamide or amp1-NH2 1719 Dissolved 58.1 mg (21.5 mmol) of tert-butyl 
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(17-(2,6-bis((2,5,8,11,14-pentaoxahexadecan-16-yl)oxy)-4-((7-(7-(9,9-bis((S)-3,7-dimethyl-

octyl)-7-(3,4,5-tris(dodecyloxy)benzamido)-9H-fluoren-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)-

9,9-bis((S)-3,7-dimethyloctyl)-9H-fluoren-2-yl)carbamoyl)phenoxy)-3,6,9,12,15-penta-

oxaheptadecyl)carbamate 16, in 10 mL dioxane which took ca 20 min followed by the drop 

wise addition of 8.7 mL of 4M HCl / dioxane. The reaction was quenched after 2.5 h by 

addition of 9 mL 4M NaOH / water and the extracted (upper) dioxane phase was 

concentrated in vacuo. Residue was taken up in CHCl3 and washed with water, brine and 

again concentrated in vacuo. 

1H-NMR (CDCl3): δ 9.75 (s, 1H), 8.17 (s, 1H), 8.02 (t, J = 6.9 Hz, 2H), 7.96 – 7.77 (m, 8H), 

7.74 (t, J = 5.8 Hz, 2H), 7.53 (m, 2H), 7.11 (s, 2H), 4.05 (dt, J = 12.5, 6.2 Hz, 4H), 3.94 – 

3.48 (m, 61H), 3.35 (s, 6H), 3.06 (s, 1H), 2.16 – 1.94 (m, 8H), 1.87 – 0.58 (m, 165H). 

MALDI-ToF MS: calc. [17+H]+.: 2595.83, found: 2595.89. 

Amp1-DOTA 19 9.4 mg (4.6 µmol, 1 eq) of amp1-NH2 17 and 9.1 mg (15 µmol, 3.25 eq) 

NHS-DOTA 18 were dissolved in 4 mL DMF containing 12 µL (20 eq) DIPEA. The mixture 

was stirred for 10 h, concentrated in vacuo and triturate with THF. Supernatant was 

concentrated in vacuo and analysed by MALDI-ToF. 

 

 

 
Whole MALDI-ToF spectrum of 19 MALDI-ToF spectrum of 19 

 

Species [19+H]+ [19+Na]+ [19+K]+ [19+2Na]+ [19+Na+K]+ [19+2Na+K]+ 

calc 2982.12 3004.09 3020.08 3026.10 3042.07 3064.06 

obs 2982.12 3004.09 3020.07 3026.09 3042.04 3064.03 
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DSPE-DOTA (lip-DOTA) 20 

DSPE-DOTA was obtained from SyMO-Chem. 

 

 

 

 

BCN-DOTA 22 4.86 mg (15 µmol, 1 eq, 78.5 µL) of bicyclo[6.1.0]non-4-yn-9-ylmethyl (2-

(2-(2-aminoethoxy)ethoxy)ethyl)carbamate 21 (bought from Synaffix) was combined with 

9.03 mg (18µmol, 1.2 eq) NHS-DOTA 18 in DMSO (1 mL) and stirred for 30 h. Crude 

reaction mixture was concentrated in vacuo and purified by HPLC, obtaining product 22 

in 19 % yield (2.02 mg, 2.85 µmol). LC-MS analysis of the purified material (Figure 3.10) 

proved that 18 Rt = 1.08 min and 21 Rt = 4.16 min were not present and product 22 Rt = 

4.60 min appeared as a single peak. MS analysis (Figure 3.6 10) is in line with expected 

mass species and fragmentation species as shown in table. 

Species [22b+H]+ [22a]+ [22+H]+ [22+Na]+ 

 

Calc 535.30 561.29 711.39 733.38 

obs 535.58 561.50 711.58 733.50 

     
     

 

Amp1-TCO 24 15.1 mg (5.81 µmol, 1 eq) amp1-NH2 17 was dissolved in 1 mL dry DMF 

with 6 µL (4.5 eq) DIPEA under inert and dark conditions and 4.33 mg (15.4 µmol, 2.65 

eq) (E)-cyclooct-4-en-1-yl 2,5-dioxopyrrolidine-1-carboxylate 23 was added. After 2 hours 

incubation, crude solution was extracted with CHCl3 / water and washed 2 times and 

organic phases were concentrated in vacuo. Automated column chromatography (SiO2) 

was performed using 40 � 95 % THF / heptane and separation was monitored by ELSD 

detection (no UV). The product was isolated between 12.5 and 16 column volumes as 

presented in the chromatography profile below. 
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Product was isolated in a yield of 56 % (9 mg, 3.3 µmol), analysed by MALDI-ToF / NMR. 

1H-NMR (CDCl3): δ 8.50 (br, 1H), 8.03 (d, J = 6.9 Hz, 2H), 7.93 (s, 2H), 7.88 – 7.78 (m, 

6H), 7.78 – 7.73 (m, 2H), 7.63 (d, J = 7.9 Hz, 1H), 7.55 (d, J = 7.5 Hz, 1H), 7.30 (s, 2H), 7.10 

(s, 2H), 5.53 (m, 1H), 4.30 – 4.21 (m, 6H), 4.09 – 4.00 (m, 6H), 3.94 – 3.78 (m, 9H), 3.75 

– 3.50 (m, 52H), 3.35 (s, 6H), 2.75 (s, 2H), 2.37 – 2.21 (m, 2H), 2.17 – 1.96 (m, 10H), 1.89 

– 1.70 (m, 10H), 1.61 – 1.44 (m, 22H), 1.41 – 0.97 (m, 84H), 0.88 (t, J = 6.9 Hz, 12 H), 

0.78 – 0.59 (m, 46H). MALDI-ToF MS: calc. [24+H]+: 2761.93, found: 2761.96; [24+Na]+: 

2784.92, found: 2784.92; [24+K]+: 2800.89, found: 2800.92. Rf = 0.45 on Si-TCL using 

70 % THF / heptane. 

Amp1-TCO-tz-DOTA complex 26 Unlabelled 0.15 mM tetrazine-DOTA 25 dissolved in 

water and 1mM amp1-TCO 24 dissolved in THF were combined (1 : 1, mol) and gently 

shaken for 1 h and subsequently submitted for MALDI-ToF MS analysis. Two MALDI-ToF 

matrices were used, namely α-cyano-4-hydroxycinnamic acid (CHCA) and 2-[(2E)-3-(4-tert-

Butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) and in both matrices, 

product formation was observed (Table below). 

Inert amp1 oligomer 2917 50.5 mg (0.0682 mmol, 1 eq) of 3,4,5-tris((2,5,8,11-

tetraoxatridecan-13-yl)oxy)benzoic acid (inert polar wedge) 27 was converted into the acyl-

chloride derivative by dissolving 27 in 500 µL dry DCM under inert conditions and adding 

18.2 mg (0.1363 mmol, 2 eq) of Ghosez reagent drop wise. After 1 hour, NMR or IR 

confirmed full conversion of 27 into 28. The solution was concentrated in vacuo in dark by 

oil pump for at least 3 h. 

       

Species [26+H]+ [26+Na]+ [26+K]+ [26+2Na]+ [26+Na+K]+ [26+2Na+K]+ 

Calc 4011.61 4033.58 4049.57 4055.59 4071.56 4093.55 

Obs 
CHCA 

4011.68 - - - - - 

Obs DCTB 4011.82 4033.76 4049.86 4055.60 4071.81 4093.71 
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In a separate flask, 44.4 mg (0.026 mmol, 1 eq) of 13 was dissolved in 0.5 mL dry THF 

under inert conditions and 7.6 mg (0.075 mmol, 2.9 eq) of TEA was added. 28 was 

dissolved in 0.5 mL dry THF and added drop wise to the solution containing compound 13 

and solution was stirred in dark for 1 hour. The solution was concentrated in vacuo and 

purified by size exclusion (recycling GPC in CHCl3) yielding 29 in 49 % (31 mg, 0.013 

mmol). 

1H-NMR (400 MHz, CDCl3): δ 8.49 (br, 1H), 8.03 (d, J = 7.8 Hz, 2H), 7.93 (s, 2H), 7.88 – 

7.80 (m, 7H), 7.75 (d, J = 8.1 Hz, 2H), 7.65 (d, J = 7.9 Hz, 1H), 7.56 (d, J = 8.2 Hz, 1H), 7.31 

(s, 2H), 7.11 (s, 2H), 4.30 – 4.22 (m, 6H), 4.08 – 4.01 (m, 6H), 3.87 (t, J = 4.7 Hz, 4H), 3.81 

(t, J = 5.0 Hz, 2H), 3.76 – 3.61 (m, 33H), 3.57 – 3.51 (m, 6H), 3.38 (s, 3H), 3.34 (s, 6H), 2.18 

– 1.95 (m, 8H), 1.89 – 1.73 (m, 7H), 1.53 – 1.45 (m, 6H), 1.41 – 1.06 (m, 72H), 1.06 – 0.97 

(m, 12H), 0.88 (t, J = 6.7 Hz, 12H), 0.78 – 0.69 (m, 40H). 13C-NMR (100 MHz, CDCl3): δ 

165.59, 165.33, 154.51, 153.41, 152.69, 152.48, 151.10, 141.72, 141.29, 141.12, 138.08, 137.67, 

137.35, 137.11, 136.00, 135.86, 133.76, 133.67, 130.48, 130.21, 128.35, 128.32, 127.91, 127.88, 

123.97, 120.46, 120.38, 119.48, 119.43, 119.25, 118.96, 115.05, 114.83, 108.00, 106.06, 

100.12, 73.71, 72.53, 72.07, 72.04, 72.02, 70.79, 70.78, 70.74, 70.72, 70.71, 70.66, 70.62, 

69.94, 69.68, 69.39, 59.16, 59.11, 55.43, 55.39, 39.37, 39.36, 37.72, 37.00, 36.94, 36.74, 

36.70, 33.21, 33.14, 33.11, 33.09, 32.08, 32.07, 30.92, 30.84, 30.48, 29.89, 29.88, 29.84, 

29.80, 29.79, 29.56, 29.54, 29.51, 28.05, 28.03, 26.04, 24.93, 24.86, 24.76, 24.75, 22.83, 

22.80, 22.79, 22.69, 22.66, 19.84, 19.83, 19.58, 19.55, 14.26. MALDI-ToF MS: calc. [29]·: 

2433.73, found: 2433.78; [29+Na]+: 2456.72, found: 2456.78; [29+K]+: 2472.69, found: 

2472.75. Rf = 0.28 on Si-TCL using 5 % MeOH / chloroform. 

 

3.4.5. Control studies 

Controls studies for SMNPs Several control studies with SMNPs were performed to 

investigate the influence of: A) the fluorescence of 25% TCO-SMNPs upon Tz-DOTA 

coupling; B) the fluorescence of inert-SMNPs before and after zeba (size exclusion column) 

purification; C) the fluorescence after 25% TCO-SMNP incubation in serum for 17h at 

37°C; D) the size (DLS) of 25% TCO-SMNPs before and after zeba purification and tz-

DOTA coupling; E) the stability of 111-indium incorporated in the DOTA (coupled to 

SMNPs) in serum. 
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Chapter 4 

Modular self-assembled intrinsically fluorescent 

nanoparticles as imaging agent 

 

 

Abstract  

Optical imaging has the potential to be used as a fairly cheap, sensitive and non-ionizing 

source for detection and diagnoses of various anatomical or physiological deficiencies. 

Furthermore, it has the potency to be used in real-time optically guided surgery. Here, the 

potency of a promising class of intrinsically fluorescent, small molecule-based 

nanoparticles (SMNP) as an optical imaging agent was investigated. The SMNPs, which 

were functionalized with a radiotracer, possess outstanding photophysical properties, and 

therefore are an ideal candidate as optical imaging agent. Animal studies revealed that 

SMNPs are well tolerated and that the majority of the, non-targeted, SMNPs was cleared 

from the bloodstream within 30 min. Liver uptake was predominantly observed, of which 

the amount of SMNPs decreased over time, indicating particle elimination. The typical 

fluorescent emission spectrum of SMNPs in full blood could be recorded, indicating that 

SMNPs maintain optical properties in vivo. 
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4.1 Introduction 

Imaging techniques like magnetic resonance imaging (MRI), positron emission 

tomography (PET) and ultrasound (US) are well integrated in the clinic and are often 

crucial in visualizing and diagnosing anatomic and / or physiologic functioning.1–3 Optical 

imaging, although much less integrated in the clinic, has the potential to allow optical 

diagnosis, detection and real-time guided surgery.4–6 One example of van Dam et al. made 

use of an intravenous probe bearing a dye and a folate moiety.7 Upon injection and selective 

accumulation of the probe in ovaria tumour tissue over-expressing folate receptor, real-

time tumour removal could be greatly assisted by optical guidance (Figure 4.1). In another 

example, the dye indocyanine green was successfully used for visualizing subcutaneous 

lymphatic streams and sentinel lymph nodes in breast cancer patients, which 

conventionally requires the use of radiotracers.8,9 In general, optical imaging probes are 

highly sensitive, relatively cheap and do not emit ionizing radiation, thereby deserving 

more research attention.6,10,11 

  

 
 

Figure 4.1: Ovarian cancer tissue: A) conventional view of a surgeon; B) view after folate-fluorescent probe 

accumulation specifically at tumour spots. Reprinted with permission of reference 7. 

 

Fluorescent nanoparticles might be a promising class of optical imaging agents as they 

typically possess good photophysical properties and allow the incorporation of targeting 

moieties.12–15 Depending on the target, ligand composition can be tuned, thereby providing 

control for more selective and multivalent binding.16,17 Furthermore, nanoparticles often 

allow easy blending of imaging modalities and thereby form a versatile multimodal 

imaging platform.11 Small molecule-based nanoparticles (SMNPs) as introduced in chapter 

2 and 3 exhibit outstanding photophysical properties and can to be functionalized with a 

radiolabel. Chapter 3, furthermore, showed that SMNPs could be efficiently radiolabelled 

while maintaining physicochemical properties such as size and fluorescence. The aim of 

this chapter is to determine the intrinsic in vivo behaviour of this promising class of 

fluorescent nanoparticles and to determine their potency as optical imaging agents. 

Therefore, non-tumour bearing mice were intravenously injected with SMNPs and blood 
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clearance and biodistribution were carefully assessed, by the intrinsic optical properties as 

well as by the radiotracer. 

 

4.2 Results and discussion 

4.2.1 SMNPs for in vivo studies   

One important consideration for investigating the behaviour of SMNPs in vivo, is the 

amount of SMNPs to be administered to mice. On the one hand, it should not induce any 

toxic effects, while on the other, the amount of SMNPs should be enough to allow optical 

imaging. In literature, π-conjugated fluorescent systems of different nature have been 

administered to mice in wide variations of concentration and dose.13,18–20 Based on these 

data, it was estimated that a ten-fold increase compared to the typical SMNP concentration 

of 3 µM used in the studies of chapter 3, would allow optical imaging, while not exceeding 

the MTT-test determined toxic concentrations. Therefore, SMNPs were prepared as 

reported earlier by injecting 30 µL of 1 mM oligomer containing THF stock solution into 5 

mL water. Subsequently, this solution was carefully concentrated in vacuo to 1 mL, yielding 

SMNPs with the molecular building blocks at 30 µM concentration. The size of the SMNPs 

was similar before and after the concentration procedure (74 ± 31 nm). The absorption and 

emission profiles of the concentrated SMNPs were similar compared to non-concentrated 

inert SMNPs. The quantum yield of the concentrated 25% TCO-SMNP system was 

determined to be 0.46 and the absorption cross section was about 6.7 x 10-12 cm2. These 

values demonstrate that the outstanding photophysical properties are not significantly 

influenced by amp1-TCO incorporation into the nanoparticle, nor by the concentration of 

the sample. For animal experiments, SMNPs were prepared freshly on the day of injection 

and radiolabelling was performed in general as described in chapter 3. Briefly, tetrazine-

DOTA was radiolabelled by combining 4.3 µg tz-DOTA with 20 MBq 111indium in 20 µL 

0.2 M ammonium acetate for 10 min at 60 °C. After iTLC confirmed efficient labelling (> 

99%), 20 µL of the labelled solution was combined with 750 µL, 30 µM of 25% TCO-SMNP 

solution and incubated for 30 min. at room temperature. Size exclusion purification was 

performed to remove unreacted tz-DOTA and to change buffer from H2O to phosphate 

buffer saline (PBS) of pH 7.4. Reversed-phase TLC before and after size exclusion 

purification revealed SMNP labelling efficiencies of respectively 97 % and 98 %. Syringes 

were filled with 100 µL labelled and purified SMNP solution and weighed before and after 

injection. Standards were prepared and weighed to be able to determine the percentage 

injected dose per gram tissue (% ID/g).  
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4.2.2 Blood kinetics of SMNPs in vivo 

SMNPs were injected intravenously (i.v.) in non-tumour bearing mice. The mice did not 

show any changes in behaviour or activity over a period of 3 days, indicating that SMNPs 

at 30 µM were well tolerated. Blood samples were taken via the vena saphena at the time 

points presented in Figure 4.2. The samples were weighed and counted by γ-counter. 

Heparin was present during blood sampling as an anti-coagulant, to allow for efficient 

sample handling for subsequent fluorescence measurements. The first blood sample was 

taken 2 minutes after injection of the SMNPs. The observed percentage dose per gram was 

17.3 ± 1.3 and dropped within 3 minutes to 4.4 ± 0.9 % ID/g. After ten minutes 0.9 ± 0.2 

% ID/g was observed, indicating that most SMNPs were efficiently cleared from the blood 

stream.  

 

 

 

Figure 4.2: Blood clearance of SMNPs in mice (error bar represents SEM, n = 4). 

 

The clearance could be fitted with a second order exponential decay with two half times 

of 2.3 min. and 12.6 min. The typical elimination process for nanoparticles builds on 

elimination via the mononuclear phagocyte system (MPS). Biodistribution data (Figure 

4.3) showed no major activity originating from the kidney, while liver and spleen had the 

most predominant SMNP uptake. This observation supports the suggestion that the 

SMNPs were eliminated via the MPS.21 The size of nanoparticles has an important 

influence on the cellular uptake,22,23 biodistribution and blood clearance rates.24,25 One 

literature example focussed on liposomes with sizes of less than 50 nm, 100 nm, between 

100 and 200 nm and more than 250 nm. Significant variation in biodistribution and blood 

detection was observed, depending on the size 4 h after injection.26,27 Two other recent 
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examples systematically investigated the influence of particle size on biodistribution and 

clearance, by using solid particles based on aluminium oxide and gold.28,29 Both examples 

showed that particles with increasing size in the range of 40 to 200 nm, experienced 

increased uptake in the liver and spleen. The organ uptake for the nanoparticles in these 

studies was monitored 10 min and 60 min after injection and no difference in uptake was 

observed between these time points, indicating that all particle accumulation occurred 

within the first ten minutes. In vitro and cellular studies revealed that protein corona 

formation and particularly opsonization is dependent on the size of the particles and 

thereby relates to the circulation time.21,30,31 One explanation of the two-phased clearance 

rate observed with our SMNPs is that due to particle size dependent differences in 

opsonisation, a part of the SMNPs is cleared more rapidly from the blood stream compared 

to the other. More research however is needed with narrow-sized soft particles or SMNPs 

to backup this explanation.  

Applications of nanoparticles e.g. liposomes and polymersomes regarding tumour 

accumulation by the enhanced permeability and retention effect (EPR), typically require 

long circulation times and high half lifetime values in blood.32,33 In these initial 

experiments, SMNPs appeared to have rather short half lifetimes in blood, thereby, 

potentially hampering their use as tumour imaging agent in their current formulation. 

There is however plenty of room to optimize the circulation time, as performed for 

liposomes, by making the particles less recognisable for opsonization. This often involves 

PEGylation of particles or the introduction of zwitterionic based anti-fouling material.34,35  

 

4.2.3 Biodistribution of SMNPs in vivo 

The biodistribution of SMNPs was determined by harvesting the organs after 

anaesthesia, cervical dislocation and by weighing and γ-counting, the percentage injected 

dose per gram of tissue (% ID/g). Organs were collected 4 h, 24 h and 70 h after SMNP 

administration (Figure 4.3). 
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Figure 4.3: Biodistribution of SMNPs in mice 4, 24 and 70 h after i.v. administration (error bar 

represents SEM, n = 3, * p < 0.05). 

 

The radioactivity originating from SMNPs in blood was low, which is in line with the 

blood clearance, as determined in Figure 4.2. No uptake in lung tissue was observed, which 

is expected for (non-aggregated) particles smaller than 2000 nm in diameter.21 The liver 

uptake was predominant with 80.4 ± 3.7 % ID/g, 4 hours after SMNP administration, but 

also spleen uptake was significant with 34.8 ± 1.8 % ID/g. This observation is possibly 

explained by MPS elimination by macrophages localized in the liver (Kupffer cells) and the 

spleen (red pulp) and is commonly observed.24,27,36 The exact exit route for nanoparticles 

from the liver remains however unclear and is dependent on factors like nanoparticle 

size,28 shape,37 biodegradability,38 nanoparticle material including surface and 

charge24,39,40 and localization in liver tissue.41 If the SMNPs are taken up by non-MPS 

hepatic cells, excretion can occur via the bile and faeces while Kupffer cells generally 

degrade and recycle foreign material in lysosomes.37,41,42 One literature example showed 

that non-biodegradable gold particles administered intravenous in rats accumulated 

predominantly in the liver and remained detained for the course of two months.43 With the 

aim to develop imaging agents for human use, it is of importance to design materials that 

are capable of being excreted from the body after use. Interestingly, a decrease in activity 
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per gram of liver and spleen was already observed for the SMNPs after 24 en 70 h, being 

significant for the liver (p < 0.05). This might be an indication that SMNPs are indeed 

excreted from the body, possibly after SMNP disassembly via hydrophobic dissolvation.44 

It is worth mentioning another study, which showed that free tetrazine-DOTA cleared 

rapidly from the blood stream by renal clearance.46,47 No renal clearance of SMNPs was 

observed which indirectly supports the efficient radiolabelling method of SMNPs by 

tetrazine-TCO chemistry.  

In Figure 4.4, the biodistribution for stomach and intestine is presented. It was observed 

that the overall percentage dose per organ is very low, indicating that non-MPS (hepatic) 

uptake, followed by bile excretion in the intestine,45 does not play an important role. 

  

 
  

Figure 4.4: Biodistribution of SMNPs in mice 4, 24 and 70 h after i.v. administration (error bar 

represents SEM, n = 4). 

 

4.2.4 Optical properties of SMNPs in vivo  

Directly after the organs were harvested and counted by the γ-counter, the organs that 

contained most SMNPs based on radioactivity, were subjected to optical imaging. Cross-

sections of liver tissue were imaged in dark, irradiated with light between 400 – 440 nm 

and emitted light between 500 – 550 nm was collected by a camera. The SMNPs have two 

excitation maxima at ~340 nm and ~430 nm and although the first excitation maximum 

absorbs stronger, less liver autofluorescence was generated when excited at 430 nm.48 Even 

though, a cross-section of control liver tissue, which did not contain SMNPs, showed a 

significant amount of autofluorescence (Figure 4.5 A). SMNP-containing liver samples 

showed, besides autofluorescence, a possible enhancement in fluorescent emission, 

depending on the location of imaging of the liver (Figure 4.5 B & C). Particularly in the 
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cross-section presented in Figure 4.5 B, regions with enhanced emission are observed, 

possibly originating from SMNPs. However, due to the high amount of autofluorescence 

and position dependence of the “enhanced” fluorescence, it was difficult to compare the 

autofluorescence of control slices with (auto)fluorescence of SMNP containing liver slices. 

Furthermore, autofluorescence of liver tissue is not constant and the fluorescent spectrum 

changes depending on the ischemic state, making a comparison more complicated.49 

Therefore it was difficult to pinpoint if the “enhanced” fluorescence originated selectively 

from SMNPs.  

   

A) control liver B) SMNP liver C) SMNP liver 

   
   

Figure 4.5: Optical scanner images of freshly harvested dissected liver tissue: A) control; B, C) 24 h after 

SMNP administration. Excitation: 400-440 nm, Emission: 500-550 nm. 

 

In pursuit of localizing SMNPs in liver tissue by optical techniques, histology on fixated 

liver tissue was performed (Figure 4.6). Coupes were prepared with H&E staining (Figure 

4.6 A) and without staining, to avoid cross-talk of the SMNP emission by microscopy. 

Fluorescence microscopy (one-photon) of control liver tissue (Figure 4.6 B) and of SMNP 

containing liver tissue (Figure 4.6 C) revealed high intensity of fluorescence for both types 

of sample. Also two-photon excitation microscopy of control liver tissue (Figure 4.6 D) as 

well as SMNP containing liver tissue (Figure 4.6 E) revealed high fluorescence intensity 

for both sample types under identical microscopy imaging settings. 
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Figure 4.6: Histology of liver tissue A) H&E stained bright-field of SMNP containing liver tissue; B) 

control liver tissue by fluorescence microscopy; C) SMNP containing liver tissue by fluorescence 

microscopy; D) control liver tissue by 2-photon excitation microscopy; E) SMNP containing liver tissue by 

2-photon excitation microscopy. 

 

Another method to detect SMNPs by optical techniques, is by measuring fluorescence 

of blood samples which contain SMNPs as determined by radioactivity in Figure 4.2. By 

subtracting the fluorescent spectrum of blood samples taken two minutes after SMNP 

injection, with blood samples lacking SMNPs, the fluorescence component of SMNPs in 

blood could be obtained (Figure 4.7). The blood samples were diluted ten-fold with PBS 

and for every condition, three samples were recorded. The subtracted fluorescent spectrum 

clearly possesses the shape of the SMNP spectrum and in Figure 4.7, an overlay with the 

standard SMNP spectrum is presented in red. The spectrum nicely fits with the spectrum 

obtained from SMNP containing blood samples, showing that SMNPs are detectable in 

complex blood tissue. Although blood samples taken after 2 min revealed SMNP spectra, 

blood samples after 5 min did not. One explanation for this is that the concentration of 

SMNPs in the blood after 5 min was too low to be quantified by fluorescence as the SMNP 
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concentration dropped by 75 %. Therefore a full correlation between radioactivity and 

fluorescence could not be made. There is, however, room for optimization by, for instance, 

increasing the concentration of SMNPs injected or by optimizing the half-life of SMNPs 

in blood as discussed in section 4.2.2. 

 

 
 

Figure 4.7: Fluorescent spectrum of SMNP containing blood, corrected for non-SMNP containing blood 

(black line), overlaid with standard SMNP spectrum recorded in PBS (red line). Error area represents 

SD of 3 measurements. 

 

4.3 Conclusion and outlook 

Intrinsically fluorescent self-assembled nanoparticles (SMNP) purely based on π-

conjugated oligomers were radiolabelled and administered to mice. The behaviour and 

activity of the mice was carefully monitored and no changes were observed, indicating that 

SMNPs were well tolerated. The SMNPs cleared rapidly from the blood following a second 

order exponential decay. Biodistribution studies revealed predominantly liver uptake of 

SMNPs and to a lesser extent spleen uptake. When biodistribution in liver and spleen after 

4 h was compared with the biodistribution after 24 h and 70 h, a significant decrease in 

radioactivity was observed, most probably due to SMNPs excretion. Because of the 

autofluorescence nature of liver tissue, SMNPs could not be detected in liver tissue by 

optical imaging of the organ nor by microscopy of histology. Blood samples collected 2 min 

after SMNP injection featured fluorescence originating from the SMNPs. 

These findings show that small molecule based nanoparticles have potency as optical 

imaging agent. However, improvement of several physical-chemical properties is needed. 
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The high amount of autofluorescence observed in liver tissue for instance might be 

circumvented by changing the absorption and emission spectrum of the intrinsic 

fluorescent SMNPs to higher wavelengths. One literature example discusses an oligomer 

based self-assembled nanoparticle system with an extended π-conjugated core, which 

resulted in red-shifted excitation and emission spectra.50 It’s worth mentioning though 

that liver tissue exhibits large amounts of autofluroescence, while this is expected to be 

much less for tumour tissue. For tumour targeting, the circulation time needs to be 

improved, which similar as done for liposomes, can be done by PEGylating the periphery 

of SMNPs or introduction of other stealth-like moieties.  

 

4.4 Materials and methods 

4.4.1. Materials 

Unless stated otherwise, all reagents and chemicals were obtained from commercial 

sources and used without further purification. Water was purified on an EMD Millipore 

Milli-Q integral water purification system. Tetrazine-PEG11-DOTA was synthesized and 

characterized by SyMO-Chem and provided by Tagworks Pharmaceuticals. 111Indium was 

purchased from PerkinElmer. Labelling buffers were treated with Chelex-1000 (BioRad 

Laboratories) overnight and filtered. Instant-thin layer chromatography plates (iTLC) were 

bought from Varian Inc. Zeba spin desalt columns were bought from Fisher. All solvents 

were of AR or HPLC quality and purchased from Biosolve. 

4.4.2 Instrumentation 

UV-spectra were recorded on a Perkin Elmer Lambda950 or Perkin Elmer Lambda 900. 

Dynamic light Scattering (DLS) measurements were performed on a Malvern Zetasizer 

ZMV2000. Fluorescent spectroscopy was performed on a Varian Cary Eclipse 

fluorescence spectrometer with temperature controlled multi-cell holder. TLC strips were 

evaluated with a phosphor imager (FLA-7000, Fujifilm) with AIDA software (Raytest). 

Optical imaging was recorded on an OV 100 optical scanner from Olympus. Confocal 

microscopy was performed using a Leica TCS SP5 AOBS equipped with a HCX PL APO 

CS x63/1.2 NA water immersion lens and temperature controlled incubator. SMNPs were 

excited by a Chameleon Multiphoton laser. Fluorescent microscopy was performed on a 

Zeiss Axio observer D1 equipped with an AioCam Mrm camera and Zeiss Axiovision 

software (Carl Zeiss), using a filter cube with 357/44-25 nm excitation filter and 525/50-25 

nm emission filter. Gamma-counting was performed on a Wizard 1480 from PerkinElmer. 
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4.4.3. Methods 

SMNP preparation was performed according to previously published protocol51. Briefly 

solid oligomer was dissolved in tetrahydrofuran (THF) at 1 mM and typically 15 µL or 30 

µL of this concentrated solution was injected in 5 mL water or PBS resulting in a SMNP 

solution at respectively 3 µM or 6 µM. Pre-mixing was performed by mixing in desired 

molar ratio the concentrated THF stocks prior to injection in water. 

SMNPs were concentrated by careful rotary evaporation with the heating bath at 35°C, 

increasing the concentration of SMNPs from 6 µM to 30 µM. The quantum yield was 

determined by the formula and data presented below. The reference compound 

N,N’bis(penthylhexyl) perylene bisimide was used, dissolved in DCM at 30 uM. The UV-

spectrum (left graph) was determined for the perylene at 30 µM in DCM and for 25% TCO-

SMNPs at 30 µM in water. The fluorescence spectra (right graph) were measured at 3 µM 

concentration, both for the perylene (DCM) as for the SMNPs (water). 

  

Parameter Description /  Observed / used 

OD  Optical density sample 0.628955483 

ODr  Optical density reference  0.154375622 

A  Area under the curve (sample)  58410.849 

Ar  Area under the curve (reference)  26970.065 

���,�  Quantum yield reference  / 1 

�r(DCM)  Refractive index ref / 1.42 

�(Water)  Refractive index / 1.33 

�(THF)  Refractive index / 1.41 

λUV-OD  OD determined wavelength / 430 nm 

λexcitation Fluorescence excitation wavelength  / 430 nm 

λemission range Fluorescence emission range  / 510 – 650 nm 

��� = ���,�
�

�

��

��

��

�
� = 0.47 
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The absorption cross section (σ) was determined assuming a particle density of 1 g / 

cm3,52 and a particle size of 50 nm. 

Histology coupes were prepared by fixing tissue in 4% formaldehyde/PBS for 24-48h 

and subsequently embedded in paraffin. Slices of 5 µm were made on different positions 

of liver tissue and optionally stained with hematoxylin and eosin. 

Two-photon excitation microscopy excitation wavelength was 725 nm with 37.04 % MP 

gain and 65.50 % offset (total 2572.00 W) with HyD detector at 90 V.  

 

4.4.4. Animal experiments 

All animal experiments were performed according to the principles of laboratory animal 

care (NIH publication 85-23, revised 1985) and the Dutch national law “Wet op de 

Dierproeven” (Stb 1985, 336). The in vivo experiments were performed in tumour-free 

nude female Balb/C mice (20–25 g body weight, Charles River Laboratories). Each mouse 

received 100 µL containing 30 µM radiolabelled SMNPs. Blood sampling was performed 

at t = 2, 5, 10, 20, 30 and 90 min via the vena saphena. At the end of each experiment, the 

mice were anesthetized and euthanized by cervical dislocation. Blood was withdrawn by 

heart puncture, and selected organs and tissues were harvested and blotted dry. All 

samples were weighed and then combined with 1 mL of water or 4 % formaldehyde / PBS 

solution for fixation. The sample radioactivity was counted in a gamma counter along with 

ten standards to determine the percentage injected dose per gram (%ID/g) and the 

percentage injected dose per organ (%ID/organ) and raw data is presented in tables below. 

Biodistribution 

Tissue 4h SEM 24h SEM 70h SEM  

blood 9.03E-02 9.95E-03 8.89E-03 1.78E-03 7.33E-03 1.48E-03 

%
 ID
/g
 

heart 3.29E-02 4.22E-03 4.73E-02 1.52E-02 8.04E-03 1.49E-03 

lung 1.67E-01 1.53E-02 1.67E-01 1.90E-02 8.73E-02 7.40E-03 

liver 8.04E+01 3.71E+00 6.87E+01 7.23E-01 6.36E+01 3.25E+00 

spleen 3.48E+01 1.81E+00 2.94E+01 4.65E+00 2.34E+01 4.60E+00 

pancreas 7.02E-02 2.89E-02 1.08E-01 1.65E-02 4.57E-02 2.18E-02 

kidney R 5.74E-01 2.43E-01 4.24E-01 2.48E-02 1.79E-01 1.17E-02 

kidney L 5.05E-01 2.12E-01 4.46E-01 2.49E-02 1.63E-01 8.05E-03 

surrenal 
glands 1.55E+00 3.89E-01 1.28E+00 7.30E-02 7.35E-01 4.62E-01 

muscle 4.57E-03 4.21E-04 5.35E-02 4.70E-03 1.24E-02 4.51E-03 

bone 1.78E-01 2.23E-02 2.09E-01 1.49E-02 1.47E-01 1.84E-02 

brain 2.36E-03 2.20E-04 7.48E-03 6.57E-03 2.75E-04 4.86E-04 
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bladder 2.73E-02 6.99E-03 3.13E-01 2.77E-01 3.61E-02 2.01E-02 

urine 8.81E-01 4.12E-01 9.23E-01 1.16E-01 1.38E+00 3.82E-01 

 

small 
intestine 8.03E-02 1.00E-02 1.59E-01 1.62E-02 2.90E-02 1.68E-02 %

 ID
/o
rg
an
 

large 
intestine 6.19E-02 9.43E-03 1.42E-01 4.34E-02 2.97E-03 1.71E-03 

stomach 1.82E-02 3.22E-03 4.39E-02 1.70E-02 3.31E-02 1.91E-02 

tail 5.18E-01 2.08E-01 6.34E-01 4.04E-01 7.89E-02 4.56E-02 

  

Blood clearance   

Time 
(min) 

% ID/g SEM  

2 1.73E+01 1.32E+00 

5 4.40E+00 8.86E-01 

10 9.45E-01 2.01E-01 

20 2.18E-01 1.43E-02 

30 1.39E-01 1.26E-02 

90 7.57E-02 5.69E-03 

 

Fitting of the blood clearance data was performed by origin using ExpDecay1 and 

ExpDec2 as fitting methods as presented in the figure below. The second order 

exponential decay fitted with R2 = 0.99 while first order exponential decay had R2 = 0.64.  
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Model ExpDec2

Equation y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0

Reduced 
Chi-Sqr

0,53614

Adj. R-Square 0,99125

Value Standard Error

mean

y0 0,07518 0,00438

A1 40,08074 4,24279

t1 2,25088 0,19358

A2 0,67699 0,27929

t2 12,58861 2,92125

k1 0,44427 0,03821

k2 0,07944 0,01843

tau1 1,56019 0,13418

tau2 8,72576 2,02486

Model ExpDecay1

Equation y = y0 + A1*exp(-(x-x0)/t1)

Reduced 
Chi-Sqr

21,75829

Adj. R-Square 0,64483

Value Standard Error

mean

y0 0,08761 0,0244

x0 1,40185 --

A1 15,9808 --

t1 3,7194 0,60212
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Chapter 5 

Tetrazine functionalized PLGA particles  

-Development of a selectively reactive biodegradable clearing agent- 

 

 

Abstract  

Tetrazine-coated biodegradable poly(lactic-co-glycolic acid) (PLGA) based nanoparticles 

were prepared and used as a clearing agent for pre-targeted radioimmunotherapy (pRIT). 

The PLGA particles were made by oil-in-water emulsification using poly(ethylene-alt-

maleic anhydride) (PEMA) as a carboxylic acid-rich stabilizer. The diameter of the particles 

was tuned to 0.5 µm, as measured by dynamic light scattering (DLS) and scanning electron 

microscopy (SEM), which also confirmed the smooth and spherical particle morphology of 

the nanoparticle. The particles were functionalized with bispyridyl-tetrazine (tz) units, 

featuring a short PEG linker and amine group. The loading of tetrazine on the PLGA 

particles was 42 nmol / mg of PLGA particles. In vitro clearing studies were performed 

with CC49 antibody, which binds to tumour overexpressing TAG-72 protein. Trans-

cyclooctene (TCO), which reacts with tetrazine, was coupled to CC49 and labelled with 125-

iodine to allow tracking of the antibody. The PLGA-tz particles were able to react with the 

CC49-TCO and thereby clear the antibody by up to 90 % in PBS, and up to 70 % in serum. 

In vivo studies showed clearance of 125I-CC49-TCO from the bloodstream from 38 % ID/g 

to 11 % ID/g upon single administration of clearing agent. Biodistribution studies showed 

predominantly lung, liver and spleen accumulation in cases where the PLGA-tz particles 

were suspended in PBS or PBS with 0.1 % (w/v) BSA. PLGA-tz particles suspended in 1 % 

(w/v) BSA, showed predominantly liver and spleen accumulation which came at the cost 

of lower antibody clearance. 
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5.1 Introduction 

Radioimmunotherapy (RIT) is an anti-cancer therapy involving a radioactive antibody 

or antibody fragment specifically targeting antigen overexpressing malignant tissue, 

enabling radiation induced therapy on the spot (Figure 5.1).1  Clinically, RIT is mainly used 

for the treatment of radiation sensitive cancers, like leukaemia’s and lymphomas. Since 

the development of the field in the 1950s, several systems were in clinical trials and 

currently two RIT therapies are FDA-approved.2 One example of an FDA approved system 

is Ibritumomab tiuxetan (tradename Zevalin), a 90-Yttrium labelled monoclonal antibody 

(mAb) targeting specifically malign B-cells overexpressing CD20 receptor. This therapy 

showed, in combination with Rituximab treatment, a promising 15-40 % complete 

response.3 Other applications of RIT are found in the treatment of solid tumours including 

colon, breast and ovarian tumours, although so far only modest outcomes in clinical trials 

were reported.4 RIT for solid tumours is challenged by the need for a higher amount of 

radiation required for therapeutic effect,4 identifying and optimizing a specific antibody,4,5  

and the selection of the radionuclide.2 Ideally the antibody accumulates quickly at the 

tumour site and unbound antibody clears rapidly from the bloodstream to avoid healthy 

tissue radiation. The accumulation of mAb at the tumour site and blood clearance are 

however rather slow. The doses to be administered, the therapeutic effect and generally the 

use of RIT on solid tumours are therefore limited, because of a suboptimal target to non-

target ratio. This is schematically presented in Figure 5.1 C, where the surface of radioactive 

blood is relatively large.6  

 

 

 

 

 

 

 

 

 

 

 

 



Tetrazine functionalized PLGA particles: Development of a selectively reactive biodegradable clearing agent 

95 

 

  

In pre-targeted radioimmunotherapy (pRIT), a long circulating non-radioactive mAb 

(Figure 5.1 B i) is administered bearing a reactive handle towards the fast-clearing 

radioactive probe (Figure 5.1 B ii), to be administered at a later time-point. Several non-

covalent and covalent binding strategies between mAb and probe have been evaluated in 

pRIT including the very strong streptavidin – biotin interaction which was in phase I/II 

trials.7,8 Other binding strategies include complementary DNA-binding systems, bispecific 

antibodies which bind both antigen and probe and bioorthogonal chemical reactions.9,10 

As shown in chapter 1, the bioorthogonal inverse-electron-demand Diels-Alder reaction 

between the electron deficient tetrazine and strained trans-cyclooctene (TCO) holds great 

potential in pRIT.11,12 As an example, tumour-bearing mice were administered with TCO-

mAb and after tumour accumulation, the tetrazine-probe reacted efficiently with mAb-
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Figure 5.1: Illustration of radioimmunotherapy (RIT) and pretargeted radioimmunotherapy (pRIT) in 

terms of: A) components involved; B) antibody binding at tumour site (i) and antibody radiolabelling 

(ii); C) mAb blood clearance and tumour accumulation in time. * pRIT in combination with clearing 

agent. Illustration is based on reference 12. 
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TCO resulting in high tumour to blood ratio which is schematically presented in Figure 

5.1 C.11,12 

pRIT allows the use of a clearing agent (CA). When maximum antibody accumulation 

in the tumour is reached, the CA is administered and reacts with unbound mAb-TCO in 

the bloodstream. After clearance, the radiolabelled probe is administered, which reacts 

selectively with CC49-TCO on the tumour site. The tumour-to-non-tumour ratio is much 

higher since less blood is exposed to radioactivity compared to pRIT without clearing agent 

(Figure 5.1 C). The mode of action of pRIT with the use of a clearing agent is further 

presented in Figure 5.2. First the mAb is injected and after tumour accumulation unbound 

mAb is being cleared, followed by injection of the probe. One interesting clinical trial has 

been performed using pRIT with CA for non-Hodgkin lymphoma. Here, an anti-CD20 

antibody (CC49) was functionalized with streptavidin, a synthetic clearing agent 

functionalized with biotin was used and biotin-90-yttrium was used as the probe.13 Of the 

15 patients enrolled in this study, two showed complete remission after treatment for 90 

and 325 days and one partial response for 297 days. A disadvantage of using streptavidin – 

biotin in pRIT is immunogenic response, precluding the use of multiple cycles of pRIT.14 

The use of bioorthogonal chemistries might circumvent immunogenic responses and 

Rossin et al investigated preclinically pRIT using Tz-TCO chemistry in combination with 

two types of CA either albumin based or particle based, both functionalized with tetrazine 

and proven to be capable of clearing mAb to levels below 4 % ID/g in blood.15 

 

 

 



Tetrazine functionalized PLGA particles: Development of a selectively reactive biodegradable clearing agent 

97 

 

 
 

Figure 5.2: Mode of action in time of pRIT with clearing agent. Stage 1 involves mAb injection and 

tumour accumulation (1-3 days). In Stage 2 clearing agent is administered capturing unbound mAb 

from the blood and within 1 hour Stage 3 starts by injecting radioactive probe and subsequently reaction 

with mAb. 

 

The particle-based clearing agent was prepared by coating polystyrene beads of 500 nm 

diameter non-covalently with albumin-tetrazine. Although this clearing agent efficiently 

cleared mAb from the blood stream and biodistribution after clearance showed that 

accumulation took place in the liver as desired, the non-biocompatible nature of 

polystyrene hampered clinical translation. As such, there is a need for clearing agents 

made from biocompatible and biodegradable material and preferably easy to translate into 

the clinic.  

A class of FDA-approved biodegradable materials are based on the copolymer 

poly(lactic-co-glycolic acid) or in short PLGA, which is used in the clinic for the preparation 

of biodegradable sutures, implants and drug-delivery systems.16,17 PLGA particles degrade 

in water because of hydrolysis of the ester functional groups, eventually yielding the 

monomers lactic- and glycolic acid, which are both naturally found in- and can be 

metabolized by the human body.18,19 For clinically used drug-delivery systems like 

Sandostatin® LAR, Lupron Depot® and Bydureon®, drug-loaded PLGA-based 

microspheres are injected subcutaneous and because of slow degradation of the particles, 

a controlled prolonged release of drug is obtained.20  



Chapter 5 

98 

 

The aim of this research was to develop a biodegradable particle-based clearing agent 

for use in pRIT, capable of clearing mAb. For this, PLGA nanoparticles were prepared with 

an average size of 500 nm and PEMA as a surfactant. The carboxylic acid-rich stabilizer 

was further covalently functionalized with tetrazine. The antibody clearance potency of the 

PLGA-based clearing agent for pRIT was investigated in vitro and in vivo. The antibody was 

functionalized with trans-cyclooctene (TCO), to react with the tetrazine present on the 

particle. The CC49 antibody was used, which targets Tumor-Associated Glycoprotein 72 

(TAG-72), an antigen found on many cancers including colon, lung and overia.2  

 

5.2 Results and discussion 

5.2.1 Design and preparation of PLGA nanoparticles 

PLGA particles were prepared by oil-in-water emulsification by dissolving PLGA in a 

small volume of dichloromethane (DCM) and adding this drop-wise to a stirred water 

solution containing a stabilizer.21–23 The emulsion was sonicated for one minute and added 

to a large volume of water for particle hardening. Excess of stabilizer was removed by 

centrifugation and washing steps. Here, poly(ethylene-alt-maleic acid) (PEMA) was used 

as a stabilizer24,25 and the relation between the amount of PEMA present during 

emulsification and the particle size was determined by dynamic light scattering (DLS) 

experiments (Figure 5.3 A). An amount of 0.1 % (w/v) PEMA resulted in particles with 

sizes of 659 ± 136 nm (± SD). When the emulsification was performed with 0.3 % (w/v) 

PEMA, particles with a size of 636 ± 107 nm were obtained, slightly smaller in size and 

SD compared to the first experiment. When 0.5 % (w/v) PEMA was used, particles 

measured a size of 535 ± 61 nm and 1 % (w/v) PEMA resulted in particles with a size of 525 

± 63 nm. The morphology and size of the particles were also assessed by scanning electron 

microscopy (SEM). Particles prepared with 0.5 % (w/v) displayed an average size of 492 ± 

216 nm (n = 100) and exhibited a smooth, round morphology (Figure 5.3 B). Since particles 

with 0.5 % (w/v) PEMA result in the targeted size of about 500 nm, this concentration of 

PEMA was chosen for particle formation and subsequent tetrazine functionalization. 
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Figure 5.3: A) Size dependence of the amount of surfactant (PEMA) present during particle formation, 

determined by dynamic light scattering (DLS), error bar correspondents to standard deviation; B) SEM

image of 0.5 % (w/v) PEMA prepared PLGA particles. 

 

5.2.2 Tetrazine functionalization of PLGA nanoparticles 

The PLGA-particles were coated with PEMA as mentioned in the previous section 

because of the abundantly present carboxylic acid groups on the surfactant, allowing a high 

degree of covalent functionalization.24,25 The particles were functionalized with an amine-

containing bis-pyridyl-tetrazine derivative by using standard 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) / N-hydroxysuccinimide (NHS) acid activation 

chemistry.23,24,26 Briefly, activation was performed in water for 2 hours under buffered 

conditions (pH 5.5) followed by a single wash step and addition of amine-functionalized 

tetrazine 1 or 2 in water at buffered pH of 8.0 for 2 hours. The particles were centrifuged 

and washed three times with water to remove uncoupled tetrazine. 
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Scheme 5.1: Reaction scheme of PLGA-tetrazine functionalization by EDC / NHS activation, followed 

by amine-tetrazine addition.  

 

When amine-tetrazine derivative compound 1 was coupled to the particles the colour of 

the particle was observed to change from white to pink. Since the tetrazine is pink, this 

was an indication that tetrazine was present on the particles. Furthermore it was observed 

that the suspendability of the particles was very low; even after prolonged vortexing and 

sonication, clumps of PLGA material were clearly visible by eye. SEM analysis of this 

freeze-dried material showed predominantly particles with the same size and morphology 

as the starting material (Figure 5.3 B). Most likely, particle functionalization with tetrazine 

1 did occur, as evidenced by the colour change. The low particle suspendability was most 

likely due to the hydrophobic nature of this specific tetrazine building block, responsible 

for interparticle hydrophobic interactions. It was envisioned that a hydrophilic PEG-based 

linker between the amine and tetrazine could circumvent low particle suspendability. 

When tetrazine derivate (tz) 2 was coupled to the particles, a colour change from white to 

pink was observed after particle washing. Furthermore, by eye it was observed that particles 

suspended completely after mild vortexing, resulting in a clump-free solid suspension. The 

degree of PLGA-tetrazine functionalization was determined by analysing the (supernatant, 

SN) wash fractions after tetrazine functionalization (Figure 5.4 A). Therefore UV/Vis 

absorbance measurements were performed by monitoring the bis-pyridyl-tetrazine 

absorbance band at 525 nm (ε = 430 M-1cm-1).  The concentration of compound 2 present 

in the activated particles reaction mixture was 551 µM (100 % tz). Wash fraction 1 contained 

378 µM of compound 2 and in wash fraction 2 and 3, compound 2 could not be detected. 

By dividing the difference in amount of 100% tz and SN 1-3 by the mass of PLGA particles 

in the reaction mixture, the functionalization degree was determined to be 42 nmol/mg 
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PGLA particle. The functionalization was performed in duplicate and the small differences 

in UV absorbance as observed in Figure 5.4 B indicates good reproducibility. The 

morphology of the tetrazine-functionalized PLGA particles was spherical with a smooth 

surface (Figure 5.4 B). The size of the PLGA-tz particles was 482 ± 127 nm (n = 100) based 

on SEM.  

  

A   B 

  
  

Figure 5.4: A) Concentrations of tetrazine added to activated particles (100% tz) and of wash fractions 

(SN1-3) allowing determination of PLGA tetrazine-functionalization degree (n = 2, red lines are 

individual measurements, black is average); B) SEM of tetrazine-functionalized PLGA particles. 

 

5.2.3 In vitro clearance capacity of PLGA-tetrazine nanoparticles 

The CC49-TCO antibody was radioactively labelled with 125-iodine via the bolton-hunter 

reagent.27,28 The labelling yield was determined by instant thin layer chromatography 

(iTLC) using methanol / ethylacetate (1 : 1) as eluent. Unconjugated 125iodine has a 

retention factor (Rf) of ~0.7 while labelled mAb has an Rf = 0.  The labelling yield of 5 µg 

CC49-TCO antibody was modest with 34 % and typically increased to 50 % when 20 µg 

antibody was used in the reaction. The crude labelled antibody (125I-CC49-TCO) solution 

was purified twice by size-exclusion spin columns (zeba), affording pure 125I-CC49-TCO 

(Figure 5.5 A). The purified labelled antibody appeared as one band in coomassie stained 

SDS-PAGE (Figure 5.5 B lane 1). The labelled antibody also appeared as a single band at 

the same height as the unlabelled antibody (Figure 5.5 B lane 2), indicating that labelling 

of the protein did not affect the molecular weight of the protein. It was observed that both 

bands have a molecular weight just above 150 kDa. The molecular weight observed in the 
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gel is in agreement with the calculated molecular weight of CC49 which is approximately 

160 kDa. Radiography analysis of the gel (Figure 5.5C) revealed a single band that co-

localized with the coomassie stained labelled antibody (Figure 5.5 B lane 1), which proved 

that the mAb is labelled specifically. 

   

A B   C 

 
 

  

Figure 5.5: A) iTLC of crude and purified 125I-CC49-TCO developed in 1 : 1 MeOH / EtOAc; B)

Coomassie stained SDS-PAGE gel of 1) 125I-CC49-TCO, 2) CC49-TCO; C) radiotrace of gel. 

  

Clearance of the antibody by PLGA-tetrazine (PLGA-tz) and unfunctionalized PLGA 

particles was assessed in phosphate buffered saline (PBS) and fetal bovene serum (FBS). 

Particles were combined with 20 µg 125I-CC49-TCO in 200 µL PBS or FBS and shaken for 

30 minutes. The clearance of the antibody was determined by comparing the activity of 

supernatant before and after centrifugation. Unbound antibody is not affected by 

centrifugation, while antibody bound to the particle is centrifuged down easily. In the latter 

case, the activity originating from the mAb found in the supernatant will be less compared 

to the activity in the supernatant before centrifugation. PLGA-tz particles in PBS cleared 

20 µg mAb in a concentration-dependant manner and a plateau was reached at 222 

equivalents (eq) PLGA-tz, which corresponded with almost 90 % clearance (Figure 5.6 A). 

The control (unfunctionalized) PLGA particles in PBS did not show any clearance (Figure 

5.6 B). This supports the notion that mAb clearance was specifically caused by the tetrazine 

– trans-cyclooctene reaction between PLGA-tz and mAb-TCO. The PLGA-tz particles 

cleared in FBS in a dose-dependent manner until a plateau was also reached at 222 eq 

PLGA-tz particles, at ~ 70 % clearance (Figure 5.6 C). The somewhat lower overall 

clearance might result from TCO-isomerization in FBS, yielding unreactive cis-cyclooctene 

which would not be cleared by PLGA-tz particles. This TCO-isomerization in FBS has been 

observed before with TCO-antibody conjugates due to copper containing proteins, 
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although in those studies a different TCO-linker was used.29 Also for the FBS based 

studies, the control PLGA particles were not able to clear the antibody. This again 

implicates that mAb clearance was specifically based on the tetrazine – trans-cyclooctene 

reaction between PLGA-tz and mAb-TCO. The presence of serum proteins in FBS did not 

hamper the clearance to any great extent, opening up the route for in vivo clearance studies. 

  

A) PLGA-tz in PBS C) PLGA-tz in serum 

  
  

B) PLGA in PBS D) PLGA in serum 

  
  

Figure 5.6: Clearance of 20 µg 125I-CC49-TCO in A) PBS with PLGA-tz; B) PBS with PLGA particles; 

C) FBS with PLGA-tz particles; D) FBS with PLGA particles.  

  

5.2.4 In vivo clearance capacity of PLGA-tetrazine nanoparticles 

The clearing capacity of PLGA-tz particles in vivo was investigated in mice. For this, 

purified and labelled TCO-antibody was intravenously administered, followed by 

intravenous injection of PLGA-tz particles 30 minutes later. Antibody concentrations were 

determined in blood before and after PLGA-tz administration resulting in the blood 

clearance profiles (Figure 5.7 A). For condition 1, 20 µg 125I-CC49-TCO per mouse was 
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injected followed by 2 % (w/v) PLGA-tz at 30 minutes. The PLGA-tz particles were 

suspended in PBS and sonicated for 10 minutes prior to injection. Condition 2 involved 

the use of 20 µg 125I-CC49-TCO followed by injection of 2 % (w/v) PLGA-tz particles 

suspended in PBS containing 0.1 % (w/v) BSA and sonicated for 10 minutes prior to 

injection. In condition 3, 5 µg 125I-CC49-TCO was administered followed by 2 % (w/v) 

PLGA-tz particles suspended in PBS containing 1 % (w/v) BSA and sonicated 30 minutes 

prior to injection. 

 

 

 

Figure 5.7: Blood kinetics of 125I-CC49-TCO in mice A) with PLGA-Tz particles injected at t = 35 min. 

Line is drawn to guide the eye; B) without clearing agent, from reference 28, used with permission. Error 

bar represents SD (n=3 for conditions 1, 2 and CC49-TCO; n = 2 for condition 3). 

 

The labelled mAb percentage injected dose per gram of tissue (% ID/g) for condition 1 

started at 36.4 ± 0.8 % ID/g at 5 minutes and dropped to 29.1 ± 0.6 % ID/g after 30 

minutes (Figure 5.7 A). The clearing agent was injected at 35 minutes, and at 45 minutes 

the percentage injected dose per gram was determined to be 11.1 ± 1.2 % ID/g and remained 

fairly constant for the remainder of the experiment. The sudden drop after injection of the 

clearing agent showed that the PLGA-tz clearing agent is able to clear the antibody rapidly 

from the blood stream. The percentage drop of mAb concentration was determined to be 

61.9 ± 4.9 % between 35 minutes and 45 minutes. The mAb blood kinetic profile without 

A B 
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the use of a clearing agent, to be used as a reference, was determined by Rossin et al28 and 

recorded for a longer time (Figure 5.7 B). The CC49-TCO circulated at higher levels and 

for a much longer time without the use of a clearing agent. The profile of condition 2, 

where PLGA-tz particles were suspended in 0.1 % (w/v) BSA in PBS started at 41.0 ± 5.2 

% ID/g at five minutes and was 35.1 ± 5.3 % ID/g at 30 minutes. After the clearing agent 

was injected, 11.4 ± 2.1 % ID/g was observed at 45 minutes and remained fairly constant 

over the following time course. The percentage drop of mAb concentration was determined 

to be 68 ± 19 % between 35 minutes and 45 minutes. The difference between the profiles 

of condition 1 and 2 is small, proving that the effect of adding 0.1 % (w/v) BSA to the PLGA-

tz particle suspension is not of influence in clearing the antibody. Condition 3 involved 

PLGA-tz particle suspension in 1 % (w/v) BSA in PBS and prolonged sonication and the 

use of 5 µg of mAb instead of 20 µg used in previous experiments. Unfortunately, one 

mouse could not be injected with the clearing agent, therefore n = 2. The profile of 

condition 3 started at 38 ± 0.3 % ID/g after 5 minutes and was 34.4 ± 1.0 % ID/g after 30 

minutes. The percentage injected dose per gram dropped to 18.0 ± 0.5 after 45 minutes 

with minor decrease observed for the rest of the time course. The percentage drop of mAb 

concentration was determined to be 47.6 ± 3.4 % between 35 and 45 minutes. The PLGA-

tz particles of condition 3 cleared less mAb compared to condition 1 and 2 although less 

antibody was present to clear. Possibly the tetrazine was not accessible because of BSA 

protein adsorption to the particles.30–32 The biodistribution of the antibody, (partly) bound 

to PLGA particle, was determined 3 hours after mAb injection (Figure 5.8 A). For condition 

1, a high uptake in lung tissue was observed, followed by liver and spleen uptake (Figure 

5.8 A and B). The observed lung activity originates most likely from PLGA-tz particles 

(which partly cleared mAb and) accumulated in lung tissue, since only little lung uptake 

was observed before in comparable research.15 Although PLGA degrades in lung, liver and 

spleen tissue,33 accumulation in the liver is preferred over the lung. Since large particles or 

aggregated smaller particles are known to get trapped in pulmonary vessels just after 

injection, one explanation of the high PLGA-tz lung accumulation is that PLGA-tz particles 

form some aggregates which after iv injection get trapped in lung tissue.34,35 In an attempt 

to improve the biodistribution, the PLGA-tz particles were suspended in PBS containing 

0.1 % (w/v) BSA (condition 2), which supresses aggregation.36,37 The biodistribution of the 

antibody in condition 2 was predominantly in the lung followed by liver and spleen uptake. 

Although again a high lung uptake was observed, the liver uptake was also significantly 

higher compared to condition 1. In an attempt to improve the biodistribution further, 

condition 3 involved the use of PLGA-tz particles suspended in PBS with 1 w/v % BSA and 
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sonicated for longer time. The clearance of mAb in condition 3 is worse compared to 

condition 1 and 2 as discussed (vide supra). This implicates that for condition 3, less mAb 

is bound to the particle and therefore the biodistribution of the mAb relates to a less extent 

to the biodistribution of PLGA-tz, compared to condition 1 and 2. Although the clearance 

is less, still 47.6 ±3.4 % of antibody was cleared by PLGA-tz particles and the 

biodistribution shows remarkably much less lung accumulation (Figure 5.8). This is likely 

not only due to less mAb scavenging but also due to less particle aggregation which 

accumulate in lung tissue. The liver uptake is higher as well as the spleen uptake. These 

observations indicate that particle aggregation and thereby biodistribution can be directed 

by the use of BSA and sonication. 

  

A B 

 

 

  

Figure 5.8: Biodistribution of 125I-CC49-TCO partly reacted with PLGA-tz particles after 3 hours A) 

represented as percentage injected dose/gram; B) represented as percentage dose per organ. Error bars 

represent standard deviation (n=3 for condition 1 and 2, n = 2 for condition 3). 

 

The activity originating from the thyroid, stomach, small- and large intestine showed 

only a small difference between conditions 1 – 3 (Figure 5.9). The percentage injected dose 

for the listed organs was rather low, indicating no significant dehalogenation of 125I-CC49-

TCO.38,39 
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Figure 5.9: Biodistribution of 125I-CC49-TCO after 3 hours presented as percentage injected dose / organ  

(n = 3 for condition 1 and 2, n = 2 for condition 3). 

 

5.3 Conclusion 

A new particle-based clearing agent was developed composed of biodegradable PLGA. 

The PLGA particle was coated with PEMA as a stabilizer and covalently functionalized with 

bispyridyl-tetrazine-PEG11-amine. The PLGA-tz particles could effectively clear 125I-CC49-

TCO antibody up to 90 % in PBS and up to 70 % in serum, while PLGA particles without 

tetrazine were ineffective at clearing antibody. In vivo experiments showed that a single 

dose of PLGA-tz particles was able to clear over 60 % 125I-CC49-TCO from the blood 

stream. The clearance was accompanied with accumulation of particles in lung, liver and 

spleen. Lung accumulation was lower when PLGA-Tz particles were suspended in PBS 

containing 1 % (w/v) BSA and longer sonication time. These studies thus demonstrate the 

potency of biodegradable PLGA-based particles in pre-targeted radioimmunotherapy as a 

clearing agent.  

 

5.4 Materials and methods 

5.4.1. Materials 

Unless stated otherwise, all reagents and chemicals were obtained from commercial 

sources and used without further purification. tert-butyl (37,41-dioxo-41-((6-(6-(pyridin-2-

yl)-1,2,4,5-tetrazin-3-yl)pyridin-3-yl)amino)-3,6,9,12,15,18,21,24,27,30,33-undecaoxa-36-

azahentetracontyl)carbamate (Bispyridyl-tetrazine-PEG11-NHBoc) was in detail 

characterized- and provided by SyMO-Chem. 125-iodide was purchased from PerkinElmer. 

Labelling buffers were treated with Chelex-1000 (BioRad Laboratories) overnight and 

filtered. N-succinimidyl-3-[4-hydroxyphenyl]propionate (SHPP) was bought from Thermo 

Fisher. Trifluoracetic acid was bought from Biosolve. Poly(D,L-lactide-co-glycolide) acid 

terminated, lactide:glycolide 50:50, Mw 38.000-54.000, poly(ethylene-alt-maleic 
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anhydride) and bovine serum albumin (BSA) were obtained from Sigma Aldrich. All 

solvents were of AR or HPLC quality and purchased from Biosolve or Sigma Aldrich. Water 

was purified on an EMD Millipore Milli-Q integral water purification system. Thin-layer 

chromatography was performed 0.25 mm 60F-254 precoated silica plates from Merck. 

Instant-thin layer chromatography plates (iTLC) were bought from Varian Inc. Zeba spin 

desalt columns were bought from Fisher. Fetal bovine serum (FBS) was bought from 

Invitrogen. 

5.4.2 Instrumentation 

UV-spectra were recorded on a Perkin Elmer Lambda 950 or Perkin Elmer Lambda 

900. Dynamic light Scattering (DLS) measurements were performed on a Malvern 

Zetasizer ZMV2000. A VC750 tipsonicator of Sonic and Materials Inc. was used. TLC 

strips and SDS-PAGE gels were evaluated with a phosphor imager (FLA-7000, Fujifilm) 

with AIDA software from Raytest). SDS-PAGE development was performed on a Phastgel 

system. Gamma-counting was performed on a Wizard 1480 from PerkinElmer. Scanning 

electron microscopy images were taken using a FEI Quanta 3D FEG instrument with an 

acceleration voltage of 5 kV and spotsize 4.5. Samples were coated with a gold layer 

(thickness 50 nm) with an Emitech K550 sputter coater prior to scanning. 

5.4.3. Methods 

In vitro clearing experiments were performed by combining either PBS or 1 : 1 PBS / 

serum with PLGA-tz or PLGA particles. Subsequently, 125I-CC49-TCO was added to a total 

volume of 200 µL and incubated at 1400 rpm at 37°C in the dark to avoid TCO 

isomerization. After 30 minutes, the pre-centrifugation sample was taken (25 µL) and 

transferred into a separate vial of which the mass (mpre) and counts (CPMpre) were 

determined. The reaction mixture was centrifuged for 10 min at 12.500 g. Carefully, the 

post-centrifugation sample was taken (25 µL) and transferred to a separate vial of which 

the mass (mpost) and counts (CPMpost) were determined. The post-centrifugation sample 

was taken from the supernatant, leaving the pellet of particles intact. The percentage 

clearance was determined by the following formula: 

%	��������� = 100% ∗ 1 − ������� ∗ ���������� ∗ ������ 

Counting of particles in scanning electron microscopy (SEM) images was performed 

using ImageJ, by manually fitting spheres on particles, yielding average size and standard 

deviation (n = 100). The images containing the fitted spheres plotted in yellow circles is 

presented below. 



Tetrazine functionalized PLGA particles: Development of a selectively reactive biodegradable clearing agent 

109 

 

  

 

5.4.4. Synthetic procedures 

Preparation of PGLA particles  

PLGA particles were prepared by dissolving 50 mg PLGA in 1 mL dichloromethane and 

added to 15 mL 0.5 % (w/v) PEMA / H2O solution in a dropwise manner while stirring. 

Subsequently, this primary emulsion was sonicated for 2 x 30 seconds with a tip sonicator 

(30 W) yielding a homogeneous milk-like suspension. The suspension was immediately 

poured into 50 mL H2O and stirred overnight. The particle suspension was filtered over a 

cotton filter to remove large aggregates. Subsequently the particles were washed 3 times by 

first centrifugation (12.500 g, 10 min, 4 °C) followed by decanting the supernatant and 

resuspending the pellet in 30 mL H2O. Particles were snap-frozen in liquid nitrogen and 

stored the freezer or lyophilized. 

Boc-deprotection of bispyridyl-tetrazine-C6-NHBoc (1)  

Bispyridyl-tetrazine-C6-NHBoc (tert-butyl (6-oxo-6-((6-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-

yl)pyridin-3-yl)amino)hexyl)carbamate) was deprotected  by dissolving the pink solid 

compound at 30 mM in 20% TFA / DCM and stirring the solution for 2 hour. Compound 

was concentrated in vacuo, subsequently dissolved in a small amount of water and 

lyophilized. LC-MS analysis confirmed product purity of > 95% as observed in the spectra 

below. 
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LC-MS TIC trace of (1) LC-MS UV trace of (1) 

 

LC-MS TIC trace of (1) 

 

Boc deprotection of bispyridyl-tetrazine-PEG11-NHBoc (2) 

Bispyridyl-tetrazine-PEG11-NHBoc (tert-butyl (37,41-dioxo-41-((6-(6-(pyridin-2-yl)-1,2,4,5-

tetrazin-3-yl)pyridin-3-yl)amino)-3,6,9,12,15,18,21,24,27,30,33-undecaoxa-36-azahentetra-

contyl)carbamate) was deprotected by dissolving the pink solid at 30 mM in 20% TFA / 

DCM and stirring the solution for 2 hour. Compound was concentrated in vacuo, 

subsequently dissolved in a small amount of water and lyophilized. LC-MS analysis 

confirmed product purity of > 95% as observed in the spectra below. 
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PLGA-tetrazine functionalization 

PLGA particle functionalization with tetrazine derivative 1 or 2 started by suspending 

PLGA particles in MES buffer of pH 5.5 – 6 at 4.2 mg/mL by vortexing and sonication. 30 

µL per mg PLGA of freshly prepared NHS/EDC stock was added and suspension was 

stirred on an end-to-end shaker for 1.5 hours (NHS/EDC stock: 42.42 mg/354.8 µmol NHS 

and 1.08g / 6.96 mmol EDC dissolved in 1 mL MES buffer). Activated particles were 

centrifuged, supernatant was decanted and particles were resuspended in PBS followed by 

addition of 1.4 µmol tetrazine-derivate 1 or 2 per milligram PLGA particle. The pH of the 

suspension was adjusted to 8.0 through addition of small amounts of 3M sodium 

hydroxide solution followed by incubation on an end-to-end shaker for 2 hours. Particles 

were washed 3 times with water and suspensions were snap-frozen and stored in freezer 

or lyophilized for SEM analysis. 

Antibody labelling 

CC49-TCO labelling with 125-iodine was performed via the Bolton-Hunter method27,28, 

in where an adequate amount of Na125I was added to 50 µL PBS followed by addition of 

0.1µg SHPP and 100 µg chloramine-T. After 20 s, 125I-SHPP was extracted with toluene 

followed by evaporation of toluene. Typically 10-100 µg CC49-TCO in ~60 µL PBS with 2 

µL 1M carbonate was added to the dry 125I-SHPP and incubated for 30-60 min. Labelling 

yield was determined by instant-thin layer chromatography and 125I-CC49-TCO was 

purified by 2 zeba spin desalting columns and analysed by instant-thin layer 

LC-MS TIC trace of (2) LC-MS UV trace of (2) 

 

LC-MS TIC trace of (2) 
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chromatography and SDS-PAGE. For animal studies, cold CC49-TCO was added to 

purified 125I-CC49-TCO for obtaining desired specific activity. 

5.4.5. Animal experiments 

All animal experiments were performed according to the principles of laboratory animal 

care (NIH publication 85-23, revised 1985) and the Dutch national law “Wet op de 

Dierproeven” (Stb 1985, 336). The in vivo experiments were performed in tumour-free 

nude female Balb/C mice (20–25 g body weight, Charles River Laboratories). Each mouse 

received 100 µL containing 20 µg antibody at t = 0. Blood sampling was performed at t = 

2, 30, 45, 60, 90 and 150 minutes via the vena saphena. The clearing agent (100 µL) was 

injected at t = 30 minutes. At the end of each experiment (t = 180 minutes), the mice were 

anesthetized and euthanized by cervical dislocation. Blood was withdrawn by heart 

puncture, and selected organs and tissues were harvested and blotted dry. All samples were 

weighed and then combined with 1 mL of water. The sample radioactivity was counted in 

a gamma counter along with ten standards to determine the percentage injected dose per 

gram (%ID/g) and the percentage injected dose per organ (%ID/organ) and raw data is 

presented in tables below. The tissues were measured using 10 – 80keV energy windows. 

Biodistribution 

Organ cond 1 SD cond 1 cond 2 SD cond 2 cond 3.1 cond 3.2   

heart 2.40 0.20 2.72 0.08 2.70 2.83 

%
 ID

/g
 

lung 37.18 3.60 33.43 3.64 7.53 7.10 

liver 7.05 0.24 11.19 1.61 15.91 15.82 

spleen 3.49 0.22 5.87 1.05 16.54 13.81 

pancreas 1.53 0.19 1.96 0.12 1.18 0.94 

kidney L 3.71 0.45 4.83 0.51 4.46 3.98 

kidney R 3.72 0.49 4.73 0.53 4.63 4.05 

muscle 1.36 0.11 1.11 0.06 1.13 1.08 

bone 2.04 0.07 2.10 0.22 2.53 2.31 

brain 0.30 0.02 0.35 0.09 0.30 0.40 

  

stomach 3.56 0.41 3.99 2.30 0.69 1.25 %
 ID

/o
rg
an

 

small intestine 3.27 0.33 4.28 0.31 6.37 4.90 

large intestine 1.04 0.49 1.47 0.61 2.07 1.99 

thyroid 0.85 0.07 1.19 0.29 0.51 0.66 
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Blood kinetic 

time cond 1 SD cond 1 cond 2 SD cond 2 cond 3.1 cond 3.2   

5 36.42 0.79 41.03 5.23 37.81 38.22 
%
 ID

/g
 

30 29.06 0.60 35.14 5.26 33.70 35.07 

45 11.07 1.24 11.38 2.13 17.66 18.37 

60 11.13 0.45 10.66 1.09 16.48 17.30 

90 12.08 1.81 11.04 0.77 15.68 16.30 

150 10.52 1.00 10.13 0.92 14.91 15.35 

180 9.57 0.29 9.77 0.60 13.29 14.25 
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Chapter 6 

 

Chemically triggered cargo releasing liposomes 

 

 

Abstract  

There is a need for new molecular approaches to control lipid membrane stability. Two 

novel synthetic lipids were designed, synthesized and characterized to be used for small-

molecule triggered, cargo-releasing liposomes. The responsive lipids bear a central trans-

cyclooctene (TCO) moiety flanked by two C16 or C18 long aliphatic tails. Upon reaction of 

the TCO with a small tetrazine “trigger,” fragmentation leads to detachment of one 

aliphatic tail, thus destabilizing the lipid bilayer of the liposome. Optical and analytical 

studies showed the effective reaction between the tetrazine and the TCO-lipid and the 

fragmentation of the lipid into two fatty-acid components. The TCO-lipids could effectively 

be incorporated into several liposome formulations. The resulting liposomal bilayers were 

effectively and selectively destabilized in the presence of the tetrazine trigger. 

Consequently, a chemically triggered cargo release from the TCO-lipid loaded liposomes 

could be achieved. 
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6.1 Introduction 

Liposomes are lipid based vesicles containing an aqueous environment inside and 

outside, separated by a lipid bilayer as schematically shown in Figure 6.1.1  

 

 
 

Figure 6.1: Schematic drawing of a unilamellar liposome which is built up out of lipids and can contain 

either hydrophilic drugs inside or hydrophobic drugs within the lipid bilayer. 

 

The typical size of liposomes used for clinical applications is between 50 and 200 nm.2 

The lipid composition of a liposome is responsible for important properties like stability, 

transition temperature, in vivo circulation time and stealth-like behaviour.3 The inside of 

liposomes can encapsulate hydrophilic drugs while the lipid bilayer itself can hold 

hydrophobic drugs. An example of an FDA- and EMA-approved drug carrying liposomal 

system is Doxil®, an anti-cancer drug (doxorubicin) containing liposome solution.4 Here, 

the lipid composition is as such that the liposomes are rather stable under physiological 

conditions and therefore can circulate for days in vivo after intravenous injection. Tumour 

accumulation typically occurs passively via the Enhanced Permeability and Retention 

(EPR) effect as shown in Figure 6.2.5–7  
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Figure 6.2: Schematic simplified illustration of liposomes accumulating at the tumour site by the EPR 

effect. Reprinted with permission of 7. 

 

Although liposomes accumulate via EPR effect in the tumour, release of cargo is 

typically not controlled. Particularly for PEGylated (long-circulating) liposomes a high 

tumour uptake due to EPR is expected but cargo release and liposome degradation on the 

site is slow.8 To improve upon this, several routes for triggered drug releasing liposomes 

have been explored.9,10 Liposomes of specific composition, often containing synthetic 

elements responsive to triggers present in tumour tissue like low pH, were designed. In 

one example, liposomes were encapsulated by a pH responsive polymer cage, which 

collapsed at low pH resulting in cargo release.11 Another pH responsive system used a 

synthetic lipid of which the two parallel orientated aliphatic tails undergo a large 

conformational change at low pH, thereby destabilizing the lipid bilayer and being 

responsible for up to 80% cargo release12. Also, liposomes responsive towards proteases -

upregulated in certain tumours- were designed by the incorporation of fatty acid-

functionalized peptides containing a specific protease cleavage site and a triple helix 

inducing sequence (Figure 6.3 A). In the uncleaved state, a stable triple peptide helix is 

formed with corresponding bundled triple fatty acids, anchored in the lipid bilayer (Figure 

6.3 B). Upon enzymatic cleavage between the bundled fatty acids and peptides, single fatty 

acids are liberated in the bilayer, resulting in liposomal destabilisation as monitored by 

significant dye (carboxyfluorescein) leakage from the vesicle (Figure 6.3 C).11,13–17  
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B

 

C 

 
    

Figure 6.3:  Enzyme triggered liposomal release: A) fatty-acid functionalized with MMP-9 cleavage 

site and triple-helix inducing sequence; B) schematic MMP-9 triggered release mechanism by 

deliberating fatty acid in lipid bilayer after peptide-cleavage; C) MMP-9 induced release of 

carboxyfluorescein dye from the liposomes. Reprinted with permission of 15. 

 

In another example, a triggered dye releasing liposome-based system was made by 

incorporating a labile disulphide bond between a lipid and mPEG.18 In the presence of a 

competing thiol compound like the endogenous occurring cysteine, the mPEG is cleaved 

from the lipid resulting in a destabilization of the liposome and hence, cargo release.  Next 

to endogenous signals, external signals such as ultrasound,19,20 light21–23 or heat,7,24–26 can 

also be used as a remote trigger for drug releasing liposomes. Such physical signals allow 

for spatial and temporal control of the trigger and concomitant liposomal destabilisation. 

Thermosensitive liposomes are a well-explored example, for which the incorporation of 

lysolipids, lipids bearing a single fatty acid chain connected to the polar head group, leads 

to burst cargo release when temperatures at Tm are reached. To the best of our knowledge, 

very little research has involved chemically triggered drug releasing liposomes9,10,27. One 

example made use of a zinc coordination complex which acted as a non-covalent chemical 

trigger. The bilayer of the anionic lipid containing liposome destabilized after addition and 

insertion of the trigger, yielding modest dye release of 36 ±10 % in cell media.28 It was 

envisioned that a new system of chemically triggered drug releasing liposomes could be 

designed based on trans-cyclooctene (TCO) and tetrazine (tz) unclick reaction. R. 

Versteegen et al. and R. Rossin et al. showed that a TCO, functionalized on two different 
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sides with the drug doxorubicin and with an antibody, can release the drug after a tetrazine-

TCO mediated unclick reaction.29,30 The hypothesized mechanism for this reaction is 

presented in Scheme 6.1, which involves first the inverse-electron-demand Diels-Alder 

reaction between bis-methyl tetrazine and the TCO derivative. Release of nitrogen and 

tautomerization of the cycloaddition complex, allows for an electron cascade to take place, 

resulting in release or “unclick” of the drug and carbon dioxide liberation.  

 

 
 

Scheme 6.1: Proposed release mechanism of doxorubicin (DOX) from the antibody (mAb)-drug-

conjugate by an inverse-electron-demand Diels-Alder reaction between bismethyl-tetrazine and trans-

cyclooctene. Reprinted with permission of 29,30. 

 

It was envisioned that the chemistry involved in the antibody-drug-conjugate unclick 

reaction, could be applied for liposomal destabilization. Here, a new type of remotely, 

chemically triggered drug releasing liposome is introduced, encapsulating a trans-

cyclooctene (TCO)-based lipid derivate (2 and 3) and a tetrazine small molecule (4) as the 

chemical trigger. The TCO group was functionalized with two long aliphatic tails to mimic 

a lipid structure. Upon reaction with the tetrazine derivative, the TCO group would unclick 

and separate into two single fatty acid derivatives (e.g. 6 and 7), thereby destabilizing the 

liposome. The design, synthesis and liposome incorporation of two TCO containing lipids 

are presented, their reactivity towards bismethyl-tetrazine as trigger studied, and dye 

release from liposomes was shown upon destabilization via the novel chemically triggered 

release concept by several read-out methods. 
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6.2 Results and discussion 

6.2.1 Design and synthesis of TCO-lipid mimics 

In Scheme 6.2 the chemical structure of respectively a common lipid 1 (DPPC), the 

designed C16-TCO-lipid mimic 2 and the C18-TCO-lipid mimic 3 are presented, as well as 

the postulated (unclick) reaction of 3 with bismethyl-tetrazine 4. Two symmetrically 

functionalized TCO-lipid mimics with C16 and C18 aliphatic tail were designed, 

mimicking the length of the aliphatic tails most abundantly present in classical lipids and 

corresponding liposomes. The synthesis of the C16-TCO and C18-TCO lipid mimics starts 

with the bis-NHS-TCO (Scheme 6.3). The hexadecyl amine and octadecyl amine tails were 

dissolved in chloroform in the presence of equimolar amounts of the base DBU. These 

solutions were added to predissolved bis-NHS-TCO and the reaction was stirred overnight 

under argon atmosphere. The reactions were monitored by TLC with iodine staining and 

after full conversion the reaction mixtures were applied onto a silica column 

(MeOH/CHCl3), isolating the products in respectively 82 and 97 % yield for 2 and 3. 

Because of the UV-sensitivity of the TCO groups, all reaction and handling steps were 

performed in the dark. 

 

 

Scheme 6.2: Chemical structures of the common lipid DPPC 1, the synthetically designed C16-lipid 

mimic 2 and the C18-TCO lipid mimic 3, including the (un)click reaction with the bismethyl-tetrazine 

trigger 4. 

 

 

 



Chemically triggered cargo releasing liposomes 

123 

 

 

Scheme 6.3: Synthesis of C16-TCO lipid mimic 2 and C18-TCO lipid mimic 3. 

 

The new TCO-lipids were characterized by MALDI-ToF and NMR. In Figure 6.4, the 

MALDI-ToF spectrum of the C18 TCO-lipid mimic is shown and the [3 + Na]+ signal at 

753.95 m/z can be observed. The most abundant peak at 418.62 m/z corresponds to the 

mass of an ionization fragment (IF) which is formed during MALDI-ToF measurement. 

The peak at 857.91 m/z also corresponds to the ionization fragment in the form of [2IF + 

Na]+. The NMR spectrum of the C18-TCO-lipid mimic (Figure 6.5) clearly reveals the 

expected proton signals and the characteristic signals have been assigned by analogy30 to 

the corresponding protons in the chemical structure.  

 

 
 

Figure 6.4:  MALDI-ToF spectrum of purified C18-TCO lipid mimic 3 and ionization fragment. 
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Figure 6.5:  1H-NMR spectrum in CDCl3 of C18-TCO lipid mimic 3. 

 

6.2.2 Reactivity and unclicking of TCO-lipid mimics 

The reactivity of lipid mimics 2 and 3 towards bismethyl-tetrazine 4 were first assessed 

by UV-Vis spectroscopy. The tetrazine absorbance band at 525 nm was monitored over 

time and expected to decrease in intensity upon reaction (Figure 6.6). Upon mixing 2 or 3 

with tetrazine 4 the 525 nm absorption band decreases exponentially. Reference 

experiments of 4 in absence of TCO revealed a constant absorption intensity at 525 nm 

over 24 hours, proving the UV/Vis-stability of 4 and absence of background reactivity. The 

UV/Vis-absorption intensities of both the tetrazine mixture with the C16-TCO lipid (dark 

grey solid line) and the C18-TCO lipid (light grey solid line) decreased exponentially until 

a plateau was reached after 15 hours. The reported second-order rate constant of this 

reaction in apolar solvent like acetonitrile is in the range of 0.5 M-1s-1.29 Here, comparable 

second order reaction constants of ~0.6 M-1s-1 were observed.  
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Figure 6.6:  Normalized UV/Vis absorbance and corresponding yield plotted as a function of time of 

tetrazine (black), tetrazine with C16-TCO-lipid mimic (dark grey) and tetrazine with C18-TCO-lipid 

mimic (light grey). All compounds are dissolved in chloroform, ratio of tetrazine : lipid mimic = 2 : 1; 

Ctetrazine = 0.167 mM. 

 

MALDI-ToF analysis of the reaction mixture after 24 hours revealed predominantly  the 

two signals, corresponding to the unclicked fragments 6 (270.47 m/z) and 7 (500.48 m/z). 

A smaller signal at 454.48 m/z results from a reaction between matrix component (DCTB) 

and aliphatic amine 6.31 

 

 



Chapter 6 

126 

 

 
 

Figure 6.7: MALDI-ToF spectrum corresponding to Figure 6.6 after 24 hour reaction time, showing the 

absence of starting material and the formation of two uncleaved products 6 and 7. 

 

6.2.3 Considerations for- and preparation of TCO-lipid containing liposomes 

A large variety of liposomes with differencing lipid compositions have been used for the 

preparation of drug releasing liposomes.15,21,32 TCO-tetrazine based drug releasing 

liposomes should exert properties like in vivo stability, sufficient circulating time, allowing 

incorporating of the TCO-lipid mimics and should be responsive for tetrazine triggered 

destabilization. Thermosensitive liposome matrices16 were envisioned to be a good 

inspiration for the TCO-tetrazine system, since after chemical lipid cleavage, the loose fatty 

acids either induce a lower transition temperature or form pores. Since the intrinsic 

transition temperature of thermosensitive liposomes is typically just above 37 °C, lowering 

this by destabilization via the single chains is envisioned to lead to enhanced release of 

cargo. Therefore three matrices based on thermosensitive liposomes were chosen to be 

explored for TCO-lipid incorporation (Table 6.1). The chemical structures of the lipids 

involved, are presented in section 6.4.5 of this chapter. Lipid composition B is a standard 

thermosensitive liposome composition featuring 80% DPPC and 20% DSPC. Lipid 

compositions D and F contain DPPC and the DSPE-PEG2000, typically resulting in longer 

in vivo circulation. Additionally, lipid compositions D and F contain a lysolipid, either 

L16PC, a lyso-lipid with phosphate choline head group and one C16 long fatty acid or L18PC 

having a C18 long fatty acid. It was envisioned that incorporation of 10 % (mol) of the TCO-

lipid mimic would be sufficient for liposomal destabilization without deviating too much 

from the control liposomal formulations.  
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Liposomes were prepared via standard methods involving mixing of lipids in organic 

solvent and preparing a thin film in a flask by rotary evaporation. The hydration was 

performed at 60 °C, with a buffer containing a dye and a quencher, followed by extrusion, 

yielding liposomes of monodisperse size. Since cargo release rates typically depend on the 

size of the liposomes, all vesicles prepared were extruded down to 100 nm in diameter.2 

To efficiently monitor cargo release, the dye HPTS and quencher DPX were incorporated 

into the liposomes. When in close proximity, inside the liposome, the fluorescent dye is 

quenched by the quencher. When HPTS is released from the liposome, the fluorescence 

of HPTS is regained allowing to monitor liposome destabilization. Excess of HPTS and 

DPX was removed by size exclusion. The liposome preparation and particularly the 

extrusion of all formulations was successfully carried out and characterization of the 

resulting liposomes was performed by dynamic light scattering (DLS), which confirmed 

the presence of monodisperse, 100 nm diameter, liposomes (Figure 6.8).  

Table 6.1: lipid compositions of liposome systems A – I. 

  

 Lipid composition (mol %) 

DPPC DSPC L16PC L18PC 
DSPE-

PEG2000 
C16 TCO lipid 

mimic 
C18 TCO-lipid 

mimic 

A 70 20     10 

B 80 20      

C 76.5  9.6  3.9  10 

D 86.5  9.6  3.9   

E 76.5   9.6 3.9  10 

F 86.5   9.6 3.9   

G 76   10 4 10  

H 76   10 4  10 

I 86   10 4   
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Figure 6.8: Dynamic Light Scattering (DLS) of TCO containing liposomes (formulations A, C, E) and 

corresponding non-TCO containing liposomes (formulations B, D, F). 
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6.2.4 Tetrazine triggered dye releasing liposomes 

Liposome destabilization is affected by serum proteins which either absorb on or 

penetrate into liposomes in the in vivo situation7. Chemically triggered liposome 

destabilization and release studies were therefore performed in 50% HEPES buffered 

saline (HBS) / 50% fetal bovine serum (FBS). In a first screen, the liposome solutions were 

treated with bismethyl-tetrazine 4 (100 eq. compared to the TCO-lipid) at 37°C. The release 

of dye was determined after 1 hour by taking aliquots (aliquot method). Of each aliquot the 

fluorescence intensity was determined before and after addition of triton-X. Triton-X is a 

surfactant which releases all dye from the liposomes and thereby allows to determine the 

percentage release values (Figure 6.9). 

 

 
 

Figure 6.9: HPTS/DPX release of liposomes in FBS of formulation A-F after 1 hour. Formulations A, 

C and E contain 10% C18-TCO lipid 3, formulations B, D and F are the respective controls without TCO 

lipid. Error bar represents SD of three measurements. 

 

The relatively stable formulations based on DPPC and DSPC with or without C18-TCO 

(A and B) showed only minor background leakage of 2 and 8 % respectively, after 1 hour 

incubation at 37 °C. Incubation with tetrazine selectively destabilized the TCO lipid 

featuring liposomes (A + tz), resulting in four-fold higher release compared to background, 

although still with rather low absolute release levels. The control liposomal system B was 

not responsive towards tetrazine, strongly indicating the selectivity of the tetrazine-TCO 

mediated destabilization. Interestingly, the background leakage of B in the absence of 
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tetrazine 4 is higher with respect to A. Apparently, the TCO lipid has an intrinsic 

stabilizing effect on the liposome membrane. 

Formulation C, containing DPPC, lysolipid-16, DSPE-PEG2000 and TCO lipid 3, is 

strongly responsive to the tetrazine trigger. Addition of 4 increase the release to circa 70% 

after one hour, compared to an approximate 30% untriggered release. While the intrinsic 

stability of the liposome formulation C is thus efficiently lowered upon lysolipid 

incorporation, there is still strong responsiveness to the tetrazine trigger. Resultingly, a 

high level of release is obtained after 1 hour. Control formulation D, lacking the TCO-lipid, 

again features somewhat enhanced background release, and only minor sensitivity for the 

trigger. 

Formulation E, featuring DPPC, DSPE-PEG2000, lysolipid-18 and TCO lipid 3, 

similarly showed an approximate two-fold increase in dye release upon tetrazine addition. 

The slightly longer lyso-lipid chain of E compared to C (C18 instead of C16) resulted in a 

lower background release, both for the TCO incorporated and empty liposome (E and F). 

Again, a higher percentage background release was observed for F compared to E proving 

the general stabilizing effect of TCO lipid on the membrane. Control formulation F, 

lacking the TCO lipid, was not responsive towards tetrazine. Based on these results the 

C18-lysolipid containing liposomes were studied in more detail and formulations G, H, 

and I were prepared.  

Time dependent release experiments with the HPTS/DPX system for liposome 

formulations G and H were also monitored by a plate reader. In Figure 6.10 the release 

with control liposomes having no TCO lipid mimic incorporated is presented at two 

timescales. No increase in release was observed when more tetrazine was added. In fact, 

the fluorescent emission of the samples having 25 eq tetrazine is slightly lower compared 

to the 0 eq tetrazine samples, which might be due to tetrazine absorbing HPTS emitted 

light.  
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Figure 6.10: HPTS/DPX release of liposomes in FBS of formulation I (control). In the insert the 

equivalents of tetrazine added is depicted. The error bar represents SD, n = 4. 

 

The liposomes containing the C16-TCO lipid 2 featured a clear tetrazine depended 

increase in release (Figure 6.11 A). Within 50 minutes, the solutions containing 10 and 25 

equivalents of tetrazine showed enhanced destabilization compared to 0 and 1 equivalents 

of tetrazine. The 1 equivalent of tetrazine system slightly destabilized the liposomes 

compared to the 0 equivalent tetrazine system.  

Formulation H liposomes containing the longer C18-TCO lipid 3 also showed a tetrazine 

concentration depended increase in release for the whole timescale (Figure 6.11 B). The 

liposome solutions containing tetrazine showed after 1200 minutes 1.5 – 2 fold increase in 

release compared to the solution without tetrazine. The system where 1 equivalent of 

tetrazine was added destabilized almost to the same degree as 10 and 25 equivalents but 

destabilization effect started to become significantly different from 250 minutes onwards 

with respect to 0 equivalent. When Figure 6.11 A was compared with Figure 6.11 B, it was 

observed that C18-TCO lipid mimic containing liposomes destabilized more compared to 

C16-TCO lipid mimic containing liposomes. After 20 hours the percentage release of the 

control system was higher compared to the C16 and C18 system, explained by the intrinsic 

stabilization effect of the TCO-lipids in this liposomal matrix. 
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A) C16-TCO, 2  

  
  

B) C18-TCO, 3  

  
  

Figure 6.11: HPTS/DPX release of liposomes in FBS of A) formulation G (C16); B) formulation H 

(C18) presented at different timescales. In the insert the equivalents of tetrazine added is depicted. The 

error bar represents SD, n = 4. 

 

To be able to determine the absolute percentage release values, release experiments 

were also performed in a closed cuvet using fluorescent spectroscopy as read out (Figure 

6.12). The release profiles of formulations G, H, and I were followed over time. The control 

liposome formulation I showed significant background release, which was however as 

expected non-sensitive to tetrazine 4 treatment (Figure 6.12 A). Liposome formulation G 

consists out of DPPC, DSPE-PEG2000, lyso-18 and the C16-TCO lipid 2. The 

incorporation of the TCO lipid again showed an enhancement in liposomal stability, 

compared to formulation I, lacking the TCO lipid. In this case, a tetrazine concentration-

dependent increase in dye release was clearly observed (Figure 6.12 B). Consistent with the 
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plate reader release studies, an approximate 1.5-fold enhancement of triggered release was 

observed. 

Liposome formulation H contains the longer C18-TCO lipid 3.  The release profile of 

these liposomes (Figure 6.12 C) featured a similar overall trend as for formulation G 

regarding tetrazine responsiveness and release profile. However, the total amount of dye 

release was higher and the differences between no chemical triggering and tetrazine 

stabilization were more pronounced.  These observations strongly indicate that the C16-

TCO lipid 2 is less efficient in liposome destabilization upon chemically triggered cleavage 

compared to the C18-TCO lipid 3.  
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                                           A) control 

 
  

B) C16-TCO, 2  

  
  

C) C18-TCO, 3  

 

   

 
  

Figure 6.12 HPTS/DPX release presented at two timescales of liposomes in FBS of A) formulation I 

(control); B) formulation G (C16-TCO); C) formulation H (C18-TCO). In the insert the equivalents of 

tetrazine added is depicted. 
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6.3 Conclusion 

Two novel TCO containing lipids were successfully synthesized. The TCO-lipids 

showed to be reactive towards bismethyl-tetrazine in chloroform, with a second order 

reaction kinetic of the same order as reported before for other TCO – tetrazine systems. 

Several liposomes with different lipid matrices were prepared containing both TCO-lipid 

mimics at ten mol percent. The TCO incorporation showed a stabilizing effect as well as 

functional effects towards the tetrazine trigger 4. In general, liposomes with the C16-TCO 

2 incorporated appeared to be selectively responsive towards the trigger 4 and caused 1.5 

fold destabilization. Liposomes with C18-TCO 3 incorporated showed a remarkable two-

fold destabilization within one hour after tetrazine trigger 4 addition. The percentage 

release induced by the chemical trigger is tuneable by the type of TCO-lipid mimic used as 

well as the liposome matrix were it is incorporated in. The chemical triggered liposome 

destabilization process holds greats potential with plenty of room for optimization. As 

such, the lipid composition of the liposome matrix can probably be improved to be more 

effective towards the trigger and show less background leakage. Furthermore, 

incorporation of imaging or targeting lipids allow for (targeted) cellular or in vivo 

evaluation. 

 

6.4 Materials and methods 

6.4.1. Materials 

Unless stated otherwise, all reagents and chemicals were obtained from commercial 

sources and used without further purification. Bis-NHS-TCO was in detail characterized- 

and provided by SyMO-Chem / Synthon B.V. DBU, octadecylamine, hexadecylamine, 

HPTS, DPX, mineral oil and Triton-X100 were obtained from Sigma Aldrich. Kanamycin 

was bought from VWR. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-palmitoyl-

2-hydroxy-sn-glycero-3-phosphocholine (L16PC), 1-stearoyl-2-hydroxy-sn-glycero-3-

phosphocholine (L18PC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[amino(polyethylene glycol)-2000] (DSPE-PEG2000), 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC) were bought from Avanti polar lipids inc. All solvents were of AR 

or HPLC quality and purchased from Biosolve. Deuterated chloroform was dried over 4 Å 

molsieves. Water was purified on an EMD Millipore Milli-Q integral water purification 

system. Thin-layer chromatography was performed 0.25 mm 60F-254 precoated silica 

plates from Merck. PD-10 columns were bought from GE-Healthcare Life Sciences. Fetal 

bovine serum (FBS) was bought from Invitrogen. 
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6.4.2 Instrumentation 

All the NMR data were recorded on a Varian Mercury Vx 400 MHz NMR for 1H-NMR 

(100 MHz for 13C-NMR). Proton experiments are reported in parts per million (ppm) 

downfield of TMS and were relative to the residual chloroform (7.26 ppm). All 13C spectra 

were reported in ppm relative to residual chloroform (77 ppm). Splitting patterns are 

labelled as s, singlet; d, doublet; ddd doublet of doublet of doublets; dd, double doublet; t, 

triplet; q, quartet; m, multiplet. Silica column chromatography was performed manually 

using silica with particle size 60 – 200 μm. Matrix-assisted laser desorption/ionisation-

Time of Flight mass spectrometry was performed on a PerSeptive Biosystems Voyager DE-

PRO spectrometer using α-cyano-4-hydroxycinnamic acid (CHCA) and 2-[(2E)-3-(4-tert-

butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) as matrices. Fluorescent 

spectroscopy was performed on a Varian Cary Eclipse fluorescence spectrometer with 

temperature controlled multi-cell holder. Plate reader experiments were carried out on a 

Tecan Safire2. UV-spectra were recorded on a Perkin Elmer Lambda950 or Perkin Elmer 

Lambda 900. Dynamic light Scattering (DLS) measurements were performed on a 

Malvern Zetasizer ZMV2000. Extrusion was performed on a thermobarrel extruder 

(northern Lipids, Vancouver, Canada). 

6.4.3. Methods 

UV/Vis measurements presented in Figure 6.6 were performed in a continuous stirred 

quartz cuvet containing 0.167 mM tetrazine and 83.5 µM TCO-lipid mimic dissolved in 3 

mL chloroform. Second order reaction constant was determined assuming CTCO = 0 µM at 

t = 24 h. 

Liposomes were prepared (compositions shown in Table 6.1) by thin film hydration, 

typically dissolving the lipids in chloroform / few drops of methanol at a concentration of 

5 mM followed by quick rota-evaporation. Hydration was performed with 30 mM 

HPTS/DPX dissolved in HEPES buffered saline (HBS) buffer of pH 9 at 60°C. Liposomes 

were extruded 4 times using 200 nm, 4 x 100 nm and 4 x 2 polycarbonate filters of 80 nm. 

Next non-incorporated HPTS/DPX was removed by 2 x PD-10 column using HBS at pH 

7.4. 

Excitation and emission wavelengths for HPTS were respectively 413 nm and 512 nm 

used by either fluorescent spectroscopy or by plate reader. The aliquot method for 

monitoring tetrazine induced dye release was typically performed in an epp were the total 

volume is 1500 µL incubated at 37°C, stirred at 300 rpm. The solution contains 750 µL 

FBS, 75 µL liposome solution, 17.4 µL bis-methyl-tetrazine (0.5 mg/mL) for 1 equivalent 

and HBS. Aliquots of 40 µL were taken and diluted in 760 µL cold HBS. Fluorescence was 



Chemically triggered cargo releasing liposomes 

137 

 

determined before and after addition of 10 µL 10 v/v % Triton-X and dividing these 

numbers gives the % release value at a certain time point.  

The continuous fluorescence measurements were performed in 3 mL quartz cuvets with 

stirring bar bearing in general 2 mL total solution. The total volume was typically 2 mL of 

which 1 mL was FBS, combined with 200 µL liposome solution, 2 µL kanamycin (100 

mg/mL) and optionally 0.464 µL bis-methyl-tetrazine (5 mg/mL) for 1 equivalent and HBS. 

50 µL 10 v/v % Triton-X was added to determine 100 % release value. 

Plate reader experiments were carried out in a black 384-well plate with 40 µL sample, 

covered with 20 µL mineral oil to prevent evaporation. Sample contained the same 

components as used for continuous fluorescent measurements, only scaled down from 2 

mL to 40 µL. 

6.4.4. Synthetic procedures 

(E)-6-methyl-6-(octadecylcarbamoyl)cyclooct-2-en-1-yl octadecylcarbamate (C18-TCO 

lipid mimic, 3) A stock solution of octadecylamine (C18-NH2) and 1,8-

diazabicyclo[5.4.0]undec-7-een (DBU) was made  by dissolving 24.37 mg (90.4 µmol) C18-

NH2 in 216.8 µL CHCl3, resulting in a murky solution and after addition of 13.5 µL DBU, 

a clear solution was obtained. Next in a separate vail, 10.81 mg (25.6 µmol) of 5-

dioxopyrrolidin-1-yl (E)-6-((((2,5-dioxopyrrolidin-1-yl)oxy)carbonyl)oxy)-1-methylcyclooct-4-

ene-1-carboxylate (bis-NHS-TCO) was dissolved in 550 µL CHCl3 followed by the addition 

of 195.5 µL stock solution. Next, the clear solution was stirred in dark under Argon 

overnight resulting in a clear slightly yellow solution. Silica column chromatography was 

performed using 0 � 4 % MeOH in CHCl3 isolating pure compound in a yield of 97 % 

(17.24 mg) as white flake like structure.  

1H-NMR (400 MHz, CDCl3): δ = 5.89 (ddd, J = 14.7, 10.8, 3.1 Hz, 1H), 5.60 (d, J = 16.6 Hz, 

1H), 5.45 (t, J = 4.5 Hz, 1H), 5.17 (s, 1H), 4.73 (t, 1H), 3.17 (m, 4H), 2.35-1.37 (m, 7H), 1.55-

1.14 (m, 68H), 1.10 (s, 3H), 0.87 (t, J = 6.7 Hz, 6H). 13C-NMR (100 MHz, CDCl3): δ = 

180.27, 155.76, 131.65, 131.50, 77.16, 72.12, 45.87, 44.37, 41.17, 39.79, 36.04, 32.07, 31.52, 

31.23, 30.15, 29.85, 29.81, 29.74, 29.68, 29.51, 29.45, 27.08, 26.93, 22.84, 18.15, 14.26. 

MALDI-ToF MS: calculated Mass [M + Na]+ = 753.69 m/z, observed m/z = 753.95, 

calculated Mass [ionization fragment + H]+ = 418.40, observed m/z = 418.62 and 857.91 

which corresponds to [2 x ionization fragment + H]+. Rf = 0.53 in 2% MeOH/CHCl3. 

(E)-6-(hexadecylcarbamoyl)-6-methylcyclooct-2-en-1-yl hexadecylcarbamate (C16-TCO 

lipid mimic, 2) A stock solution of hexadecylamine (C16-NH2) and 1,8-

diazabicyclo[5.4.0]undec-7-een (DBU) was made  by dissolving 27.11 mg (112.3 µmol) C16-
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NH2 in 241.2 µL CHCl3, resulting in a murky solution and after addition of 16.8 µL DBU, 

a clear solution was obtained. Next in a separate vail, 10.42 mg (24.7 µmol) of 5-

dioxopyrrolidin-1-yl (E)-6-((((2,5-dioxopyrrolidin-1-yl)oxy)carbonyl)oxy)-1-methylcyclooct-4-

ene-1-carboxylate (bis-NHS-TCO) was dissolved in 580 µL CHCl3 followed by the addition 

of 170.0 µL stock solution. Next, the clear solution was stirred in dark under Argon 

overnight resulting in a clear slightly yellow solution. Silica column chromatography was 

performed using 0 � 4 % MeOH in CHCl3 isolating pure compound in a yield of 82 % 

(15.5 mg) as white flake like structure.  

1H-NMR (400 MHz, CDCl3): δ = 5.89 (ddd, J = 14.3, 10.8, 3.1 Hz, 1H), 5.60 (d, 1H), 5.45 (t, 

J = 4.1 Hz, 1H), 5.17 (s, 1H), 4.73 (t, 1H), 3.17 (m, 4H), 2.35-1.37 (m, 7H), 1.55-1.14 (m, 68H), 

1.10 (s, 3H), 0.87 (t, J = 6.7 Hz, 6H). 13C-NMR (100 MHz, CDCl3): δ = 180.28, 155.76, 131.65, 

131.50, 77.16, 72.12, 45.86, 44.37, 41.16, 39.79, 36.04, 31.52, 31.23, 30.15, 29.84, 29.80, 

29.73, 29.51, 29.45, 27.08, 26.93, 22.84, 18.15, 14.26. MALDI-ToF MS: calculated Mass [M 

+ Na]+ = 697.62 m/z, observed m/z = 697.62, calculated Mass [ionization fragment + H]+ 

= 390.37, observed m/z = 390.41 and 801.57 [2 x IF + H]+. Rf = 0.5 in 2 % MeOH/CHCl3. 

6.4.5. Chemical structures of lipids 
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7.1 Introduction 

The research presented in this thesis was performed with the overall aim of contributing 

to the development of safe and clinically translatable nanoparticles (NP) for biomedical 

applications, with a focus on oncology. This development is challenged by a long list of 

demanding requirements which nanoparticles need to fulfil.1 At the primary stage of NP 

product development, it is important that the system is safe to use, possesses a low toxicity 

profile, a suitable pharmacokinetic profile and has an effective mode of action.2 This thesis 

covers the design, synthesis and characterization of new NP formulations and their 

function in complex tissues or biological systems, like cells or mice. Thereby, a number of 

these requirements have been addressed, such as toxicity, pharmacokinetic profile and 

mode of action. The follow-up research should now expand on addressing these 

requirements in more detail and particularly on improving the particles’ mode of action. 

To this end a brief outlook per nanoparticle type is discussed below.   

 

7.2 Summary & outlook 

In chapter 2, 3 and 4 self-assembled fluorescent nanoparticles (SMNPs), composed of 

small molecules (oligomers), were studied. The oligomers contain a π-conjugated core, 

responsible for the intrinsic fluorescence of the nanoparticle. The periphery of the 

oligomer is functionalized with either hydrophobic or hydrophilic moieties, resulting in 

SMNPs with mixed stability. In chapter 2, the stability and localization of these SMNPs 

was studied inside cells. Hydrophobic-based nanoparticles appeared to be rather stable in 

cells while hydrophilic nanoparticles disassembled and dispersed throughout the cell. One 

stable SMNP (amp1) was selected as the best candidate for in vivo studies as an optical 

imaging agent. First, amp1-SMNPs were functionalized with a radioactive label to enable 

tracking of the SMNPs with high sensitivity in vivo. In chapter 3, several radiolabelling 

methods of functionalizing a radionuclide to SMNPs were explored, including two-step 

labelling strategies. These strategies involved strain-promoted click chemistry or the 

inverse-electron-demand Diels-Alder reaction between a tetrazine and trans-cyclooctene 

(TCO). In chapter 4, the potency of SMNPs as optical imaging agents was investigated, 

making use of the intrinsic fluorescence of the particles. Therefore 30 µM (100 µL) of 

radiolabelled SMNPs were administered to mice and the biodistribution and blood 

clearance were determined. The SMNPs accumulated predominantly in the liver and partly 

in the spleen with the majority of SMNPs cleared within 30 min from the blood stream.  

The SMNPs were difficult to detect in liver tissue by fluorescence, due to the intrinsically 

high autofluorescence of the tissue. In order to increase the contrast-ratio between SMNP 
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emission and liver-autofluorescence, the administered dose might be increased. Therefore 

the colloidal stability of concentrated SMNPs needs to be assessed in PBS and serum while 

maintaining the intrinsic fluorescence of the SMNPs. Auto-fluorescence of tumour-tissue 

is typically much less compared to liver-tissue, therefore, the dose increase might not be 

necessary for tumour imaging.  

Over time, SMNP liver accumulation levels seemed to decrease as observed at 20 h and 

3 days after administration. Although this is a promising sign that SMNPs can be 

eliminated by the liver, more research is needed into the fate of the SMNPs, metabolites 

formed and excretion process. By tuning the stability of the oligomer, as presented in 

chapter 2, such that the SMNPs disassemble into oligomers after use, classical methods 

used in pharmacology for determining toxicology on small molecules could be applied. 

The circulation time of the SMNPs is currently rather low, most likely hampering its 

use as an optical, tumour-targeting imaging agent due to low tumour accumulation. The 

SMNPs are rapidly recognized by the mononuclear phagocyte system (MPS) and thereby 

effectively cleared from the bloodstream. By making the periphery of the SMNP more 

“stealth-like”, the recognition of SMNPs by the MPS system is lowered, thereby increasing 

the circulation time and promoting EPR-mediated tumour accumulation. One envisioned 

strategy to achieve this, is to PEGylate the surface of the particle. Therefore TCO-SMNPs 

would first need to be radiolabelled in low amounts with a tetrazine-based radiolabel, 

followed by PEGylation with a tetrazine-PEG derivate.3 

The chromophore of the intrinsically fluorescent oligomer requires improvements in 

order to compensate for the high amount of autofluorescence in tissues. Therefore, 

maxima in excitation and emission spectra should be shifted to higher wavelengths, which 

can be achieved by extending the π-conjugated chromophore. A number of examples of 

extended π-conjugated chromophore can be found in the literature. For instance the 

chemical structures presented in Figure 1.6 or Figure 1.8 in chapter 1 could be applied.4,5  

In chapter 5, a new particle-based clearing agent for the clearance of antibodies (mAb) 

was developed for applications in pre-targeted radioimmunotherapy. The particles were 

constructed from the biodegradable polymer poly(lactic-co-glycolic acid) (PLGA). The 

periphery of the PLGA particle was functionalized with tetrazine (tz) which reacts with 

TCO-functionalized antibody. The antibody was quite efficiently cleared in PBS, serum and 

in vivo by the PLGA-tz particles.  

The amount of PLGA-tz particles needed for the efficient clearance of TCO-mAb was 

fairly high. The highest priority improvement, therefore, is the degree of tetrazine 

functionalization on the PLGA particle. By increasing the amount of tetrazine on the 
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particle, the amount of PLGA-tz needed in the studies can be lowered. Furthermore, 

lowering the amount of particles administered might suppress aggregation effects as the 

tetrazine contains a PEG-spacer aiding suspendability. Better suspendability might 

furthermore also avoid undesired lung accumulation. Two envisioned strategies to 

increase the amount of tetrazine(-PEG11) on the particle, is by 1) improving the NHS-

activation and/or coupling conditions; 2) by exploring the use of an effective polymer 

stabilizer bearing orthogonal reactive groups for tetrazine(-PEG11) attachment. For 1): the 

pH is an important factor during amine coupling, responsible for either deprotonation of 

the amine and hydrolysis of NHS ester. By exploring variation in pH, time and 

temperature, the amount of tetrazine-functionalization might be improved. For 2): 

polyvinyl alcohol (PVA) is a frequently used and FDA approved stabilizer for PLGA-

particles. In one example, PVA was prepared with azide or alkyne functional moieties 

incorporated. By using such a polymer as a stabilizer, PLGA particles might be efficiently 

decorated with, for instance, azide-PEG11-tetrazine, using click chemistry or strain-

promoted cycloaddition chemistry.6 Besides the functionalization, the degradation, 

metabolite formation and excretion process of every particle component needs to be 

determined. 

In chapter 6, a new chemically triggered cargo-releasing liposome system was 

developed, based on tetrazine – trans-cyclooctene unclick chemistry. Two TCO-lipid 

mimics were synthesized, containing a central trans-cyclooctene, flanked by two aliphatic 

tails. The TCO unclicked into two fragments after reaction with tetrazine, which resulted 

in destabilization of the lipid bilayer in a liposome. The liposome triggered release was 

monitored by dye-leakage from the liposomes and a two-fold increase in dye-leakage was 

observed after tetrazine addition. 

The cargo released so far was limited to a dye and quencher, while oncology-relevant 

cargo would be for instance anti-tumour drugs like doxorubicin or cisplatin. The use of 

doxorubicin is preferred for explorative studies, as the intrinsic fluorescence of this drug 

molecule is self-quenched in liposomes and regained when released, thereby allowing easy 

detection. 

Also, the location of where to release the drug by the trigger should be varied. So far, 

the liposomal release has occurred in serum, but a more biologically relevant system would 

be to release cargo inside living cells. Therefore, an extra component might be added to the 

liposomal matrix to promote cellular uptake. Microscopy might be used when a dye is to 

be released from liposomes or toxicity tests can be applied, like MTT when toxic cargo is 
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to be released. Following that, animal studies might reveal crucial insights into the 

feasibility of performing this triggered release inside living organisms. 

The sensitivity towards the trigger and reduction of background release (e.g. intrinsic 

leakage) might be improved. Incorporation of the lipid mimic itself showed a stabilizing 

effect and therefore more incorporation in the liposome should result in less background 

leakage. Furthermore, when more TCO-lipid mimic is present, a higher amount of 

destabilization might take place upon reaction with tetrazine as more lipid-mimic 

fragments are introduced in the lipid bilayer of the liposome. 

So far, the TCO-lipid mimics were incorporated in only a few liposome lipid matrices. 

There is plenty of room for variation in the liposome composition, with the aim to lower 

background leakage and improve triggered destabilization. 

 

7.3 Development of nanotechnology and societal awareness 

The research presented in this thesis was intellectually and financially supported by a 

Dutch collaboration platform named NanoNextNL. The NanoNextNL consortium aims to 

develop new nanotechnologies efficiently by, amongst others, combining partners from 

industry and academia working on similar topics, like nanomedicine. The introduction of 

new nanotechnologies is not only faced with the challenging development of the 

technology itself, but also with societal concerns and acceptance. Part of the NanoNextNL 

program is to elaborate briefly on the possible risks of the investigated nanotechnologies 

to create awareness and possibly limit certain risks in an early stage. 

The perception of the term “nanotechnology” with respect to benefit and risk was 

assessed by a random survey and compared with the perception of other technologies, like 

vaccination, solar power, nuclear power and asbestos (Figure 7.1).7 Solar power and 

vaccination technologies were seen as rather low risk and highly beneficial, while nuclear 

power was beneficial with risks and asbestos high risk and low benefit. Nanotechnology 

was perceived as intermediate and thereby less risky as, for instance, genetically modified 

organisms (GMO). In general, people in the USA as in Europe so far have the perception 

that the benefits outweigh the risks. However, the general knowledge of the risks involved 

is rather low.8  
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Figure 7.1: Benefits and risks perceived by USA citizens based on a random survey, N = 503. The 

abbreviations are: alcoholic beverages (AB), anaesthetics (AN), air travel (AT), automobile travel 

(ATT), bicycles (B), commercial aviation (CA), chemical disinfectants (CD), chemical fertilizers (CF), 

chemical manufacturing plants (CM), computer display screens (CS), dichloro-diphenyltrichloroethane 

(DDT), electric power (EL), firefighting (FF), food preservatives (FP), general aviation (GA), herbicides 

(H), home appliances (HA), human genetic engineering (HE), handguns (HG), hydroelectric power 

(HP), lasers (L), large construction (LC), liquid natural gas (LG), motorcycles (M), microwave ovens 

(MO), motor vehicles (MV), pesticides (P), prescription antibiotics (PA), prescription drugs (PD), police 

work (PW), railroad (R), radiation therapy (RT), surgery (S), stem-cell research (SC), smoking (SM), 

water fluoridation (WF), X-rays (X). Reprinted with permission of 7.  

 

The perception of nanoparticles by society with respect to a variety of other applications, 

has been document by social scientists.9 In one literature example, the perception of the 

risk (either high, or almost zero) by nanoparticles compared to other risk involving 

activities was plotted (Figure 7.2). Here it was observed that nanoparticles were perceived 

as having lower risk compared to for instance obesity, air pollution or sun tanning. Only 

activities such as cell phone use and commercial air travelling are regarded as lower risk 

compared to nanoparticles. 
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Figure 7.2: Benefits and risks of nanoparticles compared to other technologies as perceived by the general 

public N > 288 per category. Reprinted with permission of 9. 

 

A responsibility for maintaining or improving the society-perception of nanoparticles 

lies with the researchers involved. The benefits for using nanoparticles for biomedical 

applications, like in this thesis, should be communicated well and potential risks for health 

or the environment should be carefully assessed and monitored.  

In this thesis, the research on nanoparticles is still in an early-development phase. 

Therefore, the current risks for the environment are very limited as only small amounts 

are produced, which after usage are disposed via chemical waste. The design of the 

nanoparticles was chosen as such that potential health risks are minimal as well, which 

will be briefly discussed per particle system. 
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The intrinsically fluorescent, self-assembled nanoparticles, discussed in chapter 2, 3 and 

4 were designed with the intention that after completion of their task as a particle, 

disassembly into single oligomers occurs, thereby losing potential particle-related risks. 

What is lacking so far is a full understanding as to when and how this disassembly occurs. 

Oligomers did not show direct toxicity effects in cellular studies as shown in chapter 2. 

Also no direct toxicity was observed when SMNPs were administered intravenously to mice 

as shown in chapter 4. Both observations strongly indicate that there are no direct toxicity 

issues related to the use of oligomer-based nanoparticles or oligomers. More research 

however is needed in kinetics of particle disassembly and potential long-term risks, when 

the SMNPs go into further developmental trajectory. 

The main component of the particle-based clearing agent discussed in chapter 5, is 

50:50 poly (lactic-co-glycolic acid), which is an FDA approved material.10 PLGA materials 

are used amongst others as biodegradable suture, implants and drug-delivery systems.11,12 

The polymer degrades over time by hydrolysis in water into endogenous present lactic acid 

and glycolic acid.13 One study in mice focussed on intravenous injection of PLGA-

nanoparticles, and also here showed overtime degradation of the polymer, demonstrating 

the safety of using these particles in vivo.14 The PLGA particle was stabilized with 

poly(ethylene-maleic acid) (PEMA) functionalized with tetrazine. Little is known how 

harmful these components are to the environment and organisms on long-term exposure. 

No direct toxic-effects were however observed during animal studies. 

The predominant components of the liposomes assessed in chapter 6 are 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine15 and DSPE-PEG2000,16 which are FDA-

approved lipids. Lipids in general are very biocompatible as a variety of lipids are naturally 

abundant, responsible for instance in the formation of cellular membranes.17,18 These 

components therefore are envisioned to be harmless. Little is known about the safety of 

the novel TCO-lipid mimics. Therefore, more research is needed to determine the 

biocompatibility of these compounds. The first steps to take are cell studies and in vivo 

studies. 
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Self-assembled biocompatible nanoparticles 

Tetrazine - trans-cyclooctene chemistry in action 

 

Nature is composed of many self-assembling processes, which inspires researchers to 

try to design and synthesize their own artificial self-assembling systems. Self-assembled 

nanoparticles have high potential for in vivo applications, such as optical imaging and 

diagnostics, and their modular nature allows for the incorporation of multiple 

functionalities. The development of self-assembled biocompatible nanoparticles is 

challenged with a demanding list of criteria, like low toxicity, biodegradable and an 

effective mode of action. This dissertation describes the design, synthesis and evaluation 

of three classes of biocompatible self-assembled nanoparticles for use in biomedical 

applications.  

Chapter 1 provides a broad introduction on self-assembly processes found in nature and 

synthetic self-assembling systems and the driving forces behind self-assembly. Fluorescent 

nanoparticles, in particular self-assembled fluorescent nanoparticles, are subsequently 

introduced and their characteristic features are highlighted. An overview of the rich variety 

of chemistries used to functionalize nanoparticles is presented. The type of chemistry to 

be used depends on both the origin of the nanoparticle and the ligand to be introduced, as 

illustrated in several examples. Special attention is paid to tetrazine – trans-cyclooctene 

chemistry given its biorthogonal reactive behaviour and fast reaction kinetics, even at low 

concentrations in vivo.  

In chapters 2 through to 4 self-assembled intrinsically fluorescent nanoparticles 

(SMNPs), composed of small π-conjugated oligomers. The periphery of the oligomer is 

functionalized with either hydrophobic or hydrophilic moieties, resulting in SMNPs with 

tuneable stability.  

In chapter 2, the stability and localization of these SMNPs was studied inside cells. 

Hydrophobic-based nanoparticles exhibited increased stability in cells compared to 

hydrophilic nanoparticles, which disassembled and diffused throughout the cell. One 

stable class of SMNP (amp1) was selected for in vivo evaluation as an optical imaging agent 

(in chapter 4).  

In chapter 3, several methods to functionalize SMNPs with a radionuclide were 

explored. In the first strategy, the oligomer was functionalized with a DOTA group to 

enable complex formation with a radioactive metal. The SMNPs formed with this oligomer 
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could be radiolabelled but with only modest labelling efficiency. The second strategy 

included a two-step labelling strategy based on a strained-promoted pericyclic reaction. The 

third two-step labelling strategy involved the use of the efficient inverse-electron-demand 

Diels-Alder reaction between tetrazine and trans-cyclooctene derivatives, resulting in more 

efficiently radiolabelled SMNPs. 

In chapter 4, the potential utility of SMNPs as optical imaging agents was investigated 

in vivo, capitalizing on the intrinsic fluorescence of the particles. Therefore, efficiently 

radiolabelled SMNPs were administered to mice and their in vivo biodistribution and blood 

clearance were determined. The SMNPs accumulated predominantly in the liver and partly 

in the spleen with the majority of SMNPs cleared within 30 min from the blood stream. 

The intrinsic fluorescence of SMNPs could be detected in blood samples, opening up the 

possibility of SMNPs for use as optical imaging agent. 

In chapter 5, a new particle-based clearing agent for the clearance of antibodies (mAb) 

was developed for applications in pre-targeted radioimmunotherapy. The particles were 

composed of the biodegradable polymer poly(lactic-co-glycolic acid) (PLGA). Preparation 

and characterization of the PLGA particles is presented. The periphery of the PLGA particle 

was functionalized with tetrazine (tz) which on reaction with the trans-cyclooctene-

functionalized antibody resulted in reasonably efficient clearance of PLGA-tz particles in 

PBS, serum and in vivo.  

In chapter 6, a new chemically triggered cargo-releasing liposome system was 

developed, based on a molecular fragmentation mechanism, triggered by the pericyclic 

reaction between a tetrazine derivative and trans-cyclooctene. Two TCO-lipid mimics were 

synthesized, containing a central trans-cyclooctene moiety, flanked by two aliphatic tails. 

The TCO derivative fragmented into two fragments after reaction with the tetrazine 

molecule, which resulted in the destabilization of the lipid bilayer in a liposome. The 

liposome triggered release was monitored by dye-leakage from the liposomes and a two-

fold increase in dye-leakage was observed after addition of the tetrazine analogue. 

In chapter 7, the epilogue, potential future directions of this research are discussed 

along with a brief risk analysis of the nanoparticles used in this dissertation. 
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Zelf-geassembleerde biocompatibele nanodeeltjes 

Tetrazine - trans-cycloocteen chemie in werking 

 

De natuur is rijk aan zelf-assemblerende processen, waaronder bijvoorbeeld lipiden 

welke ordenen tot het membraan van een cel. Dit inspireert onderzoekers om artificiële 

zelf-assemblerende structuren te ontwerpen en te maken voor allerlei toepassingen. Eén 

klasse omvat zelf-geassembleerde nanodeeltjes welke veel potentie hebben voor 

biomedische toepassingen, zoals in de optische medische beeldvorming en diagnostiek. 

Ook brengt de modulariteit van zelf-geassembleerde nanodeeltjes eenvoud in het 

introduceren van diverse functionele groepen op het nanodeeltje, waaronder bioactieve 

liganden. De nanodeeltjes moeten voldoen aan een behoorlijk aantal veeleisende criteria, 

zoals lage toxiciteit, biodegradeerbaarheid en effectief zijn in werking. Deze dissertatie 

beschrijft het ontwerp, de synthese en evaluatie van drie verschillende soorten 

nanodeeltjes, te gebruiken in verschillende biomedische toepassingen. 

In hoofdstuk 1 worden natuurlijke en synthetische zelf-assemblerende processen 

geïntroduceerd en de drijvende krachten die daarbij een rol spelen. Ook worden 

fluorescente nanodeeltjes en in het bijzonder zelf-geassembleerde fluorescente 

nanodeeltjes besproken, waarbij belangrijke kenmerken worden toegelicht. Vervolgens 

wordt een overzicht gegeven van chemische functionalisatie strategieën voor nanodeeltjes, 

waarbij de te kiezen strategie afhankelijk is van het type nanodeeltje en functionele groep. 

De bio-orthogonale chemische reactie tussen tetrazine en trans-cycloocteen wordt in het 

bijzonder besproken vanwege de snelle reactiekinetiek en in vivo toepasbaarheid. 

In hoofdstuk 2, 3 en 4 staan intrinsiek fluorescente zelf-geassembleerde nanodeeltjes 

(SMNPs) centraal, welke zijn opgebouwd uit kleine π-geconjugeerde oligomeren. De 

periferie van het oligomeer bevat afwisselend hydrofiele en hydrofobe domeinen, wat 

resulteert in SMNPs met controleerbare stabiliteit. 

In hoofdstuk 2 is de stabiliteit en lokalisatie van SMNPs in cellen onderzocht. 

Hydrofoob-gebaseerde SMNPs bleken stabieler in cellen dan hydrofiel-gebaseerde 

SMNPs, welke de-assembleerden tot losse oligomeren en zich over de cel verspreidden. 

Eén groep SMNPs (amp1) bleek stabiel in cellen en kon tevens goed zichtbaar gemaakt 

worden met microscopie. Daarom werd dit systeem gebruikt om SMNPs in vivo te 

evalueren als optisch contrastmiddel (hoofdstuk 4). 

In hoofdstuk 3 worden verschillende methoden beschreven om SMNPs van een 

radioactief label te voorzien. In de eerste strategie wordt het oligomeer gekoppeld aan een 
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DOTA-groep welke in staat is om een radioactief metaalion te complexeren. De SMNPs 

gevormd met dit oligomeer konden via deze methode radioactief gelabeld worden, maar 

slechts met beperkte efficiëntie. De tweede strategie bestaat uit twee stappen, waarbij het 

doel is om SMNPs van een radiolabel te voorzien na een cyclo-additie reactie. In de derde 

strategie worden SMNPs radioactief gelabeld door gebruik te maken van de Diels-Alder 

reactie met omgekeerde electronenbehoefte, tussen tetrazine (tz) en trans-cycloocteen 

(TCO). Deze strategie bleek zeer geschikt om SMNPs radioactief te labelen. 

In hoofdstuk 4 wordt de potentie van SMNPs als optisch contrastmiddel onderzocht in 

vivo, gebruikmakend van de intrinsieke fluorescentie van de nanodeeltjes alsook van het 

signaal van de radiotracer. Daarvoor werden radioactief gelabelde SMNPs toegediend aan 

muizen en de biodistributie en bloedklaring bepaald. De SMNPs bleken voornamelijk te 

accumuleren in de lever en gedeeltelijk in de milt en het overgrote deel van de SMNPs 

klaarde binnen 30 minuten uit het bloed. De intrinsieke fluorescentie afkomstig van 

SMNPs kon worden bepaald in bloedmonsters, waardoor SMNPs de potentie hebben om 

gebruikt te worden als optisch contrastmiddel. 

In hoofdstuk 5 wordt de ontwikkeling van een nieuw klaringsmiddel voor antilichamen 

beschreven, met “pre-targeted” radioimmunotherapie als toepassing. Het klaringsmiddel 

bestaat uit nanodeeltjes gemaakt van het biodegradeerbaar polymeer poly(co-glycolzuur-

melkzuur) (PLGA) en de preparatie en karakterisatie van de nanodeeltjes worden 

beschreven. De periferie van de PLGA-nanodeeltjes werd gefunctionaliseerd met tetrazine 

welke door reactie met TCO-gefunctionaliseerd antilichaam, zorgde voor efficiënte klaring 

van dit antilichaam in PBS, serum en in vivo. 

In hoofdstuk 6 wordt een nieuwe manier geïntroduceerd om kleurstof bevattende 

liposomen specifiek te destabiliseren met behulp van een chemische initiator. De 

destabilisatie is gebaseerd op een moleculair fragmentatiemechanisme welke teweeg 

wordt gebracht door de pericyclische reactie tussen een tetrazine-derivaat en trans-

cycloocteen (TCO). Ontwerp, synthese en karakterisatie van twee TCO bevattende lipide-

lijkende verbindingen worden gepresenteerd. Beide verbindingen bevatten een centraal 

gepositioneerde TCO groep, met aan beide zijden alifatische staarten van verschillende 

lengte. De TCO-derivaten fragmenteren na reactie met de tetrazine-initiator, wat resulteert 

in destabilisatie van de lipide-bilaag van kleurstof-bevattende liposomen. De 

kleurstoflekkage bleek twee keer zo hoog na toevoeging van initiator vergeleken met het 

systeem zonder initiator. 

In hoofdstuk 7, de epiloog, worden vervolgstappen voor het onderzoek beschreven in 

dit proefschrift weergegeven samen met een korte risicoanalyse van het gebruik van 

nanodeeltjes. 
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