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In the last few decades our knowledge in the fields of molecular biology and medicine has 

vastly increased. Serious illnesses are being tackled with the help of a large selection of 

pharmaceuticals and clinical procedures. However, with the increase in therapeutic know-

how, the insight has grown in the fact that current therapies are far from perfect and that 

sometimes the side-effects of the cure are worse than the disease itself. To reduce 

collateral damage and side effects, increasing effort is being spent on the development 

of personalized medicine and the integration of diagnostics and therapy into one treatment 

plan, giving rise to the field of theranostics. 

With the idea of personalized medicine, the demand for the availability of a generic 

chemical toolbox that supports refinement of therapeutic strategies has risen. Such a 

chemical toolbox could, for example, include interchangeable targeting groups and/or 

therapeutic entities allowing the target (e.g. specificity) and doses of the therapy to be 

adjusted to the patient’s needs. Furthermore, theranostic approaches often demand for 

new drug/tracer designs, where both imaging labels (fluorescence and/or radio-label) and 

therapeutic agents are either combined in one tracer, or their location and action can be 

linked. 

There has already been a lot of research towards combining different functional 

features into one targeting tracer in the field of nanomedicine.2,3 One prime example is 

the combined integration of a radioactive and fluorescent signature in the clinically applied 

multimodal nanoparticle Indocyanine green-99mTc-nanocolloid.4 Unfortunately, controlling 

the amount and number of labels on the nanoparticles remains challenging. 

Nature’s way to introduce complex functionalizations is presented by supramolecular 

interactions.5,6 For example: the folding and replication of DNA, the formation of protein 

capsids (e.g. ferritin, viruses), and the specific binding of proteins to cellular receptors. 

When analyzing the basis of these systems, many are based on multivalent host-guest 

interactions. Zooming in, these interactions occur with the help of hydrogen bonding, 

metal coordination, hydrophobic forces, van der Waals forces and/or electrostatic effects.7 

On their own these chemical interactions are relatively weak, their strength however, lies 

in their numbers. Through multiple interactions strong but still revisable binding is 

accomplished leading to highly specific interactions. 

A well-described supramolecular system is the host-guest interaction between 

adamantane (Ad) and β-cyclodextrin (β-CD)(hydrophobic forces7). One CD-Ad interaction 

has a relative low binding strength (KD = 5·104 M−1),8,9 but three or more of such interactions 

increases the binding strength significantly (KD = 1·107–1·1010 M−1).10,11 Hence in the field 

of supramolecular chemistry/nanotechnology, CD-Ad interactions are utilized as driving 
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forces for compound aggregation.12,13

In this thesis supramolecular host-guest interactions and self-assembly processes are 

investigated in relation to the development of theranostic and diagnostic drugs/tracers. 

Chapter 2 explores the possibility of utilizing the supramolecular host-guest chemistry 

between β-CD and Ad to drive cell functionalization and cell-cell interaction in an in vitro 

environment. To this end cellular surfaces are functionalized in a two-step pre-targeting 

set-up and the effects were monitored using fluorescence imaging. 

After exploring the CD-Ad interaction in vitro, the supramolecular host-guest interaction 

was further tested in vivo, as described in chapter 3. Here a pre-targeting setup for liver 

radioembolization is discussed, again exploring the interaction between the β-CD and 

Ad-functionalized protein microparticles. Radiolabeling with 99mTc supported in vivo SPECT 

imaging and quantitative biodistribution studies (%ID/g; 2h post injection). In chapter 4 

the pre-targeting principle for radioembolization is further explored by using the two 

radioisotopes: 99mTc and 111In. Via dual-isotope multiplexing and by monitoring the individual 

components via dual/-isotope SPECT and %ID/g analysis more light is shed on the in vivo 

co-localization of β-cyclodextrin polymers and Ad-functionalized protein microparticles. 

In chapter 5, use of a self-assembled protein for drug/tracer development is described. 

The supramolecular self-assembly interaction of (apo)ferritin was utilized to obtain control 

over multi-functionalization of these bionanoparticles. Re-assembly of stochiometric 

mixtures of functionalized (apo)ferritin subunits, was combined with tests that underline 

the preservation of ferritins natural iron mineralization properties.  

As fluorescence plays an important part in the analysis technologies used in this thesis, 

and can provide clinical theranostic value in the form of fluorescence guided surgery, 

chapter 6 was devoted to the photophysical properties of different fluorophores. Through 

systematic alteration of the Cy5-dye structure more insight was obtained in the structure/

chemical- and photo-physical-property relationships.

In chapter 7 the future of supramolecular interactions in theranostic procedures is 

discussed and a summary of the thesis is provided in chapter 8.
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ABSTRACT

The use of mammalian cells for therapeutic applications is finding its way into modern 

medicine. However, modification or “training” of cells to make them suitable for a specific 

application remains complex. By envisioning a chemical toolbox that enables specific, but 

straight-forward and generic cellular functionalization, we investigated how membrane-

receptor (pre)targeting could be combined with supramolecular host-guest interactions 

based on β-cyclodextrin (CD) and adamantane (Ad). The feasibility of this approach was 

studied in cells with membranous overexpression of the chemokine receptor 4 (CXCR4). 

By combining specific targeting of CXCR4, using an adamantane (Ad)-functionalized Ac-

TZ14011 peptide (guest; KD = 56 nM), with multivalent host molecules that entailed 

fluorescent β-CD-Poly(isobutylene-alt-maleic-anhydride)-polymers with different 

fluorescent colors and number of functionalities, host-guest cell-surface modifications 

could be studied in detail. A second set of Ad-functionalized entities enabled introduction 

of additional surface functionalities. In addition, the attraction between CD and Ad could 

be used to drive cell-cell interactions. Combined we have shown that supramolecular 

interactions, that are based on specific targeting of an overexpressed membrane receptor, 

allow specific and stable, yet reversible, surface functionalization of viable cells and how 

this approach can be used to influence the interaction between cells and their surroundings.
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INTRODUCTION

Cells are the cornerstones of mammalian life forms, their versatile surfaces are naturally 

evolved to express molecules which provide a refined means to interact with their 

surroundings, e.g. functionalizations.1 These functionalities can stimulate and/or respond 

to cellular activity,2 regulate vital processes such as hormone balance3,4 and induce immune 

responses.5,6 The strength of using cells for therapeutic purposes is progressively being 

recognized in medicine and is (among others) exploited in the form of immunotherapy and 

(stem) cell transplantations.7–9 The implantation of (stem) cells allows regeneration of the 

impaired tissue, however therapy efficiency is limited by low engraftment of the cells at the 

site of interest.10 Furthermore, such cell-based therapies often go hand-in-hand with relatively 

complex biological modification processes such as genetic modification11 or metabolic 

labelling.12 As each medical application desires specialized features and functions, these 

modification processes match an individual cell type to a specific application. To enhance 

delivery and local retention to the site of interest, ideally an interaction-enhancing 

functionalization can be introduced in a cell-type specific manner, using well defined and 

generic (chemical) functionalization approaches.13 By recognizing the cell surface as a 

(complex) chemical scaffold, one can reason that its functionality and interactions can be 

altered via bio-orthogonal conjugations.14–16 Known examples are the introduction of 

polyelectrolyte polymers14,17–19 and the insertion of lipophilic anchors containing a functional 

group such as integrins or reactive handles.20–24 Alternatively, one could approach cell 

functionalization in a way similar to the functionalization of inorganic surfaces. The opposite 

has been used extensively; hereby inorganic surfaces with simulated cell surfaces have been 

applied to mimic interactions that occur in nature.25–27 When controllable and reversible 

inorganic-surface modifications are desired in aqueous environments, supramolecular host-

guest interactions, e.g. using beta-cyclodextrin (β-CD) and adamantane (Ad), provide 

outcome.28–33 Especially when one considers that CD based host-guest interactions also play 

a key role in the preparation of biomedical materials and in drug delivery.33–35 

Membrane-expressed biomarkers provide a unique fingerprint for cell populations 

and allow efficient and specific targeting using vectors such as antibody-derivatives and 

peptides.36 Such vectors are routinely used for applications in imaging and therapy.37 Not 

only can specificity be achieved by direct targeting of the receptor, indirect targeting can 

also be applied in a pre-targeting setup.38 Here a receptor-targeting vector is first directed 

towards the membrane-receptor. This first targeting step is then followed by a secondary 

functionalization, using an agent that contains e.g. a diagnostic or a therapeutic label.38–40 
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Other than applying the pre-targeting concept to introduce such diagnostic/therapeutic 

labels, potentially the same concept could also be utilized to introduce other functionalities 

on the cell surfaces.

We reasoned that it would be possible to functionalize cell surfaces in a similar way to 

what is known for inorganic surfaces. To realize this, a combination of membrane receptor-

(pre)targeting and supramolecular surface functionalization techniques were used. Herein 

the chemokine receptor 4 (CXCR4),41 a receptor that plays a key role in cellular motility as 

result of chemotaxis, served as the membrane receptor. Specific functionalization of CXCR4 

was achieved via the use of an adamantane functionalized Ac-TZ14011 peptide (Figure 

1a1). Further surface functionalization was based on the host-guest interaction between 

beta-cyclodextrin host molecules on fluorescent beta-cyclodextrin-Poly(isobutylene-alt-

maleic-anhydride)-polymers and the adamantane functionality (Figure 1a2). We also 

illustrate how such an approach enables the introduction of additional surface 

functionalities (e.g. diagnostic labels) and can even be used to drive cell-cell interactions.

EXPERIMENTAL

General 
For information on the materials used and more in depth experimental descriptions 

(including compound synthesis and analysis, determination of the receptor affinity of Ac-

TZ14011-Ad, cell culture and confocal microscopy), see the Supporting information (SI).

Polymer synthesis 
Poly(isobutylene-alt-maleic anhydride) (PIBMA39, Mw 6,000) or PIBMA389 (Mw 60,000) were 

dissolved in dry DMSO together with DIPEA and the appropriate Cy5- or Cy3-dye. The 

reaction was left to stir for at least 7 h. Then 6-monodeoxy-6-monoamine-β-cyclodextrin 

(β-CD) was added and the mixture was stirred at 80 °C for another 12 h. After cooling to 

RT, the polymer was dialyzed against H2O for 1 day, then against 100 mM phosphate buffer 

pH 9.0 for another day, and finally against H2O for 5 days. The dialysis medium was 

refreshed every day. The remaining solution was then lyophilized to obtain the product. 

The number of CD groups per polymer, was estimated via 1H NMR analysis and the number 

of dyes per polymer was estimated via UV/Vis absorbance (see Supporting information). 

Prior to use, a solution of 1 mg/mL in H2O each polymer was prepared and stored at 4 °C.

Cy50.4PIBMA39 (Compound 2)
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Figure 1. (a) Schematic representation of the supramolecular functionalization of cell surfaces via 
targeting of the membrane-receptor CXCR4 (green). As first step, cellular specificity is introduced by 
using Ac-TZ14011-Ad (1) peptide to target CXCR4 (step 1). This provides an Ad-functionality on the 
surface that can be used as basis for more generic functionalization with β-CD polymers containing 
variable fluorescent labels and β-CD; Cy50.5CD10PIBMA39 (3). Cy31.5CD72PIBMA389 (4) (step 2; x = 10 
or 72). The then artificially generated CD-surfaces can be used to drive cellular interactions with 
entities containing matching guest functionalities. Hereby a third generation of functionalization can 
be introduced such as Ad-functionalized fluorescent dye (step 3) or cell-cell interactions can be 
induced with Ad-functionalized cells (step 4). (b) Chemical structures of the key compounds; Ac-
TZ14011-Ad (1), Cy50.5CD10PIBMA39 (3), Cy31.5CD72PIBMA389 (4), Cy50.4PIBMA39 (2), the polymer-units 
containing different functionalities are randomly distributed within the polymer. In Ac-TZ14011-Ad 
the pharmacophore of Ac-TZ14011 is indicated in purple. The main guest for β-CD; Ad is indicated 
by a pink solid line, together with a possible second guest: Tyr10 (pink dotted line).
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PIBMA39 (9.1 mg, 1.5 µmol) and Cy5-Sulfonate-Amine (10) (1 mg, 1.8 µmol) were dissolved 

in 0.6 mL dry DMSO, DIPEA (13 µL, 74 µmol) was added and the mixture was stirred at RT 

overnight. Subsequently, the reaction mixture was directly dialyzed and after lyophilization, 

the product was obtained as a blue powder (2 mg, 0.3 µmol).

Average number of Cy5 dye/polymer according UV/vis absorbance: 0.4

Estimated molecular weight: 7.8 kDa (Table S1).

Cy50.5CD10PIBMA39 (Compound 3) 

PIBMA39 (30 mg, 5 µmol) and Cy5-(SO3)Sulfonate-(SO3)Amine (9) (5.0 mg, 5.6 µmol) were 

dissolved in 3 mL dry DMSO and DIPEA (50 µL, 250 µmol) was added. The reaction was 

stirred at 80 °C for 7 h, then 6-monodeoxy-6-monoamino-β-cyclodextrin (95 mg, 80 µmol) 

was added and the solution was stirred for another 72 h at 80 °C. After dialysis and 

lyophilization, the product was obtained as a blue powder (87 mg, 5 µmol).

Average number of CD groups/polymer according 1H NMR: 10

Average number of Cy5 dye/polymer according UV/vis absorbance: 0.5

Estimated molecular weight: 18.8 kDa (Table S1).

Cy31.5CD72PIBMA389 (Compound 4)

PIBMA389 (10 mg, 0.17 µmol) and DIPEA (15 µL, 85 µmol) were dissolved in 1.7 mL dry 

DMSO and a solution of Cy3-Amine-COOH (11) in dry DMSO (0.25 mM, 800 µL, 0.2 µmol) 

was added. The reaction was stirred overnight at RT, then, 6-monodeoxy-6-monoamino-

β-cyclodextrin (31.6 mg, 27 µmol) was added and the solution was stirred for another 

night at 80 °C. After dialysis and lyophilization the product was obtained as a bright pink 

powder (22.3 mg, 0.16 µmol).

Average number of CD groups/polymer according 1H NMR: 72

Average number of Cy3 dye/polymer according UV/vis absorbance: 1.5

Estimated molecular weight: 155 kDa (Table S2).

Cell experiments
Functionalization of cells

MDAMB231 X4, were seeded onto culture dishes (80,000 per dish) and brought to 0 °C, 

followed by incubation with Ac-TZ14011-Ad (10 µM) in 1 mL DMEM for 1 h at 0 °C. 

Subsequently, either Cy50.5CD10PIBMA39 or Cy31.5CD72PIBMA389 was added (10 µM final 

β-CD concentration). After 1 h of incubation at 0 °C, cells were washed twice with PBS and 

confocal images were taken.
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Functionalization of cells in a mixed cell-culture

A mixed-cell set-up was used to determine the specificity of the cell functionalization.  

A mixture of 40,000 cells of each strain of MDAMB231 X4 and MDAMB231 cells were 

seeded. The next day, the cells were brought to 0 °C and subsequently they were 

functionalized with either Cy50.5CD10PIBMA39 or Cy31.5CD72PIBMA389 (see functionalization 

of the cells). During confocal analysis discrimination between the fluorescence of the outer 

membrane of the two cell lines was based on the GFP signal, only present in the MDAMB231 

X4 strain. To determine the difference in polymer binding to Ac-TZ14011-Ad functionalized 

MDAMB231 X4 and MDAMB231 cells. The experiment was performed twice and for each 

cell type the average gray value/m2 of 25 cells in total was measured (see SI for further 

details).

Ac-TZ14011-Ad induced cell functionalization analyzed by confocal microscopy

The receptor-mediated functionalization of cells was examined by confocal microscopy 

and flow cytometry (see also ‘Ac-TZ14011-Ad induced cell functionalization analyzed by 

flow cytometry’). For Confocal microscopy MDAMB231 X4 cells (80,000 per well) were 

incubated with either Ac-TZ14011 (10 µM), Ac-TZ14011-Ad (10 µM), or none, for 1 h at 0 

°C in 1 mL DMEM. Subsequently, either Cy50.4PIBMA39 or Cy50.5CD10PIBMA39 was added 

(10 µM β-CD; 1 µM polymer final concentration) and another hour at 0 °C of incubation 

followed. Thereafter, the cells were washed twice with PBS and confocal images were 

acquired. All experiments were performed in 6-fold and for each condition per experiment 

at least 10 cells were included in the study. The Cy5 signal present on the cell in each 

sample was quantified to analyze differences between the amounts of binding of the 

polymers to the cells when either, no peptide, Ac-TZ14011, or Ac-TZ14011-Ad was present. 

For normalization all results were divided by the average fluorescence value obtained 

when just the polymer was added. The significance of the obtained differences was 

determined by student T-test (two tailed, unpaired). 

Cy5-Ad and Cy5-Ad2 functionalization of polymer modified cell surfaces 

A third functionalization on the β-CD-polymer functionalized cells was introduced, by first 

functionalizing adherent MDAMB231 X4 cells with Cy31.5CD72PIBMA389. Subsequently, the 

cells were washed once with DMEM, followed by incubation with Cy5-Adn (n = 1 or 2, 5 

µM) in 1 mL DMEM for 1 h at 0 °C. Before confocal images were taken, the cells were 

washed twice with PBS. As a control experiment, the cells were incubated with Cy5-Ad2 

(5 µM final concentration) while the polymer was omitted in the first incubation step.
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Cell-cell interactions

To study cell-cell interactions, variable combinations of functionalized MDAMB231 X4 cells 

were evaluated. MDAMB231 X4 cells (300,000 per tube) in suspension were incubated 

with Hoechst 33342 (1 µg/mL) for 30 minutes in 1 mL DMEM at 0 °C. Subsequently, they 

were washed once with PBS (centrifuged  3 min, 3000 x g, 4 °C), cooled on ice and either 

incubated with Ac-TZ14011-Ad (11 µM) or none, in DMEM (500 µL) for 1 h at 0 °C. After 

washing twice with PBS (centrifuged 3 min, 3000 x g, 4 °C), cells were resuspended in 300 

µL PBS and added to a separate batch of adherent MDAMB231 X4 target cells (80,000 

cells per dish). The latter were either functionalized with Cy31.5CD72PIBMA389 or none, or 

subsequently washed with PBS. The variable cell mixtures, see Table S1, were allowed to 

incubate in 1 mL PBS for 15 to 30 min at RT. Prior to imaging, the excess of unbound cells 

in suspension were gently washed away with PBS (2 x 1 mL, RT). The samples were 

examined under confocal microscopy in a culture dish and of each sample approximately 

10 images were acquired at randomly chosen locations. All experiments were performed 

in 5-fold, resulting in the analysis of 223 ± 30 cells per cell combination. For each image 

obtained, the ratio between Hoechst stained cells that had an interaction with a target cell 

and the total number of Hoechst-stained cells in the image, was calculated. Obtained 

ratio’s for each cell combination (Table 1) were averaged and statistical significance of 

differences between each cell combination determined using student T-test (two tailed, 

unpaired). 

Ac-TZ14011-Ad induced cell functionalization analyzed by flow cytometry

Besides examining the receptor-mediated functionalization of cells by confocal microscopy 

(see ‘Ac-TZ14011-Ad induced cell functionalization analyzed by confocal microscopy’) the 

Table 1. Tested cell mixtures of adhered and suspended MDAMB231 X4 cells and their functionalization.

Cell mixture Adherent MDAMB231 In suspension MDAMB231
+
Hoechst labelled

1 Ac-TZ14011-Ad
+
Cy31.5CD72PIBMA389

Ac-TZ14011-Ad

2 Ac-TZ14011-Ad
+
Cy31.5CD72PIBMA389

None

3 None Ac-TZ14011-Ad

4 None None
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functionalization was also examined by flow cytometry to quantify the rate of 

functionalization.  For this purpose, MDAMB231 X4 cells were trypsinized and divided into 

aliquots (300,000 cells per tube), centrifuged for three minutes (3000 x g, 4 oC), and 

supernatant was decanted.  The cells were incubated with 50 µL PBS containing either 

Ac-TZ14011 (10 μM), Ac-TZ14011-Ad (10 μM), or none for 1 h at 0 oC. Subsequently, 50 

µL of either Cy50.4PIBMA39 or Cy50.5CD10PIBMA39 in PBS was added (10 μM β-CD; 1 μM 

polymer final concentration) and another hour at 0 oC of incubation followed. The cells 

were washed twice with PBS (centrifuged 3 min, 3000 x g, 4 oC), resuspended in 300 µL 

PBS and the intensity of Cy5 fluorescence related to the cells was measured by flow 

cytometry (see ESI for further details). All experiments were performed in 8-fold. For data 

normalization, all results were divided by the average fluorescence value obtained when 

only the polymer was added. The significance of the obtained differences was determined 

by student T-test (two tailed, unpaired).

RESULTS AND DISCUSSION

Design and synthesis of the chemical components
The cyclic Ac-TZ14011 peptide, a well-known targeting ligand for the CXCR4 receptor,41 

was functionalized using an Ad-group (Figure 1b). Hereby the Ad-group pointed outwards 

from the pharmacophore,42 making the Ad-group available for interactions with the cell’s 

environment. Flow cytometry-based competition experiments on viable CXCR4 expressing 

cells (MDAMB231 X4), revealed a KD of 56 nM for Ac-Tz14011-Ad (Figure S11), using the 

fluorescent Ac-TZ14011-MSAP (KD = 187 nM) as a reference. Unmodified Ac-TZ14011 has 

an affinity of 8.6 nM,43 which indicates that the introduction of the Ad functionality only 

has a relatively small adverse effect on the receptor affinity.41

Poly(isobutylene-alt-maleic-anhydride) (PIBMA) with different lengths (PIBMA39 and 

PIBMA389) were used for the polymer backbone, as the anhydrides allow easy grafting 

with nucleophiles such as β-CD-NH2, Cy3-NH2 and Cy5-NH2. Furthermore, hydrolyzing 

the non-reacted anhydrides to carboxylates, provides good solubility in aqueous 

solutions (pKa1 = 4).44,45 This approach resulted in the synthesis of two fluorescent β-CD-

PIBMA-polymers and one solely fluorescent PIBMA39-polymer without β-CD for control 

experiments. After conjugation, absorption spectroscopy revealed that on average 0.5 

Cy5, 1.5 Cy3, and 0.4 Cy5 fluorophores were conjugated to the respective polymers. 
1H-NMR and NMR Diffusion Ordered Spectroscopy (DOSY) were used to determine the 
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degree of CD-functionalization and to estimate the hydrodynamic diameter of the 

respective polymers. This yielded one polymer with 10 β-CD-units with diameter ~2.8 

nm (~18.8 kDa: Cy50.5CD10PIBMA39), one polymer with 72 β-CD-units with diameter ~11.7 

nm (~155 kDa; Cy31.5CD72PIBMA389), and one polymer without βCD-units with diameter 

~2.7 nm (~7.8 kDa; Cy50.4PIBMA39)(Figure 1b).

Functionalization of cell surfaces
To prove that (supramolecular) cell-surface modification becomes possible via specific 

functionalization of the membrane-receptors, CXCR4 overexpressing MDAMB231 X4 cells 

were functionalized in two steps; first with Ac-TZ14011-Ad (1 h; 0 °C), to allow for CXCR4 

receptor targeting (Figure 1,1) and secondly with either Cy50.5CD10PIBMA39 or 

Cy31.5CD72PIBMA389 (1 h; 0 °C) to allow further surface functionalization (Figure 1,2). Cell 

analysis using confocal microscopy indicated that cell functionalization was accomplished 

using both polymer types (Figure S12). MTT cell-viability tests performed 24 h after the 

(supramolecular) cell-surface functionalization (Figure S13) showed that the cells were not 

negatively affected by the functionalization with Ac-TZ14011-Ad and either one of the two 

polymers (0–16 μM β -CD).

To further study the CXCR4-receptor specificity of the functionalization process, the 

experiments were repeated with a mixed cell culture of viable MDAMB231 X4 (with 

overexpressed CXCR4 receptor and with CXCR4-linked GFP-tag) and as a control 

MDAMB231 cells (with basal CXCR4 expression and without CXCR4-linked GFP-tag). We 

have demonstrated previously that a fluorescent variant of the Ac-TZ14011 peptide allows 

for differentiation between the two cell lines, using their difference in CXCR4 expression 

levels46. Confocal microscopy (Figure 2) and intensity analysis revealed that the average 

signal intensities of Cy50.5CD10PIBMA39 and Cy31.5CD72PIBMA389 were respectively 5 and 

8 times higher on the MDAMB231 X4 cells, compared to the signal intensities observed 

on the cells with basal CXCR4 expression (MDAMB231), which indicates receptor specificity.

The influence of host-guest interactions on the degree of cell surface functionalization 

was examined on MDAMB231 X4 cells. Here for the conditions of the first incubation step 

were varied as follows; (1) by omitting the use of a CXCR4-binding peptide, (2) by using 

non-Ad functionalized Ac-TZ14011 (includes a lower affinity tyrosine (Tyr10) guest 

moiety47,48) or (3) via the standard procedure by using Ac-TZ14011-Ad. Differences in 

functionalization using Cy50.5CD10PIBMA39 or Cy50.4PIBMA39 were analyzed using both 

semi-quantitative (confocal microscopy) and quantitative (flow cytometry) methods. Under 

a direct comparison at baseline the non-specific uptake of Cy50.5CD10PIBMA39 is about 
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one-and-a-half times that of Cy50.4PIBMA39, which indicates that β -CD can interact with 

cell-surface residues. Pre-targeting based introduction of guest moieties on the CXCR4 

receptors yielded statistically significant (p < 0.01) increases in Cy50.5CD10PIBMA39 binding 

(Figure 3a). The middle column of Figure 3a, indicates that the Tyr10 residue on the Ac-

TZ14011 peptide (Figure 1b) already induces enhanced binding of the CD-polymer.41 The 

introduction of the higher affinity Ad-guest molecule (Ac-TZ14011-Ad), further enhances 

this effect (Figure 3a, last column).

When the polymer did not include β-CD (host) functionalizations (Cy50.4PIBMA39), 

binding was not induced by the presence of Ac-TZ14011, or Ac-TZ14011-Ad (Figure 3b). 

Figure S15 further illustrates that the availability of multiple CD-moieties on the polymer 

backbone enhances the binding considerably. On average Cy50.5CD10PIBMA39 displayed 

two-fold higher binding than Cy50.4PIBMA39. The findings of Figure 3a,b and Figure S15 

combined suggest that both guest and host moieties play an instrumental role in the cell 

functionalization process.

Figure 2. Supramolecular surface modification of viable MDAMB231 X4 (with CXCR4-linked GFP-Tag) 
and MDAMB231 cells (without GFP-Tag) in mixed cell culture. Modification was accomplished via 
specific functionalization of the CXCR4 receptor with Ac-TZ14011-Ad, followed by host-guest interaction 
between β-CD molecules on fluorescent Cy50.5CD10PIBMA39 or Cy31.5CD72PIBMA389 polymers and 
the Ad functionality. Functionalization mainly occurs on the CXCR4 overexpressing MDAMB231 X4 
cells. For clarity, both the (overlay) image and the same image at the individual channels are displayed, 
with GFP in green, Cy5 (Cy50.5CD10PIBMA39) in red, and Cy3 (Cy31.5CD72PIBMA389) in blue.
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During the (supramolecular) cell surface modification it is expected that one polymer 

interacts with multiple Ac-TZ14011-Ad moieties to establish functionalization. Individual 

CXCR4 receptors have a diameter of approximately 4 to 5 nm, based on the crystal structure 

of CXCR4 obtained from the RCSB protein data bank (PDB code 3OE0).41 Although the 

distance between CXCR4 receptors on the membrane is unknown, it is reported that they 

can cluster in groups.49,50 When assuming a spherical structure, Cy50.5CD10PIBMA39 has a 

hydrodynamic diameter of 2.8 nm in water but, when unfolded, the polymer length is 

approximately 24 nm (based on the estimated bond lengths of one subunit, times the 

number of subunits in the polymer). Hypothetically, this should allow simultaneous 

interactions with multiple (clustered) Ac-TZ14011-Ad functionalized CXCR4 receptors. The 

longer Cy31.5CD72PIBMA389 polymer (hydrodynamic diameter ~11.7 nm; unfolded > 200 nm) 

should allow such multivalent interactions even more. To test this theory, the functionalization 

was also performed using monovalent Cy5-CD (5) instead of a CDnPIBMAm polymer, which 

resulted in a substantial lower degree of functionalization (Figure S14). These findings show 

that multivalent interactions between β-CD-host molecules and different Ad-guest molecules 

are indeed required. Furthermore it confirms the assumption that each polymer interacts 

with at least two or more Ac-TZ14011-Ad functionalized CXCR4 receptors.

Figure 3. Host-guest interaction dependent cellular functionalization: (a) Binding of Cy50.5CD10PIBMA39 

increases in a statistically significant manner when the guest moieties Ac-TZ14011 and Ac-TZ14011-
Ad become available at the cell surface. (b) Cy50.5CD10PIBMA39 functionalization is not influenced by 
the availability of guest moieties. These values remain at baseline. The degree of functionalization 
was quantified by Flow cytometry (blue) or Confocal microscopy (red). Graphs show the normalized 
data with the error bars indicating the standard deviations (n = 6) and the significance of differences 
marked with *(p < 0.05) or **(p < 0.01).
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Since Cy31.5CD72PIBMA389 differs considerably from Cy50.5CD10PIBMA39 in length 

(unfolded; 24 vs. > 200 nm) and in CD number (10 vs. 72), Cy31.5CD72PIBMA389 can, in 

theory, bind to more Ac-TZ14011-Ad groups than Cy50.5CD10PIBMA39. This difference was 

indeed reflected in the affinity of both polymers for the Ad-functionalized cell surfaces. In 

competition experiments (see supporting information for more detailed description and 

discussion), Cy31.5CD72PIBMA389 bound in slightly larger quantities to the cells surface then 

Cy50.5CD10PIBMA39 (Figure S17). Competition followed over time by confocal microscopy, 

revealed that under competitive conditions Cy31.5CD72PIBMA389 could replace 

Cy50.5CD10PIBMA39 cell functionalizations, while the reverse proved to be difficult (Figures 

S18 and S19). 

To investigate if the observed replacement is indeed based on host-guest interactions, 

the same longitudinal competition experiment was repeated with Cy50.4PIBMA39. This 

experiment demonstrated that Cy50.4PIBMA39 was not replaced by Cy31.5CD72PIBMA389, 

which displayed increased binding to the cell surface over time (see supporting information 

for more detailed description and discussion; Figures S18 and S19). When the reverse was 

attempted, Cy31.5CD72PIBMA389 could also not be replaced by Cy50.4PIBMA39while the 

backbone polymer already displayed binding at an early time-point. These results indicate 

that the non-specific binding of Cy50.4PIBMA39 occurs at a different location than where 

Cy31.5CD72PIBMA389 binds in a specific manner. These control experiments underline that 

the observed replacement between Cy50.5CD10PIBMA39 and Cy31.5CD72PIBMA389 (Figures 

S18 and S19) represent competition observed in the host-guest interactions between the 

CD-moieties on the polymers and the Ac-TZ14011-Ad ligands.

Using cells as chemical scaffold for further functionalization
β-CD based binding of the PIBMA-polymers to the Ac-TZ14011-Ad functionalized cell 

surface is dynamic and occurs with the presence of an excess of β-CD groups on the 

polymers (Figure 4a, step 1, 2). Hence, it is expected that non-bound β-CD groups remain 

available that can be used for consecutive supramolecular functionalization steps. This 

concept was initially studied using Cy5-Ad (6) and Cy5-Ad2 (7). The monovalent Cy5-Ad 
showed very little staining of cells that were pre-functionalized with Cy31.5CD72PIBMA389 

(Figure S20). In contrast, the bivalent Cy5-Ad2 showed clear staining under identical 

conditions, providing co-localization of the CXCR4  receptor (GFP), Cy31.5CD72PIBMA389 

(Cy3), and Cy5-Ad2 (Cy5) (Figure 4b). Use of Cy5 (8) alone did not result in staining (Figure 

S20). Moreover, experiments where Cy5-Ad2 was added in the absence of 

Cy31.5CD72PIBMA389, did not yield non-specific staining which is a clear indication that the 



CHAPTER 2

28

polymer is essential for functionalization (Figure S21). When looking at the binding constant 

of mono- and bivalent Ad with multivalent β-CD hosts in general,51–54 a difference of at 

least a factor 200 is found. The binding constant of bis-adamantane (e.g. Cy5-Ad2) with 

multivalent β-CD hosts lies between 1·107–1·1010 M−1 (depending on the host and its 

environment),52,53 while the Cy5-Ad interaction with Cy31.5CD72PIBMA389 can be seen as 

Figure 4. (a) Schematic illustration of introducing a third-generation of surface modification, e.g. 
Cy5-Ad2. The host-guest interaction of CD-Ad is dynamic and after functionalizing the cell surface 
with CDnPIBMAm polymers, e.g. Cy31.5CD72PIBMA389 (step 1,2), non-bound β-CD groups should be 
available to host the second fluorescent label (step 3). (b) Confocal images visualizing the introduction 
of Cy5-Ad2 on Cy31.5CD72PIBMA389 functionalized MDAMB231 X4 cells. For clarity, both the (overlay) 
image and the same image at the individual channels are displayed, with GFP in green, Cy3 
(Cy31.5CD72PIBMA389) in blue and Cy5 (Cy5-Ad2) in red.
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a monovalent interaction of which the binding constant lies around 5·104 M−1.51,54 Again 

multivalency seems to be a key component for facilitating stable interactions under in vitro 

conditions. The ability to utilize β-CD functionalized cell surfaces to introduce a third-

generation of functionalization opens up a scale of functionalization types to tailor a wide 

range of applications. For example, diagnostic labels for cell-tracking55 could be introduced 

via this route. Alternatively, the introduction of therapeutic agents or a combination of 

both is possible. Hereby cells are converted into functional scaffolds that can be applied 

for delivery applications.

Given the fact that the CDnPIBMAm polymers interact with Ac-TZ14011-Ad 
functionalization on the cell surface and that the secondary polymer surface functionalization 

enables a third-generation of surface modifications, we reasoned that it would be of interest 

to use such technology to drive the interactions between MDAMB231 X4 cells that are 

either functionalized with CDnPIBMAm polymers or Ac-TZ14011-Ad (Figure 5a). 

To study the induction of cell-cell interactions, Ac-TZ14011-Ad + Cy31.5CD72PIBMA389 

functionalized adhered MDAMB231 X4 cells were incubated with a solution containing 

Ac-TZ14011-Ad functionalized MDAMB231 X4 cells in suspension (see Figure 5a for a 

schematic representation). In the latter the nucleus was stained with Hoechst in order to 

enable discrimination between the two. After 15–30 min of incubation, cell-cell interactions 

were quantified using confocal microscopy (Figure 5b). Analysis of the obtained images 

revealed that on average 61% of the Hoechst stained suspended cells within the field of 

view interacted with non-Hoechst stained adherent cells. Control experiments where the 

adherent cells were not functionalized using Cy31.5CD72PIBMA389 and/or in which the cells 

in suspension were not functionalized with Ac-TZ14011-Ad resulted in significantly (p < 

0.01 and p < 0.05 respectively) lower percentages of cell-cell interactions, as is depicted 

in Figure 5. This made us conclude that the introduced cell-surface modifications and 

underlying supramolecular chemistry opens the perspective to drive cell-cell interactions.

Synthetic control on cell-cell enhancing interactions could be beneficial for cell-based 

therapies.7–9 For example, a challenge in (heart) stem-cell transplantation is to make the 

cells reside at the site of interest long enough to deliver a therapeutic effect.10 In the 

current clinical set-up, for example, cardiac stem cells are quickly cleared from location 

after intramyocardial injection.56 If the interaction of a transplanted cell with its surrounding 

could be enhanced, e.g. by providing a “temporary glue-like” adhesion of the cells at the 

injection site, the local retention could be improved. By allowing the cells time to engraft 

to the host tissue using natural transmembrane receptor interactions, the cellular retention 
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and thus the therapeutic efficacy is likely to be enhanced. Alternatively, the same 

mechanism could be applied to temporarily adhere cells that excrete therapeutic 

substances such as enzymes.57 To demonstrate that the technology described is not limited 

to cancer cells we successfully applied this technology on CXCR4 expressing human cardiac 

Figure 5. (a) Schematic overview of inducing cell-cell interactions (3) between β-CD polymer 
(Cy31.5CD72PIBMA389) functionalized cells (1) and Ad (Ac-TZ14011-Ad) functionalized cells (2) with 
Hoechst staining (white) (b) Representative confocal images of inducing supramolecular cell-cell 
interactions between variable functionalized MDAMB231 X4 cells. With GFP in green, Cy3 in blue and 
Hoechst in white. (c) Average values of the fraction of cell-cell interactions in each test condition. 
Significance of differences is marked with *(p < 0.05) or **(p < 0.01).
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stem cells (Figure S22), which are currently applied in stem cell-therapy. After having 

established all the chemical requirements for the supramolecular cell-surface modification, 

studies regarding the biological efficacy of functionalized stem cells will be initiated.

The cell-surface modification approach as described in this manuscript, obtains its 

cell-type specificity from the specific targeting of membrane receptors, in this case being 

CXCR4 (Figure 1, 1). While polymer modification of the cell surface is a generic step (Figure 

1, 2), the introduction of functionalities for e.g. adhesion can again be tailored if required. 

This provides a large degree of (synthetic) freedom and possibilities. With the many 

membrane-receptor targeting vectors available on the market these days,38,40,43,58,59 and 

the huge variety of functionalities that could be of value, the proposed approach can be 

made compatible with a whole scale of cells and cell-therapy applications. The most critical 

part herein seems to be a high local density of one, or a combination of, membrane-

receptors so that multivalent interactions with the host polymer are possible.

Based on the possibility of introducing specificity via the membrane-receptors (Figure 

2, 3) it may be postulated that the supramolecular approach provides a good alternative 

for current cell surface functionalization methods, such as the layer by layer (LBL) a-specific 

cell coating by polyelectrolyte polymers18 or the insertion of lipophilic anchors.20 While the 

LBL technique has proven its applicability as cell coating on different sturdy cell membranes, 

e.g. bacteria and pancreatic islets,60 the supramolecular functionalization is more subtle 

and allows cell surface modification in more sensitive cell types without harming the cell 

viability (Figure S13).

CONCLUSIONS

In this study we have shown that cell specific sequential surface functionalization could 

be accomplished by pre-targeting cells with an Ad-containing targeting vector such as 

Ac-TZ14011-Ad. This pre-targeting approach provides the possibility of tailoring this first 

step towards other cell types. Subsequently, host-guest interactions between fluorescent 

labeled CDnPIBMAm host polymers and the introduced Ad-guest functionality not only 

enable surface coating, but also formed a basis for further hierarchical functionalization. 

The described host-guest approach adds the possibility to introduce specific 

functionalizations on the CDnPIBMAm modified cell surface. There are always non-bound 

β-CD groups available for further functionalization, since the polymers contain an access 

of β-CD groups. The specific functionalizations can be in the form of diagnostic- and/or 
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therapeutic-labels, so that the cells become vehicles for imaging and/or drug-delivery 

applications. In addition, we have shown that theses supramolecular functionalizations 

provide a basis to drive cell-cell interactions that could prove to be of future benefit for 

cell based therapies.
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Figure S1. Synthesis of Cy5-(SO3)Sulfonate-(SO3)COOH (compound 8) (n = 1, R1 = SO3H, R2 = SO3H, 
R3 = (CH2)2-COOH), Cy5-(SO3)Sulfonate-(SO3)Amine (compound 9), Cy5-Sulfonate-Amine (compound 
10) (n = 1, R1 = H, R2 = SO3H, R3 = NH2), and Cy3-Amine-COOH (compound 11) (n = 0, R1 = H, R2 = CH2-
COOH, R3 = NH2), (n = 1, R1 = SO3H, R2 = SO3H, R3 = NH2).
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EXPERIMENTAL

General 
All chemicals were obtained from commercial sources and used without further purification. 
ISOBAM-04 was kindly supplied by Kuraray Europe GmbH free of charge. NMR spectra 
were recorded using a Bruker DPX 300 spectrometer (300 MHz 1H NMR) or a Bruker 
AVANCE III 500 MHz with a TXI gradient probe and are referenced to residual solvent signal 
or TMS. HPLC was performed on a Waters system by using a 1525EF pump and a 2489 
UV detector. For the MTT assay the Perkin Elmer plate reader 1420 Multilabel Counter 
was applied. For preparative HPLC a Dr. Maisch GmbH, Reprosil-Pur 120 C18-AQ 10 μm 
(250×20 mm) column was used and a gradient of 0.1 % TFA in H2O/CH3CN (95:5) to 0.1 % 
TFA in H2O/CH3CN (5:95) in 40 min was employed. For analytical HPLC a Dr. Maisch GmbH, 
Reprosil-Pur C18-AQ 5 μm (250×4.6 mm) column was used and a gradient of 0.1 % TFA in 
H2O/CH3CN (95:5) to 0.1 % TFA in H2O/CH3CN (5:95) in 40 min was employed. MALDI-TOF 
measurements were performed on a Bruker Microflex. For dialysis Sigma Pur-A-LyzerTM 
Mega 3500 tubes were used.

Synthesis of the cyanine-dye building blocks
Indole
The indole-based building blocks; Indole-Sulfonate, Indole-COOH, sulfoindole-Sulfonate 
and sulfoindole-COOH were synthesized according a previously reported procedure,1,2 

while the indole-based building blocks; indole-Phth, Indole-AmineBoc, and sulfoindole-
AmineBoc were synthesized according an adjusted synthesis method based on published 
procedure.2,3 The crude product of the Indole building blocks could be directly used in the 
next reaction step, except for sulfoindole-AmineBoc, which was purified first.

Indole-Phth
A mixture of 2,3,3-trimethylindolenine (504 μL, 3.1 mmol) and N-(3-Bromopropyl)
phthalimide (843 mg, 3.1 mmol) in 5 mL MeCN was stirred for 4 h at 100 oC, followed by 
72 h at 60 oC. The resulting red precipitate was collected, dissolved in acetone and 
precipitated in Et2O. The suspension was filtrated and the residue was washed with Et2O 
yielding the crude product as an orange solid (1.2 g)

Indole-AmineBoc
A solution of 2,3,3-trimethylindolenine (3.7 ml, 22.8 mmol) and tert-butyl-(3- bromopropyl)
carbamate (5.4 g, 22.8 mmol) in 25 mL dry MeCN was stirred for 72 h at 60 oC. The mixture 
was concentrated under vacuum, re-dissolved in a small amount of MeOH and precipitated 
in Et2O while stirring. The precipitate was filtered off and washed with Et2O until the filtrate 
was colorless, yielding the product as a pink solid (3.5 g).
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Sulfoindole-AmineBoc 

A solution of 2,3,3-trimethyl-3H-indole-5-sulfonate potassium salt (1.1 g, 4 mmol) and 3- 

propylamine·HBr (0.87 g, 4 mmol) in 10 mL 1,2-dichlorobenzene was stirred for 30 min at 

110 oC, followed by 10 min at 150 oC. The resulting purple precipitate was collected and 

dispersed in 15 mL MeOH. Di-tert-butyldicarbonate (1.7 g, 8 mmol) and DIPEA (1.4 mL, 8 

mmol) were added and the reaction mixture was refluxed for 30 minutes. The mixture 

was concentrated in vacuo and purified by column chromatography (MeOH:CH2Cl2 1:3), 

yielding the product as a pink solid (81 mg).

Figure S2. Conjugation of PIBMA39 with Cy5-Sulfonate-Amine (10).

Figure S3. Conjugation of PIBMA39 with Cy3-Amine-COOH (9) and subsequently with β-CD.
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SYNTHESIS OF THE CYANINE-DYES 

Cy5-(SO3)Sulfonate-(SO3)COOH (compound 8) 

Cy5-(SO3)Sulfonate-(SO3)COOH was synthesized according a previously reported 

method.2,4 

MS (MALDI-TOF): [C35H45N2O11S3]
+ calcd 765.2, found 765.7. 1H NMR spectrum as previously 

described.2,4

Cy5-(SO3)Sulfonate-(SO3)Amine (compound 9) 
Sulfoindole-Sulfonate (41 mg, 0.1 mmol) and 3-anilinoacraldehyde anil hydrochloride (28 

mg, 0.1 mmol) were dissolved in 4 mL HOAc:AC2O (1:1). After 30 minutes at 110 °C, the 

compound was precipitated in 50 mL diethyl ether. The obtained solid was dissolved in a 

mixture of 8 mL Ac2O:Pyridine (1:1) and sulfoindole-AmineBoc (40 mg, 0.1 mmol) was 

added. After stirring at RT overnight, the product was concentrated under vacuo and 

purified by preparative HPLC. The product containing fraction was collected and lyophilized 

to give 5.0 mg (6.2 μmol) of Cy5-(SO3)Sulfonate-(SO3)AmineBoc. Subsequently, Cy5-(SO3)

Figure S4. Conjugation of PIBMA389 with Cy3-(Sulfonate-(SO3)Amine (11) and subsequently with β-CD.
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Sulfonate-(SO3)AmineBoc was deprotected by stirring in TFA:MeCN:CH2Cl2 2:2:1 overnight 

at RT. After evaporation of the solvents, Cy5-(SO3)Sulfonate-(SO3)Amine was obtained as 

a dark blue powder (4.4 mg, 6.2 μmol, 6% yield) 

MS (MALDI-TOF): [C32H42N3O9S3]
+ calcd 708.1, found 708.2. 1H NMR (300 MHz, D2O): 8.00 

(m, 2H, CH), 7.83-7.74 (dd, 4H, Ar-H), 7.34 (d, 1H, Ar-H), 7.20 (d, 1H, Ar-H), 6.54 (t, 1H, CH), 

6.34 (d, 1H, CH), 6.16 (d, 1H, CH), 4.09 (m, 4H, N-CH2), 3.10 (t, 2H, CH2-NH2), 2.96 (t, 2H, 

CH2-SO3), 2.15- 1.91 (m, 6H, 3CH2), 1.61 (d, 12H, C-(CH3)2) ppm.

Cy5-Sulfonate-Amine (compound 10) 

Indole-Sulfonate (100 mg, 0.34 mmol) and 3-anilinoacraldehyde anil hydrochloride (88 

Figure S5. Conjugation of Ac-TZ14011 with 1-adamantanecarboxilic acid 

Figure S6.Conjugation of Cy5-(SO3)Sulfonate-(SO3)COOH (Cy5, 8) with aminoadamantane (Ad). 
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mm, 0.34 mmol) were dissolved in 10 mL HOAc:AC2O (1:1). After 60 min stirring at 110 
oC the mixture was cooled down and a solution of Indole-AmineBoc (161 mg, 0.51 mmol) 

in 10 mL pyridine was added. After stirring for 2 h at 140 oC, the blue solution was 

concentrated under vacuo and purified by column chromatography (MeOH:CH2Cl2 1:10 

to 1:1 gradient) and preparative HPLC. Product containing fractions were collected and 

lyophilized to yield a black solid. Subsequently, the obtained solid was dissolved in 30 

mL DCM:TFA (1:1) and a few drops of H2O were added. After 3 h stirring, the reaction 

mixture was concentrated under vacuo, redissolved in H2O and lyophilized to yield the 

product as a blue powder (11.6 mg, 21 μmol, 4.2% yield) 

MS (MALDI-TOF): [C32H42N3O3S]+ calcd 548.7, found 548.5. 1H NMR (300 MHz, MeOD): 8.28 

(m, 2H, CH), 7.53-7.23 (qt, 8H, Ar-H), 6.69 (t, 1H, CH), 6.47 (d, 1H, CH), 6.26 (d, 1H, CH), 4.18 

(m, 4H, N-CH2), 3.12 (t, 1H, CH2-NH2), 2.93 (t, 2H, CH2-SO3), 2.16-1.99 (m, 6H, 3CH2), 1.73 (s, 

12H, C-(CH3)2) ppm.

Figure S7. Synthesis of Cy5-Ad2 (7) by conjugating Cy5-(SO3)Sulfonate-(SO3)COOH (Cy5, 8) with bis-
adamantane (Ad2). The two Ad compounds are connected to each other via a previously synthesized 
β-alanine spacer.7 
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Cy3-Amine-COOH (compound 11) 
Synthesis of Cy3-Amine-COOH was adapted from previously described asymmetric cyanine 
synthesis.5 N,N′-Diphenylformamidine (102 mg, 0.52 mmol) was dissolved in cold DCM (50 
mL). DIPEA (181 μL, 1.04 mmol) and acetic anhydride (59 μL, 0.63 mmol) were added and 
the mixture was stirred for 2 h at room temperature. The mixture was concentrated under 
vacuum yielding a colorless oil. The oil was re-dissolved in 20 mL EtOH together with 
indole-COOH (127 mg, 0.46 mmol), indole-Phth (197 mg, 0.46 mmol) and pyridine (169 
μL, 2.10 mmol). The solution was refluxed for 3 h and stirred overnight at 60 °C. Acetic 
anhydride (60 μL) was added, and the reaction mixture turned pink. After refluxing for 4 
h, the crude product was concentrated in vacuo and purified by column chromatography 
(eluens: MeOH). The product fractions were combined, concentrated and lyophilized to 
give a pink solid of impure compound Cy3-Phth-COOH. A portion of Cy3-Phth-COOH (100 
mg, 0.16 mmol) was further purified by preparative HPLC. After lyophilization of the product 
fractions, Cy3-Phth-COOH was deprotected by adding 2 mL of CH3NH2 (33% in EtOH). 
The solution was stirred for 5 h, after which the reaction was concentrated in vacuo to 
give Cy3-Amine-COOH as a pink solid. Subsequently the compound was purified by 
preparative HPLC. Fraction containing product was collected and lyophilized and gave the 
pure product as a pink solid (4 mg, 7.99 μmol, 5% yield). 

Figure S8. Conjugation of β-CD with Cy5-(SO3)Sulfonate-(SO3)COOH (Cy5, 8).
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MS (MALDI-TOF): [C32H42N3O2]
+ calcd 500.3, found 499.3. 1H NMR (500 MHz, DMSO-d6): 

8.36 (t, 1H, CH), 7.66 (d, 2H, Ar-H), 7.51 (d, 2H, Ar-H), 7.46 (t, 2H, Ar-H), 7.32 (q, Ar-H), 6.55 

(d, CH), 6.46 (d, 1H, CH), 4.21 (m, 2H, N-CH2), 4.12 (m, 2H, N-CH2), 2.94 (m, 2H, CH2-NH2), 

2.22 (t, 2H, CH2- SO3), 2.03 (m, 2H, CH2), 1.74 (m, 2H, CH2), 1.71 (d, 12H, C-(CH3)2), 156 (m, 

2H, CH2), 1.43 (m, 2H, CH2) ppm.

Polymer synthesis
Cy50.4PIBMA39 (compound 2), Cy50.5CD10PIBMA39 (compound 3), and Cy31.5 CD72PIBMA389 

(compound 4) 

For detailed description of the polymers synthesis, see main manuscript

Synthesis of Ad-functionalized compounds 
Ac-TZ14011-Ad (compound 1) 

PyBOP (2.8 mg, 5.4 μmol), 1-adamantanecarboxylic acid (1.1 mg, 6 μmol) and DIPEA (5.1 

μl, 30 μmol) were dissolved in 1 mL dry DMF and stirred for 5 minutes at RT. This was 

added to a solution of Ac-TZ14011 (9.8 mg, 3.5 μmol), synthesized as previously described,6 

in 1 mL dry DMF. The reaction mixture was stirred for 48 h at RT. Subsequently, 2.5 mL of 

0.1% TFA (H2O) was added to the reaction mixture to purify the reaction mixture directly 

by preparative HPLC. The product fraction was lyophilized to give the product as a white 

powder (8 mg, 2.7 μmol, 77% yield). 

MS (MALDI-TOF): [C103H158N35O20S2]
+ calcd 2270.7, found 2271.3. The analytical HPLC 

chromatogram is shown in Figure S9. 

Cy5-Ad (compound 6) 

1- Aminoadamantane hydrochloride (7.5 mg, 40 μmol), Cy5-(SO3)Sulfonate-(SO3)COOH (8) 

(8.2 mg, 10 μmol) and PyBOP (31 mg, 60 μmol) were dissolved in 2 mL dry DMF. DIPEA (50 

μL, 300 μmol) was added and the reaction was stirred overnight, in the dark, at RT. Solvents 

were evaporated in vacuo and the product was purified by preparative HPLC. The product 

containing fraction was lyophilized to give the product as a blue powder (5.4 mg, 5.7 μmol, 

57 % yield). 

MS (MALDI-TOF): [C45H60N3O10S3]
+ calcd 898.3, found 898.9. 1H-NMR (300 MHz, DMSO-d6): 

8.36 (t, 2H, CH), 7.80 (s, 2H, Ar-H), 7.61 (d, 2H, Ar-H), 7.31 (dd, 2H, Ar-H), 6.59 (t, 1H, CH), 

6.34 (t, 2H, CH), 4.08 (m, 4H, N-CH2), 2.03 – 1.95 (m, 6H, 3CH2), 1.84 (s, 3H, 3CH), 1.80-1.69 

(m, 2H, CH2), 1.68 (s, 12H, C-(CH3)2), 1.56 (s, 6H, 3CH2), 1.46 (m, 2H, CH2), 1.23 (s, 6H, 3CH2) 

ppm. 



CHAPTER 2  |  SUPPORTING INFORMATION

48

Cy5-Ad2 (compound 7) 

Cy5-Ad2 was synthesized in multiple steps using standard peptide coupling chemistry. 

Boc-Glu-(β-Ala)2 (101 mg, 0.26 mmol), synthesized as described before,8 PyBOP (676 mg, 

1.3 mmol) and DIPEA (530 μL, 3 mmol) were dissolved in 5 mL dry DMF. After 5 min, 

adamantan-1-amine hydrochloride (244 mg, 1.3 mmol) was added and the mixture was 

stirred for 3 h at RT. The product was purified by column chromatography (CH2Cl2:MeOH 

9:1) and the product containing fractions were collected and concentrated under vacuo. 

The obtained compound was dissolved in 4 mL TFA:DCM (1:4) and stirred overnight at 

RT. After evaporation of the solvents in vacuo, the obtained H-Glu-(β-Ala-Ad)2 was 

dissolved in H2O:MeCN and lyophilized to give the product as a white solid (111 mg, 0.17 

mmol). Subsequently, H-Glu-(β-Ala-Ad)2 , (20 mg, 30 μmol) was dissolved in 2 mL dry DMF 

and Cy5-(SO3)Sulfonate-(SO3)COOH (8) (25 mg, 30 μmol), PyBOP (16 mg, 30 μmol) and 

DIPEA (17 μL, 100 μmol) were added. After stirring overnight at RT, 2 mL of 0.1 % TFA in 

H2O was added to purify the product directly by preparative HPLC. The product containing 

fractions were collected and lyophilized to give Cy5-Ad2 as a blue solid (9.0 mg, 6.9 μmol, 

2.6 %). 

MS (MALDI-TOF): [C66H92N7O14S3]
+ calcd 1303.7, found 1303.9. 1H NMR (300 MHz, DMSO-D6): 

8.35 (t, 2H, CH), 7.80 (s, 4H, Ar-H), 7,60 (d, 2H, Ar-H), 7.33 (d, 2H, Ar-H), 6.58 (t, 1H, CH), 6.42 

(d, 1H, CH), 6.31 (d, 1H, CH), 4.07 (m, 4H, N-CH2), 3.36 - 3.15 (m, 5H, CH and 2CH2, semi 

covered under solvent peak), 2.29-2.02 (m, 6H, 3CH2), 2.01 – 1.19 (m, 10H, 5CH2), 1.88 (s, 

6H, 6CH), 1.80-1.69 (m, 4H, 2CH2) 1.68 (s, 12H, C-(CH3)2), 1.57 (s, 12H, 6CH2), 1.23 (s, 12H, 

6CH2) ppm. 

Synthesis of Cy5-CD (compound 5)

Cy5-(SO3)Sulfonate-(SO3)COOH (8) (4.2 mg, 5 μmol), 6-monodeoxy-6-monoamino-β-

cyclodextrin (5.9 mg, 5 μmol), and PyBOP (5.2 mg, 10 μmol) were dissolved in 1 mL dry 

DMSO. DIPEA (3.5 μL, 20 μmol) was added and the mixture was stirred overnight at RT. 

The products were precipitated in CH2Cl2 and purified by preparative HPLC. The product 

fraction was lyophilized to give a blue powder (5.2 mg, 2.7 μmol, 53%). 

MS (MALDI-TOF): [C77H113N3O44S3]
+ calcd 1880.8, found 1882.0. 1H NMR (300 MHz, D2O): 

8.03 (m, 2H, CH ), 7.79-7.74 (m, 4H, Ar-H), 7.29 (t, 2H, Ar-H), 6.6-6.2 (m, 3H, CH), 4.97 (m, 

7H, O-CH-O-CH of β-CD), 4.05 (m, 4H, N-CH2), 3.90-3.49 (m, 42H, all other β-CD protons), 

2.91 (t, 2H, CH2-COOH), 2.17 (t, 2H, CH2-SO3), 2.0-1.0 (m, 10H, 5CH2), 1.65 (s, 12H, C-(CH3)2) 

ppm.
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Analysis of the CD-polymers 
The grafting efficiency of β-CD and the fluorophores was determined by a combination of 
1H-NMR and UV/Vis absorption measurements. The grafting of the β-CD was determined 

by 1H-NMR, by integrating the polymer peaks at 1.38 - 1.00 ppm (both methyl and CH2 

moieties) and the β-CD peaks at 5.1 ppm (anomeric carbon CH) and 4.00 - 3.50 ppm (all 

other β-CD protons). The integral of the peaks corresponding to the polymer was then 

set at 8 (Suplementary Figure S10B). The obtained integral for the β-CD peaks at 5.1 ppm 

and 4.00 - 3.50 ppm were divided by 7 and 42 respectively (in theory, if one β-CD per 

subunit would have been present, their integrals would have been 7 and 42). The resulting 

ratio is the approximated percentage of β-CD per subunit. Both ratios obtained for the 

peak at 5.0 and 4.0 - 3.5 ppm were averaged and then multiplied by the number of subunits 

in the polymer. 

To determine the number of fluorophores per polymer, first the fluorophore 

concentration of the sample was calculated by measuring the absorbance at 650 nm (Cy5) 

or at 550 nm (Cy3) and applying the Beer-Lambert law (equation (1)). Then the concentration 

of the fluorophore was correlated with the calculated concentration of the polymer, based 

on its estimated molecular weight. 

 
 (eq.1)

Where: A = absorbance, l = path length in cm, ε = absorption coefficient, C = Molar 

concentration 

The molecular weight (MW) of the polymer was first estimated by adding together: the 

starting MW of the polymer (6,000 or 60,000 g/mol), the MW of β-CD (1133 g/mol) times 

the numbers of β-CD per polymer (0, 10, or 72), and the MW of H2O (18 g/mol) times the 

number of carboxylates per polymer (78.0, 67.5, or 705.5). Then the number of 

fluorophores per polymer was calculated and the resulting number of fluorophore per 

polymer (0.4, 0.5, or 1.5) times the MW of the fluorophore was added to obtain the final 

MW of the polymers 

The hydrodynamic radii of the polymers were determined using dynamic light scattering 

(DLS) and diffusion-ordered NMR spectroscopy (DOSY). Based on the diffusion constants, 

the hydrodynamic radii could be calculated using the Stokes-Einstein equation (Equation (2)). 

  (eq. 2)
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Where: D = diffusion constant, KB = boltzmann’s constant, T = absolute temperature, ƞ = 

dynamic viscosity of the medium and r = radius of the particles /compound.

Cell culture
Human MDAMB231 cells, transfected with human CXCR4 conjugated GFP (MDAMB231 

X4), were kindly provided by Dr. Gary Luker (Center for Molecular Imaging, University of 

Michigan, USA).5 Native MDAMB231 cells with basal CXCR4 expression were used as 

control.6 Cells were maintained in Dulbecco’s minimum essential medium (DMEM) 

enriched with 10% fetal bovine serum and 5 mL Penicillin/Streptomycin (1,000 units/mL 

Penicillin; 1,000 μg/mL Streptomycin) (all Life Technologies Inc.). Cell lines were cultured 

and maintained under standard conditions (37 oC and 5% CO2). 

Confocal microscopy 
One day prior the experiment, cells were trypsinized, seeded onto culture dishes with 

glass insert (ø35mm glass bottom dishes No. 15, poly-d-lysine coated, γ-Irradiated, MatTek 

corporation) and incubated overnight in 2 mL DMEM. After incubation of the compounds 

(see below for the conditions of each experiment), live cell images were taken on a Leica 

SP5 or SP8 WLL confocal microscope under 63x magnification. The intrinsic GFP signal in 

the MDAMB231 X4 cells was measured with excitation at 488 nm and emission was 

collected at 500-525 nm. Cy3 fluorescence was measured with excitation at 514 nm, 

emission was collected at 550-570 nm. Cy5 fluorescence was measured with excitation at 

633 nm, emission was collected at 650-700 nm. Any Hoechst 33342 fluorescence was 

measured using 405 nm excitation and emission was collected at 420-470 nm. Images 

and signal quantifications were obtained using Leica Application Suite software, by applying 

the polygon function and calculating the average gray value/m2 for each cell. For 

quantifications; background signal (amount of grey value/m2 when no compounds are 

added) was subtracted from the fluorescence signal obtained for the samples. 

Comparison of multivalent and monovalent functionalization 

To study the differences in binding of multivalent- and monovalent β-CD compounds to 

Ac- TZ14011-Ad functionalized cells, adhering MDAMB231 X4 cells were functionalized 

with either Cy50.5CD10PIBMA39, Cy50.4PIBMA39, or Cy5-CD (according described procedure; 

‘Functionalization of cells’, see main manuscript), in such a way that the polymer 

concentration was 1 μM (Cy50.5CD10PIBMA39 and Cy50.4PIBMA39) and the β-CD 

concentration was 10 μM (Cy50.5CD10PIBMA39 and Cy5-CD). After washing twice with PBS, 
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confocal images were taken. For quantification, for each condition of 25 cells the average 

grey value/m2 was measured (Figure S14 and S15). 

Competition between Cy50.5CD10PIBMA39 and Cy31.5CD72PIBMA389 (monitored using microscopy) 

To compare the binding strength between Cy50.5CD10PIBMA39 and Cy31.5CD72PIBMA389 

MDA231 X4 cells were functionalized with either Cy50.5CD10PIBMA39 (10 μM final β-CD 

concentration), Cy31.5CD72PIBMA389 (10 μM final β-CD concentration), or a mixture of 

Cy50.5CD10PIBMA39 and Cy31.5CD72PIBMA389 (20 µM final β-CD concentration; 10 µM each). 

After washing twice with PBS confocal images were taken of the different samples. To 

determine the degree of binding of the polymers under the different conditions the 

average grey value/m2 was determined for 25 cells in the individual samples (Figure S17) 

To follow the competition over time, adherent MDAMB231 X4 cells were functionalized 

with either Cy50.5CD10PIBMA39 or Cy31.5CD72PIBMA389 (10 μM final β-CD concentration). 

Subsequently, they were imaged at RT (without washing first) and either Cy50.5CD10PIBMA39 

or Cy31.5CD72PIBMA389 (10 μM final β-CD concentration) was added. The change in 

fluorescence was followed for 18 minutes, while taking images each minute (Figure S18 

and S19). 

Replacement between Cy50.4PIBMA39, Cy50.5CD10PIBMA39 and Cy31.5CD72PIBMA389 (monitored 

using microscopy) 

The replacement between Cy50.5CD10PIBMA39 and Cy31.5CD72PIBMA389, was performed 

according the same procedure as described for the competition experiment followed over 

time. Only now the excess of binding polymer was washed away with PBS (2 x 1 mL) before 

imaging. As a control, a sample was included were only medium was added after washing 

away the excess of the first polymer. The change in fluorescence was followed for 18 

minutes, while taking images each minute (Figures S18 and S19). 

The replacement of the non-host containing Cy50.4PIBMA39 polymer by 

Cy31.5CD72PIBMA389 and the reverse were performed according the same procedure as 

described above. The cells were incubated with Cy50.4PIBMA39 (1 μM polymer) or 

Cy31.5CD72PIBMA389 (10 μM final β-CD concentration) and during imaging 

Cy31.5CD72PIBMA389 (10 μM final β-CD concentration) or Cy50.4PIBMA39 (1 μM polymer) 

was added (Figures S18 and S19). 

Functionalization of human stem cells 

Human fetal heart stem cells, with CXCR4 expression, (17 weeks after gestation) were 
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grown in M199 -/- on gelatin-coated glass-bottom dishes (100,000 cells per dish). These 

cells were functionalized with Ac-TZ14011-Ad and Cy31.5CD72PIBMA389 according 

described procedure (see ‘functionalization of cells’, main manuscript). Subsequently, they 

were carefully washed with colorless DMEM (2 x 1 mL) and analyzed by confocal microscopy 

(Figure S22). 

Flow cytometry 
MDAMB231 X4 cells were trypsinized (using 0.5% trypsin/EDTA, BD Biosciences) and 

counted. Hereafter cells were divided into aliquots (300,000 cells per tube), centrifuged 

for three minutes (3000 x g, 4 oC), and the supernatant was decanted. After incubation of 

the compounds (see experimental description for detailed conditions) flow cytometry 

measurements were performed on a BD FacsCantoTM II. Live cells were gated using 

forward scatter and side scatter, and 10,000 viable cells were analyzed for each sample. 

Cy5 fluorescence was measured on the APC channel and Cy5.5 fluorescence (for Ac-

TZ14011-MSAP) was measured on the APC-Cy7 channel. For quantification; background 

signal (amount of fluorescence when no functionalizations were added) was subtracted 

from the fluorescence signal obtained for all samples. 

Determination of the receptor affinity of Ac-TZ14011-Ad 

The affinity (KD) of Ac-TZ14011-Ad was calculated from flow cytometry measurements, 

using an earlier described procedure.8 In short: Different concentrations of Ac-TZ14011-

Ad, ranging between 0.5 – 15,000 nM in 120 μL PBS, were added to MDAMB231 X4 cells 

in the presence of Ac-TZ14011-MSAP (250 nM), a compound with well-defined receptor 

affinity.8 After one hour of incubation on ice, the cells were washed two times with PBS 

(centrifuged 3 min, 3000 x g, 4 °C), and resuspended in 300 μL PBS. The fluorescence of 

the reference compound was measured as described in the flow cytometry section. All 

experiments were performed in duplicate (n = 2). The mean fluorescence was normalized 

and fitted with equations in the GraphPad Prism 6 software (Figure S11). The KD values 

were calculated using the “Binding-Competitive, One site-Fit Ki” nonlinear regression 

equation (Equation (3) and (4)), where the used KD value of Ac-TZ14011-MSAP (187 nM) 

has previously been reported.8

  
(eq.3)

 

 (eq.4)
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IC50 = concentration of the competitor that results in 50% binding, KD = dissociation 

constant of the competitor in nM, [MSAP] = concentration of Ac-TZ14011-MSAP (250 nM), 

KD, MSAP = dissociation constant of Ac-TZ14011-MSAP (187 nM), y = normalized 

fluorescence, x = concentration of peptide-Ad in nM.

Competition between Cy50.5CD10PIBMA39 and Cy31.5CD72PIBMA389 (monitored using flow 

cytometry) 

To analyze the degree of binding of Cy50.5CD10PIBMA39 to Ac-TZ14011-Ad functionalized 

MDA231 X4 cells in the presence of a competitor or DMEM, MDAMB231 X4 cells were 

trypsinized and divided into aliquots (300,000 cells per tube). The aliquots were centrifuged 

for four minutes (3000 x g, 4 oC), the supernatant was decanted and the cells were 

resuspended in 50 μL Ac-TZ14011-Ad (10 μM) in DMEM. After 1 h incubation at 0 oC the 

cells were centrifuged again for four minutes (3000 x g, 4 oC), the supernatant was decanted 

and 100 μL of either Cy50.5CD10PIBMA39 (10 μM β-CD) or a mixture of Cy50.5CD10PIBMA39 

and Cy31.5CD72PIBMA389 (each 10 μM β-CD) in DMEM was added. Another hour at 0 oC 

followed. The cells were then washed twice with PBS (centrifuged 3 min, 3000 x g, 4 oC), 

resuspended in 150 μL PBS and the intensity of Cy5 fluorescence related to the cells was 

measured by flow cytometry. Due to presence of GFP, the intensity of Cy3 fluorescence 

could not be monitored. This experiment was performed in two-fold (Figure S17).

Replacement between Cy50.5CD10PIBMA39 and Cy31.5CD72PIBMA389 quantified by 
radioactivity 
Radiolabeling of Cy50.5CD10PIBMA39 and Cy31.5CD72PIBMA389 with technetium-99m was 

performed as follows: Cy50.5CD10PIBMA39 (75 μL, 43.8 nmol β-CD) or Cy31.5CD72PIBMA389 

(75 μL, 38 nmol β-CD), was mixed with SnCl2.2H2O (4 μL of 1 mg/mL saline solution, 17.7 

nmol , Technescan PYP Kit, Mallinckrodt Medical B.V., Petten, The Netherlands) and freshly 

eluted 99mTc-Na-pertechnetate (200 μL, Technekow, Mallinckrodt Medical B.V.) and gently 

stirred for 1 h at RT. Thereafter, the reaction mixture was purified from free 99mTc by size 

exclusion chromatography using sterile PBS as mobile phase on SephadexTM G-25 

desalting columns (PD-10, GE Healthcare Europe GmbH, Freiburg, Germany). Fractions 

containing radiolabeled Cy50.5CD10PIBMA39 (
99mTc-Cy50.5CD10PIBMA39) or Cy31.5CD72PIBMA389 

(99mTc-Cy31.5CD72PIBMA389) were collected and directly applied in the assembly studies at 

a final concentration of 13 μM β-CD). 

MDAMB231 X4 cells were harvested, counted and diluted to 80,000 cells/mL using 

DMEM. Of this solution, 200 μL (16,000 cells) fractions were transferred to polystyrene 
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tube (FACS) and the cells were cooled on ice for 15 minutes. Subsequently, Ac-Tz14011-
Ad (100 μL, 11 μM) was added and another incubation of 15 minutes followed. Thereafter, 

the mixture was centrifuged (5 min, 1250 x g, 4 oC) and the supernatant was aspirated. 

The cells were resuspended in 200 μL DMEM and either 99mTc-Cy50.5CD10PIBMA39, 
99mTc-

Cy31.5CD72PIBMA389, Cy50.5CD10PIBMA39, or Cy31.5CD72PIBMA389 (100 μL, 13 μM β-CD) was 

added, and incubation followed for 15 min at 0 oC. Thereafter, the mixture was centrifuged 

as described before. After aspiration of the supernatant and suspension of the cells in 

200 μL DMEM, either Cy50.5CD10PIBMA39, Cy31.5CD72PIBMA389, 
99mTc- Cy50.5CD10PIBMA39, 

or 99mTc- Cy31.5CD72PIBMA389 (100 μL, 13 μM β-CD) was added and the samples were 

shortly vortexed. To challenge the strength of the binding of the fluorescent β-CD polymers 

to MDAMB231 X4 cells, incubation of 1 h at 0 oC followed. After centrifugation of the cells 

and aspiration of the supernatant both were counted for radioactivity in a dose-calibrator 

or gamma counter to assess the amount of cellular-bound 99mTc-Cyn-CDx-PIBMAy activity. 

Data was expressed as the mean % (±SD, n = 6) of the total amount of 99mTc-Cyn-CDx-PIBMAy 

activity added to the cells (Figure S16). 

Cell viability assay 
To determine the effect of polymer functionalization on the cell viability, after cell 

functionalization a MTT test was performed according to a described procedure.9,10 

MDAMB231 X4 cells (16,000 cells per tube) in 200 μL DMEM were cooled on ice for 15 

minutes. Ac-Tz14011-Ad (100 μL, 10 μM) was added and incubation of 15 minutes 

followed. Thereafter, the mixture was centrifuged (5 min, 1250 x g, 4 oC) and the supernatant 

was aspirated. The cells were resuspended in 200 μL DMEM and variable concentrations 

of either Cy50.5CD10PIBMA39  or Cy31.5CD72PIBMA389 (100 μL, 0-16 μM final β-CD 

concentration) were added. After 15 min incubation on ice, the cells were washed twice 

with PBS (centrifuged 5 min, 1250 x g, 4 oC), resuspended in 400 μL DMEM (16,000 cells 

per tube) and transferred in 200 μL duplicates to a 96-wells plate (Cellstar®, Greiner Bio-

One, Alphen a/d Rijn, The Netherlands) with 8,000 cells per well. After 24 h incubation at 

37 oC, 20 μL (0.1 mg) of a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

solution in PBS (5 mg/mL) was added to each well, followed by gently shaking the plate 

and then by incubation for 4 h at 37 oC. Thereafter, cells were optically checked under a 

light microscope to determine the uptake and colouring of MTT. The medium was carefully 

removed and 100 μL of DMSO was added to each well to extract the insoluble formazan 

product from the cells. After 10-15 minutes at 37 oC, the uptake of MTT in each well was 

determined by measuring the absorbance at 545 nm. Measurements were normalized to 
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those of untreated cells which were kept on ice during the entire procedure of polymer 
functionalization (Figure S13) 

RESULTS AND DISCUSSION

Synthesis of Cy5-CD, Cy5-Ad and Cy5-Ad2

To compare cell functionalization with multivalent β-CD groups (Cy50.5CD10PIBMA39, 
Cy31.5CD72PIBMA389) to monovalent β-CD, a Cy5 fluorophore was conjugated to β-CD via 
amide bond formation to give Cy5-CD (52% yield). By the same synthesis strategy Cy5-Ad 
was synthesized (57% yield), as mode to investigate if polymer coated cells could further 
be functionalized via de CD-Ad host-guest interaction. To strengthen this interaction also 
a Cy5-Ad2 was synthesized (2.6% yield). Both Ad molecules were connected to the Cy5 
and each other via a short spacer consisting of 2 beta alanines,7 again functionalization 
could be established via multiple amide bond formations.

Functionalization: mono vs multivalent β-CD hosts 
Comparing the fluorescence signal intensities after functionalization with Cy5-CD 
(monovalent host) or Cy50.5CD10PIBMA39 (multivalent host), reveals substantial more binding 
to Ad functionalized cell surfaces by Cy50.5CD10PIBMA39 (Figure S14 and S15). As a control 
the same functionalization was also performed with Cy50.4PIBMA39 (Figure S7). While 
Cy50.4PIBMA39binds slightly more to the cell surface compared to Cy5-CD, it are the multiple 
CD groups on Cy50.5CD10PIBMA39 that considerably increases the amount of binding.

Radiolabeling of the polymers 
Cy50.5CD10PIBMA39, and Cy31.5CD72PIBMA389 were radiolabeled with technetium-99m 
according to a modification of a previously described labeling technique (described 
above).11 We propose that the carboxylates, formed after hydrolysis, and possibly also the 
side chains of β-CD could function as chelate for the technetium-99m ions after reduction 
with SnCl2. Since no significant release of radioactivity from the polymer was observed 
until 24 hours after radiolabeling, the interaction was stable under the in vitro conditions 
here applied.

Exchange and competition between CDnPIBMAm polymers 
To monitor the strength and reversibility of the PIBMA surface modifications, exchange 
experiments were performed between radiolabeled and non-radiolabeled CDnPIBMAm 
polymers. After functionalizing MDAMB231 X4 cells with either 99mTc-Cy50.5CD10PIBMA39 
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or 99mTc- Cy31.5CD72PIBMA389, both polymers remained attached to the cell membrane 

for at least 1 hour in PBS. However, the use of either Cy50.5CD10PIBMA39 or 

Cy31.5CD72PIBMA389  as competitor resulted in a decrease in signal (Figure S16A and C). 

Binding of the competitors was confirmed when the experiment was performed with non-

radioactive Cy50.5CD10PIBMA39 or Cy31.5CD72PIBMA389 functionalized MDAMB231 X4 cells 

and using 99mTc-labeled competitors, indicating an exchange between the two polymers 

(Figure S16B and D). 

The polymer exchange was visually confirmed using confocal microscopy experiments 

performed over time (0 – 18 min), at the same β-CD concentrations (Figure S18B and 

S19B). Figure S18B shows a decrease in Cy50.5CD10PIBMA39 signal, while at the same time 

the Cy31.5CD72PIBMA389 signal increases, indicating an exchange between the two 

polymers. In these images the signal of Cy50.5CD10PIBMA39 is nearly gone after 18 minutes. 

In the absence of Cy31.5CD72PIBMA389, this decrease in Cy50.5CD10PIBMA39 was not 

observed (Figure S18A). This confocal experiment was repeated, using Cy50.4PIBMA39 
(Figure S18D). The signal of Cy50.4PIBMA39 did not decrease over time, indicating a clear 

difference of interaction compared to Cy50.5CD10PIBMA39 (with CD-moieties). In the 

presence of Cy50.4PIBMA39 the signal of Cy31.5CD72PIBMA389 still increased over time, 

although it was less intense (Figure S18D). To validate these findings the experiment was 

also performed in reversed order (Cy31.5CD72PIBMA389 as initial binder and Cy50.4PIBMA39 
as competitor (Figure S19D)). Here initial non-specific binding of Cy50.4PIBMA39 occurred, 

but no further increase in binding could be observed over time. The Cy31.5CD72PIBMA389 
signal only showed a drop following initial non-specific Cy50.4PIBMA39 binding. When the 

cells are only washed and no Cy5 polymer is added, no such decrease in Cy3 signal was 

observed (Figure S19A). These results suggest that Cy50.4PIBMA39 binds on a different 

location and via a different type of interaction than Cy31.5CD72PIBMA389 (non-specific vs. 

specific host-guest). These same results also indicate that the non-specific binding of 

Cy50.4PIBMA39 hinders Cy31.5CD72PIBMA389 via electrostatic repulsion, thereby influencing 

the binding equilibrium. 

To further explore the difference in affinity of the two CD-polymers for Ad functionalized 

cell surfaces, competition experiments were performed. Ac-TZ14011-Ad functionalized 

MDAMB231 X4 cells were incubated with a mixture of both polymers at equal β-CD 

concentration. This resulted in more Cy31.5CD72PIBMA389 bound to the cell surface then 

Cy50.5CD10PIBMA39 (Figure S17). According these results Cy31.5CD72PIBMA389 seems to 

have higher affinity for Ac-TZ14011-Ad functionalized MDAMB231 X4 cells then 

Cy50.5CD10PIBMA39. Exchange was also attempted following functionalization, in the 
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presence of an excess of the initial binder revealed that Cy50.5CD10PIBMA39 can partly be 

competed off the surface by Cy31.5CD72PIBMA389 (Figure S18C), while Cy31.5CD72PIBMA389 
cannot visibly be replaced by Cy50.5CD10PIBMA39 (Figure S19C). This data provides a further 

indication that Cy31.5CD72PIBMA389 is the better binder of the two. 

Combined, these data suggest that the polymer functionalization is stable when no 

competition occurs, but is reversible under competitive conditions. Furthermore, the data 

confirms that there is a different mode of action for polymers that contain β-CD vs. those 

that don’t.

Table S1. Determined parameters of the synthesized polymers
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Cy50.4PIBMA39 6 39 0 78 0.4  Cy5 7.8 a 2.7

Cy50.5CD10PIBMA39 6 39 10 67.5 0.5  Cy5 18.8 a 2.8

Cy31.5CD72PIBMA389 60 389 72 704.5 1.5  Cy3 155.0 18.4 11.7

a Values could not be determined due to Cy5 influence.

Figure S9. Analytical HPLC of Ac-TZ14011-Ad
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Figure S10. a) Diffusion-filtered NMR spectra of Cy31.5CD72PIBMA389, Cy50.5CD10PIBMA39 and 
Cy50.4PIBMA39. Represented in red the Cy5 polymers and in blue the Cy3. b) 1H-NMR spectrum of 
Cy50.5CD10PIBMA39 showing integration of the β-CD peaks at 5.1 ppm (anomeric carbon CH) and at 
3.92 - 3.67 ppm (all other β-CD protons), and the polymer peaks at 1.36 - 1.07 ppm (both methyl and 
CH2 moieties) The later integral was set at 8 to calculate the β-CD per polymer ratio by dividing the 
integrals at 5.1 and 3.92 – 3.67 ppm by 7 and 42 respectively (see ‘analysis of the polymers’). c) DOSY 
spectra of Cy50.5CD10PIBMA39 (red) and Cy31.5CD72PIBMA389 (blue). Vertical axis shows diffusion 
coefficient, with the largest molecules appearing at the top of the graph. d) DOSY spectrum of 
Cy50.4PIBMA39.
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Figure S11. Competition assay curve of Ac-TZ14011-MSAP with Ac-TZ14011-Ad, acquired by flow 
cytometry, to determine binding constant (KD).

Figure S12. Viable CXCR4 overexpressing MDAMB231 X4 cells (with GFP-Tag) functionalized with 
either Cy50.5CD10PIBMA39 or Cy31.5CD72PIBMA389. The CXCR4 receptor was first targeted with Ac-
TZ14011-Ad, followed by functionalization with fluorescent Cy50.5CD10PIBMA39 or Cy31.5CD72PIBMA389 

via the host-guest interaction between the β-CD molecules and the Ad functionality. For clarity, both 
the (overlay) image and the same image at the individual channels are displayed, with GFP in green, 
Cy5 (Cy50.5CD10PIBMA39) in red, and Cy3 (Cy31.5CD72PIBMA389) in blue.
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Figure S13. Viability of MDAMB231 X4 cells measured 24 h after functionalization with either 
Cy50.5CD10PIBMA39 (red) or Cy31.5CD72PIBMA389 (blue) at variable polymer concentrations (0 – 16 μM).

Figure S14. Comparison of multivalent and monovalent functionalization of viable cell surfaces. 
MDAMB231 X4 cells incubated with Ac-TZ14011-Ad, and subsequently with Cy50.5CD10PIBMA39 or 
Cy5-CD. For clarity, both the (overlay) image and the same image at the individual channels are 
displayed, with GFP in green and Cy5 in red.
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Figure S15. Comparison in binding of Cy5-CD (monovalent host), Cy50.5CD10PIBMA39 (multivalent 
host), and Cy50.4PIBMA39 (no host) to Ac-TZ14011-Ad functionalized MDAMB231 X4 cells. The degree 
of binding was quantified by confocal microscopy, the graph shows the normalized data with the 
error bars indicating the standard deviation (25 cells analyzed for each condition).

Figure S16. Exchange experiments between radiolabeled and non-radiolabeled CDnPIBMAm polymers 
on MDAMB231 cells, monitored by radioactivity after 1 h of incubation with the competitor (a-d). a 
- b) MDAMB231 X4 cells functionalized with Cy50.5CD10PIBMA39, either radiolabeled (a) or non-
radiolabeled (b). c - d) MDAMB231 X4 cells functionalized with radiolabeled Cy31.5CD72PIBMA389 (c) 
or non-radiolabeled Cy31.5CD72PIBMA389 (d). As competitor, Cy50.5CD10PIBMA39 or Cy31.5CD72PIBMA389 
were added to the cells functionalized with 99mTc-CDnPIBMAm polymers (a and c), showing partial 
replacement of the original polymer. In b and d, 99mTc-Cy50.5CD10PIBMA39 or 99mTc-Cy31.5CD72PIBMA389 
were added as competitor to cells functionalized with non-radioactive CDnPIBMAm polymers, showing 
binding of the competitor.
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Figure S17. Fluorescence intensities obtained after incubation of Ac-TZ14011-Ad functionalized 
MDAMB231 X4 cells with a mixture of Cy50.5CD10PIBMA39 and Cy31.5CD72PIBMA389 (equal β-CD 
concentration). a) Fluorescence intensity of Cy50.5CD10PIBMA39 measured by flow cytometry, showing 
the reduction in Cy50.5CD10PIBMA39 binding when Cy31.5CD72PIBMA389 was present during incubation. 
b) Fluorescence intensity of Cy50.5CD10PIBMA39 and Cy31.5CD72PIBMA389 measured by confocal 
microscopy, showing the reduction in Cy50.5CD10PIBMA39  (in red) and Cy31.5CD72PIBMA389 binding 
(in blue) when both polymers are present during incubation. Cy31.5CD72PIBMA389 binds stronger as 
the binding of Cy50.5CD10PIBMA39 is more reduced. The error bars indicate the standard deviation 
(n = 2).
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Figure S18. Reduction in Cy5 signal (Cy50.5CD10PIBMA39 or Cy50.4PIBMA39) under various conditions. 
Ac-TZ14011-Ad functionalized MDAMB231 X4 cells were incubated with Cy50.5CD10PIBMA39 or 
Cy50.4PIBMA39 (1 h), subsequently either a competitor or nothing was added and the cells were 
imaged over time for a duration of 18 minutes. a) Cy50.5CD10PIBMA39 functionalized cells were washed, 
but no competitor was added. b) Cy50.5CD10PIBMA39 functionalized cells were washed and 
Cy31.5CD72PIBMA389 was added. c) Cy31.5CD72PIBMA389 was directly added to Cy50.5CD10PIBMA39 
functionalized cells, with both polymers in solution the exchange took more time and cells were 
imaged up to 30 min. d) Cy50.4PIBMA39 functionalized cells were washed and Cy31.5CD72PIBMA389 
was added. With Cy5 (Cy50.5CD10PIBMA39 or Cy50.4PIBMA39) in red and Cy3 (Cy31.5CD72PIBMA389) in 
blue.
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Figure S19. Reduction in Cy3 signal (Cy31.5CD72PIBMA389) under various conditions. Ac-TZ14011-Ad 
functionalized MDAMB231 X4 cells were incubated with Cy31.5CD72PIBMA389 (1 h), subsequently either 
a competitor or nothing was added and the cells were imaged over time for a duration of 18 minutes. 
a) Cells were washed, but no competitor was added. b) Cells were washed and Cy50.5CD10PIBMA39 
was added. c) Cy50.5CD10PIBMA39 was directly added to Cy31.5CD72PIBMA389 functionalized cells. With 
both polymers in solution the exchange took more time and cells were imaged up to 30 min. d) Cells 
were washed and Cy50.4PIBMA39 was added. With Cy5 (Cy50.5CD10PIBMA39 or Cy50.4PIBMA39) in red 
and Cy3 (Cy31.5CD72PIBMA389) in blue.
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Figure S20. Binding of Cy5-Ad or Cy5 to Cy31.5CD72PIBMA389 functionalized MDAMB231 X4 cells 
analyzed by confocal microscopy. For clarity, both the (overlay) image and the same image at the 
individual channels are displayed, with GFP in green, Cy3 (Cy31.5CD72PIBMA389) in blue and Cy5 (Cy5-
Ad or Cy5) in red.

Figure S21. Binding of Cy5-Ad2 to non-functionalized MDAMB231 X4 cells. Cy5-Ad2 poorly binds to 
the cell surfaces when CDnPIBMAm functionalization is absent. For clarity, both the (overlay) image and 
the same image at the individual channels are displayed, with GFP in green, and Cy5 (Cy5-Ad2) in red.
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Figure S22. Functionalization of CXCR4 expressing human fetal heart stem cell with Cy31.5CD72PIBMA389 
(blue) analyzed by confocal microscopy.
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ABSTRACT

Hepatic radioembolization therapies can suffer from discrepancies between diagnostic 

planning (scout-scan) and the therapeutic delivery itself, resulting in unwanted side-effects 

such as pulmonary shunting. We reasoned that a nanotechnology-based pre-targeting 

strategy could help overcome this shortcoming by directly linking pre-interventional 

diagnostics to the local delivery of therapy.

Methods
The host-guest interaction between adamantane and cyclodextrin was employed in an in 

vivo pre-targeting set-up. Adamantane (guest)-functionalized macro albumin aggregates 

(MAA-Ad; d = 18 μm) and (radiolabeled) Cy5 and β-cyclodextrin (host)-containing PIBMA 

polymers (99mTc-Cy50.5CD10PIBMA39; MW ~ 18.8 kDa) functioned as the reactive pair. 

Following liver or lung embolization with (99mTc)-MAA-Ad or (99mTc)-MAA (control), the utility 

of the pre-targeting concept was evaluated after intravenous administration of 99mTc-

Cy50.5CD10PIBMA39.

Results
Interactions between MAA-Ad and Cy50.5CD10PIBMA39 could be monitored in solution using 

confocal microscopy and were quantified by radioisotope-based binding experiments. In 

vivo the accumulation of the MAA-Ad particles in the liver or lungs yielded an approximate 

ten-fold increase in accumulation of 99mTc-Cy50.5CD10PIBMA39 in these organs (16.2 %ID/g 

and 10.5 %ID/g, respectively) compared to the control. Pre-targeting with MAA alone was 

shown to be only half as efficient. Uniquely, for the first time, this data demonstrates that 

the formation of supramolecular interactions between cyclodextrin and adamantane can 

be used to drive complex formation in the chemically challenging in vivo environment.

Conclusion
The in vivo distribution pattern of the cyclodextrin host could be guided by the pre-

administration of the adamantane guest, thereby creating a direct link between the scout-

scan (MAA-Ad) and delivery of therapy.
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INTRODUCTION

Radioembolization is a radiation-based therapeutic method that is applied for primary 

liver tumors and metastases that are untreatable via surgery or chemotherapy. During 

these interventions, microspheres that contain therapeutic radioisotopes (β-emitters such 

as yttrium-90 or holmium-166) are intrahepatically delivered.1 While the clinical benefit of 

this approach has been demonstrated in large randomized controlled trials,2-4 the 

preclusion of hepatopulmonary shunting remains an unsolved challenge. Shunting results 

in the displacement of a fraction of the administered particles towards the microvasculature 

of the lung instead of the liver, leading to ineffective dose distribution and serious adverse 

effects such as radiation pneumonitis.5-7 To predict the likelihood of shunting prior to 

initiation of the therapeutic intervention, technetium-99m labelled macro albumin 

aggregates (99mTc-MAA; d = 18 μm) can be administered as a diagnostic “scout” procedure. 

Besides insight into the degree of shunting, SPECT/CT-based 99mTc-MAA uptake monitoring 

also helps to provide a dosimetric (distribution) model for the therapeutic isotopes.6,8 

Differences in particle composition and pharmacokinetics, however, do not fully exclude 

discrepancies between the “scout” procedure and the therapeutic delivery. As a result, 

hepatopulmonary shunting still occurs in over 13% of therapeutic interventions.9-11 

Unfortunately, when this occurs the implementation of preventive measures is no longer 

an option.

In an attempt to provide a more advanced theranostic solution for this problem, we 

investigated a two-step pre-targeting concept in vivo. The potential of an in vivo pre-

targeting setup has been shown in radioimmunotherapy of cancer which has relied on, 

for example, the interactions between complementary oligonucleotides,12 or bispecific- or 

avidin/biotinantibodies.13 However, this setup suffered from slow pharmacokinetics (at 

least 2 days between the first two injections), possible internalization of the antibody, and/

or requires multiple (3-5) injection steps.13 To overcome these issues a different pre-

targeting approach based on multivalent supramolecular host-guest interactions between 

adamantane (Ad) and β-cyclodextrin (CD; Figure 1A) was investigated. While CD has been 

utilized to form nanoparticles for drug delivery14,15 the host-guest chemistry was always 

performed beforehand, and not in situ. Recently, we successfully employed CD-Ad host-

guest chemistry in vitro16,17 and, to the best of our knowledge, we now employ these 

chemical CD-Ad host-guest interactions in vivo for the first time.

Using Adx-guest-functionalized MAA microspheres (Figure 1A), the diagnostic MAA 

compound was converted into a pre-targeting vector for an intravenously (i.v.) administered 
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radiolabeled β-cyclodextrin-PIBMA-polymer (host, Figure 1A). The β-cyclodextrin-polymer 

provides a platform for future functionalization with therapeutic radioisotopes. The pre-

targeted radioembolization concept was tested via the use of two different pre-clinical 

Figure 1. The radioembolization tailored pre-targeting concept is schematically illustrated by the 
chemical and functional steps involved. A) Representation of the different chemical functionalities 
and components. B) I.v. pre-administered MAA-Ad (Bi) accumulated in the lungs (Bii). Subsequent i.v. 
administration of 99mTc-Cy50.5CD10PIBMA39 (Bii) resulted in pulmonary co-localization of MAA-Ad and 
99mTc-Cy50.5CD10PIBMA39 (Biii). C) Local pre-administered MAA-Ad (Ci) accumulated in the liver (Cii). 
Following i.v. administration of 99mTc-Cy50.5CD10PIBMA39 (Cii) hepatic co-localization of both compounds 
was observed (Ciii).



75

A SUPRAMOLECULAR APPROACH FOR LIVER RADIOEMBOLIZATIONS

3

models that were either in line with: 1) the routine clinical use of 99mTc-MAA for lung 
staining, wherein MAA is administered intravenously (i.v.; Model I, Figure 1B), or 2) the 
current clinical set-up for locally administered hepatic radioembolization wherein MAA is 
administered locally (Model II, Figure 1C).

EXPERIMENTAL

General 
For the stability of the compounds please see the Supplementary Material section. All 
chemicals were obtained from commercial sources and used without further purification. 
NMR spectra were obtained using a Bruker DPX 300 spectrometer (300 MHz, 1H NMR) or 
a Bruker AVANCE III 500 MHz with a TXI gradient probe. All spectra were referenced to 
residual solvent signal or TMS. HPLC was performed on a Waters system using a 1525EF 
pump and a 2489 UV detector. For preparative HPLC, a Dr. Maisch GmbH, Reprosil-Pur 
120 C18-AQ 10 μm column and a gradient of 0.1 % TFA in H2O/CH3CN (95:5) to 0.1 % TFA 
in H2O/CH3CN (5:95) in 40 min were used. For analytical HPLC, a Dr. Maisch GmbH, 
Reprosil-Pur C18-AQ 5 μm (250×4.6 mm) column and a gradient of 0.1 % TFA in H2O/
CH3CN (95:5) to 0.1 % TFA in H2O/CH3CN (5:95) in 40 min were used. MALDI-ToF 
measurements were performed on a Bruker Microflex. High-resolution mass spectra were 
measured on an Exactive orbitrap high-resolution mass spectrometer (Thermo Fisher 
Scientific, San Jose, CA) and processed with the use of Thermo Scientific Xcalibur software 
(V2.1.0.1139). For dialysis, Sigma Pur-ALyzerTM Mega 3,500 units were used.

Synthesis
Adamantane-tetrafluorophenol (Ad-TFP)
1-Adamantanecarboxylic acid (500 mg, 2.8 mmol) and 2,3,5,6-tetrafluorophenol (TFP) (718 
mg, 4.3 mmol) were dissolved in 10 mL dry dichloromethane (DCM) and stirred for 10 min. 
Subsequently, N,N-dicyclohexylcarbodiimide (858 mg, 4.3 mmol), dissolved in 5 mL dry 
DCM, was added drop-wise. After stirring for 2 days at RT, the reaction mixture was filtered 
and the filtrate was concentrated in vacuo. The resulting yellow product was purified by 
silica column chromatography (DCM:Hexane, 1:1). Pure fractions were pulled and 
concentrated under vacuum to obtain the product as a white crystalline powder (785 mg, 
86%). 1H NMR (300 MHz, CDCl3, 25 oC) = δ 7.06 – 6.89 (m, 1H, CH of TFP), 2.09 (s, 9H, 
C-CH2-CH and CH2-CH-CH2), 1.78 (s, 6H, CH-CH2-CH). High resolution mass: 
[C17H17F4O2]+ calculated 329.3, found 328.1 (Figure S1).
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Cy5-(SO3)Sulfonate-(SO3)COTFP
Cy5-(SO3)Sulfonate-(SO3)COOH was synthesized according to an earlier published 

procedure.18

Cy50.5CD10PIBMA39

The synthesis of Cy50.5CD10PIBMA39 was performed according to a recently described 

procedure.16

Functionalization of macro-aggregates with adamantane (MAA-Ad)
Albumin macro-aggregates (TechneScan®, MAA) were obtained from Mallinckrodt Medical 

B.V., Petten, The Netherlands. Lyophilized macroaggregates (2 mg) were dissolved in 1 mL 

of saline (0.9% NaCl, sterile and pyrogen-free, B. Braun Medical Supplies, Inc., Oss, The 

Netherlands) and portions of 0.1 mL (containing 0.2 mg MAA) were stored in Eppendorf 

tubes at -20 oC until further use. For functionalization, one portion was defrosted and 20 

μL of Ad-TFP (10 mg/mL DMSO) was added. After agitation in a shaking water bath for 1 

h at 37 oC, the solution was washed 2 times with phosphate buffered saline (PBS) by 2 

centrifugation steps (3 min, 3000 ×g). The obtained MAA-Ad was diluted in 1 mL of PBS to 

0.2 mg/mL.

To estimate the number of Ad conjugated to MAA, the MAA functionalization was also 

performed with Cy5-TFP according to the same procedure as for Ad-TFP. Subsequently, 

the absorbance at 650 nM of the MAA-Cy5 constructs was measured using a NanoDrop 

Spectrophotometer (Thermo Fisher Scientific Inc. Wilmington, DE, USA). The dye 

concentration was calculated using the absorbance following the law of Lambert Beer (A 

= ε • l • C) with εCy5 = 250 x 103 mol-1cm-1. The number of Cy5/MAA aggregates was then 

calculated by dividing the calculated Cy5 concentration by the known MAA concentration, 

resulting in a ratio of 3.07(±0.24)x108 Cy5/MAA particle on average. Assuming that Ad-TFP 

reacts in a similar fashion as Cy5-TFP, it was estimated that the ratio of Ad/MAA would be 

of the same order of magnitude.

Radiolabeling of Cy50.5CD10PIBMA39

Radiolabeling of Cy50.5CD10PIBMA39 was performed as follows: to 10 mL of 

Cy50.5CD10PIBMA39 (1 mg/mL in PBS), 4 mL of SnCl2·2H2O (0.44 mg/mL saline, Technescan 

PYP, Mallinckrodt Medical B.V.), and 100 mL of a freshly eluted 99mTc-Na-pertechnetate 

solution (500 MBq/mL, Mallinckrodt Medical B.V.) were added, and the mixture was 

gently stirred in a shaking water bath for 1 h at 37 oC.19 Subsequently, the labeling yield 
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was estimated over time by ITLC analysis according to the following procedure: 2 mL of 

the reaction mixture was applied on 1x7 cm ITLC-SG paper strips (Agilent Technologies, 

USA) for 10 min at RT with PBS as the mobile phase. After 1 h, the highest labeling yield 

of Cy50.5CD10PIBMA39 with 99mTc was assessed (49.6%) and the reaction mixture was 

purified by size exclusion chromatography with sterile PBS as the mobile phase using 

SephadexTM G-25 (desalting columns PD-10, GE Healthcare Europe GmbH, Freiburg, 

Germany). Fractions containing 99mTc-Cy50.5CD10PIBMA39 were collected and directly 

applied in the imaging experiments. 

Radiostability in PBS
To assess the stability of the radiolabeling in PBS, after 24 h the release of radioactivity 

from PD-10-purified 99mTc-Cy50.5CD10PIBMA39 was determined with ITLC (according to the 

same method described in ‘Radiolabeling of Cy50.5CD10PIBMA39’).

Supramolecular interaction between MAA-Ad and 99mTc-Cy50.5CD10PIBMA39

To determine the supramolecular interaction between MAA-Ad and Cy50.5CD10PIBMA39 in 

vitro, 0.1 mL of MAA-Ad in PBS (0.2 mg/mL) and 0.1 mL of 99mTc-Cy50.5CD10PIBMA39 in PBS 

(1 mg/mL, 1 MBq) were mixed and the solution was incubated for 1 h in a shaking water 

bath at 37 oC. Thereafter, the radioactivity of the total amount added and the radioactivity 

of the pellet after two washing steps with PBS were measured in a dose-calibrator to 

determine the amount of binding of 99mTc-Cy50.5CD10PIBMA39 to MAA-Ad. After correction 

for background activity, the amount of binding was expressed as the percentage of the 

total amount of radioactivity (%binding). To assess the effect of the Ad moieties, the same 

experiment was also performed with non-functionalized MAA and the resulting %binding 

of 99mTc-Cy50.5CD10PIBMA39 to MAA and MAA-Ad were compared (Figure 2B). Significance 

between the two conditions was calculated using a two-tailed student’s t-Test with n = 4.

The supramolecular interaction between MAA-Ad and Cy50.5CD10PIBMA39 was also 

visualized by confocal microscopy, employing the Cy5 component of the polymer.16 For 

this purpose, the same experiment was repeated, but this time non-radioactive 

Cy50.5CD10PIBMA39 was added to the MAA and MAA-Ad solutions. After washing, 10 mL of 

MAA (with or without-Ad) Cy50.5CD10PIBMA39 solution was pipetted onto culture dishes with 

glass inserts (ø35mm glass bottom dishes No. 15, poly-d-lysine coated, γ-irradiated, MatTek 

corporation). Images were taken on a Leica SP5 WLL confocal microscope under 63x 

magnification using Leica Application Suite software. Cy5 fluorescence was measured with 

excitation at 633 nm and emission was collected at 650-700 nm.
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In vivo studies
Animals
All in vivo studies were performed using 10-12 week old Swiss mice (20-25 g, Crl:OF1 strain, 

Charles River Laboratories, USA). All animal studies were approved by the institutional 

Animal Ethics Committee (DEC permit 12160) of the Leiden University Medical Center. All 

mice were kept under specific pathogen-free conditions in the animal housing facility of 

the LUMC. Food and water were given ad libitum.

General SPECT imaging and biodistribution protocol
SPECT imaging was performed at 2 h after injection of 99mTc-labeled compounds. Mice 

were placed onto a dedicated positioning bed of a three-headed U-SPECT-2 (MILabs, 

Utrecht, the Netherlands) under continuous 1-2% isoflurane anesthesia.20 Radioactivity 

counts from total body scans or selected regions of interest (ROI) were acquired for 60 

min using a 0.6 mm mouse multi-pinhole collimator in list mode data. For reconstruction 

from list mode data, the photo peak energy window was centered at 140 keV with a window 

width of 20%. Side windows of 5% were applied to correct for scatter and down scatter 

corrections. The image was reconstructed using 24 Pixel based Ordered Subset Expectation 

Maximization iterations (POSEM) with 4 subsets, 0.2 mm isotropic voxel size and with decay 

and triple energy scatter correction integrated into the reconstruction with a post filter 

setting of 0.25 mm.21 Volume rendered images were generated from 2-4 mm slices and 

analyzed using Matlab R2014a software (version 8.3.0.532, MathWorks® Natick, MA). 

Images were generated from maximum intensity protocols (MIP) adjusting the color scale 

threshold to optimal depiction of the tissues of interest.22 After imaging, the mice were 

euthanized by an intraperitoneal injection of 0.25 mL Euthasol (ASTfarma, Oudewater, The 

Netherlands).

To determine the biodistribution of the tracer, organs were collected from mice and 

counted for radioactivity in a dose-calibrator (VDC 101, Veenstra Instruments, Joure, the 

Netherlands) or a gamma counter (Wizard2 2470 automatic gamma scintillation counter, 

Perkin Elmer). After collecting and counting all tissues together with the remaining activity 

in the carcass, the total amount of remaining radioactivity in the animal was counted and, 

after correction for physical decay, the urinary excretion expressed as the percentage of 

the total injected dose (%ID) was calculated. Radioactivity counts in tissues were expressed 

as the percentage of the total injected dose of radioactivity per gram tissue (%ID/g). 

Additionally, reconstructed images were generated and analyzed using Amide 1.0.2 

software (http://amide.sourceforge.net/documentation.html).23
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Mapping the distribution of 99mTc-Cy50.5CD10PIBMA39 in mice
To determine the natural distribution of 99mTc-Cy50.5CD10PIBMA39, 0.1 mL of PBS containing 
99mTc-Cy50.5CD10PIBMA39 (1 mg/mL, 20 MBq) was injected i.v. 2 h after injection, SPECT 
imaging and biodistribution studies were performed as described above (Figure 3A, D).

Mapping the distribution of 99mTc-labeled MAA-Ad in mice via:
i.v. administration, Model I

To determine whether MAA embolizations are tolerated by mice and whether MAA-Ad is 
delivered to the capillaries of the lungs, MAA-Ad was radiolabeled according to the 
manufacturer’s instructions, and 0.1 mL of 99mTc-MAA-Ad in PBS (0.02 mg, 2 mg/mL) was 
injected into the tail vein. At 2 h after injection, the organ distribution of the tracer in mice 
was imaged using SPECT and quantified with biodistribution studies (see SPECT imaging 
protocol and biodistribution studies described above (Figure 3 B, D).

Local administration, model II

An embolization setup in the liver was performed to mimic the clinical setup for liver 
radioembolization.24 For this purpose, animals were anesthetized by intraperitoneal 
injection of a mixture containing Hypnorm (Vetapharma, Leeds, United Kingdom), 
dormicum (Roche, Basel, Switzerland), and water (1:1:2). After shaving and cleaning with 
ethanol (70%), the abdominal cavity was incised for 0.5 cm and the spleen was exposed 
outside the mouse. Of the 99mTc-MAA-Ad solution (2 mg/mL), 100 mL was injected into the 
spleen using a Myjector U-100 insulin syringe (29G x ½” 0.33 x12 mm, Terumo Europe, 
Leuven, Belgium) and after 5 s the needle was removed and the spleen was positioned 
inside the peritoneal cavity. The incision was sutured by 2-4 stitches and the animals were 
placed under a heating lamp to maintain the body temperature at 37 oC. At 2 h after 
injection, the organ distribution of the tracer in mice was imaged using SPECT and 
quantitated with biodistribution studies as described above (Figure 3C, D).

Mapping the distribution of 99mTc-Cy50.5CD10PIBMA39 after MAA(-Ad) pre-
administration
The influence of MAA or MAA-Ad on the distribution of 99mTc-Cy50.5CD10PIBMA39 was 
evaluated as follows: first, 0.1 mL containing MAA-Ad or non-functionalized MAA in 0.1 mL 
(0.02 mg, 2 mg/mL) was injected by either i.v. administration (Figure 1B, Model I) or local 
administration (Figure 1C, Model II). After 2 h, 0.1 mL of 99mTc-Cy50.5CD10PIBMA39 in PBS (1 
mg/mL, 20 MBq) was i.v. injected and another 2 h later SPECT imaging and biodistribution 
studies were performed as described above (Figure 4).
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RESULTS AND DISCUSSION

To allow for initial diagnostics of the particle distribution and to provide a guest-particle 

that can act as an in vivo target, clinical grade MAA particles were functionalized with Ad 

guest moieties (Figure 1A) via amide bond formation. This yielded MAA-Ad with, on average, 

108 Ad molecules per MAA particle. Especially for these experiments a fluorescent 

β-cyclodextrin-poly(isobutylene-alt-maleic-anhydride)-polymer host molecule 

(Cy50.5CD10PIBMA39, ~18.8 kDa, diameter, ~11.7 nm) was synthesized (Figure 1A),16 that 

contained (on average) ten β-CD compounds. Besides CD, various carboxylic acid groups 

were present on the backbone of the polymer that could serve as the chelating ligand for 

a range of metal ion-based radio-isotopes, such as 90Y, 166Ho, and 99mTc.

The interaction between CD and Ad is well-known, with a binding affinity of ~5×104 M-1 

for a monovalent interaction.25 Increasing the number of host and guest moieties drives 

multivalent interactions, which effectively increases the binding affinity.26 Evidence that 

individual compounds effectively form complexes based on intended Ad-CD binding 

interactions was demonstrated in vitro. While MAA alone did induce some Cy50.5CD10PIBMA39 

accumulation, clearly a higher level of Cy50.5CD10PIBMA39 accumulation was obtained with 

MAA-Ad (Figure 2A). The difference in accumulation was quantified by a radioisotope-based 

binding experiment with 99mTc- Cy50.5CD10PIBMA39. This experiment revealed a significant 

(p < 0.01) 5.7-fold increase (Figure 2B) in 99mTc-Cy50.5CD10PIBMA39 accumulation with MAA-

Ad (49.2%) versus MAA (8.6%), underlining that the observed complex formation is indeed 

facilitated by the intended Ad-CD host-guest interactions.

To create a reference for the in vivo binding between Cy50.5CD10PIBMA39 and MAA-Ad, 

first the biodistribution of i.v. administered 99mTc- Cy50.5CD10PIBMA39 was studied without 

any pre-targeting vector present. This yielded a low overall organ uptake (~1.5 %ID/g, 

Figure 3A, D). Secondly, the distribution of the pre-targeting vector 99mTc-MAA-Ad in both 

the i.v. and local administration model was determined. SPECT imaging and biodistribution 

studies at 2 h post tracer administration revealed a distinct distribution pattern of 99mTc-

MAA-Ad for Model I (i.v.) and Model II (local, Figure 3A, 3B). In agreement with previous 

reports on the distribution of 99mTc-MAA after i.v. injection,27 Model I showed high levels 

of accumulation of 99mTc-MAA-Ad in the lungs (335 %ID/g). Local administration of 99mTc-

MAA-Ad, whereby hepatic tracer delivery was realized through injection into parenchymal 

tissue of the spleen (Model II),28 resulted in high uptake levels in the liver (50.4 %ID/g).
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Figure 2. A) Fluorescence confocal microscopy-based evaluation of Cy50.5CD10PIBMA39 (Cy5) binding 
to MAA-Ad (top) and non-functionalized MAA (bottom). The MAA-Ad localized particles (brightfield) 
reveal a higher degree of staining compared to MAA alone, indicated by the higher Cy5-related 
fluorescence intensities (in red). B) The binding of 99mTc-Cy50.5CD10PIBMA39 to MAA-Ad and MAA 
quantified by radioactivity and expressed as a percentage of the total amount of radioactivity (99mTc-
Cy50.5CD10PIBMA39) added. Showing 5.7 times more binding to MAA functionalized with the Ad guest 
moiety compared to non-functionalized MAA, with a significance of difference of P < 0.01.

Figure 3. Reference SPECT and biodistribution data of i.v.-administered 99mTc-Cy50.5CD10PIBMA39, and 
i.v.- or locally administered 99mTc-MAA-Ad. A) Following i.v. administration of the targeted (host) agent 
99mTc-Cy50.5CD10PIBMA39 no prominent distribution to the kidneys, liver or lungs was observed. B and 
C) The pre-targeting (guest) agent 99mTc-MAA-Ad displayed either pulmonary (B) or hepatic (C) 
accumulation depending on the route of administration (i.v. or local). Organs are marked as (1) lungs, 
(2) liver, (3) kidneys, (4) stomach, and (5) urinary bladder. 
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The influence of local MAA(-Ad) deposits on the distribution of i.v.-administered 99mTc-

Cy50.5CD10PIBMA39 was studied via Model I (Figure 1B). Here the biodistribution of 99mTc-

Cy50.5CD10PIBMA39 after i.v. pre-administration of MAA and MAA-Ad (Figure 4A, B) was 

compared with the reference distribution of 99mTc-Cy50.5CD10PIBMA39 (no MAA-(Ad) 

administered, Figure 3A, S2). Pre-targeting with non-functionalized MAA did not lead to 

changes in the distribution of 99mTc-Cy50.5CD10PIBMA39 (Figure 4A, S2). More specifically, 

uptake levels in both the lungs and liver remained around 1.5 %ID/g (Figure 4E, 5A). Pre-

targeting with MAA-Ad, however, did induce clear alterations in the distribution pattern of 
99mTc-Cy50.5CD10PIBMA39 (Figure 4B) as uptake in the lungs increased 6.2-fold (10.5 %ID/g, 

Figure 4E, 5A). Interestingly, the uptake in the liver also increased towards 5.7 %ID/g, while 

both the i.v. administration of 99mTc-MAA-Ad and 99mTc-Cy50.5CD10PIBMA39 alone did not 

lead to significant liver uptake. It appears that the presence of 99mTc-Cy50.5CD10PIBMA39 

influenced the retention of MAA-Ad, causing partial displacement of the (complexed) 

compounds towards the liver. Alternatively, Ad-labeled metabolites of MAA-Ad could have 

migrated to the liver, thereby providing a platform for 99mTc-Cy50.5CD10PIBMA39 binding.

To assess the value of pre-targeting in the liver, which is representative of the clinical 

radioembolization procedure, the same host-guest setup was applied following intrahepatic 

deposition (Model II; Figure 1C). In this model, the influence of MAA-Ad was even more 

profound. The presence of low quantities of uptake in the salivary glands and the stomach 

(Table S1, Figure S2) is indicative for the presence of some free 99mTc (see Supplementary 

Material for further stability details). 29 Compared to the control, pre-targeting with non-

Table 1. Reference biodistributions of i.v.-administered 99mTc-Cy50.5CD10PIBMA39 and i.v.- or locally 
administered 99mTc-MAA-Ad. Data (expressed as the mean of the percentage of the injected dose per 
gram tissue (%ID/g) of 5 observations) were calculated based on the radioactive counts measured in 
various tissues at 2 h post-injection of the radioactive tracer.

Reference distribution host Reference distribution guest

Tissue
99mTC-Cy50.5CD10PIBMA
mean

Model I:
99mTc-MAA-Ad
mean

Model II:
99mTc-MAA-Ad 
mean

Blood 2.4  ±  1.3 2.7  ±  0.9 1.0  ±  0.6

Lungs 1.7  ±  0.5 335.8  ±  38.7 4.4  ±  1.2

Spleen 0.9  ±  0.4 0.9  ±  0.2 6.1  ±  2.4

Liver 1.0  ±  0.2 1.3  ±  0.4 50.4  ±  15.4

Kidneys 4.7  ±  1.3 1.8  ±  0.6 15.3  ±  2.7

Muscle 0.4  ±  0.2 0.3  ±  0.1 0.9  ±  0.3

Brain 0.1  ±  0.0 0.1  ±  0.1 0.2  ±  0.1



83

A SUPRAMOLECULAR APPROACH FOR LIVER RADIOEMBOLIZATIONS

3

functionalized MAA resulted in increased uptake levels of 99mTc-Cy50.5CD10PIBMA39 in the 

liver (8.7 %ID/g) and kidneys (10.7 %ID/g), but not in the lungs (1.4 %ID/g, Table 1 vs. Figure 

4C, Table 2). This complex formation is in line with that observed during the radioisotope-

based in vitro binding experiments in solution (Figure 2). After pre-targeting with MAA-Ad, 

the differences became more distinct, yielding a 15.7-fold increase in liver uptake (16.2 

%ID/g) and a 4.5-fold increase in kidney uptake (19.6 %ID/g) (Figure 4D, E, 5B). Both uptake 

profiles are in accordance with the distribution pattern of locally administered 99mTc-MAA-

Ad (Figure 3C). As was concluded from the in situ binding, the liver uptake induced by 

MAA-Ad was nearly double that observed using MAA only. Clearly the host-guest complex 

formation is more efficient in the liver than in the lungs (see Figure 5). This is likely to be 

related to the 1,000-fold reduction in particle velocity experienced as they traverse the 

Figure 4. SPECT and biodistribution data of i.v.-administered 99mTc-Cy50.5CD10PIBMA39 after pre-targeting 
with MAA or MAA-Ad either i.v.- (Model I) or locally (Model II) administered. A) Following i.v. administration 
of MAA, no pulmonary accumulation of 99mTc-Cy50.5CD10PIBMA39 was observed. B) i.v. pre-administered 
Ad-functionalized MAA did lead to pulmonary accumulation of 99mTc-Cy50.5CD10PIBMA39. C) Following 
local administration of MAA, slight uptake in liver and kidneys occurred. D) After pre-targeting with 
MAA-Ad, the hepatic accumulation of 99mTc-Cy50.5CD10PIBMA39 was even more profound. Organs are 
marked as (1) lungs, (2) liver, (3) kidneys, (4) stomach, and (5) urinary bladder.



CHAPTER 3

84

vasculature of the liver, a feature that was said to result in 7.5-times higher interaction 

rates between particles and hepatic cells.30 The flow reduction may also be enhanced 

further following partial blockage (embolization) of capillary vessels by MAA(-Ad).

Taken together, the combined distribution data for Model I and Model II clearly indicate 

that the in vivo distribution pattern of the multimeric 99mTc-Cy50.5CD10PIBMA39 host 

molecule, which served as a model for a future therapeutic agent, can be guided by a 

pre-targeting approach that makes use of Ad-functionalized microspheres. The fact that 

the supramolecular interactions in the liver are stronger than those in the lungs indicates 

that in this pre-targeting model, pulmonary shunting during liver embolization procedures 

would only result in limited unwanted side-effects. Furthermore, although not yet explored 

in this study, in the future the polymer-based building blocks can be synthetically modified 

to: i) optimize their pharmacokinetics and ii) act as carriers for other (therapeutic) isotopes 

or drugs, e.g., for chemo-embolization.29,31,32 Alternatively, local (e.g. intratumoral) deposits 

of albumin-based particles could not only be used to mark tumors for surgical resection.33 

In a pre-targeting approach such particles could also help provide local therapy.

	 In previous studies we have demonstrated that supramolecular chemistry can 

be used to generate clinical grade imaging agents, such as indocyanine green (ICG)-99mTc-

nanocolloid.31,32 This multimodal nanoparticle has helped to connect pre- and intraoperative 

imaging, and as such, realized image-guided surgery of infected lymph nodes. In the 

present study, we successfully applied a different supramolecular interaction in vivo to 

advance a theranostic medical intervention, namely radioembolization.

Table 2. Biodistribution of 99mTc-Cy50.5CD10PIBMA39 after pre-targeting with i.v.- (Model I) or locally 
(Model II) administered MAA or MAA-Ad. Data (expressed as the mean of the percentage of the 
injected dose per gram tissue (%ID/g) of 5 observations) were calculated based on the radioactive 
counts measured in various tissues at 2 h post-injection of the radioactive tracer. 

Distribution of host (99mTc-Cy50.5CD10PIBMA39) following injection of indicated guest

Tissue Model I: MAA
Mean

Model I: MAA-Ad
Mean

Model II: MAA
Mean

Model II: MAA-Ad
mean

Blood 2.1  ±  1.0 1.9  ±  0.5 1.9  ±  0.3 3.8  ±  0.6

Lungs 1.6  ±  0.7 10.5  ±  4.6 1.4  ±  07 2.6  ±  0.2

Spleen 1.2  ±  0.4 4.7  ±  2.3 4.7  ±  1.3 10.4  ±  1.4

Liver 2.2  ±  0.9 5.7  ±  0.9 8.7  ±  1.0 16.2  ±  0.7

Kidneys 4.1  ±  1.7 6.6  ±  2.0 10.7  ±  0.8 19.6  ±  3.8

Muscle 0.5  ±  0.2 0.5  ±  0.2 0.5  ±  0.1 0.8  ±  0.4

Brain 0.3  ±  0.4 0.2  ±  0.2 0.1  ±  0.1 0.1  ±  0.0
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CONCLUSION

The initial proof-of-concept data presented demonstrates that despite the chemically 
complex in vivo environment, multivalent host-guest interactions between Ad and CD can 
still be formed. Depending on the route of MAA-Ad administration (i.v. or local), the degree 
and location of 99mTc-Cy50.5CD10PIBMA39 accumulation could be guided. For future 
radioembolization applications this would mean that the distributions observed in the 
scout scan would directly correlate to those of the therapeutic radioisotope delivery (e.g., 
90Y or 166Ho). Overall, a versatile new chemical platform for translational theranostic pre-
targeting has been generated.

Acknowledgements
The research leading to these results was funded with grants from: the European Research 
Council(ERC) under the European Union’s Seventh  Framework Program FP7/2007-2013 
(grant agreement number 2012-306890), from the Netherlands Organization for Scientific 
Research (NWO nano-Grant STW 11435 and VIDI-grant - STW BGT11272) and the 2015-
2016 Postdoctoral Molecular Imaging Scholar Program Grant granted by the Society of 
Nuclear Medicine and Molecular Imaging (SNMMI) and the Education and Research 
Foundation (ERF) for Nuclear Medicine and Molecular Imaging. We acknowledge Mark T. 
M. Rood for providing Cy50.5CD10PIBMA39. 

Figure 5. Influence of MAA(-Ad) on the uptake of 99mTc-Cy50.5CD10PIBMA39 in the lungs and liver (Table 
1 and 2). A) Uptake in the lungs increased when MAA-Ad was administered i.v. (Method I). B) Increasing 
uptake in the liver was seen when MAA-Ad was administered locally (Method II). The significance of 
difference (P < 0.01) is indicated with *



CHAPTER 3

86

REFERENCES

1.	 R. Hickey; R. J. Lewandowski; T. Prudhomme, et al., 90Y Radioembolization of Colorectal 

Hepatic Metastases Using Glass Microspheres: Safety and Survival Outcomes from a 

531-Patient Multicenter Study. Journal of nuclear medicine : official publication, Society 

of Nuclear Medicine 2016, 57 (5), 665-71.

2.	 P. Hilgard; M. Hamami; A. E. Fouly, et al., Radioembolization with yttrium-90 glass 

microspheres in hepatocellular carcinoma: European experience on safety and long-

term survival. Hepatology 2010, 52 (5), 1741-9.

3.	 A. Kennedy; D. Coldwell; B. Sangro, et al., Radioembolization for the treatment of liver 

tumors general principles. American journal of clinical oncology 2012, 35 (1), 91-9.

4.	 C. E. Rosenbaum; H. M. Verkooijen; M. G. Lam, et al., Radioembolization for treatment 

of salvage patients with colorectal cancer liver metastases: a systematic review. Journal 

of nuclear medicine : official publication, Society of Nuclear Medicine 2013, 54 (11), 1890-5.

5.	 M. Cremonesi; C. Chiesa; L. Strigari, et al., Radioembolization of hepatic lesions from 

a radiobiology and dosimetric perspective. Frontiers in oncology 2014, 4, 210.

6.	 A. J. A. T. Braat; M. L. J. Smits; M. N. G. J. A. Braat, et al., 90Y Hepatic Radioembolization: 

An Update on Current Practice and Recent Developments. J. Nucl. Med. 2015, 56 (7), 

1079-1087.

7.	 A. F. van den Hoven; C. E. Rosenbaum; S. G. Elias, et al., Insights into the Dose-Response 

Relationship of Radioembolization with Resin 90Y-Microspheres: A Prospective Cohort 

Study in Patients with Colorectal Cancer Liver Metastases. Journal of nuclear medicine 

: official publication, Society of Nuclear Medicine 2016, 57 (7), 1014-9.

8.	 S. Shanehsazzadeh; A. Lahooti; H. Yousefnia, et al., Comparison of estimated human 

dose of (68)Ga-MAA with (99m)Tc-MAA based on rat data. Annals of nuclear medicine 

2015, 29 (8), 745-53.

9.	 E. Garin; Y. Rolland; S. Laffont, et al., Clinical impact of (99m)Tc-MAA SPECT/CT-based 

dosimetry in the radioembolization of liver malignancies with (90)Y-loaded microspheres. 

European journal of nuclear medicine and molecular imaging 2016, 43 (3), 559-75.

10.	 T. W. Leung; W. Y. Lau; S. K. Ho, et al., Radiation pneumonitis after selective internal 

radiation treatment with intraarterial 90yttrium-microspheres for inoperable hepatic 

tumors. Int. J. Radiat. Oncol. Biol. Phys. 1995, 33 (4), 919-24.

11.	 A. K. Jha; N. Purandare; S. A. Shah, et al., Is there a correlation between planar 

scintigraphy after Tc-99m-MAA and Y-90 administration? Nucl. Med. Commun. 2016, 
37 (2), 107-109.



87

A SUPRAMOLECULAR APPROACH FOR LIVER RADIOEMBOLIZATIONS

3

12.	 M. Patra; K. Zarschler; H. J. Pietzsch, et al., New insights into the pretargeting approach 
to image and treat tumours. Chemical Society reviews 2016, 45 (23), 6415-6431.

13.	 O. C. Boerman; F. G. van Schaijk; W. J. G. Oyen, et al., Pretargeted Radioimmunotherapy 
of Cancer: Progress Step by Step. Journal of nuclear medicine : official publication, Society 

of Nuclear Medicine 2003, 44, 400-411.
14.	 S. Gaur; Y. Wang; L. Kretzner, et al., Pharmacodynamic and pharmacogenomic study 

of the nanoparticle conjugate of camptothecin CRLX101 for the treatment of cancer. 
Nanomedicine : nanotechnology, biology, and medicine 2014, 10 (7), 1477-86.

15.	 Z. Dan; H. Cao; X. He, et al., Biological stimuli-responsive cyclodextrin-based host-
guest nanosystems for cancer therapy. International journal of pharmaceutics 2015, 
483 (1-2), 63-8.

16.	 M. T. Rood; S. J. Spa; M. M. Welling, et al., Obtaining control of cell surface 
functionalizations via Pre-targeting and Supramolecular host guest interactions. 
Scientific reports 2017, 7, 39908.

17.	 M. Oikonomou; J. Wang; R. R. Carvalho, et al., Ternary supramolecular quantum-dot 
network flocculation for selective lectin detection. Nano Res 2016, 9 (7), 1904-1912.

18.	 S. J. Spa; A. Bunschoten; M. T. M. Rood, et al., Orthogonal Functionalization of Ferritin 
via Supramolecular Re-Assembly. Eur J Inorg Chem 2015, 2015 (27), 4603-4610.

19.	 M. M. Welling; A. Paulusma-Annema; H. S. Balter, et al., Technetium-99m labelled 
antimicrobial peptides discriminate between bacterial infections and sterile 
inflammations. European journal of nuclear medicine 2000, 27 (3), 292-301.

20.	 M. M. Welling; A. Bunschoten; J. Kuil, et al., Development of a Hybrid Tracer for SPECT 
and Optical Imaging of Bacterial Infections. Bioconjugate Chem. 2015, 26 (5), 839-849.

21.	 W. Branderhorst; B. Vastenhouw; F. J. Beekman, Pixel-based subsets for rapid multi-
pinhole SPECT reconstruction. Phys. Med. Biol. 2010, 55 (7), 2023-34.

22.	 M. N. van Oosterom; R. Kreuger; T. Buckle, et al., U-SPECT-BioFluo: an integrated 
radionuclide, bioluminescence, and fluorescence imaging platform. EJNMMI Res. 2014, 
4 (1), 56-56.

23.	 A. M. Loening; S. S. Gambhir, AMIDE: a free software tool for multimodality medical 
image analysis. Mol. Imaging 2003, 2 (3), 131-7.

24.	 H. Kasuya; D. K. Kuruppu; J. M. Donahue, et al., Mouse models of subcutaneous spleen 
reservoir for multiple portal venous injections to treat liver malignancies. Cancer. Res. 

2005, 65 (9), 3823-7.
25.	 M. R. Eftink; M. L. Andy; K. Bystrom, et al., Cyclodextrin Inclusion Complexes: Studies 

of the Variation in the Size of Alicyclic Guests. Journal of the American Chemical Society 

1989, 111 (17), 6765-6772.



CHAPTER 3

88

26.	 A. Mulder; T. Auletta; A. Sartori, et al., Divalent binding of a Bis(adamantyl)-functionalized 

calix[4]arene to cyclodextrin-based hosts: An Experimental and Theoretical Study on 

Multivalent Binding in Solution and at Self-Assembled Monolayers. Journal of the 

American Chemical Society 2004, 126 (21), 6627-6636.

27.	 R. Chandra; J. Shamoun; P. Braunstein, et al., Clinical Evaluation of an Instant Kit for 

Preparation of 99mTc-MAA for Lung Scanning. Journal of nuclear medicine : official 

publication, Society of Nuclear Medicine 1973, 14, 702-705.

28.	 H. Kasuya; D. K. Kuruppu; J. M. Donahue, et al., Mouse Models of Subcutaneous Spleen 

Reservoir for Multiple Portal Venous Injections to Treat Liver Malignancies. Cancer Res 

2005, 65 (9), 3823-3827.

29.	 R. S. Irwin; P. W. Doherty; T. Bartter, et al., Evaluation of Technetium Pertechnetate as 

a Radionuclide Marker of Pulmonary Aspiration of Gastric Contents in Rabbits. Chest 

1988, 93 (6), 1270-1275.

30.	 K. M. Tsoi; S. A. MacParland; X. Z. Ma, et al., Mechanism of hard-nanomaterial clearance 

by the liver. Nature materials 2016, 15 (11), 1212-1221.

31.	 O. R. Brouwer; N. S. van den Berg; H. M. Matheron, et al., A hybrid radioactive and 

fluorescent tracer for sentinel node biopsy in penile carcinoma as a potential 

replacement for blue dye. European urology 2014, 65 (3), 600-9.

32.	 N. S. van den Berg; O. R. Brouwer; B. E. Schaafsma, et al., Multimodal Surgical Guidance 

during Sentinel Node Biopsy for Melanoma: Combined Gamma Tracing and 

Fluorescence Imaging of the Sentinel Node through Use of the Hybrid Tracer 

Indocyanine Green–99mTc-Nanocolloid. Radiology 2015, 275, 521-529.

33.	 G. H. KleinJan; O. R. Brouwer; H. M. Matheron, et al., Hybrid radioguided occult lesion 

localization (hybrid ROLL) of (18)F-FDG-avid lesions using the hybrid tracer indocyanine 

green-(99m)Tc-nanocolloid. Revista espanola de medicina nuclear e imagen molecular 

2016, 35 (5), 292-7.



89

A SUPRAMOLECULAR APPROACH FOR LIVER RADIOEMBOLIZATIONS

3





SUPPORTING INFORMATION CHAPTER 3

A Supramolecular Approach for
Liver Radioembolization



CHAPTER 3  |  SUPPORTING INFORMATION

92

EXPERIMENTAL SECTION

Stability of 99mTc-Cy50.5CD10PIBMA39 in FCS
99mTc-Cy50.5CD10PIBMA39 was dissolved in FCS (2.5 µg/mL) and shaken in a water bath at 37 
oC for 44 h.  After 2, 20, and 44 h 0.1 mL samples were taken and their composition was 

analyzed by PD-10-SEC.

Stability of 99mTc-Maa-Ad in FCS
Lyophilized MAA (2 mg) was dissolved in 1 mL of saline (0.9% NaCl, sterile and pyrogen-

free, B. Braun Medical Supplies, Inc., Oss, The Netherlands). To one portion 100 mL of a 

freshly eluted 99mTc-Na-pertechnetate solution (500 MBq/mL, Mallinckrodt Medical B.V.) 

was added and the mixture was gently stirred in a shaking water bath for 1 h at 37 oC. 

Thereafter, the solution was washed 2 times PBS by 2 centrifugation steps (3 min, 1,200 

rpm). Next, 20 mL of Ad-TFP (10 mg/mL DMSO) was added. After allowing it to react in a 

shaking water bath for 1 h at 37 oC, the reaction mixture was washed 2 times with PBS by 

2 centrifugation steps (3 min, 1,200 rpm) and the pellet was dissolved in 1 mL PBS. Of this 

solution, 0.1 mL was added to 0.9 mL of FCS and was shaken in a water bath at 37 oC up 

to 44 h. At 2, 20, and 44 h after incubation 0.1 mL samples were taken and their composition 

analysed by PD-10 SEC. 

Stability of Cy50.5CD10PIBMA39 and MAA-Ad complexes in FCS
Mixtures of either MAA-Ad (0.2 mg/mL) with 99mTc-Cy50.5CD10PIBMA39 (10 µg/mL, 1 MBq) or 
99mTc-MAA-Ad (0.2 mg/mL, 1 MBq) with Cy50.5CD10PIBMA39 (10 µg/mL) were prepared in 0.2 

mL PBS and the solutions were incubated for 1 h in a shaking water bath at 37 oC. 

Thereafter, the formed complexes were washed twice with PBS by centrifugation (5 min, 

3,000 g) and resuspended in 0.2 mL PBS. Subsequently, 0.1 mL thereof was mixed with 1 

mL FCS and shaken at 37 oC in a shaking water bath up to 44 h. At 2, 20, and 44 h after 

incubation 0.1 mL samples were taken and diluted in 1 mL of PBS and after spinning for 

5 min at 7,000 rpm, the decay corrected radioactivity of the pellet and supernatant was 

measured in a dose-calibrator. Hereby a reduction, in the radioactivity of the pellet 

represents dissociation or instability (% of binding).
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RESULTS AND DISCUSSION

To quantify the difference of 99mTc-Cy50.5CD10PIBMA39 accumulation after pre-administration 

of nothing, MAA or MAA-Ad for all the investigated organs (Table 1 and Table S1), the 

relative increase of 99mTc-Cy50.5CD10PIBMA39 accumulation with regard to the 99mTc-

Cy50.5CD10PIBMA39 reference distribution (Figure 3) was calculated (Figure S2). If there was 

a significant increase with p < 0.01 this was indicated with a *. When MAA or MAA-Ad was 

administered i.v. the uptake in the lungs was found highest (but this difference was not 

significant due to large variations). While locally administered MAA or MAA-Ad resulted in 

significant increases in spleen, liver and kidneys; pre-administration of MAA or MAA-Ad 

was performed via the spleen. With the i.v. pre-administration method (Model I) the 

polymer accumulation increased in more organs compared to the local pre-administration 

method (Model II), underlining once more the fact that the system works best for the 

clinically more relevant model i.e. local administration. The significance data can be slightly 

misleading since increases from e.g. 0.1 %ID/g to 0.3 %ID/g in the brain will be displayed 

as significant (Table 1 and Table S1).

Table S1. The biodistribution of 99mTc-Cy50.5CD10PIBMA39 following injection of: none (reference 
distribution), MAA, or MAA-Ad and the biodistribution of 99mTc-MAA-Ad administered via Models I and 
II. Data (expressed as the mean ± SD of the percentage of the injected dose per gram tissue (%ID/g) 
of 5 observations) are calculated from radioactivity counts in various tissues at 2 h post-injection of 
the tracer.

Reference 
distribution 

host

Distribution of host (99mTc-Cy50.5CD10PIBMA39) 
following injection of indicated guest

Reference 
distribution

guest

Tissue 99
m

TC
-

cy
5 0.

5C
D

10
PI

BM
A

M
od

el
 I:

M
A

A

M
od

el
 I:

M
A

A
-A

d

M
od

el
 II

:
M

A
A

M
od

el
 II

:
M

A
A

-A
d

M
od

el
 I:

99
m

Tc
-M

A
A

-A
d

M
od

el
 II

:
99

m
Tc

-M
A

A
-A

d

mean Mean Mean Mean mean mean mean

Salivary 
gland

3.5  ±  0.4 9.1  ±  3.3 17.3  ±  3.5 3.0  ±  0.6 3.9  ±  0.1 N.A. 8.9  ±  1.9

Stomach 4.4  ±  0.8 19.8  ±  7.6 10.8  ±  1.4 3.0  ±  0.6 2.3  ±  0.8 11.5  ±  9.1 12.7  ±  3.1

Intestines 0.8  ±  0.3 1.5  ±  0.6 1.5  ±  0.3 0.9  ±  0.0 0.7  ±  0.3 0.6  ±  0.3 1.8  ±  0.5
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Both the individual components and the complexes formed demonstrated a high serum 

stability (Figure S3). No clear metabolites of the individual components could be defined. 

This said some dissociation of 99mTc was observed both from the individual components 

as from the complexes formed. Nevertheless, the complex yielded around a 80% stability 

at 44 h.

As the Cy50.5CD10PIBMA39 polymer was not optimized for 99mTc chelation, but merely 

provided coordination sides by its free –COOH moieties, some dissociation of 99mTc was 

observed in vivo (Table S1, Figure S3). When this occurred, characteristic uptake in the 

salivary glands and stomach could be observed. As these findings did not complicate the 

assessment of the pre-targeting ability, no attempts were made to optimize the chelation 

stability.

  Figure S1. A) NMR of Ad-TFP measured in CDCL3. B) Mass spectra of Ad-TFP, only low signals could 
be obtained as the compound is hard to ionize. Signals corresponding to the mass matrix are 
therefore clearly visible as well.

Figure S2. Relative increase of 99mTc-Cy50.5CD10PIBMA39 after i.v. (A) or Local (B) administration of MAA 
or MAA-Ad with respect to 99mTc-Cy50.5CD10PIBMA39 accumulation in the indicated organ when no 
particles are pre-administered. With significance of difference (p < 0.01) indicated by *.
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Figure S3. A) Serum stability of 99mTc-Cy50.5CD10PIBMA39 (peak around fraction 18 indicated smaller 
fragments), B) Serum stability of 99mTc-MAA (peak around fraction 22 indicated some free 99mTc). C) 
Serum stability of [99mTc-Cy50.5CD10PIBMA39 * MAA-Ad] complexes, D) Serum stability of 
[Cy50.5CD10PIBMA39 *  99mTc-MAA-Ad] complexes.
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ABSTRACT

Introduction
Cyclodextrin (CD) based supramolecular interactions have been proposed as nanocarriers 
for drug delivery. We previously explored the use of supramolecular interactions to perform 
targeted hepatic radioembolization. In a two-step procedure the appropriate location of 
the diagnostic pre-targeting vector can first be confirmed, after which the therapeutic vector 
will be targeted through multivalent host-guest interactions. Such a procedure would 
prevent therapeutic errors due to a mismatch between diagnostic and therapeutic 
procedures. In the current study we explored the use of dual-isotope imaging to assess 
the in vivo stability of the formed complex and individual components.

Methods
Dual-isotope imaging of the host and guest vectors was performed after labeling of the 
pre-targeted guest vector, being adamantane (Ad) functionalized macro-aggregated albumin 
(MAA) particles, with technetium-99m (99mTc-MAA-Ad). The host vector, Cy50.5CD9PIBMA39, 
was labeled with indium-111 (111In-Cy50.5CD9PIBMA39). The in situ stability of both the 
individual vectors and the resulting [MAA-Ad–111In-Cy50.5CD9PIBMA39] complexes was studied 
over 44 h at 37 °C in a serum protein-containing buffer. In vivo, the host vector 111In-
Cy50.5CD9PIBMA39 was administered two hours after local deposition of 99mTc-MAA-Ad in 
mice. Dual-isotope SPECT imaging and quantitative biodistribution studies were performed 
at 2 and until 44 h post intravenous host vector administration.

Results
The individual vectors portrayed less than 5% dissociation of the radioisotope over the 
course of 20 h. Dissociation of [MAA-Ad–111In-Cy50.5CD9PIBMA39] complexes remained within 
a 10–20% range after incubation in serum. In vivo dual-isotope SPECT imaging of host–guest 
interactions revealed co-localization of the tracer components. Quantitative assessment 
of the biodistribution revealed that the hepatic accumulation of the host vector nearly 
doubled between 2 h and 44 h post-injection (from 14.9 ± 6.1 %ID/g to 26.2 ± 2.1 %ID/g).

Conclusions
Assessment of intra-hepatic host–guest complexation was successfully achieved using dual 
isotope multiplexing, underlining the complex stability that was found in situ (up to 44 h in 
serum). Overall, the results obtained in this study highlight the potential of supramolecular 
chemistry as a versatile platform that could advance the field of nanomedicine.
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INTRODUCTION

Hepatocellular carcinoma (HCC) and liver metastases of colorectal cancer (mCRC) are the 

third most common cause of cancer-related deaths worldwide.1,2 With currently 1.12 million 

deaths worldwide per year, both the incidence of these cancer types and their impact on 

health expenditure is increasing. Surgical excision is considered the fist-line therapy but 

cannot be applied in grade 3–5 staged HCC. The substantial portion of inoperable patients 

that present metastatic liver tumors are therefore in need of alternative treatment 

strategies3-5 One relatively novel treatment option that has presented potential to effectively 

manage these hepatic tumors is radio- or chemo-embolization6; of these two 

radioembolization is the most frequently applied. In HCG patients this  embolization 

strategy has proven to be beneficial to survival in patients with HCG.7 

Radioembolization is performed using a two-step interventional radiological theranostic 

procedure. In this procedure Single Positron Emission Computed Tomography (SPECT) 

imaging of macro-aggregated albumin (scout scan delivered by a CT guided catheter; 
99mTc-MAA; d = 10–40 µm) is used to explore the potential of selective internal radiotherapy 

(i.e., radioembolization). When correct localization of the 99mTc-MAA is visualized, therapeutic 

β-emitting microparticles (d = 15–25 µm)8 containing 90Y (SIR-Spheres®, Sirtex; Therasphere, 

BTG®) or 166Ho (QuiremSpheres; Quirem Medical) are injected two weeks later via the 

same positioned catheter in the a. hepatica.9 The overlap in size and retention properties 

between the albumin macroaggregates and the microparticles has been sufficient for the 

clinical guidelines to define a 99mTc-MAA scout scan as a standard requirement to predict 

accurate delivery of therapeutic microspheres during a second intervention. Despite this 

inclusion in the guidelines, a mismatch between the scout scan and therapy delivery which 

can lead to adverse side effects and suboptimal dose delivery6 is seen in 30% of the 

cases.10-12 This indication signifies a need for innovative solutions that help refine the 

correlation between the two interventions (i.e., the scout scan and therapeutic delivery). 

Another drawback is the delay (≈ 14 days) between the execution of the scout scan and 

the therapeutic intervention that mainly occurs as result of the production/delivery time 

of the β-emitting microspheres.9

While some groups have proposed to use low-dose application of therapeutic 

microspheres during scout scans,13 we have previously explored an alternative route based 

on the use of a pre-targeting strategy. In this latter approach, the agent used to create a 

diagnostic scout scan provides the target for a secondary agent containing the therapeutic 

component. As proof of concept we explored cyclodextrin (CD)-based host and adamantane 
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(Ad) guest interactions on a MAA platform.14 When functionalized with Ad guest-moieties 

(yielding MAA-Ad; guest vector), the compound used for the diagnostic scout scan, could 

be used as the target for a secondary CD-containing host vector, which is in this case was 

a 99mTc-labeled CD-functionalized Poly(isobutylene-alt-maleic-anhydride) polymer (99mTc-

Cy5nCDn’PIBMAn”). The encouraging in vivo data obtained with this set-up indicated that 

supramolecular host–guest interactions could provide an alternative means for 

radioembolization procedures.15

In the study presented here we expand our previous efforts by studying the stability 

of the host–guest complexes over a period that matches the timespan of the clinical 

radioembolization procedure. Dual-isotope SPECT imaging (see Scheme 1) was used to 

individually track both the host (CD-functionalized polymer labeled with Cy5 and 111In (t1/2 

= 2.9 d, 170 & 240 KeV)) and guest (MAA-Ad radiolabeled with 99mTc (t1/2 = 6 h, 140 KeV)) 

Scheme 1. Representation of the pre-targeting radioembolization concept: A) Firstly, 99mTc-MAA-Ad 
was administered into the liver of a mouse.  B) After 2 h, an 111In- Cy50.5CD9PIBMA39 was intravenously 
administered. C) Dual-isotope imaging was performed to assess the co-localization of both compounds 
at various intervals until 44 h p.i. Legend: adamantane (Ad; guest), 99mTc-labeled and Ad-functionalized 
macro-aggregated albumin (99mTc-MAA-Ad; guest vector), cyclodextrin (CD), cyclodextrin functionalized 
poly(isobutylene-alt-maleic-anhydride polymer (Cy50.5CD9PIBMA39, host vector), 111In- Cy50.5CD9PIBMA39 
(radiolabeled host vector).
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vector.16 To evaluate the integrity of the individual compounds and the host–guest 

complexes formed, in vitro and in vivo stability studies were related to in vivo SPECT imaging 

and quantitative biodistribution patterns of both components. These longitudinal 

assessments were then used to determine the chemical refinements that are required to 

contemplate translation of the technology into the clinic.

Materials and Methods
General analytical procedures and information on the materials used are provided in the 

Supporting Information (SI).

Synthesis and analysis
Synthesis and characterization of both adamantane-tetrafluorophenol (Ad-TFP) and 

β-cyclodextrin-poly(isobutylene-alt-maleic-anhydride) (Cy50.5CD9PIBMA39, ~18.7 kDa, 

diameter, ~11.7 nm) were carried out as recently described in.14, 15

Radiolabeling of host vector MAA(-Ad) with technetium-99m and stability testing
Labeling of macro-aggregated albumin (MAA) with technetium (99mTc-MAA) and 

functionalization with Ad-TFP was carried out as described previously.15 The stability of the 
99mTc-chelation was determined in fetal calf serum (FCS, Life Technologies Inc. CA) after 2, 

4, and 20 h. The release of radioactivity was determined after centrifugation and two 

washing steps with PBS (3 min, 1,200xg) as described previously.15

Labeling of Cy50.5CD9PIBMA39 with indium-111 (111In-Cy50.5CD9PIBMA39) and stability 
testing
The host-vector, Cy50.5CD9PIBMA39, which contains an abundance of freely available -COOH 

moieties, was radiolabeled with indium-111. To 10 µL of Cy50.5CD9PIBMA39 (1 mg/mL PBS) 

was added 40 mL of 0.25 M ammonium acetate (pH 5) and 25-150 mL of an acidic solution 

of 111InCl3 (370 MBq/mL, Mallinckrodt Medical, Petten, The Netherlands). This mixture was 

gently shaken in the dark for 1 h at 37 oC. Thereafter, the pH was adjusted to 7.5 in PBS. 

The radiochemical purity of 111In-Cy50.5CD9PIBMA39 was determined at 1 and 20 h by instant 

thin layer chromatography (ITLC) on 1x7 cm ITLC-SG paper strips (Agilent Technologies, 

USA) with 0.25 M ammonium acetate (pH 5) as mobile phase. 

The serum stability of the 99mTc-chelation was determined in fetal calf serum (FCS, Life 

Technologies Inc. CA). After 24 h the release of radioactivity was determined with 

centrifugation and washing steps as described above. To determine the stability in FCS, 
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111In-Cy50.5CD9PIBMA39 was diluted in FCS (2.5 µg/mL) and shaken in a water bath at 37 oC 

for 20 h. After 2, 4, and 20 h samples of 0.1 mL were taken and the release of radioactivity 

was assessed by ITLC. For comparison, a similar set-up was performed for 111In-

Cy50.5CD9PIBMA39.
15

In vitro host-guest interactions and complex stability
In line with previous studies,15 in vitro evidence for the host-guest complex formation 

between MAA-Ad and 111In-Cy50.5CD9PIBMA39 was provided by comparing the 111In-

Cy50.5CD9PIBMA39 binding to MAA-Ad and non-functionalized MAA (control). Mixtures of 

0.1 mL containing either MAA-Ad or MAA (0.1 mg/mL) with 0.1 mL 111In-Cy50.5CD9PIBMA39 

(10 µg/mL, 1 MBq) were prepared in 0.8 mL PBS and the solutions were incubated for 1 

h in a shaking water bath at 37 oC. After 2 rounds of spinning and washing with PBS for 5 

min at 1,500 x g, the decay corrected radioactivity of the pellet and supernatant was 

measured in a dose-calibrator. Following correction for background activity, the host-guest 

interaction was expressed as the percentage of the total amount of radioactivity (% 

binding).

For stability measurements, either 0.1 mL MAA-Ad (0.1 mg/mL) with 0.1 mL 111In-

Cy50.5CD9PIBMA39 (10 µg/mL, 1 MBq) or 0.1 mL 99mTc-MAA-Ad (0.1 mg/mL, 1 MBq) with 0.1 

mL Cy50.5CD9PIBMA39 (10 µg/mL) were prepared as described above and after removal of 

non-complexed materials the complex was diluted in either 0.8 mL PBS or FCS and 

incubated for 44 h in a shaking water bath at 37 oC. Following incubation durations of 2, 

20, and 44 h, 0.1 mL samples were diluted in 1 mL of PBS and centrifuged for 5 min at 

1,500 x g. The decay corrected radioactivity of both the pellet and supernatant was 

measured in a dose-calibrator. Hereby, the radioactivity of the pellet represented 

association of Cy50.5CD9PIBMA39 to MAA-Ad (expressed as % of binding).

IMAGING EXPERIMENTS

Animals
In vivo studies were performed using 2−4-month-old Swiss mice (20-35 g, Crl:OF1 strain, 

Charles River Laboratories, USA). All animal studies were approved by the institutional 

Animal Ethics Committee (DEC permit 12160) of the Leiden University Medical Center. 

Mice were kept under specific pathogen-free conditions in the animal housing facility of 

the LUMC. Food and water were provided ad libitum.
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Animal model
An embolization setup of the liver was performed according to previously described 

procedures.15,17 In brief, 99mTc-MAA-Ad (0.1 mg/mL, 2-5 MBq, n=6) was injected into the 

spleen of the mice (embolization step). Two h after embolization, a second injection with 
111In-Cy50.5CD9PIBMA39 (1 µg, 10 MBq) was administered I.V.. At 2, 12, 20, or 44 h the animals 

were imaged using SPECT and fluorescence imaging and quantified with biodistribution 

studies (see SPECT and fluorescence imaging protocols and biodistribution studies 

described below). Non-functionalized 99mTc-MAA (0.1 mg/mL, 2-5 MBq, n=6), or mere PBS 

(n=3) served as controls.

General SPECT imaging 
SPECT imaging was performed as previously described.15 In brief, mice were placed and 

fixed onto a dedicated positioning bed of a three-headed U-SPECT-2 (MILabs, Utrecht, the 

Netherlands) at various intervals after injection of the host vector, while being under 

continuous 1-2% isoflurane anesthesia.18 Radioactivity counts (range 0-600 keV) from total 

body scans were acquired for 30 min. For reconstruction from list mode data, the photo 

peak energy window was centered at 140 keV (for technetium-99m) or 240 keV (for 

indium-111) with a window width of 20%. Longitudinal differences in 111In accumulation 

in mice were quantified by calculating radioactivity counts in regions of interest (ROI’s). For 

this purpose, on the reconstructed images, using AMIDE’s Medical Image Data Examiner 

(http://amide.sourceforge.net)ROI’s were drawn over various tissues (including bone and 

joints as these were not assessed with routine biodistribution studies) allowing to 

determine radioactive counts in various tissues over time in a single mouse. ROI’s drawn 

over the jugular veins were taken as a representative for the radioactivity in blood values. 

After imaging, mice were euthanized and the organs were removed and weighed to 

determine the percentage of injected dose per gram tissue (%ID/g). Blood samples 

obtained at various intervals of sacrifice, were used to determine the clearance from the 

blood fraction (expressed as the pharmacological half-life t1/2) was calculated using 

GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego CA, USA).

Fluorescence imaging protocol
Dual-labeled Cy50.5CD9PIBMA39 was also equipped with a Cy5 fluorophore to perform 

confocal microscopy as described previously,14,15 and in this study allows to perform 

macroscopic and eventually microscopic evaluation of the fluorescent signal of 

Cy50.5CD9PIBMA39 in excised tissues from mice using a preclinical IVIS Spectrum imaging 
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system (Caliper Life Science, Hopkinton, MA). Images of the Cy5-dye were acquired 

following excitation at 640 nm, and light was collected > 680 nm (acquisition time 5 s). 

Quantitative analysis of the fluorescence in the tissues (photons/sec/cm2) was performed 

using the Living Image software from xenogeny v 3.2 (Caliper LS) at equal image adjustment 

settings.

Statistical analysis
All data are presented as mean value (±SD) of 3–6 independent measurements. Statistical 

analysis for differences between groups in the animal studies were performed by with 

Student’s two-tailed independent samples T-test. Significance was assigned for p-values 

< 0.05. All analyses and calculations were performed using Microsoft® Office Excel 2010 

and GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego, CA, USA).

RESULTS

Radiolabeling, functionalization, and stability of the vectors
Radiolabeling of guest vector with technetium-99m for 1 h at 37 °C yielded 92.8 ± 3.8% 

binding of the total added radioactivity. After incubating 99mTc-MAA in FCS at 37 °C for 20 

h the release of radioactivity was shown to be less than 5%. Labeling of 111In to 

Cy50.5CD9PIBMA39 for 1 h at 37 °C yielded 95.6 ± 3.6% of binding of the total added 

radioactivity determined by instant thin layer chromatography (ITLC). To determine the 

chelation stability, the host vector was incubated in FCS at 37 °C for 20 h. As depicted in 

Figure 1A the amount of 111In-activity dissociating from the host after incubating in serum 

at 37 °C for 20 h was about 5% which indicates that the labeling was of the host with 

indium-111 was robust.

In vitro host-guest interactions
Host–guest supramolecular interactions in vitro increased complexation of the 111In-

Cy50.5CD9PIBMA39 to MAA-Ad by nearly two-fold as compared to what was achieved with 

non-Ad-functionalized MAA (53.8 ± 4.3% vs 29.4 ± 5.1% respectively; p<0.001, n=8; Figure 

1B). This indicates that host–guest interactions influence the complex formation. After 44 

h incubation in either PBS or FCS, complex dissociation was found to be in the 10–20% 

range (see Figure 1C). 
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In vivo host-guest complex formation
To further validate the use of a supramolecular pre-targeting concepts during liver 

radioembolization, a non-tumor bearing animal model was used. The embolization setup 

in the liver was performed according to previously described procedures.15,17 The most 

important reason for choosing this approach is that hepatic catherization in mice is invasive 

and would have resulted loss of many mice because of heavy bleedings. These bleeding 

would, in turn, have resulted in radioactive contaminations. 

Dual-isotope SPECT imaging facilitated in vivo monitoring of host–guest interactions 

between 111In-Cy50.5CD9PIBMA39 and 99mTc-MAA-Ad. The 6 h half-life of 99mTc meant its 

distribution could only be reliably monitored up to 20 h p.i. by means of SPECT imaging 

(Figure 2A). Biodistribution studies displayed residual 99mTc-MAA-Ad activity in the spleen 

(injection site; amounting to 80.4 ± 23.2%ID/g, 64.2 ± 5.6%ID/g, and 57.9 ± 8.4%ID/g at 2, 

12, and 20 h p.i. respectively) and demonstrated prolonged diffusion of the radioactive 

signal from the spleen to the liver (amounting to 13.2 ± 2.2%ID/g, 36.4 ± 5.3%ID/g, and 

43.0 ± 20.2%ID/g at 2, 12, and 20 h p.i., respectively; Figure S1). 

Host–guest complexation between 111In-Cy50.5CD9PIBMA39 and 99mTc-MAA-Ad was 

monitored in vivo by dual-isotope SPECT imaging. Figure 2B shows the distribution of the 

host vector in mice pretargeted with guest vector at 2, 12, 20 or 44 h p.i. of the host vector 

SPECT imaging of 111In displayed the biodistribution of the host vector. As a result of the 

2.8 d half-life of 111In, the time-related uptake of the host vector in the liver of mice could 

Figure 1. A) Serum binding of 111In-Cy5
0.5

CD
9
PIBMA

39 
over 20 h at 37 oC. B) In vitro host-guest 

complexation between guest vectors (MAA-Ad or MAA) and the host-vector (111In-Cy50.5CD9PIBMA39) 
after 1 h at 37 oC. Data are expressed as the mean ± SD of the percentage of binding. C) In vitro 
stability determined at 37 oC of the host-guest complexation between guest vector MAA-Ad with host 
vector 111In-Cy50.5CD9PIBMA39 in PBS or FCS (straight lines) and 99mTc-MAA-Ad with Cy50.5CD9PIBMA39 
in PBS or FCS (interrupted lines). Values are expressed as the % of radioactivity associated with the 
washed pellet.
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be studied up to 44 h p.i. Longitudinal differences in 111In accumulation were quantified 

either by calculating radioactivity counts in ROI’s (Figure 4A–F) or as quantitative 

biodistribution studies (see Figure 5A & Table S1). These analyses revealed that at 20 h 

p.i. the hepatic uptake of the host vector was at its maximum (approximately 27 %ID/g). 

The observed intestinal uptake of 111In-isotopes (Table S2) is indicative for hepatic uptake 

Figure 2. Time-related (2, 12, 20 and 44 h p.i.) dual-isotope SPECT biodistribution of A) intrasplenic 
administration of guest-vector 99mTc-MAA-Ad and B) Intravenous administered host-vector 111In-
Cy50.5CD9PIBMA39. Organs are marked as (1) lungs, (2) liver, (3) spleen, and (4) kidneys. The scale bars 
indicate the intensity of radioactivity expressed as arbitrary units. p.i. = post-injection.
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followed by intra-intestinal secretion. From 2 h onwards we observed small amounts of 
111In accumulation in the shoulder joints, knee joints, pelvis, kidney, and diffuse uptake in 

bone (Figure 2B, Figure 3B, Figure 4D), but bone uptake remained unchanged over time 

(Figure 2A, B, Figure 4D). Given the concurrence with known reservoirs for free 111In3+, 19-21  

Figure 3. Dual-isotope SPECT biodistribution 12 h p.i. of A) mice pre-targeted with intrasplenic 
administration of guest vector 99mTc-MAA-Ad. Mice, pre-targeted with either non-functionalized 99mTc-
MAA or PBS are used for comparison. Organs are marked as in Figure 2. B) Bio-distribution of host 
vector 111In-Cy50.5CD9PIBMA39 after intravenous administration. C) Uptake of the host vector 111In-
Cy50.5CD9PIBMA39 in the liver determined by ex-vivo fluorescence imaging at equal settings. The scale 
bar indicates the intensity of fluorescence expresses as photons/sec/cm2.
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the isotope is most likely dissociated from the carboxylic acid moieties on the polymer 

backbone. Our results indicate that both methods, either by ROI’s or biodistribution assays, 

provide an accurate representation of the accumulation of the host vector in various 

tissues in mice. Lung shunting, an essential property to prevent side effects due to off-

target delivery,2, 11 was not observed at any time point.

Liver uptake was increased by nearly 3-fold in mice treated with the functionalized 

pre-targeting vector (p < 0.01) as compared to the liver uptake of the host vector in control 

mice injected with 99mTc-MAA (10.8 ± 4.7 %ID) or PBS (8.6 ± 3.1 %ID; Figure 3B & Table S1, 

Figure 4B). Despite the presence of 99mTc-MAA(-Ad) signal in the spleen (see Figure 3A), 

accumulation of host vector in this organ was equal to that in PBS controls (Figure 4B & 

Table S1). Whether the hepatic uptake of the host vector in the animals that received 
99mTc-MAA depended on non-specific interaction with MAA (as was measured in vitro Figure 

1B) or because of the clogging of the microvasculature by MAA particles was 

undeterminable.

Figure 4. Time-dependent uptake of 111In-Cy50.5CD9PIBMA39 in various tissues determined from A) 
radioactivity calculations in ROI’s. Data are expressed as the 111In radioactivity counts per mm3 on the 
scintigrams in regions of interest (ROI’s) drawn over B) liver, C) blood, D) joints, E) kidney, and F) 
spleen.
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Figure 5. A) The bio-distribution of guest vectors 99mTc-MAA-Ad and 99mTc-MAA at various intervals 
after local administration. Data (expressed as the mean ± SD of the percentage of the injected dose 
per gram tissue (%ID/g) of 3 observations were calculated based on the radioactive counts measured 
in indicated tissues at 12, and 20 h post-injection. B) Biodistribution of intravenous administered 
111In-Cy50.5CD9PIBMA39 (host vector) 12 h after hepatic pre-targeting with guest vectors MAA-Ad (blue 
bars), MAA (red bars) or as control PBS (green bars). C) Dynamic hepatic uptake of intravenous 
administered host vector 111In-Cy50.5CD9PIBMA39. Data are expressed as the mean ± SD ratios of the 
%ID/g in liver and blood measured at 2, 12, 20, and 44 h post-injection of the host vector. For all 
pre-targeting settings at 44 h p.i. liver-to-blood ratios for 111In-Cy50.5CD9PIBMA39 are increased 
compared to the earlier intervals which is indicative for clearance of proteolytic or metabolic products. 
D) Ex-vivo fluorescence imaging analysis of the biodistribution of 111In-Cy50.5CD9PIBMA39 in excised 
livers of mice pre-targeted with 99mTc-MAA-Ad, 99mTc-MAA, or PBS at various intervals until 44 h p.i. 
The fluorescence signal is determined from regions of interest (ROI’s) drawn over the liver. Data are 
expressed as the average radiance p/s/cm2/sr after correction for background activity. * = p<0.01 
compared to 99mTc-MAA, #= p<0.01 compared to PBS.
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Another interesting observation is the shorter blood half-life (t1/2 = 192 min) calculated 

for the host vector in mice pre-targeted with guest vector 99mTc-MAA-Ad compared to the 

half-life of the host vector in mice pretargeted with control guest vector 99mTc-MAA (t1/2 = 

306 min) or PBS (t1/2 = 318 min) (Table S2). The uptake of 111In activity in other tissues, e.g., 

blood, heart, lungs, muscle, and brains showed a decrease in uptake of 111In radioactivity 

over time which was comparable between the two guest vectors or PBS (Table S1), most 

likely as a result of the clearance of 111In-Cy50.5CD9PIBMA39 from these tissues. At all intervals 

liver-to-blood ratios for mice pre-targeted with 99mTc-MAA-Ad were highest whereby the 

liver-to-blood ratio peaked at 44 h p.i.

Fluorescence imaging
Ex vivo fluorescence imaging analysis of the biodistribution of the host vector in various 

excised tissues of mice pretargeted with guest vectors 99mTc-MAA-Ad and 99mTc-MAA 

revealed an intense fluorescence signal in the liver (Figure 3C & Figure 5D) at all time points 

after administration of the host (2.0–2.6 x 1010 p/s/cm2/sr) which was highest for 99mTc-

MAA-Ad compared to those for MAA (0.9–1.5 x 1010 p/s/cm2/sr) or PBS (0.06–0.4 x 1010 

p/s/cm2/sr) which follows the trend as observed for radioactivity with 111In-Cy50.5CD9PIBMA39. 

At 44 h p.i. all values dropped below 0.6 x 1010 p/s/cm2/sr.

DISCUSSION

In this study we demonstrated that supramolecular interactions can form stable host–guest 

complexes between the host vector 111In-Cy50.5CD9PIBMA39 and guest vector 99mTc-MAA-Ad 

in vitro and in vivo. The stability of these complexes over longer time periods strengthens 

the case for supramolecular pre-targeting strategies for radioembolization. Corroborating 

our previous results,15 we did not observe lung shunting, an essential property to prevent 

side effects due to off-target delivery.2,11 Since complex formation could be realized up 

until 20 h, the technology can accommodate single-session procedures whereby the host 

vector therapy is administered within hours after the scout scan (MAA-Ad; guest vector). 

In current clinical practice these procedures are performed several weeks apart.22 A single-

session procedure would be more patient-friendly as after the correct administration of 

the scout vector a therapeutic vector can be directly administered via the same catheter.23 

In addition to decreasing the invasiveness of the embolization procedure, cost reduction 

can also be achieved, as the secondary host vectors do not demand functionalization with 
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relatively expensive (e.g., 90Y or 166Ho) isotopes, but could also act as carrier for cheaper 

therapeutical isotopes such as rhenium-188 or lutetium-177.24 Uniquely for our approach 

is that isotope labelling could be converted into kit chemistry.

From SPECT images (Figure 2A, B, Figure 3A, B), biodistribution data (Figure 4, 5, Table 

S1), and fluorescence imaging (Figure 3C, Figure 5D) it may be concluded that, while initially 

predominantly present in the blood, 111In-Cy50.5CD9PIBMA39 actively co-localizes with the 

MAA-Ad guest vector in the liver, resulting in increased uptake up to 20 h p.i. In addition 

to this conclusion, the 12 h timepoint gave the most optimal liver-to-blood ratios; Figure 

2–4, Table S1). Clearly, the complex formation in the presence of MAA-Ad is unaffected by 

the strong serum interactions recorded for 111In-Cy50.5CD9PIBMA39 (approximately 90%; 

Figure S1). 

It was found that unbound host vector was excreted via both renal and hepatic 

clearance; most likely the latter occurred via the reticuloendothelial system.25 The hepatic 

clearance complicates accurate performance assessments of hepatic and spleen signals 

at the 44 h time point. Ideally, future versions of the host vector are synthetically refined 

so that uptake in radiation-sensitive background organs such as the kidneys is minimized. 

This development may be achieved by dose optimization for the host vector or fine-tuning 

the polymer’s functional groups26; these optimizations can possibly help to control the 

pharmacokinetics including the serum binding properties. In drug efficacy studies, it is 

often considered critical to account for plasma protein binding as this relates to the 

availability of the free drug, its half-life, and its subsequent renal elimination.27  The lack 

of pulmonary shunting suggests 99mTc-MAA-Ad particles remained confined in the liver and 

are not released into the vasculature (Figure S1). Proteolytic breakdown of 99mTc-MAA-Ad 

as reported for pulmonary and hepatic injected 99mTc-MAA28 was not observed in our 

experimental setup; no accumulation of unconjugated 99mTc-activity was observed in typical 

reservoir tissues, e.g., thyroid, salivary glands and stomach.19 This apparent increase in 

both MAA-Ad and MAA stability remains speculative, but we hypothesize that it could be 

attributed to a different proteolytic breakdown pathway of aggregated human albumin 

particles in mice.

We observed long-term complex formation, which was affected by only two small 

factors of dissociation. Firstly, dissociation of 111In3+ from the host vector occurred in the 

initial phase after intravenous injection, which was in line with the 5% dissociation observed 

in vitro. The use of dedicated chelators that support stable chelation of the radioisotope 

could prevent this effect.29 Secondly, in vitro for [111In-Cy50.5CD9PIBMA39-
99mTc-MAA-Ad] a 

20% complex dissociation was observed over a 44 h timespan, which was confirmed in 
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vivo with the biodistribution assays. Indeed, a slow rate of excretion of about 20%/g for 
111In-Cy50.5CD9PIBMA39 was observed in this study. Again, future synthetic refinements 

could further address the stability by reducing the dissociation of the host vector and by 

improving the chelation of the radioisotope.

While serum–albumin binding is widely explored, clinical albumin-based nanodevices 

are more scarce.30 Some examples are drug delivery of therapeutic agents with targeted 

albumin nanoparticles,31  99mTc-labeled albumin colloids for the visualization of the lymphatic 

vessels,32 and surgical sentinel node detection with ICG-99mTc-nanocolloid.33 With the 

presented radioembolization strategy we hope to promote the usage of biodegradable 

particles for nanomedicine.34 Alternatively, the employed pre-targeting concept could be 

equally effective on different, e.g., more spherical synthetic microparticles such as gold 

particles or quantum dots.35-36

A debate with regard to radioembolization technologies on whether or not the agents 

should be classified as medical technology or drugs is ongoing. Despite being chemical in 

nature and the fact that these agents administer a radiation dose to a patient even when 

used incorrectly, commercial microspheres are considered a medical device. Although the 

practical steps during the application are similar and the components don’t actively interact 

with the body’s metabolic or immune system (by relying on supramolecular interactions) 

may mean the proposed technology could be considered as a drug by the designated 

authorities. In that case it would affect the cost of translation and the quality standards 

that have to be met. The composition of the microparticles used as pre-targeting platform 

could potentially influence this selection.

CONCLUSIONS

The reported dual-isotope multiplexing and fluorescence imaging data further underlines 

the potential of using multivalent host–guest interactions between Ad and CD on albumin-

based nanodevices in vivo. With that, a tool has been created that could help address 

unmet clinical needs in the field of radioembolization.
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EXPERIMENTAL PROCEDURES

General
All chemicals were obtained from commercial sources and used without further purification. 

Solvents were obtained from Actu-All Chemicals (Oss, The Netherlands) in HPLC grade 

and used without further purification. The reactions were monitored by thin layer 

chromatography (TLC) and/or mass spectrometry using a Bruker microflex™ LRF MALDI-

TOF. HPLC was performed on a Waters (Etten-Leur, The Netherlands) HPLC system using 

a 1525EF pump and a 2489 UV/VIS detector. For preparative HPLC a Dr. Maisch GmbH 

(Ammerbuch, Germany) Reprosil-Pur 120 C18-AQ 10 μm (250 × 20 mm) column was used 

(12 mL/min). For semi-preparative HPLC a Dr. Maisch GmbH Reprosil-Pur C18-AQ 10 μm 

(250 × 10 mm) column was used (5 mL/min). For analytical HPLC a Dr. Maisch GmbH 

Reprosil-Pur C18-AQ 5 μm (250 × 4.6 mm) column was used applying a gradient of 0.1% 

TFA in H2O/CH3CN 95:5 to 0.1% TFA in H2O/CH3CN 5:95 in 20 min (1 mL/min). NMR spectra 

were taken using a Bruker DPX-300 spectrometer (300 MHz 1H NMR, 75 MHz 13C NMR) 

and chemical shifts (δ) are reported relative to TMS (δ = 0) and/or referenced to the solvent 

in which they were measured.

Figure S1. Quantified biodistribution of pre-targeting of the liver with locally administered primary 
vector (guest) 99mTc-MAA-Ad at various intervals. Data (expressed as the mean ± SD of the percentage 
of the injected dose per gram tissue (%ID/g) of 3 observations were calculated based on the radioactive 
counts measured in indicated tissues at 2, 12, and 20 h post-injection. Values of 99mTc-activity calculated 
at 44 h p.i. were deemed unreliable as the radioactivity counts were very low.



123

IN VIVO STABILITY OF HOST-GUEST COMPLEXES

4

Table S1. The biodistribution of intravenously administered secondary vector (host) 111In-
Cy50.5CD9PIBMA39 (host molecule) after hepatic pre-targeting with guest molecules: 99mTc-MAA-Ad, 
99mTc-MAA, or PBS. Data (expressed as the mean ± SD of the percentage of the injected dose per gram 
tissue (%ID/g) of 3-6 observations) were calculated based on the radioactive counts measured in 
various tissues at 2, 12, 20, and 44 h post-injection of the radioactive tracer. The significance of 
difference (p<0.01) is indicated with * compared to = 99mTc-MAA (control), or ‡ compared to PBS (111In-
Cy50.5CD9PIBMA39 reference distribution) according to Student’s T-test.

Tissue Time Guest: 111In-Cy50.5CD9PIBMA39

h p.i. 99mTc-MAA-Ad 99mTc-MAA PBS

Blood 2 22.5 ± 6.4‡ 18.1 ± 2.9‡ 13.7 ± 1.9

12 2.6 ± 0.6 4.4 ± 1.7 2.5 ± 1.0

20 3.5 ± 0.8 3.8 ± 0.7 3.1 ± 1.3

44 1.8 ± 0.2 1.6 ± 0.1 1.8 ± 0.3

Heart 2 10.2 ± 4.1*‡ 8.0 ± 1.3 7.2 ± 1.5

12 5.2 ± 0.2‡ 6.0 ± 2.1 3.4 ± 0.6

20 4.1 ± 0.3* 5.0 ± 0.9 3.9 ± 1.8

44 8.3 ± 2.4‡ 6.2 ± 0.6‡ 4.5 ± 0.1

Lungs 2 10.2 ± 2.5*‡ 7.6 ± 1.3 8.9 ± 1.4

12 3.9 ± 1.0* 7.1 ± 0.4‡ 2.6 ± 1.3

20 4.2 ± 0.5* 5.3 ± 0.9 4.6 ± 1.8

44 7.3 ± 1.1* 5.5 ± 1.3 7.6 ± 1.0

Liver 2 14.9 ± 6.1‡ 11.4 ± 2.7‡ 7.6 ± 2.3

12 25.8 ± 2.9*‡ 12.9 ± 2.5 11.7 ± 2.9

20 27.0 ± 1.3*‡ 10.8 ± 4.7 8.6 ± 3.1

44 26.2 ± 2.1*‡ 22.7 ± 2.3‡ 15.7 ± 2.8

Spleen 2 9.7 ± 3.4‡ 7.1 ± 0.8‡ 5.5 ± 1.4

12 13.5 ± 1.6 16.7 ± 2.6 9.4 ± 2.7

20 11.8 ± 1.5‡ 9.4 ± 0.5 10.2 ± 2.7

44 17.9 ± 5.0*‡ 13.0 ± 3.1 11.3 ± 0.7

Kidneys 2 20.9 ± 7.0*‡ 10.0 ± 1.9‡ 13.0 ± 2.3

12 33.5 ± 5.8 41.1 ± 6.8 31.8 ± 6.1

20 29.7 ± 5.3 29.2 ± 5.8 33.3 ± 12.2

44 29.6 ± 3.6 29.7 ± 3.3‡ 26.0 ± 3.6

Muscle 2 4.0 ± 1.9*‡ 2.0 ± 0.4 2.2 ± 0.4

12 4.0 ± 0.4 3.5 ± 1.4 2.9 ± 0.7

20 2.2 ± 0.6* 3.4 ± 0.9 2.6 ± 0.6

44 3.9 ± 0.4*‡ 3.4 ± 0.3‡ 3.6 ± 0.3

Brain 2 0.6 ± 0.2*‡ 0.4 ± 0.1 0.4 ± 0.1

12 0.4 ± 0.1‡ 0.5 ± 0.2 0.3 ± 0.1

20 0.3 ± 0.1 0.5 ± 0.2 0.3 ± 0.2

44 0.5 ± 0.02‡ 0.5 ± 0.04‡ 0.4 ± 0.02
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Table S2. The uptake of intravenously administered secondary vector (host) 111In-Cy50.5CD9PIBMA39 
in scavenging tissues, excretion rate and clearance. Data (expressed as the mean ± SD of the 
percentage of the injected dose per gram tissue (%ID/g) of 3-6 observations) were calculated based 
on the radioactive counts measured in various tissues at 2, 12, 20, and 44 h post-injection of the 
radioactive tracer. The significance of difference (p<0.01) is indicated with *compared to = 99mTc-MAA 
(control), or ‡ compared to PBS (reference distribution) according to Student’s T-test.

Tissue Time Guest

h p.i. 99mTc-MAA-Ad 99mTc-MAA PBS

Urine & bladder 2 5.9 ± 0.8 6.2 ± 0.9 7.5 ± 1.5

12 4.8 ± 1.7 4.3 ± 2.4 3.2 ± 0.6

20 3.6 ± 0.9‡ 4.7 ± 1.8‡ 2.5 ± 0.6

44 4.9 ± 0.7* 4.0 ± 0.7 5.6 ± 0.3

Thyroid gland 2 8.0 ± 2.9*‡ 6.8 ± 1.7 5.8 ± 0.7

12 8.2 ± 2.4 5.1 ± 5.2 5.3 ± 2.1

20 6.2 ± 1.1 5.7 ± 2.1 5.8 ± 1.7

44 6.0 ± 2.3 4.5 ± 2.2 5.8 ± 1.6

Salivary gland 2 5.8 ± 2.1*‡ 4.3 ± 0.8 4.5 ± 0.8

12 6.5 ± 1.3‡ 7.6 ± 1.9 5.2 ± 1.1

20 7.4 ± 0.7‡ 7.5 ± 1.8 5.7 ± 1.5

44 11.2 ± 0.4 11.3 ± 0.7 11.2 ± 4.6

Stomach 2 2.2 ± 0.9‡ 1.9 ± 0.6 1.7 ± 0.6

12 2.3 ± 0.7 1.5 ± 0.7 1.2 ± 0.9

20 2.0 ± 1.0*‡ 1.2 ± 0.8 0.9 ± 1.1

44 5.6 ± 0.5‡ 4.5 ± 0.8‡ 6.7 ± 0.5

Intestines 2 5.1 ± 2.4*‡ 3.2 ± 0.5 2.7 ± 0.6

12 5.0 ± 2.8 8.1 ± 3.6 3.6 ± 1.5

20 5.9 ± 0.7 8.4 ± 2.9 4.6 ± 3.0

44 11.0 ± 1.8‡ 7.7 ± 2.6 8.2 ± 0.5

Excretion (%ID) 2 4.5 ± 2.7 4.2 ± 6.1 3.6 ± 0.7

12 11.1 ± 9.5‡ 15.3 ± 9.3 21.0 ± 1.7

20 14.3 ± 1.7* 8.5 ± 4.6 11.7 ± 3.6

44 17.7 ± 2.4 18.8 ± 1.2 22.8 ± 5.0

Clearance half-life t1/2 (min)

192
(R2 0.864)

306
(R2 0.980)

318
(R2 0.943)
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Table S3. Dynamic hepatic uptake of intravenously administered secondary vector (host) 111In-
Cy50.5CD9PIBMA39. Data (expressed as the mean ± SD liver-to-blood ratios calculated between the 
percentages of the injected dose per gram tissue (%ID/g) of liver and blood (of 3-6 observations) 
based on the radioactive counts measured in these tissues at 2, 12, 20, and 44 h post-injection of 
secondary vector 111In-Cy50.5CD9PIBMA39 after hepatic pre-targeting. The significance of difference (p 
< 0.01) is indicated with * compared to = 99mTc-MAA (control), or ‡ compared to PBS (reference 
distribution) according to Student’s T-test.

Ratio Time Guest

h p.i. 99mTc-MAA-Ad 99mTc-MAA PBS

Liver-to-blood 2 0.8 ± 0.5 0.7 ± 0.2 0.6 ± 0.2

12 10.2 ± 2.0* 3.4 ± 2.1 4.9 ± 1.1

20 8.2 ± 2.5‡ 2.4 ± 1.6 3.0 ± 2.1

44 15.2 ± 3.0‡ 14.4 ± 2.4‡ 8.8 ± 0.7



Adapted from: Spa SJ, Bunschoten A, Rood MTM, Peters RJB, Koster AJ, 
van Leeuwen FWB.

Eur. J. In. Org. 2015;2015:4603-4610
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ABSTRACT

To investigate if the degree of functionalization of ferritin could be controlled using a 

supramolecular self-assembly process, two photophysical separable batches of ferritin 

were created by functionalizing ferritin capsids with either Cy3- or Cy5-dye (loading rate 

of about 50%). After dis-assembly, Cy3-, Cy5- as well as non-functionalized ferritin subunits 

were mixed in variable ratios. Photophysical measurements revealed that the ratio in which 

the subunits were mixed was indeed indicative for the ratios in which the functionalized 

subunits were observed in the re-assembled capsids. During re-assembly, however, a 

slight preference for the inclusion of non-functionalized subunits was observed, indicating 

that the reactivity decreased following functionalization. The iron biomineralization 

properties of ferritin were retained by the multi-functionalized capsids as FeII diffused 

rapidly inside, making it visible by transmission electron microscopy (TEM). These combined 

data indicate that it is possible to functionalize ferritin in an orthogonal manner using the 

supramolecular interaction between ferritin subunits.
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INTRODUCTION

In nature, supramolecular protein assemblies can provide functional structures, which in 

fact can be seen as natural (bio-)nanoparticles. Examples are: viral capsids,1,2 

bacteriophages,3 and ferritin.4 While the first two are disease related, the latter is 

responsible for a critical component in live, namely the iron metabolism of cells.5,6 Through 

chemical manipulation, however, ferritin can also be applied for other purposes. Promising 

ferritin based drug carriers, for example for photodynamic therapy,4,7 have been developed 

by replacing the iron core with (small) drug molecules.8-10 The relatively large surface area 

of ferritin also allows for a high loading capacity of fluorescent dyes and/or targeting 

ligands.11-13 However, among the many ferritin derivatives developed, the MRI contrast 

agents seem to be the most promising.11,14 These agents, although functionalized, retain 

the natural iron mineralization property of ferritin. After mineralization, iron is present in 

the 8 nm cavity of ferritin capsids as ferrihydrite, and provides contrast on MRI.15-17

Large non-covalent natural complexes such as DNA helices, viruses and organelles, 

assemble into complex structures in an controlled manner.18,19 By copying from nature, 

the control on the composition in polymer cross-linking was improved via orthogonal 

multi-site self-assembly, obtaining polymers with tunable functionality.20-22 In a similar 

approach, orthogonally functionalized nanofibers were created by the multicomponent 

co-assembly of integrin binding ligands Gly-Arg-Gly-Asp-Ser (GRGDS), Pro-His-Ser-Arg-Asn 

(PHSRN), and fluorophore functionalized building blocks.23 Furthermore, it has been shown 

that dual functionality on spherical protein capsids, like cowpea chlorotic mottle virus, 

could be obtained by re-assembly of two differently functionalized protein subunits.24-26

The surface of (bio-)nanoparticles, like ferritin, can be modified by conventional 

conjugation procedures targeting the amino acids such as lysine.2,27 Although a substantial 

collection of bio-conjugation techniques are available, controlled introduction of multiple 

functionalities via this route remains challenging.28 We reasoned that an orthogonal 

functionalization approach via consecutive dis- and re-assembly could provide the 

opportunity to control the degree of (multi)functionality on ferritin scaffolds. Ferritin, a 

bio-nanoparticle consisting of 24 identical protein subunits each 20 kDa in weight on 

average,29 can be dis- and re-assembled by alteration of the pH.30,31 To investigate if three 

different types of subunits could be introduced controllably via supramolecular re-

assembly, we functionalized (apo)ferritin with either Cy3 or Cy5, while retaining some 

non-functionalized subunits (Figure 1, A). Different subunits were then mixed in three 
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different ratios (Figure 1, B) and after re-assembly we evaluated how the ratio of these 

statistical mixtures influenced the functionalization of newly formed capsids. The 

photophysical interaction between the two dyes enabled accurate analysis of the 

orthogonal functionalization. After re-assembly, the multi functionalized ferritin capsids 

were exposed to FeII-ions to evaluate if they retained their intrinsic iron biomineralization 

properties (Figure 1, B).

EXPERIMENTAL

General 
Solvents and chemicals were obtained from Actu-All (Oss, The Netherlands) and Sigma 

Aldrich (Zwijndrecht, The Nether-lands), were used without further purifications. The 

Figure 1. A) Functionalization of ferritin with a Cy3 or Cy5 dye, 10 eq. to ferritin subunit, in phosphate 
buffer pH 8. B) Orthogonal functionalization of ferritin with Cy3 (green) and Cy5 (red). Cy3-, Cy5-, and 
non-functionalized subunits are added together in the indicated ratio, following re-assembly at pH 8. 
After re-assembly functionalized capsids are mixed with FeII (grey) to obtain iron loaded ferritin capsids.
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apoferritin from equine spleen was obtained from Sigma Aldrich and was stored in aliquots 

(50 μL, 37 μg/μL in PBS) at 4 °C. Short before the experiments, sufficient aliquots of 

apoferritin were washed 3 times with phosphate buffered saline (PBS) over a 100 kDa to 

re-move free subunits and small contaminants. Other ferritin fil-trations were also 

performed with Amicon Ultra-0.5 mL Centrifu-gal Filters from Merck Millipore (Amsterdam, 

The Netherlands). Ferritin concentrations were determined by absorption measurements 

(280 nm, ε-subunits = 14565 L mol–1 cm–1) with a Nanodrop ND-1000 spectrophotometer 

from thermo scientific (Landsmeer, The Netherlands), just as the other UV/Vis absorption 

measure-ments. SEC was performed on an Aktatm Pure 25 instrument from GE Healthcare 

(Eindhoven, The Netherlands), if sample collection was required the corresponding fraction 

collector F9-R was de-ployed. The size exclusion column was a superdex 200 (GE 

Healthcare), and SEC was performed with 600 μL injection volume with PBS as eluent. The 

PBS was obtained from B. Braun (Oss, The Netherlands) in sterile and oxygen free 

conditions and was applied without further treatment. The fluorescence measurements 

were performed on a LS55 fluorescence spectrometer from Perkin–Elmer (Groningen, 

The Netherlands). NMR spectra were mea-sured on Bruker DPX 300 Hz (Leiderdorp, The 

Netherlands). Mass spectra were measured on a Bruker microflex MALDI-TOF. TEM imaging 

was performed on a FEI Tecnai 12 BioTwin 120 kV TEM (Eindhoven, The Netherlands). 

ICP-MS measurements were performed on a Thermo Finnigan Element 2 equipped with 

an autosampler and a conical glass concentric from thermo scientific (Landsmeer, The 

Netherlands). For HPLC analysis and purifica-tions a Waters HPLC system (Etten-Leur, The 

Netherlands) con-sisting of HPLC 1525 Pump and 2489 UV/Vis detector using a Reprosil-

Pur 120 C18-AQ 10 μm column (250  20 mm) for purifi-cation and a Reprosil-Pur C18-AQ 

5 μm column (250  4.6 mm) for analysis, from Dr. Maisch (Ammerbuch, Deutchland).

Synthesis of Cy5(SO3)2-SO3–CO2H and Cy3(SO3)2-SO3–CO2H
Both Cy5 [Cy5(SO3)2-SO3–CO2H] and Cy3 [Cy3(SO3)2-SO3–CO2H] were synthesized according 

to literature procedure.32

Synthesis of Cy5-TFP (Figure 1, A) 
Cy5(SO3)2-SO3–CO2H (190 mg, 0.25 mmol) was dissolved in DMF (10 mL). To this DCC (77 

mg, 0.37 mmol) and TFP (125 mg, 0.75 mmol) was added and the reaction was stirred 

overnight at room temp. The next day an-other equivalent of DCC and TFP were added, 

together with N,N-diisopropylethylamine (DIPEA, 124 μL, 0.75 mmol). The day here-after, 

the reaction mixture was added to 250 mL of EtOAc and a blue precipitate was isolated. 
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The crude product was first purified by silica column chromatography (40% MeOH in 

EtOAc) and fur-ther purified by reversed phase HPLC with a gradient from 5% MeCN to 

95% MeCN in H2O (containing 0.1% TFA) in 100 min. Pure fractions were pooled and 

lyophilized, which yielded 55 mg (24%) of pure product. 1H NMR [300 MHz, (CD3)2SO, 25 

°C]: δ = 8.35 (t, J = 13.1 Hz, 2 H, CH of bridge), 7.93 (m, 1 H, CH of TFP), 7.80 (s, 2 H, Ar-H), 

7.62 (d, J = 8.2 Hz, 2 H, Ar-H), 7.33 (dd, J = 16.6, 8.3 Hz, 2 H, Ar-H), 6.58 (m, 1 H, CH of bridge), 

6.36 (m, 2 H, CH of bridge), 4.07 (m, 4 H, N-CH2), 2.79 (t, J = 7.1 Hz, 2 H, CH2COOC), 2.55 

(m, 2 H, CH2-SO3), 1.97–0.93 [m, 22 H, 5CH2 with s at 1.68 for C-(CH3)2] ppm. 13C NMR [75 

MHz,(CD3)2SO, 25 °C]: δ = 174.33, 169.51, 154.36, 154.06, 145.28, 145.13, 142.03, 141.89, 

140.57, 140.48, 126.04, 119.89, 110.30, 110.06, 104.44, 103.69, 103.35, 101.27, 95.37, 

54.93, 50.58, 49.46, 48.91, 33.46, 27.07, 26.66, 25.84, 25.61, 24.20, 22.37 ppm. MS (MALDI-

TOF): [M]+ calculated for C41H45F4N2O11S3
+: 913.2, found 913.6 ppm.

Synthesis of Cy3-TFP (Figure 1, A)
Cy3(SO3)2-SO3 (111 mg, 0.15 mmol) was dissolved in DMF (10 mL). To this DCC (62 mg, 0.30 

mmol), tetrafluorophenol (TFP, 100 mg, 0.60 mmol), and DIPEA (100 μL, 0.6 mmol) was 

added and the reaction was stirred overnight at RT. The next day another equivalent of 

DCC, two equivalents of TFP and 2 equiv. of DIPEA were added and reacted over weekend. 

The reaction was concentrated in vacuo and purified by silica column chromatography 

(40% MeOH in EtOAc). The resulting product was lyophilized, which yielded 44 mg (31%) 

of pure product. 1H NMR [300 MHz, (CD3)2SO, 25 °C]: δ = 8.36 (t, J = 13.4 Hz, 1 H, CH of 

bridge), 7.92 (m, 1 H, CH of TFP), 7.79 (s, 2 H, Ar-H), 7.66 (d, J = 8.2 Hz, 2 H, Ar-H), 7.42 (dd, 

J = 14.2, 8.4 Hz, 2 H, Ar-H), 6.57 (dd, J = 13.4, 3.2 Hz, 2 H, CH of bridge), 4.13 (m, 4 H, N-CH2), 

2.82 (t, J = 7.1 Hz, 2 H, CH2COOC), 2.51 (m, 2 H, CH2-SO3), 1.87–0.94 [m, 22 H, 5CH2 with 

s at 1.70 for C-(CH3)2] ppm. 13C NMR [75 MHz, (CD3)2SO, 25 °C]: δ = 174.14, 169.58, 149.94, 

145.78, 145.73, 141.87, 141.75, 140.10, 126.24, 119.86, 119.82, 110.86, 110.67, 104.75, 

104.43, 104.12, 103.10, 50.67, 48.91, 43.90, 43.77, 32.35, 27.42, 26.71, 26.04, 25.29, 24.04, 

22.54 ppm. MS (MALDI-TOF): [M]+ calculated for C39H43F4N2O11S3
+: 887.2, found 887.8.

Ferritin Functionalization with Cy3 or Cy5
Filtered apoferritin (5 mg, 245 pmol) in PBS (300 μL) was mixed with phosphate buffer 

(300 μL, pH 8, 0.1 M) and subsequently a solution of Cy5-TFP (2 mg, 2.19 μmol) or Cy3-TFP 

(2 mg, 2.25 μmol) in DMSO (10 μL) was added. After one night stirring at RT the ferritin 

capsids were washed by sequential filtering over 100 kD Amicon filters until the filtrate 

was no longer blue. By absorption measurements the concentration of Cy3 (ε = 150 ·103 
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L mol–1 cm–1) or Cy5 (ε = 250·103 L mol–1 cm–1) and ferritin subunits (ε = 14.6 · 103 L mol–1 

cm–1) was determined. The reaction was performed three times with the same batch of 

apoferritin to obtain a final labelling ratio of 0.65 Cy3/subunit and 0.47 Cy5/subunit, 

corresponding with 15 Cy3/ferritin and 11 Cy5/ferritin respectively.

Dis-Assembly and Re-Assembly of Ferritin
Method 1: Conventional method at room temp and Method 2: Conventional method at 37 °C.

To apoferritin (50 μL, 1.85 mg) in H2O (3 mL), HCl solution (195 μL, pH 0.3, 0.5 M) was 

added to obtain a pH of 1.6. After 15 min of stirring at RT an aliquot (200 μL) was taken 

and diluted to 600 μL for SEC analysis. Simultaneously, NaOH solution (205 μL, pH 13.7, 

0.5 M) was added drop wise to the reaction mixture returning it slowly to physiological 

pH. Subsequently, the reaction was stirred for at least 24 h at RT (method 1) or 37 °C 

(method 2). Re-assembled capsids were obtained with 14 ± 13% yield (method 1) and 15 

± 11% yield (method 2).

Method 3: Change of pH by buffer replacement via filtration.

Washed apoferritin (20 μL, 0.36 mg) was added to HCl-KCl buffer (200 μL, pH 1.6, 0.1 M, 

0.05 % w/w Tween 20), resulting in a concentration of 1.6 mg/mL ferritin. The reaction 

mixture was shaken at RT for 15 min and the volume was subsequently reduced to 100 

μL by filtration through 10 kDa Amicon filter. Sodium phosphate buffer (400 μL, pH 8.6, 

0.1 M, 0.05 % w/w Tween 20) was added, followed again by reducing the volume to 100 

μL. This was repeated three times, thereby replacing the HCl-KCl buffer step by step. The 

reaction mixture was recovered from the filter and supplemented with sodium phosphate 

buffer (500 μL, pH 8.6, 0.1 M, 0.05 % w/w Tween 20) obtaining a final pH of 8.6. The 

resulting ferritin solution (600 μL, 0.62 mg/mL, pH 8.6) was shaken at 37 °C for at least 24 

h. Re-assembled capsids were obtained with 14 ± 9% yield.

Method 4: Change of pH by adding a basic buffer to an acidic solution.

Washed apoferritin (20 μL, 0.36 mg) was added to HCl-KCl buffer (200 μL, pH 1.6, 0.03 M, 

0.05 % w/w Tween 20), resulting in a concentration of 1.6 mg/mL ferritin. The reaction 

mixture was shaken at room temperature for 15 min and subsequently, sodium phosphate 

buffer (400 μL, pH 8.6, 0.05 M, 0.05 % w/w Tween 20) was added, bringing the pH towards 

8. The resulting ferritin solution (600 μL, 0.62 mg/mL, pH 8) was shaken at 37 °C for at 

least 24 h. Re-assembled capsids were obtained with 25 ± 5% yield.
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Orthogonal Functionalization of Ferritin with Cy-Dye According to Method 4
Cy3-ferritin subunits, Cy5-ferritin subunits and unmodified ferritin subunits were varied 
in the ratios of 4.5:4.5:13 (experiment A), 10.7:3.5:9.8 (experiment B), and 13.8:1.3:12.7 
(experiment C) on average. Experiment A was performed twice, B was performed three 
times and C was performed five times. For each experiment a separate stock solution of 
dis-assembled Cy3- and Cy5-ferritin capsids was prepared. First, the necessary quantities 
of Cy3- and Cy5-ferritin capsids for each reaction were calculated via:

with Cy3 or Cy5 = mol Cy3- or Cy5 functionalized ferritin capsids, N = the ratio of Cy3-
subunit/Cy5-subunits aimed at, 0.66·10–9 the total quantity (mol) of ferritin capsids in each 
separate reaction, and 0.65 or 0.47 being the labelling yields of the Cy-dye functionalized 
ferritin. Secondly, the quantities of Cy3-ferritin capsids (0.56 nm, 1.36 nm, 2.96 nm) and 
Cy5-ferritin capsids (0.77 nmol, 0.63 nmol, or 0.37 nmol), calculated for two or more 
experiments of A, B, or C, were dissolved in separate solutions of HCl-KCl buffer (200 μL, 
300 μL or 500 μL, respectively), resulting in the stock solutions consisting of Cy3- and 
non-functionalized subunits, or Cy5- and non-functionalized subunits. For each re-assembly 
reaction, aliquots (100 μL) of the appropriate stock solutions were mixed together (1:1, 
200 μL final volume) to obtain mixtures of dis-assembled Cy3-, Cy5- and non-functionalized 
ferritin subunits in the ratios aimed at. Then, the sodium phosphate buffer (400 μL) was 
added and the reaction shaken for 24 h at 37 °C. Both reactions of experiment A were 
pooled and concentrated to 600 μL using a 100 kDa Amicon filter. The concentrated 
sample was purified by SEC and the fractions from 10 to 12 mL and from 13 to 15.5 mL 
elution volume (0.5 mL/fraction) collected. The same was done for experiment B and C. 
The obtained re-assembled ferritin capsids were further analysed by TEM, absorption and 
fluorescence spectroscopy (Figures 2 and 3). The orthogonally functionalized ferritin 
capsids were obtained with approximately 17 ± 2% yield in all three reactions.

Yield Calculations of Re-Assembly
The yield of the re-assembly method was computed from the SEC data. The total area 
under the SEC curve was equated to 100%, hereby the sum of area underneath the peak 
of interest is the yield of the corresponding construct. To determine the percentage of 
the re-assembled ferritin capsids in the sample, the area under the peak at retention 
volumes 13–15.5 mL (re-assembled capsids) where used (Figure 2, B).
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Iron Incorporation
The incorporation of iron was performed following a literature procedure with small 

modifications.33 In short, apoferritin (non-functionalized, Cy3-functionalized, and Cy3-, Cy5 

functionalized by re-assembly) was dissolved in tris buffer (pH 8, 50 mM Tris-HCl, 100 mM 

NaCl, 10 mm MgCl2) to obtain a 0.5 µM ferritin capsid concentration. Subsequently 1000 

X excess to ferritin capsids of (NH4)2Fe(SO4)2 dissolved in degassed Milli-Q (< 0.6 mg/mL), 

was slowly added in 10 steps. After 30 min standing exposed to air, the capsids were 

washed 3 times with demi water over a 100 kDa Amicon filter and subsequently collected 

in tris-buffer (100 μL final volume).

TEM Protocol 
For TEM imaging 5 μL PBS containing approximately 2.5·1014 ferritin capsids was incubated 

on carbon and formvar coated cupper EM grids for 1 min, and subsequently the sample 

was stained with one drop of uranyl acetate 2% for 10 seconds. After each step the 

remaining solvent was removed by blotting.

ICP-MS Protocol
An analytical sample was digested in a per-fluoroalkoxy (PFA) microwave digestion tube 

to which 10 mL of nitric acid (70 % HNO3) were added. All samples were digested in a 

MARS microwave system for 50 min. The temperature program was as follows: at 1200 W 

power from 20 to 150 °C in 15 min, then to 180 °C in 15 min, and finally constant at 180 

°C for 20 min. Fol-lowing digestion and cooling to room temperature the digest was diluted 

and analyzed with a Thermo Finnigan Element 2 equipped with an auto sampler and a 

conical glass concentric nebulizer, and operated at an RF power of 1000 W. The argon gas 

flows were at the following settings; plasma, 15 L/min; nebulizer, 1.1 L/min; auxiliary, 1.2 

L/min. The sample flow rate to the nebulizer was set at 0.5 mL/min. To minimize polyatomic 

interferences from 36Ar16O, the instrument was operated in medium resolution mode 

and iron was measured at m/z 55.85.

RESULTS AND DISCUSSION

Re-Assembly of Ferritin Capsids
The heteropolymeric apoferritin from equine spleen was selected for the investigation, 

since it is one of the commonly applied and more investigated ferritin platforms.31, 34-37 
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Figure 2. Size exclusion chromatography curves A) Ferritin capsids before re-assembly and after 
dis- and re-assembly following purification. B) SEC curves of apoferritin, dis-assembled subunits (pH 
1.6), and after re-assembly (pH 8). The fraction containing correctly sized capsids is highlighted. C) 
Crude reaction sample after orthogonal functionalization of ferritin via re-assembly, with indicated 
ratios of Cy3:Cy5:non-functionalized subunits. Fraction containing aggregates (10–12 mL) and correctly 
formed capsids (13–15.5 mL) are highlighted. The corresponding TEM images revealing the 
composition of the SEC fractions are given in Figure 3 (D and C), respectively.
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However, in our hands the literature procedure for the re-assembly of ferritin capsids30,31 

proved to be cumbersome and gave a low reproducibility. To improve the reproducibility 

and ease of the assembly process, we set-up an alternative re-assembly protocol. From 

four methods tested (see Experimental section), the one by which we achieved the best 

pH control and smallest yield variation was considered best (method 4). In this method 

dis-assembly was realized by dissolving ferritin in a hydrochloric acid solution of pH 1.6. 

Subsequent re-assembly was accomplished by adding a weak phosphate buffer of pH 8.6 

(twice the volume of the acidic solution). The resulting basic solution had to be shaken for 

two days (37 °C) to reach equilibrium.

Re-assembled ferritin capsids were analysed and purified by size exclusion 

chromatography (SEC). The peaks corresponding to the parental ferritin capsids and 

(purified) re-assembled ferritin capsids both eluted from the column after the same 

amount of elution volume (Figure 2, A), indicating both compounds were identical in size. 

For further confirmation both structures were analysed by transmission electron 

microscopy (TEM). The parental ferritin capsids could be imaged as circular structures of 

12.1 X 0.7 nm in diameter using negative staining (Figure 3, A). These observations confirm 

previous reports.38 After re-assembly and purification the TEM images revealed comparable 

circular structures with a diameter of 12.6  X  0.7 nm, indicating the re-assembly method 

was successful (Figure 3, B–C).

In the literature, re-assembly of ferritin is referred to as a simple and robust method;36,39  

the yield of this reaction is seldom mentioned and successful re-assembly is often not 

verified. However, there are reports of low yielding ferritin re-assemblies.40-41 We also 

obtained a relatively low re-assembly yield for non-functionalized ferritin (25 ± 5%). It is 

proposed that subunits re-assemble through the formation of (stable) dimers, trimers and 

dodecamers.42 Hereby, the reaction steps; 24M1  8M2 + 8M1   8M3   4M6   2M12   1M24 

are proposed (with M1 referring to a single subunit).40-42 Formation of other intermediate 

assemblies is thought to result in so-called “dead-end structures”,29 such as the rod-like 

structures with random dimensions that we found as side products (Figure 3, D). According 

to Kim et al. these structures may originate from the trimer intermediate.41

After investigating the structure of ferritin capsids by small-angle X-ray scattering (SAXS), 

Kim et al.41 concluded that re-assembly of ferritin is only pseudo reversible over a pH range 

of 2.66 to 10, and that a pH < 2 is necessary for complete dissociation. The same group 

also stated that from pH < 2 intact ferritin capsids could never be fully recovered; one or 

two subunits would always be missing after re-assembly. We, however, have not found 

any indications suggesting the re-assembled capsids miss a subunit. In fact TEM analysis 



CHAPTER 5

138

indicated closed-ring structures. This said we also lack proof that the re-assembled capsids 
comprise of 24 subunits.

Conjugation of Cy3 or Cy5 to Ferritin
To create two chemically similar but photophysically separable batches of ferritin capsids, 
one batch of ferritin was functionalized with Cy3- and another with Cy5-dye (Figure 1, A). 
For efficient conjugation the Cy-dyes were activated as tetrafluorophenol (TFP) esters. The 
TFP ester proved to be less prone to hydrolysis than the more generally applied 
N-hydroxylsuccinimide (NHS) ester and as a result higher labelling yields were obtained 
compared to NHS activated Cy-dyes (data not shown). After functionalization, labelling 
yields of 15 (62.5 %) Cy3 or 11 (45.8 %) Cy5 dyes on each ferritin capsid were obtained. 
The labelling yields were derived from the ratio between the subunit- and Cy-dye 
concentration, calculated from the absorption spectra measured at 280 nm (Cy3) and 550 
nm (Cy3) or 650 nm (Cy5).

Figure 3. TEM images of ferritin capsids, stained with uranyl acetate. A) Parental ferritin capsids. B) 
Re-assembled ferritin capsids. C) SEC fraction containing re-assembled multi functionalized ferritin 
capsids. D) SEC fraction containing aggregates.
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Orthogonal Functionalization with Cy3 and Cy5 by Supramolecular Re-Assembly
To investigate if the degree of functionalization could be controlled using supramolecular 

self-assembly processes, the two separately functionalized batches of ferritin were dis-

assembled and mixed. By mixing Cy3-functionalized, Cy5-functionalized and non-

functionalized subunits at pH 1.6 in variable ratio’s following re-assembly at pH 8 (Table 

1), we evaluated how the ratio of this mixture influenced the orthogonal functionalization 

of newly formed capsids. To obtain the desired Cy-dye functionalized sub-units ratios 

(Table 1), the number of Cy3-functionalized subunits was increased, while the number of 

Cy5-function-alized subunits was decreased; Cy5 was detectable at a lower concentration 

range than Cy3, and therefore more suitable for use at lower quantities (Figure 4, A).

Different to what we observed after the re-assembly of non-functionalized ferritin 

subunits, re-assembly using differently functionalized subunits merely yielded a small 

(shoulder) peak of product, while the peak belonging to the aggregates increased 

substantially (Figure 2, C). Although less pronounced, an increase in aggregate formation 

was also observed after the individual re-assembly of Cy3- or Cy5-functionalized ferritin 

capsids (data not shown). TEM analysis revealed that correctly formed capsids were still 

the main content in the 13–15.5 mL elution volume fractions (Figure 3, C) and the same 

analysis indicated that these samples contained ≤ 10 % pollution of larger constructs. The 

samples at elution volume 10–12 mL consisted of larger aggregates of which some adopted 

a rod like conformation with 5 X 40 nm dimensions (Figure 3, D).

The degree of functionalization was derived from the absorption spectra (Figure 4, A), 

assuming the re-assembled capsids were build up from 24 subunits. Ratio’s calculated for 

capsids consisting of 23 subunits did not result in significant different values (less than 1 

% variation). Table 1 reveals that the ratios in which Cy3-functionalized, Cy5-func-tionalized, 

and non-functionalized subunits were mixed was indicative for the ratios in which they 

were observed on the re-assembled ferritin capsids. However, we did observe small 

Table 1. Ratios of Cy3-, Cy5- and non-functionalized subunits.

Dis-assembled subunits
Cy3 : Cy5 : non-functionalized

Re-assembled capsids
Cy3 : Cy5 : non-functionalized

 6.5 :  6.5 : 11  4.4 : 4.1 : 15.5 

 10.7 :  3.5 :  9.8  8.1 : 3.4 : 12.5 

 13.8 :  1.3 :  8.9  9.0 : 1.3 : 13.7

   0.0 : 11.3 : 12.7  0.0 : 9.8 : 14.2

 15.6 :  0.0 :  8.4  14 : 0.0 : 10.0 
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deviations between the Cy3- and Cy5-ratios when adding the variable subunits in the 
maximum ratio of 13.8:1.3:8.9. When differently functionalized subunits where mixed, in 
all cases the relative ratio of non-functionalized subunits increased slightly. This trend was 
less pronounced when the re-assembly was performed with only one type of Cy-dye 
functionalized subunit.

Although our experiments indicate that the envisioned orthogonal functionalization 
with three functionalities via ferritin self-assembly is feasible, the presence of relatively 
small Cy-dyes on a protein subunit already seems to negatively influence the delicate re-
assembly process (Figure 2, C). Moreover, the supramolecular re-assembly process of 
non-functionalized ferritin subunits seems to have a higher reactivity. These features 
combined indicate that assembly of functionalized subunits will more often result in “dead 
end structures”. Given these observations, it is not likely this statistical re-assembly 
approach of heteropolymeric apoferritin of equine spleen can be translated towards the 
introduction of larger substituents such as targeting peptides. For such substituents, a 
solution may lie in the initial use of small bi-functional linkers. These substituents can be 
used to introduce new reactive groups such as (protected) thiols or azides,43,44 which can 
be selectively functionalized after the re-assembly process.45

Changing towards a more simplified re-assembly platform could also have a positive 
effect on the results. The Ferritin family has other members beside the mammalian equine 
spleen ferritin, such as the DNA-binding proteins from starved cells (Dps), or homopolymeric 
bacteria ferritins (Bfr).29 While the mammalian ferritin is built up from heavy (H) and light 
(L) subunits (24 in total), Dps only consist of 12 such subunits,25 and homopolymeric Bfr 
is only build up from H subunits (24 in total).29,46 These latter two ferritin types are less 
complex in their structure, and thereby may provide a re-assembly process that is more 
suitable for functionalization.

To validate if Cy3- and Cy5-functionalized subunits were in fact combined on the same 
capsids, their photophysical interactions were analysed. If Cy3 and Cy5 are on the same 
molecule, and in close proximity to each other (< 10 nm), Föster Resonance Energy Transfer 
(FRET) should occur from Cy3 to Cy5.47 Since ferritins surface area is 452 nm2 (4πr2, with 
r = 6 nm) and there are 10 ± 2 dyes on average after orthogonal functionalization, each 
dye has 45.2 nm2 circle space (assuming they are equally spaced); this results in an rdye of 
3.8 nm. This distance should be sufficient to allow for FRET. Indeed Cy3 excitation at 525 
nm resulted in two peaks corresponding to Cy3- (570 nm) and Cy5-emission (670 nm). 
The intensity of the FRET emission decreased with decreasing Cy3:Cy5 ratio (Figure 4, B). 
Even with Cy5 quantities as low as one Cy5 per ferritin capsid (Cy3:Cy5:non-functionalized 
= 9.0:1.3:13.7) FRET could still be observed (Figure 4, B).
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To confirm the (FRET) origin of the observed Cy5 emission, mixtures of separate Cy3- 

and Cy5-functionalized ferritin capsids were measured with similar Cy3 and Cy5 

concentrations as the corresponding re-assembled capsids. Other than in the dual-

Figure 4. Photophysical measurements of orthogonal functionalized ferritin. A) Absorption 
measurements normalized on ferritin content, arrows indicate the increasing and decreasing signal 
of Cy3 and Cy5 upon increasing Cy3:Cy5 ratio. B) Normalized fluorescence emission spectra after 
excitation at 525 nm. With increasing Cy3:Cy5 ratio, the FRET signal decreases with the amount of 
Cy5 dyes. C) Control for FRET measurements shown in B; samples contain mixtures of separate Cy3- 
and Cy5-function-alized ferritin capsids at similar Cy-dye concentrations as the corresponding re-
assembled capsids. D) 3D fluorescence emission spectrum showing FRET of Cy3:Cy5:non-functionalized 
= 6.5:6.5:11 functionalized ferritin, excited from 525 to 700 nm. E) Control for FRET measurement 
shown in C; mixture of separate Cy3- and Cy5-functionalized ferritin capsids at similar concentrations 
as the Cy3:Cy5:non-functionalized = 4.4:4.1:15.5 re-assembled capsids.
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functionalized capsids, in these control samples FRET interactions (Cy5 emission peak 

afterCy3 excitation) could not be observed (Figure 4, C). To further visualize the FRET effect 

a 3D plot (Figure 4, D) of the excitation and emission spectrum Cy3:Cy5:non-func-tionalized 

= 4.4:4.1:15.5 was measured together with its negative control (Figure 4, E). The conclusion 

that Cy3 and Cy5 are indeed located on the same capsid after re-assembly was also 

underlined by additional SEC measurements (Supporting Information).

Iron Biomineralization by Multi Functionalized Ferritin
The biomineralization properties of ferritin results in the FeII nucleation into a ferrimagnetic 

iron core.48-50 To validate if orthogonally functionalized ferritin capsids are still cap-able of 

iron mineralization, they were dissolved in an iron-ion rich solution and analysed using 

TEM. The same was done with non-functionalized (apo) ferritin and Cy3-func-ionalized 

ferritin. The obtained images were compared to commercially purchased iron bearing 

ferritin (Figure 5, A). The iron cores are visible in each image (Figure 5) as dark dots, with 

an average diameter of: 7.8 ± 0.9 nm for purchased ferritin, 6.2 ± 1.0 nm for non-

functionalized ferritin, 6.1 ± 1.4 for Cy3-functionalized ferritin, and 6.3 ± 1.5 nm for re-

assembled Cy3-, Cy5-functionalized ferritin. The loading method for iron, resulted in 

Figure 5. TEM analysis of FeII biomineralization with corresponding size hystograms.of purchased 
ferritin containing iron and ferritin samples treated with 1000 molar Fe excess to ferritin capsids. A) 
Commercially purchased ferritin, B) Non-functionalized ferritin, C) Cy3-functionalized ferritin, and D) 
re-assembled multi functionalized ferritin.
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approximately 2 nm smaller sized iron cores compared to the purchased ferritin, with a 

slightly larger spread in size for the functionalized ferritin capsids (Figure 5, C and D).

According ICP-MS the biomineralisation properties of ferritin are retained by the 

re-assembled Cy3-, Cy5-functionalized ferritin capsids and seem as efficient as for the 

non-functionalized ferritin (Table 2). Only the Cy3-func-tionalized ferritin yielded slightly 

lower percentage of FeIII particles per capsid. Apparently, the higher quantity of Cy-dyes 

conjugated to the capsid, 16 instead of 8.5 as for the re-assembled ferritin, reduced the 

inwards diffusion of iron. That the biomineralization of iron inside the re-assembled 

Cy3-, Cy5-functionalized ferritin capsids was as efficient as for non-functionalized ferritin 

capsids was further con-firmed by fluorescence measurements (Supporting Information); 

by increasing iron concentration within the capsids the fluorescence quenching of the 

proteins (manly tyrosine) is quenched.51-53

In theory, the re-assembled ferritin capsids might be one subunit short, as discussed 

above.41 If this occurs, however, it does not seem to influence the iron-mineralization 

process. As a result, the described orthogonal functionalization technique seems 

compatible with iron loading and could be an additional tool in the future development 

of MRI contrast agents.

CONCLUSIONS

With these studies we have shown that ferritin can act as supramolecular basis for the 

controlled generation of orthogonally functionalized ferritin bio-nanoparticles that may 

find and application in e.g. MRI imaging. This said attaching relatively small dye substituents 

on the protein subunits already had a negative influence on the self-assembly process.

Table 2. ICP-MS results of indicated ferritin samples.

Sample Ferritin µMol/La Fe mmol/Lb Fe / Ferritin % c

Ferritin (purchased) 14.7 3.6 100

Non-functionalized ferritin 13 1.5 48.4

Cy3-ferritin 9.1 0.7 29.7

Re-assembled ferritin 1.9 0.2 50.0

[a] Determined by absorption measurements. [b] Determined by ICP-MS measurements. [c] Iron loading percentage 
relative to purchased ferritin.
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RESULTS

SEC of multi functionalized re-assembled ferritin
To support the conclusion from the FRET results that Cy3- and Cy5-modified subunits are 

located on the same ferritin capsid after re-assembly, additional SEC measurements were 

performed. In these experiments, Uv absorbance at 550 nm and 650 nm was measured, 

to detect the Cy3- and Cy5-dyes conjugated to the capsids (Figure S1). As negative control 

for the duo-functionalized ferritin capsids, a mixture of separately functionalized Cy3- and 

Cy5-ferritin was prepared with the same Cy3 and Cy5 concentration as the re-assembled 

sample with ratio Cy3:Cy5:non-functionalized = 4.4 : 4.1 : 15.5. Although less conclusive 

then the FRET data, a difference in the SEC graph between the two samples is visible. For 

the duo-functionalized ferritin capsids, the Cy3 and Cy5 absorbance signal elute exactly at 

the same time and form one peak. In contrast, the sample containing the mixture of Cy3- 

and Cy5-ferritin capsids shows a Cy5 absorbance peak that is slightly shifted in comparison 

with the Cy3 absorbance peak, resulting in two distinguishable elution peaks. Although this 

data is not conclusive on its own, together with the FRET data it does support the conclusion 

that after re-assembly the Cy3- and Cy5-subunits are located within the same ferritin capsid.

Fluorescence of the variable functionalized ferritin capsids
When apoferritin is excited at 270 nm, the proteins emit light between 300 and 400 nm 

with a maximum at 310 nm (Figure S2), this fluorescence originates from the tyrosine and 

tryptophan amino acids.1 With increasing iron concentration within the ferritin capsids the 

fluorescence of the proteins (mainly tyrosine)1-2 is quenched. Thereby the amount of 

quenching is an indication of the number of iron inside.

The decrease in fluorescent signal with increasing Feiii / capsid is depicted in Figure 

S2A, where the emission spectra apoferritin and apoferritin treated with 400-, 600-, 800- 

and 1000 molar excess of iron to ferritin capsids are plotted. Figure S2B shows the 

fluorescent signal of apoferritin, purchased ferritin containing iron, non-functionalized 

ferritin, ferritin-Cy3 and re-assembled ferritin of which the latter three were also treated 

with 1000 molar excess of iron.

The data shows that Cy3-funcitonalized ferritin contains the least amount of iron and 

that purchased ferritin contains the most, since its fluorescence signal at 340 nm 

(tryptophan) is also lowered compared to non-functionalized ferritin. The re-assembled 

ferritin and non-functionalized contain comparable amounts, with non-functionalized 

ferritin containing slightly more according the 340 nm peak.
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Figure S1. SEC of Cy3-, and Cy5-functionalized ferritin (A) and a mixture of separately functionalized 
Cy3-ferritin and Cy5-ferritin (B). With red: the absorption signal of Cy5 (650 nm) and green: the 
absorption signal of Cy3 (550 nm) of the corresponding sample, both absorbance signals were 
measured simultaneously.

Figure S2. Emission spectra of ferritin capsids after excitation at 270 nm with ferritin capsids 
concentration set at 0.05 absorbance. A) Ferritin capsids treated with increasing molar excess of iron 
to ferritin capsid. B) Non-functionalized, Cy3-functionalized and re-assembled ferritin after treatment 
with 1000 molar excess of iron to ferritin capsids, purchased ferritin and apoferritin are shown for 
comparison.
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ABSTRACT

The light spectrum above 650 nm allows for good tissue penetration depths, therefore 

far-red and near-infrared fluorescent dyes are popular fluorophores applied in (bio)medical 

diagnostics, including image-guided surgery. Unfortunately, near-infrared fluorescent dyes 

often suffer from instability and limited brightness, two important features that, together 

with the labelling efficiency (e.g., non- one- or di-conjugated products) and serum-dye 

interactions are key elements that drive in vivo characteristics. Due to the fact that stability 

and brightness of far-red fluorophores are often superior over near-infrared dyes, interest 

in the use of dyes such as Cy5 is increasing. As there are clear indications that the chemical 

structure of a dye influences the (photo)physical properties, these properties of ten 

structural variants of asymmetrical Cy5-(R1)R2-(R3)COOH (R representing the varied 

substituents) dyes were extensively studied. While stacking in solution was not induced in 

most of the Cy5 far-red dyes, multimers and stacking characteristics were observed in 

protein conjugates. Although all dye variants were shown to be stable towards 

photobleaching, clear differences in brightness and serum interactions were found. 

Combined, these findings indicate that there is a direct relation between chemical 

substituents and the properties of Cy5 dyes, and that this feature should be considered 

when using fluorescent dyes in future tracer development.
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INTRODUCTION

Fluorescent dye-based guidance during surgical interventions is being recognised as an 

improvement in the accuracy of clinical care.1–3 In clinical trials, fluorescence imaging has 

been used as a sole modality or in a bimodal/hybrid form, wherein it extends the field of 

nuclear medicine.4 While fluorescence emissions across the light spectrum have been 

used for image-guided surgery,2 emphasis lies on the use of dyes emitting in the far-red 

(650 nm < λem < 750 nm) or near-infrared (NIR; λem≥750 nm) region.5 This theoretical 

preference can be attributed to the enhanced penetration depths and limited 

autofluorescence at these wavelengths.

Unfortunately, the dye chemistry, stability and/or photophysical properties of near-

infrared dyes are limited compared to dyes emitting at lower wavelengths. For example, the 

most commonly applied near-infrared dye indocyanine green (ICG) is prone to stack/

aggregate from aqueous solutions and has a low quantum yield (QF = 0.3% in H2O).6 More 

experimental dyes such as IRdye 800CW also have a low quantum yield (QF = 3.4% in H2O)7 

and have been shown to be chemically unstable with respect to endogenous nucleophiles.8 

These limitations have boosted the interest in far-red dyes. For instance, methylene blue 

(MB), a clinically applied dye with a weak far-red fluorescence emission (QF = 3% in H2O) has 

been applied in humans to image ureters,9 parathyroid glands,10 and bile ducts,11 despite 

the FDA warning against its use.12 As an alternative, the Cyanine 5 (Cy5) family provides 

relatively bright (~3·104 M−1 cm−1; QF ≈ 20% in H2O)13 far-red fluorophores and encompasses 

many structural variations. A prime example of a Cy5-based imaging agent in clinical use is 

found in GE-137 (now EM-137), a Cy5 labelled c-Met-targeting peptide that was effectively 

used for identification of colorectal polyps in humans.14 Furthermore, the Cy5-containing 

nanoparticles 124I-cRGDY-PEG-C have been used to target metastatic melanoma.15

To convert Cy5-dyes into imaging agents of value for fluorescence guided surgery, 

these dyes have to be conjugated to targeting vectors. When a targeting vector has multiple 

conjugation sites, e.g. a protein, labelling may not be straightforward. A ratio of one dye 

per targeting vector is generally aimed at, but the final product often consists of, e.g., a 

mixture of none-, one-, di-, and/or tri-dye-conjugated imaging agents. In case multiple dyes 

are located on a single targeting vector, the occurrence of dye-stacking or Förster 

Resonance Energy Transfer (FRET) between the dyes can cause luminescence quenching, 

a feature that reduces the brightness of the imaging agent.8

Conjugation of imaging labels, and especially an excess thereof, may also negatively 

influence the binding specificity and pharmacokinetics of a targeting vector. Dependent 
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on the size of the targeting vector, the scale of these effects varies,16 being most prominent 

when relatively small peptides are used.14,17 Nevertheless, this effect is also reported for 

larger proteins such as mAb conjugates.18 When dyes express an affinity for serum proteins 

such as human serum albumin, e.g., ICG and Cy5-(Ar)SO3-(Ar)SO3,
19-21 this may further 

effect the tracer pharmacokinetics.

In order to determine the influence of the structure of a fluorescent dye on its utility 

as an imaging label, ten Cy5 analogues were synthesised and compared with the reference 

compound MB. By alternating the aromatic (R1 and R3) and alkyl substituents (R2), molecular 

variations on Cy5-(R1)R2-(R3)COOH were systematically evaluated for their photophysical 

properties, chemical- and photo-stability, serum protein interaction, dye–dye stacking 

tendencies, and conjugation efficiency (Figure 1).

Figure 1. Overview of the subjects and fluorophore properties investigated and discussed throughout 
the article.
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EXPERIMENTAL

General 
For the synthesis of the fluorophores (Compound 1–21), the electron density modelling, 

cLog P calculations, and information on the materials used, please refer to the Supporting 

information (SI).

Ubiquitin labelling (compound 22–30) 
Stock solutions of the NHS-activated fluorophores (12–21, see SI) were prepared in DMSO 

and the percentage of activated dye was determined by HPLC (see also SI ‘NHS activation’). 

Subsequently, Ubiquitin (16 nmol) was dissolved in 500 μL of phosphate buffer (0.1 M, pH 

8.4; 2.67 g HNa2PO4 + 0.14 g H2NaPO4 in 200 μL H2O). Appropriate amounts of the 

fluorophore stock solution were added, ensuring that each sample contained 3 equivalents 

activated dye (50 nmol, 100 μM final concentration) and that the DMSO content in the 

final solution was < 10%. The mixtures were shaken at room temperature for 6.5 h and 

the labelled Ubiquitin was washed with PBS by filtration over a 3 K Amicon® filter 

subsequently. When the filtrate was no longer blue, the residue was collected in 100 μL 

PBS. Dye–Ubiquitin conjugates were analysed by mass spectrometry (MALDI-TOF) and 

absorption measurements (NanoDrop). To determine the average labelling ratio, the dye 

concentration was calculated from absorption measurements in DMSO around 650 nm 

(Table 1) and the obtained values were then divided by the known protein concentration 

(0.16 mM). For compound 30 significant precipitation was observed after the reaction, 

therefore the protein content in this sample also was determined by absorption (ε280 = 

1490 M−1 cm−1; calculated from the amino acid sequence).22 Since Cy5 also shows 

absorbance at this wavelength, a correction was made by measuring the absorbance of 

free dye at this concentration and subtracting it from the absorbance value measure for 

the dye-containing Ubiquitin.

Photophysical properties
Molar extinction coefficient (ε) of compound 1–11 

To obtain a 4mM stock solution of MB (1), 3.2 mg Methylene blue hydrate (Fisher Scientific) 

was dissolved in 4mM ethylene carbonate in DMSO-d6 (1500 μL) and the exact 

concentration was determined by NMR using ethylene carbonate as internal standard.8 

To allow for absorption measurements, the 4 mM stock solutions of the dyes in DMSO-d6 

(1–11, for details, see SI) were diluted to 100 μM in DMSO, H2O or PBS. 
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From the 100 μM concentration, 50 μM and 5 μM concentrations were made from 

which further two-fold dilution in the same medium followed to obtain a final concentration 

range of 100, 50, 25, 12.5, 5, 2.5, 1.2, 0.6, and 0.3 μM, respectively. Absorption spectra 

were measured using 1 mL disposable plastic cuvettes (l = 1 cm; Brand, Germany) for 

concentrations ≤ 5 μM, quartz cuvettes (l = 0.1 cm; Hellma standard cell, Macro) for 12, 

25, and 50 μM concentrations, and two glass microscopy slides held together with a 0.14 

mm thick PET plastic spacer for the 100 μM concentration to keep the signal below 1.5 

AU. Optical density was measured 10 min after preparation and the plotted absorbance 

was normalised for cuvette path length and concentration. The ε was then determined by 

applying a linear regression coefficient.

Absorbance spectra of the labelled Ubiquitin (22–30)

The Ubiquitin solutions collected after synthesis (for synthesis procedures see SI) were 

diluted 100 × in PBS and the absorbance spectra were measured using NanoDrop. 

Subsequently, the obtained spectra were normalised for dye concentration.

Quantum yield and emission maximum determination of compound 1–11 and 22–30

Fluorescence spectra were measured at λex = 606 nm for compounds 3–11 and the 

Ubiquitin conjugates 22–30, and λex = 620 nm for 1–2, using 1 cm disposable plastic 4.5 

mL cuvettes (Kartell, Germany). 3 mL of 0.5 μM dye was prepared in PBS (1–11, 22–30) by 

first preparing 100 μM solutions in PBS from the DMSO-d6 dye stock (2–9 and MB solutions) 

or from dilutions of the Ubiquitin conjugates (22–30) (see SI for synthesis). To determine 

the quantum yield, the absorbance at λ = 606 (compounds 3–11 and 22–30) or λ = 620 

nm (compound 1–2) of 0.5 μM and 0.25 μM were measured and correlated with the 

integrated fluorescent emission. The regression coefficient of the resulting plot for the 

unknown dyes was then compared to the regression coefficient of Cy5-(SO3)COOH-(SO3)

COOH (Figure 2), which has a known quantum yield (QF = 27%).13

Stability
Chemical stability of compound 1–11 towards glutathione

Solutions of 0.25 mM dye (from DMSO-d6 NMR solutions) and 0.5 mM glutathione in 

4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid buffer (HEPES, 0.1 M, pH 7.4) were 

freshly made. Prior to the addition of glutathione to the HEPES buffer, nitrogen was 

bubbled through the HEPES buffer to remove oxygen and reduce the rate of disulfide 

formation of glutathione. The solutions were immediately put into the sample manager 
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6(37 °C) of a Waters Acquity UPLC-MS system equipped with an Acquity UPLC photodiode 

array detector, an SQ Detector mass spectrometer and a Waters BEH C18 130 Å 1.7 μm 

(100 × 2.1 mm) column (flow rate: 0.5 mL/min). Analysis was performed every 30 min using 

a gradient of 0.05% TFA in H2O/0.04% TFA in CH3CN 95:5 to 0.05% TFA in H2O/0.04% TFA 

in CH3CN 5:95 in 5.44 min. The stability of the dyes was calculated relative to the integration 

of the chromatogram at t = 0 h.

Optical stability of compound 1–11

For the optical stability measurements, a prototype Karl Storz camera setup (KARL STORZ 

Endoskope GmbH & Co. KG, Tuttlingen, Germany) was applied. This camera setup included 

an IMAGE1 S H3-Z FI Three-Chip FULL HD camera head equipped with a 0° laparoscope 

in combination with an IMAGE 1 S CONNECT module, an IMAGE 1 S H3- LINK module and 

a Cy5-modified D-light C light source (590–680 nm emission). A standard eyepiece adapter 

containing a filter that passes through light between 640 and 720 nm (Cat no. 20100034; 

KARL STORZ Endoskope GmbH & Co. KG) was placed between the camera and the 

laparoscope to image the Cy5 fluorescence. From the DMSO-d6 dye stock solutions (see 

synthesis in SI) 100 μM solutions in PBS were prepared. Subsequently, from the 100 μM 

solutions, 3.0 mL of 1 μM solutions were prepared in 4.5 mL disposable cuvettes (Kartell, 

Germany). The cuvettes were placed in front of the prototype Karl Storz camera and 

illuminated at maximum intensity for 30 min. At five-minute intervals the fluorescence was 

measured with λex = 602 nm. The reduction in fluorescence intensity was plotted and 

normalised relative to the fluorescence intensity obtained at t = 0 min.

Figure 2. Chemical structure of the reference compound applied for the quantum yield determination; 
Cy5-(SO3)COOH-(SO3)COOH.
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Serum protein interaction
Serum protein binding was assayed using the single-use Rapid Equilibrium Dialysis (RED) 

plate kit with an 8 kD MWCO (Pierce, Thermo Scientific). Serum (300 μL, fetal bovine serum, 

heat inactivated) was placed into the dialysis chamber and phosphate buffer (500 μL, 100 

mM phosphate and 150 mM NaCl, pH = 7.2) was placed into the reservoir chamber. The 

dyes were added from a DMSO stock (100 μM, 3 μL) to the dialysis chamber (n = 2) and 

in duplicate samples (n = 2) to the reservoir chamber. The plate was subsequently closed 

using sealing tape and incubated at room temperature on a rocking shaker for 18 h, after 

which 100 μL aliquots were withdrawn from both chambers for each dye. 100 μL phosphate 

buffer was then added to the aliquots containing serum, and 100 μL serum was added to 

the aliquots containing phosphate buffer. All aliquots were transferred to a white 96-well 

plate (Greiner Lumitrac 600) and fluorescence was quantified at λex = 620 nm using a 

PerkinElmer LS 55 fluorometer (equipped with a red-sensitive detector and a plate-reader 

attachment). Serum protein binding percentages were calculated using the manufacturer’s 

protocol (eq. (1)):

         
eq. (1)

Stacking behaviour of compound 1–11 in different solvents
To determine the stacking behaviour of the dyes (1−11) in DMSO, H2O or PBS, the same 

dilutions and absorbance measurements were performed as described for measuring the 

molar extinction coefficient (“Molar extinction coefficient (ε) of compound 1–11”). 

RESULTS AND DISCUSSION

Chemical properties
The number of charges, and calculated Log P (cLog P) values of the investigated 

fluorophores are given in Figure 3. Overall, the calculated net charge decreased with 

increasing number of sulfonate moieties on the aromatic ring, which also resulted in 

decreasing cLog P values. The highest cLog P value was, as expected, calculated for 

compound 2 due to the presence of additional benzene rings. The lowest cLog P value 

was found for compound 11, as a result of the high total number of charges (5). The cLog 

P value of MB (1) was most similar to the cLog P value calculated for compound 6.
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Photophysical properties
The molar extinction coefficient (ε) was calculated via the regression coefficient between 

the concentration and the absorbance determined from a linear concentration range 

between 0.3 and 5 μM in DMSO, H2O, and PBS. In DMSO, except for compounds 2, 4 (ε ≈ 

185.000 M−1 cm−1) and MB (1, ε = 84.000 M−1cm−1), all dyes had ε > 200.000 M−1cm−1. The 

ε determined for MB in DMSO was in line with the literature, which reported values 

between 70.000 and 95.000 M−1cm−1.23,24 For compounds 3–8 the ε decreased with about 

Figure 3. The cLog P values for compounds 1–11. In the compound structures the positively charged 
groups are indicated in blue and negatively charged groups are indicated in red. 
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25% when changing the solvent from DMSO to H2O or PBS. A more substantial decrease 

(37%) was observed for the more lipophilic compound 2. Remarkably, for the more soluble 

compounds with two aromatic sulfonates (9−11) the change in solvent resulted in a 10% 

increase in the ε and gave extinction coefficients of 242.000, 220.000 and 231.000 M−1cm−1 

in PBS respectively (Table 1). 

The absorption/emission maxima of the Cy5 fluorophores (2−11) observed in DMSO 

had Stokes shifts of about 20 nm (Table 1) while MB (1) had a Stokes shift of 16 nm. 

Changing the solvent from DMSO towards H2O or PBS caused a hypsochromic shift in the 

absorption/ emission maximum of 10 nm for 2–11 and only a minor shift (5 nm) for MB. 

Comparison of the absorption/emission maxima (Table 1) with the structure of the dyes 

(Fig. 3), revealed that all compounds with a sulfonate on both aromatic rings (9−11) 

displayed a slight bathochromic shift of around 5 nm in their maxima. This bathochromic 

shift has also been reported for other fluorophores in the Cy5 family.25 This effect was, 

however, not observed when no or just one aromatic sulfonate was present at this location 

(e.g., 9 vs 3 and 6, Table 1). 

In practice, the environment of the fluorophores will be aqueous, hence the quantum 

yield measurements were performed in PBS and related to that of Cy5-(SO3)COOH-(SO3)

COOH (ΦF = 27%).13 In line with the above-presented molar extinction coefficients, the 

quantum yields of compounds 9, 10, and 11 were also the highest (23%) from the series; 

the other Cy5-dye derivatives displayed quantum yields around 13% or lower (Table 1). In 

contrast, MB yielded a quantum yield of merely 3%. It is interesting to note that the 

quantum yields did not alter significantly upon changing the alkyl substituent (e.g., 3 vs 4 

vs 5, Table 1), or changing the number of aromatic sulfonates from 0 to 1 (e.g., 3 vs 6). As 

Fisher et al. suggested,26 a clear trend between the structure of dyes and the quantum 

yield seems to be missing.

Although emphasis is generally placed on the molar extinction coefficient or quantum 

yield individually, the combination of both properties, i.e., the brightness (quantum yield 

x molar extinction coefficient),27 often gives more insight in the optical capability of the 

fluorophores. This difference also becomes apparent from Figure 4, where all 11 

fluorophores are imaged by a prototype Karl Storz camera setup (λex = 590–680 nm, data 

collection between 640 and 750 nm). For proper in vivo visualisation, a signal-to-background 

ratio (e.g., tumour-to-muscle) of at least 2 is required.28 On the basis of the signal-to-

background ratio calculated from Figure 4, one can deduct that a brightness > 1·104 

M−1cm−1 is required to achieve a signal-to-background ration > 2. With a brightness of 3·103 

M−1cm−1 and a signal-to-background ratio of 1.6, MB fluorescence was considered too 
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weak to be detected accurately (Figure 4B). Since fluorescence imaging of MB has already 

been used in clinical trials, this finding underlines the medical potential of the relatively 

bright Cy5 dyes.29 

Figure 4 indicates that the fluorophores with two aromatic sulfonates (9−11) possess 

the best optical properties. It is known that electron withdrawing groups, e.g., sulfonates, 

substituted on the aromatic ring, increase the brightness of such fluorophores.30 

Interestingly, despite their match in brightness, Spartan calculations revealed differences 

in the theoretical electron densities (Figure S2). Hence, in line with the report by Levitus 

et al.,31 the positive effect of aromatic sulfonates on the optical properties might not solely 

lie in the electrostatic withdrawing capacity. According to the combined data in Table 1 

and Figure S2, the concept of reinforced conformal stability seems to offer a more probable 

explanation for the sulfonate induced increase in fluorescence brightness; cis–trans 

photoisomerisations of the central methine bridge influences the fluorescence brightness.32 

Table 1. Photophysical properties of compound 1–11, including the quantum yields of 22–30. With 
ε for molar extinction coefficient, λex/λem for excitation/emission wavelength, ΦF for quantum yield 
and n. a. for not applicable.
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MB(1)   84 • 103   77 • 103   71 • 103 670/686 (16) 665/679 (14) 3% n.a. c

2 181 • 103 113 • 103 112 • 103 688/710 (22) 678/695 (17) 10% n.a. c

3 200 • 103 199 • 103 203 • 103 655/671 (16) 643/659 (16) 14% 5%

4 188 • 103 176 • 103 174 • 103 647/667 (20) 640/656 (16) 13% 10%

5 218 • 103 193 • 103 193 • 103 658/677 (19) 638/658 (20) 13% 12%

6 228 • 103 206 • 103 206 • 103 655/675 (20) 643/660 (17) 13% 9%

7 238 • 103 176 • 103 212 • 103 653/672 (19) 642/658 (16) 13% 3%

8 200 • 103 146 • 103 149 • 103 647/673 (26) 637/657 (20) 9% 14%

9 219 • 103 245 • 103 242 • 103 660/679 (19) 648/664 (16) 22% 21%

10 204 • 103 233 • 103 220 • 103 658/677 (19) 646/662 (16) 23% 14%

11 209 • 103 223 • 103 231 • 103 659/677 (18) 645/661 (16) 23% 20%

a Fresh dilutions from the DMSO stock were made and measured within 2 h.
b Relative quantum yield, compared to Cy5-(SO3)COOH-(SO3)COOH (ΦF = 27%) [13].
c Labelling was not successful.
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In the ground state, the main conformation of the Cy5 dyes is the trans-conformation.31 

However, when excited, the methine bridge can rotate around its C–C bonds, twisting 

towards the cis-conformation.31,33 In the cis-conformation, the most probable route towards 

the ground state is via nonluminescent internal conversion due to the high overlap in the 

vibronic wave functions (Frank Condon factor).25 It has been speculated that sulfonation 

of the aromatic rings increases the stability of the transconformation, thereby reducing 

the rate of cis–trans photoisomerisation31,33 and increasing the fluorescence brightness.

Stability of the fluorophores
As the fluorophores 2–11 were synthesised with a future use in image-guided surgery in 

mind, their optical stability was tested by exposure to a light source of a dedicated 

laparoscopic fluorescence camera (λex = 590–680 nm). With the exclusion of ambient light, 

fluorophore solutions of 1 μM in PBS were irradiated for a duration of 30 min, with an 

Figure 4. Brightness of the fluorophores in PBS (1 μM) measured by Storz camera (A) or calculated 
(B). From the image (A) the corresponding signal-to-background ratios were calculated (B). Overall, 
the fluorophores with two aromatic sulfonates (9−11) emit the brightest fluorescence, while MB is 
hardly visible at all (signal to background ratio < 2).
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assessment of their fluorescence intensity at five-minute intervals. For most compounds, 

more than 90% of fluorescent signal remained after 30 min, indicating good optical stability 

(Figure 5A). Only compound 2 showed 30% photobleaching. Although subtle, it is interesting 

to note that the fluorophores without sulfonates on the aromatic rings portrayed a slightly 

lower photostability (3–5; ~88% remaining fluorescence intensity) compared to the dyes 

with a sulfonated side chain (6−11; 95% remaining fluorescence intensity). This indicates 

that the substitution of sulfonates on the aromatic rings positively affects the optical 

stability of the fluorophores.

Earlier studies have underlined that it is also important that the dyes are chemically 

stable in an in vivo environment.8,34 To evaluate the chemical stability of the dyes towards 

endogenous nucleophiles, they were incubated for up to 6 h at 37 °C in a model buffer 

containing 0.5 mM glutathione.8,35 UPLC-MS was used to discriminate if any adducts were 

formed by reaction with the respective thiol. As apparent from Figure 5B, all fluorophores 

remained stable and fluorescent at the given conditions. This finding excludes the 

formation of unwanted products during in vivo administration, as was previously reported 

for the NIR dyes ZW800-1 and IRdye 800-CW.8

Serum protein interaction
Next to the stability of the fluorophores towards endogenous nucleophiles, the tendency 

of the dyes to non-covalently bind to serum proteins was also evaluated. Equilibrium 

dialysis against serum (18 h) revealed clear differences between the dyes (Figure 5C). 

Increasing the number of sulfonates on the aromatic ring induced an approximate 50% 

decrease in serum protein binding following each sulfonate introduced. Introducing a 

sulfonate on the side chain reduced the albumin interaction with about 30% compared 

to the neutral (Me-) substituted dyes. The quaternary-amine substituents reduced this 

even further. When these findings were related to the cLog P values, it appeared that there 

is a threshold value at cLog P = 0.8. For dyes portraying a cLog P above this value, i.e. 

lipophilic dyes, a serum protein binding tendency of > 50% was observed (compound 2, 

3 and 4). When the cLog P value drops below 0.8, the influence of the lipophilicity seems 

to become less substantial and the number of charges on the compounds started to play 

a role, with the lowest percentage of binding found for compound 9 and 11 (< 10%; five 

total charges). Overall, both the aromatic substituents and alkyl substituents play a 

prominent role in the interaction with serum proteins.
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Stacking behaviour
Previously we found that the degree of dye stacking observed in the reaction mixture was 

predictive for the amount of stacking of the dyes on the obtained conjugation products.8 

In general, the presence of multiple (stacked) dyes on the final product reduces the 

brightness and homogeneity of the sample. Therefore, the stacking-based aggregation 

rates of the 11 compounds investigated were determined in DMSO, PBS and H2O at 

concentrations ranging from 0.3 to 100 μM. Compounds 3–11 did not aggregate in these 

solvents (Figure 6, and Figure S3) while MB and compound 2 did demonstrate distinct 

stacking in the aqueous media (Figure 6). Compound 2 showed aggregation at 

concentrations higher than 2.5 μM in PBS and H2O. A comparable aggregation tendency 

Figure 5. Optical and chemical stability of the fluorophores and their tendency to interact with serum 
proteins. A) Optical stability; the dyes were illuminated using the light source of a prototype Karl Storz 
camera setup (λex = 590–680 nm). Reduction in fluorescence was measured up to 30 min with five-
minute intervals. Dyes are given in order of decreasing stability in the legend (arrow). B) Chemical 
stability of the eleven dyes in 0.5 mM glutathione in HEPES (pH 7.4) at 37 °C as assayed overtime by 
UPLC-MS. C) Percentage of fluorophore bound to serum proteins after 18 h of dialysis with serum 
versus PBS. The fluorophores are grouped in colour by their alkyl substituents and within each group 
the dye with non-, one-, and two-sulfonates on the aromatic ring are given from left to right.
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was reported earlier for ICG.8 Based on this, the observed stacking at > 2.5 μM 
concentration in aqueous medium seems to be induced by the presence of the two 
additional aromatic rings. MB showed an even stronger dimeric stacking tendency than 
compound 2, while the concentration dependency of this effect was comparable to that 
of compound 2 (Figure 6).23

Conjugation
To investigate if the structure variations in the fluorophores have an influence on their 
conjugation characteristics, compounds 2–11 were activated (yielding compound 12–21, 
see SI) and conjugated to the reference protein Ubiquitin. This small (~8.5 kDa),36 well-
known regulatory protein is present in almost every eukaryotic cell and contains 7 lysine 
residues of which 6 are solvent-exposed (Figure 7A) (evaluated from the PDB structure 
5DK8). The low molecular weight of Ubiquitin makes it possible to study the labelling 
process via mass spectrometry (MS), which helps provide insight into the homogeneity 

Figure 6. The stacking concentration dependency of MB and compound 2, and 9 measured in DMSO, 
PBS and H2O at concentrations ranging from 0.3 to 100 μM. Compound 9 is shown as model for 
compound 3–11 as they were all comparable. For detailed visualisation of each compound separately 
please see Figure S3.



CHAPTER 6

172

of the products obtained within a single sample. Relating these findings to the 

absorbance profiles of the same products allowed for the determination of relative 

labelling ratios. 

The labelling with the fluorophore 2 was unsuccessful due to its low solubility at the 

required concentrations (100 μM). Thus, the conjugation reactions yielded nine Ubiquitin 
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constructs (22–30). While previously no stacking was observed at the concentrations used 

in the reaction mixture (Figure 6), absorption spectra of the conjugation products 22, 23, 

25, 26, and 29 revealed stacking (Figure 7B). The presence of sulfonate groups on the 

aromatic ring decreased the stacking as did the presence of a quaternary amine on the 

side chain. When measured in DMSO, these stacking interactions were no longer present 

due to increased solvation of the dyes (Figure S4) and the dye loading rates could be 

accurately determined (Figure 7B; LR).8 The calculated loading rates were found to be 

comparable (around 1) with exception of compounds 25 (1.7) and 29 (1.6). However, except 

for being the only two dyes with a −2 net charge (Figure 3) there is no clear indication why 

these loading rates were higher than the others. 

Figure 7. A) The Cy5 dyes conjugated to Ubiquitin. Within the structure of Ubiquitin the surface-
exposed lysine groups and the N-terminus are indicated in yellow as probable binding sides for the 
fluorophores. The image was constructed from the PDB structure 5DK8. B) Absorption spectra of the 
dyes conjugated to Ubiquitin (22–30) measured in PBS, including the dye loading rates (LR). The 
fluorophores on construct 22, 23, 25, 26, and 29 are stacking as is indicated by the increase of the 
right shoulder peak. The spectra are normalised on dye concentration to underline the differences 
in the shape of the absorbances. C) Mass spectra of the conjugated Cy5–Ubiquitin compounds. The 
mass signals of M2

+ are shown as these were the most intense, with m/z = 4278 non-conjugated 
Ubiquitin, m/z ≈ 4500 mono-conjugated Ubiquitin and m/z ≈ 4800 di-conjugated Ubiquitin.



CHAPTER 6

174

When looking at the mass spectra of the conjugated Cy5–Ubiquitin conjugates (22–30) 

it becomes evident that the samples are heterogeneously labelled and that this effect 

differs between dyes (Figure 7C). For the dyes with the sulfonated side chain (22, 25, 28), 

only the fluorophore with two aromatic sulfonates (28) labelled homogenously. For the 

dyes containing the methyl side chain (23, 26, 29) however, lower number of sulfonates 

on the aromatic rings resulted in a more homogenously labelled Ubiquitin (23). MS analysis 

of the compounds with a quaternary amine on the side chain (24, 27, 30) was more 

complex. The low ionisation of the mono or di-conjugated Ubiquitin resulted in a 

discrepancy between the information obtained by MS and what was calculated from the 

absorbance spectra. Nevertheless, it can be concluded that here also, the labelling was 

heterogeneous as multiple peaks were visible. Combining the absorbance and MS data, 

we demonstrated that while absorption spectra clearly indicate that the Cy5 dyes undergo 

a significant degree of stacking (in PBS Figure 7B, not in DMSO; Figure S4), the same 

samples only displayed a limited amount of di-conjugated Ubiquitin products (Figure 7C). 

Furthermore, no stacking was observed for the free form of these compounds at the same 

concentration (Figure 4 and, Figure S3). This suggests that the stacking observed is not 

the traditional dye–dye stacking, but comes from stacking interactions with, e.g. tyrosine, 

tryptophan, or phenylalanine amino acids within the protein. According to the crystal 

structure of Ubiquitin, there is at least one phenylalanine spatially nearby every solvent-

exposed Lysine (determined from the PDB structure 5DK8). The stacking interaction with 

the surrounding amino acids is also to be noted by the quantum yield (Table 1). After 

conjugation to the protein, the quantum yield of most compounds decreased, and the 

degree of reduction correlated with the observed amount of stacking. Indeed, the 

diminishing quantum yield did also not depend on whether the Ubiquitin is homogeneously 

labelled (one peak on the MS data), thus underlining the fact that the observed stacking 

occurs between the dye and neighbouring amino acids.

When the investigated dyes were compared in a biodistribution study with RGD it was 

found that compound 7 yielded superior in vivo properties.17 Based on the chemical 

characteristics investigated herein however, compound 7 did not stand out, pointing out 

that chemical characteristics are only one aspect in the development of efficient fluorescent 

tracers for in vivo use. In the end, the Cy5 dye becomes but a component of a larger 

molecular structure, of which the overall characteristics drive the targeting behaviour and 

biodistribution.17 Given the apparent balance that has to be obtained between the chemical 

characteristics of the dye and a targeting vector, it seems to be inevitable that labelling of 

an individual targeting vector goes hand-in-hand with screening of different Cy5-dyes 
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structures, e.g. as presented in Figure 3. Nevertheless, in fluorescent tracer design we 

would like to suggest that only dyes are used that are: (photo)chemically stable, bright 

enough to obtain a signal-to-background ratio of at least 2 with the cameras intended for 

clinical use, show no stacking in solution, and ideally label proteins homogeneously.

CONCLUSION

In this study, the characteristic chemical and photophysical properties of ten systematically 

altered Cy5 derivatives and their Ubiquitin conjugates were methodically analysed. Next 

to these structure–activity relationships, the compatibility of the dyes with a clinical-grade 

fluorescence laparoscope was also presented. Overall, the influence of the aromatic- and 

alkyl substituents on the chemical- and photophysical properties of the ten Cy5 dyes has 

been documented more clearly, providing a solid basis for future tracer developments.
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EXPERIMENTAL SECTION

Materials
Solvents and chemicals were obtained from commercial sources and were used without 

further purification. HPLC purification and analysis were performed on a Waters HPLC 

system consisting of an HPLC 1525EF pump and a 2489 UV/Vis detector. Applying a Dr. 

Maisch GmbH Reprosil-Pur 120 C18-AQ 10 µm column (250 x 20 mm) operating at a flow 

rate of 12 mL/min for purification, and a Dr. Maisch GmbH Reprosil-Pur X18-AQ 5 µm 

column (250 x 4.6 mm) operating at a flow rate of 1 mL/min for analysis, using a gradient 

of 0.1% TFA in H2O/CH3CN 95:5 to 0.1% TFA in H2O/CH3CN 5:95 in 60 minutes. 

Lyophilisation was performed with a Steris GT4 lyophiliser. Mass spectrometry was 

performed on a Bruker Microflex MALDI-TOF. NMR spectra were measured on a Bruker 

DPX 300 MHz NMR. Absorbance was measured with either the Ultrospec 3000 UV-Visible 

spectrophotometer (Pharmacia Biotech) or with a NanoDrop 2000 UV-vis 

spectrophotometer (Thermo Scientific). The fluorescence measurements were performed 

on a Perkin-Elmer LS-55 fluorescence spectrometer. 

SYNTHESIS

The Cy-dye building blocks
All indole-based building blocks were synthesised as previously described,1 except for the 

indole-based building blocks: Indole-(Ar)Sulfonate and Indole-(Ar)COOH, which were 

synthesised according an adjusted literature procedure2 shortly described below. All 

indole-building blocks were used without further purifications.

Indole-(Ar)Sulfonate

1,1,2-trimethyl-1H-benz[e]indole (6.3 g, 30 mmol) and 1,4-butane sultone (4.6 mL, 45 

mmol) were dissolved in dry toluene (30 mL) and refluxed for 48 h. After cooling down the 

reaction mixture was filtered and the residue was washed with acetone to obtain the crude 

product (5.4 g).

Indole-(Ar)COOH

1,1,2-trimethyl-1H-benz[e]indole (4.8 g, 23 mmol) and 6-bromohexanoic acid (7.8 g, 40 

mmol) were dissolved in acetonitrile (25 mL) and stirred for 3 days at 75 °C. The reaction 
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mixture was cooled down and the formed precipitate was collected by filtration. 

Subsequently the residue was washed with acetonitrile to give the crude product (2.2 g). 

Cy5.5-dye (compound 2)
Cy5-(Ar)Sulfonate-(Ar)COOH (2) was synthesised according an adjusted literature procedure.3,4 

Indole-(Ar)Sulfonate (2.1 g, 6 mmol) and 3-anilinoacraldehyde anil hydrochloride (1.7 g, 

6.6 mmol) were dissolved in AcOH:Ac2O (20 mL, 1:1). The reaction was refluxed until 

completion, as was visible by a shift in the absorbance maxima (from 375 nm to 450 nm) 

measured by UV-Vis. After concentrating in vacuo, the intermediate was dissolved in water 

and lyophilised. The intermediate was then dissolved in Ac2O:pyridine (20 mL, 1:1 v/v) 

together with Indole(Ar)-COOH (2) (1.9 g, 6 mmol). The reaction mixture was refluxed and 

followed by UV-vis, it was deemed completed when the absorbance maxima had shifted 

from 450 nm towards 680 nm. The reaction mixture was cooled and concentrated in vacuo 

and the crude product Cy5-(Ar)Sulfonate-(Ar)COOH was purified by silica column 

chromatography (2:1 MeCN:MeOH v/v) and after pooling the product-containing fractions 

a semi-pure product was obtained (3.6 g). A small portion (50 mg) was further purified by 

preparative HPLC, and the product-containing fractions were collected and lyophilised to 

give 34.9 mg of product. Theoretically, this would yield 2.7 g of total product (64 %). 

MS (MALDI-TOF): [C43H49N2O5S]+ calcd. 705.3, found 705.7. 1H NMR (300 MHz, DMSO-d6): 

8.45 (t, 2H, CH), 8.26 (d, 2H, Ar-H), 8.11 – 8.03 (m, 4H, Ar-H), 7.84 – 7.62 (m, 4H, Ar-H), 7.51 

(m, 2H, Ar-H), 6.65 (s, 1H, CH), 6.41 (dd, 2H, CH), 4.24 (s, 4H, N-CH2), 2.54 (d, 2H, CH2-SO3), 

2.21 (m, 2H, CH2-CO), 1.96 (s, 12H, C-(CH3)2), 1.90-1.72 (mm, 6H, 3CH2), 1.57 (m, 2H, CH2), 

1.42 (m, 2H, CH2).

Cy5-dyes (compounds 3-11)
All Cy5-dyes were synthesised as reported previously.1 

Fluorophores stock solution
To ensure all possible counterions of the fluorophores were either potassium or chloride, 

the dyes were dissolved in 1 M KCL in H2O:Acetonitrile (1:1, v/v with added 0.1% TFA) after 

purification and run over a preparative HPLC. After lyophilisation of the product containing 

fractions, the dyes were dissolved again in 4 mM ethylene carbonate (internal standard 

for NMR) in DMSO-d6 to afford a 4 mM stock solution. To obtain a 4 mM stock solution of 

MB (1), 3.2 mg Methylene blue hydrate (Fisher Scientific) was dissolved in 4 mM ethylene 

carbonate in DMSO-d6 (1500 µL). By use of the internal standard, the exact concentration 
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of each stock solution could be determined by NMR. [5]Before further use the stock 
solutions were stored at 4 oC.

NHS activation of the fluorophores (compound 12–21)
General

To a solution of Cy5-dye (3-11) or Cy5.5-dye (2) (1.0 eq.) in DMSO (500 µL) were added 
dipyrrolidino(N-succinimidyloxy)carbenium hexafluorophosphate (HSPyU) (2.2 eq.) and 
4-methylmorpholine (NMM) (5.0 eq.). This reaction mixture was stirred at RT until 
completion as monitored by MALDI-TOF and TLC. The crude material was diluted with a 
solution of H2O and MeCN (0.1% TFA, max 10% MeCN) before purification by preparative 
HPLC. The product-containing fractions were combined and lyophilised subsequently. As 
the NHS-activated carboxylic acid can slowly decompose during the lyophilisation process, 
the percentage of activated dye was determined by analytical HPLC before use. 

Cy5-(Ar)sulfonate-(Ar)COOSu (12)

MALDI-TOF: [M+H]+ calculated 803.0, found 803.0. tR=  43.8 min
Percentage of activated dye: 80%

Cy5-sulfonate-COOSu (13)

MALDI-TOF: [M+H]+ calculated 702.9, found 703.1. tR= 38.7 min
Percentage of activated dye: 96%

Cy5-methyl-COOSu (14)

MALDI-TOF: [M]+ calculated 580.7, found 580.8. tR=42.6 min
Percentage of activated dye: 56%

Cy5-QAmine-COOSu (15)

MALDI-TOF: [M-H]+ calculated 665.9, found 665.9. tR= 37.2 min
Percentage activated dye: 65%

Cy5-(SO3)sulfonate-COOSu (16)

To the reaction mixture was added HSPyU (2.6 eq.) instead of the initially reported amount. 
For purification two HPLC runs according above description were performed.
MALDI-TOF: [M+2H]+ calculated 782.9, found 783.1. tR= 32.4 min
Percentage of activated dye: 82%
Cy5-(SO3)methyl-COOSu (17)
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MALDI-TOF: [M+H]+ calculated 660.8, found 660.7. tR= 35.9 min

Percentage of activated dye: 67%

Cy5-(SO3)QAmine-COOSu (18)

MALDI-TOF: [M]+ calculated 746.0, found 746.1. tR=  33.4 min

Percentage activated dye: >99%

Cy5-(SO3)sulfonate-(SO3)COOSu (19)

MALDI-TOF: [M+3H]+ calculated 863.0, found 863.1. tR= 25.6 min

Percentage of activated dye: 58%

Cy5-(SO3)methyl-(SO3)COOSu (20)

MALDI-TOF: [M+2H]+ calculated 740.9, found 740.9. tR= 28.7 min

Percentage of activated dye: >95%

Cy5-(SO3)QAmine-(SO3)COOSu (21)

To the reaction mixture were added HSPyU (3.5 eq.) and NMM (8.1 eq.) instead of the 

initially reported amounts.

MALDI-TOF: [M+H]+ calculated 826.0, found 826.3. tR=26.6 min

Percentage of activated dye: 93%

Electron density modelling and clog P calculations
Electrostatic potential mapping of the dyes was performed using Spartan ’16 (Wavefunction, 

Irvine USA) using semi-empirical model and the PM6 method in the gas fase on the 

methylamide form of the fluorophores. The cLog P was calculated using molinspiration.1

RESULTS 

Design and Synthesis of the fluorophores
The pentamethine cyanine based fluorophores investigated in this work are shown in 

Figure S1. Their synthesis was reported earlier. In brief, this was accomplished by 

conjugation of the first indolenine, sulfo-indolenine or benzindolenine with a polymethine 

chain, obtaining hemicyanine intermediates with either the sulfonate-, methyl-, or 

quaternary amine substituents on the side chain (Figure S1). Subsequently, the hemicyanine 
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intermediate was linked with a second indolenine, sulfo-indolenine or benzindolenine, 

substituted with a carboxylic acid-alkyl group for further labelling.1,3,6  To obtain the specific 

indolenine compounds, the nitrogen on the commercially available indolenine, sulfo-

indolenine or benzindolenine were alkylated with either, 1,4-butane sultone, methyl iodide 

or 6-bromohexanoic acid.3,7 

Figure S1. Synthesis of compound 2–11 according previously reported procedures: compound 2,3 
compound 3–11.1  Legend: a) Ac2O/AcOH 1:1, reflux, b) Ac2O/Pyridine 1:1, reflux.
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Electrostatic density and conformation of the compounds
To obtain more insight into the structural differences between the fluorophores, their 

most stable conformation (lowest potential energy) and electron distribution were 

estimated using Spartan modelling software (See SI 1.3).  Calculations were performed on 

the dyes including their counterions Cl- or K+ (see SI; synthesis) to allow for comparison at 

neutral overall charges. Although the K+ ion is not included in the electron density cloud 

calculated by Spartan (Figure S2), its electrostatic effect on the sulfonate was included.

Figure S2. Electrostatic densities of compound 1-11, overlaid over ball-and-stick models representing 
the theoretical most favoured conformation (lowest electron potential). The electron densities on the 
molecules are visualized from red to blue, with red representing the electron rich regions and blue 
the electron poor regions of the molecules.
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Stacking of compound 3-11 in different solvents

Figure S3. Stacking behaviour of compounds 3 -11 in DMSO, PBS and H2O measured at concentrations 
ranging from 0.3 – 100 uM
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Figure S4. Absorption spectra of the fluorophores conjugated to Ubiquitin (22–30), measured in 
DMSO and normalised on dye concentration.
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Due to the high heterogeneity among human cancers, the therapeutic efficacy varies 

between individual patients. Personalized therapy, or precision medicine, has the potential 

to overcome this shortcoming. In order to realize such precision medicine, careful control 

is required on the local accumulation of drugs, either via targeting of disease related 

molecular pathways or via local therapy. Both have provided the foundations for synthetic 

developments in the rising field of molecular imaging. In this setting technologies rising 

from the field of nanotechnology, in particular supramolecular chemistry can be employed 

to meet today’s clinical needs. 

The advantage of using non-covalent supramolecular interactions over covalent bond 

formation is that multivalent interactions between relatively simple building blocks allow 

for the realization of complex systems under physiological conditions. A prime example 

of an endogenous supramolecular system is DNA. When supramolecular chemistry is 

applied during the development of molecular imaging strategies, synthesis of a library of 

building blocks followed by a stochiometric mix-and-match strategy can tailor different 

needs. As such a generic chemical toolbox can hold building blocks that serve a different 

purpose and supramolecular systems support multiplexing with different and or 

complementing target-, imaging- and therapy-entities.  

While clinical studies with ICG-99mTc-nanocolloid have already underlined the power of 

supramolecular imaging in the field of molecular imaging, this thesis provides evidence 

that employing more complex supramolecular systems may provide value also. For 

example, the targeting of receptors with vectors that were functionalized with a host- or 

guest-moiety can direct secondary agents with complementary guest- or host-moieties, 

respectively, to these receptors. Chapter 2 provides evidence that this pre-targeting 

strategy can successfully be used to direct functionalized polymers and even functionalized 

whole-body cells to CXCR4 receptors, little imagination is required to see how this approach 

can be widely implemented. For example, in the future cocktails of various receptor 

targeting groups could be used to realize a higher labelling density (read host-or guest-

moiety density) and as such supports strong multivalent interactions with a complementary 

secondary entity. Uniquely, non-specific background stainings are not likely to reach the 

appropriate loading density, thereby decreasing the chance of nonspecific labelling during 

the second step. Applications of the above pre-targeting strategies reach beyond imaging 

and accommodate image-guided interventions via theranostic approaches. When applied 

during local therapy, like the local administration of host-or guest functionalized 
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nanoparticles, supramolecular pre-targeting concepts open the door for a range of 

alternative applications and synthetic variations. Chapters 3 and 4 demonstrate the first 

steps towards the application of the supramolecular concepts in hepatic radioembolization 

therapy. The success of these imaging studies indicates that it is worthwhile to extend 

these efforts towards the targeted delivery of therapeutic isotopes and/or drugs.

While the efforts presented in this thesis stressed the translational potential of the 

developed supramolecular strategies, they also underline the influence that synthetic 

modification have on the in vitro and in vivo behavior of chemical entities. Clearly in future 

designs a lot can be gained by optimizing these chemical aspects. 
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In this work the possibility of employing supramolecular interactions to solve theranostics 

challenges are discussed. Both the host-guest interaction between β-cyclodextrin (β-CD) 

and adamantane (Ad) and the self-assembly property of ferritin were investigated to make 

a step towards creating new chemical entities that can be applied in precision therapy. 

Chapter 2 describes how supramolecular host-guest interactions could be combined 

with membrane-receptor (pre)targeting. The first (pre-targeting) step included the specific 

introduction of the Ac-TZ14011 peptide, functionalized with Ad (guest) moieties, to the 

cellular surfaces (KD = 56 nM). In a second step, the fluorescent β-CD-polymer 

(Cy50.5CD10PIBMA39 or Cy31.5CD72PIBMA389; multivalent host) bound to the surface of CXCR4 

cells (d = 24 um) via CD-Ad host-guest interactions. Key for these interactions proved to 

be the ability to form multivalent CD-Ad interactions. The reversible system even aloud 

for a third layer of functionalization with Ad-functionalized entities, as some β-CD groups 

of the CD-polymer were still available for further Ad-binding. In the case where the Ad-

functionalized entity was another cell, cell-cell interactions could be induced. Combined, 

it was shown that the formation of multivalent host-guest interactions can even be formed 

in the chemical challenging in vitro environment and that these interactions can be utilized 

to specifically label cellular surfaces in a pre-targeting setup.  

In Chapter 3 the formation of (multivalent) host-guest interactions was further challenged 

in an in vivo setup. Here CD-Ad interactions were employed during hepatic radioembolization, 

where they helped to provide a binding interaction between MAA-Ad micro particles (d = 18 

um, ~ 108
 Ad/MAA; guest) and (99mTc)-Cy50.5CD10PIBMA39 polymers (MW ~ 18.8 kDa; multivalent 

host). Initially confirmed in solution by radioisotope-based binding experiments and confocal 

microscopy, the interaction between the two vectors was explored in vivo. Here the 

biodistribution of 99mTc-Cy50.5CD10PIBMA39 (host-vector) was clearly affected by pre-

administered MAA-Ad (guest-vector); a ten-fold increase in 99mTc-Cy50.5CD10PIBMA39 

accumulation was observed in either the liver or lungs following local or intravenous MAA-Ad 

deposition respectively, an effect that was significantly less when pre-targeting was performed 

with MAA alone (control). Not only did these experiments provide the basis for a new 

approach to radioembolization, they also underline the potential of using CD-Ad host guest 

interactions for pre-targeting applications in an in vivo environment.

In chapter 4 the opportunity of circumventing a mismatch between diagnostic and 

therapeutic embolization procedures using multivalent host-guest interactions was further 
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explored via the use of dual-isotope imaging. Herein the pre-administered guest-vector; 

Ad functionalized MAA particles, were labeled with technetium-99m (99mTc-MAA-Ad) and 

the host-vector, Cy50.5CD9PIBMA39, was labeled with indium-111 (yielding 111In-

Cy50.5CD9PIBMA39). [MAA-Ad-111In-Cy50.5CD9PIBMA39] complexes proved to be stable in 

serum and dissociation in both PBS and FCS was within the 10-20% range while only 5% 

release of radioactivity was seen for the individual components. The anatomical overlap 

of hepatic deposits of 99mTc-MAA-Ad and accumulation of intravenously administered 
111In-Cy50.5CD9PIBMA39 was confirmed by dual-isotope multiplexing. The 14.9 ± 6.1%ID/g 

of uptake of the host-vector at 2 h nearly doubled to 26.2 ± 2.1%ID/g at 44 h post 

administration. Also, in vivo co-localization of both vectors was stable and again hepatic 

uptake values were significantly higher compared to those of control mice. Overall, the 

results from this study demonstrate that multivalent host-guest complexes between CD 

and Ad remain stable up to 44 h post administration despite the harsh in vivo environment.

In chapter 5 the multivalent supramolecular interactions were made use of in an 

alternative setting to multi-functionalize the bionanoparticle (apo)ferritin. Dis- and re-

assembly of ferritin occurs through the destruction and formation of multivalent hydrogen 

bonds and van der Waals forces and it was discussed how these forces could aid in 

obtaining control over (multi)functionalization of bionanoparticles. The system was tested 

with Cy3- Cy5- and non-functionalized ferritin. By disrupting the hydrogen bonds ferritin 

was dis-assembled and protein subunits with different functionalization’s where obtained. 

Subsequently the stoichiometry of the subunits present in the re-assembly mixture 

determined the ratio in which the different functionalized subunits were found back in 

the re-assembled (apo)ferritin, albeit with a slight preference for the inclusion of non-

functionalized subunits. Furthermore, after re-assembly the multi-functionalized (apo)

ferritin particles were still able to collect iron (Feii) for possible MRI applications.

Since fluorescence imaging is a key tool for the analysis of supramolecular interactions 

and at the same time supports fluorescence guided interventions, in chapter 6 insight 

was obtained on the relation between the functionalities on the cyanine 5 (Cy5) core 

structure and the brightness of the fluorophores e.g. absorption coefficient and quantum 

yield. In terms of fluorescence (brightness and stability) all Cy5 fluorophores outperformed 

methylene blue and were photo-stable in combination with a laparoscopic Cy5 Storz 

camera (30 minute exposure). Extending the chromatic core with additional benzene rings 

reduced the brightness and induced strong non-covalent assembly with serum proteins 
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such as albumin. As the π-electron rich chromatic core of Cy5 is ideal for the formation of 

multimers through van der Waals- and hydrophobic forces, the π-stacking characteristics 

of the Cy5 far-red dyes were also described. While most Cy5 far-red dyes did not stack in 

solution, multimer and stacking characteristics were observed after conjugation to 

ubiquitin. Combined, the identified direct relation between chemical substituents and the 

properties of Cy5 dyes calls for consideration in the design of novel fluorescence tracers.

	

In the Future perspective it was discussed how supramolecular chemistry could be 

employed to create a chemical toolbox to meet the clinical need of personalized medicine.
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In dit werk wordt de mogelijkheid besproken om supramoleculaire interacties toe te passen 

om theranostische uitdagingen op te lossen. Zowel de interactie tussen de β-cyclodextrine 

(β-CD) gastheer en de adamantaan (Ad) gast en de zelf-assemblage van ferritine werden 

onderzocht om een stap te maken naar het creëren van nieuwe chemische entiteiten die 

kunnen worden toegepast in precisietherapie.

Hoofdstuk 2 beschrijft hoe supramoleculaire interacties tussen gastheer en gast 

kunnen worden gecombineerd met membraan-receptor (pre)targeting. De eerste (pre-

targeting) stap omvatte de specifieke introductie van het Ac-TZ14011-peptide, 

gefunctionalizeerd met Ad (gast) eenheden, aan de cellulaire oppervlakken (KD = 56 nM). 

In een tweede stap bond het fluorescente (β-CD-polymeer (Cy50.5CD10PIBMA39 of 

Cy31.3CD72PIBMA389; multivalente gastheer) aan het oppervlak van CXCR4-cellen (d = 24 

µm) via de interacties tussen β-CD en Ad. Het vermogen om multivalente CD-Ad interacties 

aan te gaan was de basis voor deze functionalizatie. Omdat enkele β-CD-groepen van het 

CD-polymeer nog steeds beschikbaar waren voor verdere Ad-binding, kon het omkeerbare 

systeem zelfs gebruikt worden om een derde laag van functionalizering met Ad eenheden 

aan te brengen. Wanneer de met Ad gefunctionalizeerde entiteit een andere cel was, 

konden cel-cel-interacties worden geïnduceerd. Alles tezamen genomen, werd er 

aangetoond dat multivalente interacties tussen gastheer en gast zelfs kunnen worden 

gevormd in de chemische uitdagende in vitro omgeving en dat deze interacties kunnen 

worden gebruikt om cellulaire oppervlakken specifiek te labelen in een pre-targeting 

procedures.

In Hoofdstuk 3 werd de vorming van (multivalente) interacties tussen gastheer en 

gast verder uitgedaagd in een in vivo opstelling. Hier werden CD-Ad interacties ingezet 

voor hepatische radioembolizatie, waar ze hielpen om een ​​binding te vormen tussen 

MAA-Ad-microdeeltjes ((d = 18 um, ~ 108
 Ad/MAA; gast) en (99mTc)-Cy50.5CD10PIBMA39 

polymeren (MW ~ 18,8 kDa; multivalente gastheer). Aanvankelijk bevestigd in oplossing 

via op radio-isotoop gebaseerde bindings-experimenten en confocale microscopie, werd 

de interactie tussen de twee vectoren vervolgens onderzocht in vivo. De biodistributie van 
99mTc-Cy50.5CD10PIBMA39 (gastheer-vector) werd duidelijk beïnvloed door de vooraf 

toegediende MAA-Ad (gast-vector); een tienvoudige toename in de accumulatie van 99mTc-

Cy50.5CD10PIBMA39 werd waargenomen in de lever na lokale MAA-Ad toediening in hetzelfde 
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orgaan, of in de longen na intraveneuze toediening van MAA-Ad. Een effect dat significant 

minder was toen pre-targeting werd uitgevoerd met MAA alleen (controle). Niet alleen 

leverden deze experimenten de basis voor een nieuwe benadering van radioembolizatie, 

ze onderstrepen ook het potentieel van het gebruik van gastheer-gast interacties tussen 

CD-Ad voor pre-targeting-toepassingen in een in vivo omgeving.

In hoofdstuk 4 werd de mogelijkheid om een mismatch tussen diagnostische en 

therapeutische embolizatie procedures te voorkomen met behulp van de multivalente 

gastheer-gast interacties nader onderzocht via het gebruik van dual-isotoop beeldvorming. 

Hierin werden de vooraf toegediende gastvector; Ad-gefunctionalizeerde MAA-deeltjes, 

gelabeld met technetium-99m (99mTc-MAA-Ad) en de gastheer-vector; Cy50.5CD9PIBMA39, 

met indium-111 (resulterend in 111In-Cy50.5CD9PIBMA39). [MAA-Ad-111In-Cy50.5CD9PIBMA39] 

complexen bleken stabiel in serum en dissociatie in zowel PBS als FCS lag binnen de 10 

tot 20%. Voor de afzonderlijke componenten werd slechts maximaal 5% radioactiviteit 

dissociatie waargenomen. Dual-isotoop multiplexing onderstreepte de anatomische 

overlap  tussen de vooraf in de lever toegediende in de lever 99mTc-MAA-Ad en de 

accumulatie van intraveneus toegediende 111In-Cy50.5CD9PIBMA39. De 14,9 ± 6,1% ID/g 

opname van de gastheer-vector waargenomen 2 uur na toediening, was 44 uur na 

toediening bijna verdubbeld tot 26,2 ± 2,1% ID/g. Ook in vivo bleek de co-lokalisatie van 

beide vectoren stabiel en waren de hepatische opname waarden opnieuw significant hoger 

in vergelijking tot de waarden waargenomen in controlemuizen. Als zodanig tonen de 

resultaten van deze studie aan dat, ondanks de chemisch complexe en harde in vivo 

omgeving, multivalente gastheer / gast-complexen tussen CD en Ad stabiel blijven tot 44 

uur na toediening.

In hoofdstuk 5 werden de multivalente supramoleculaire interacties gebruikt in een 

alternatieve setting om het bionanodeeltje (apo) ferritine te functionalizeren met meerdere 

groepen. Dis- en re-assemblage van ferritine vindt plaats door de vernietiging en vorming 

van multivalente waterstofbindingen en van der Waals-krachten en er werd besproken 

hoe deze krachten konden helpen bij het verkrijgen van controle over (multi) functionalizatie 

van bionanodeeltjes. Het systeem werd getest met Cy3- Cy5- en niet-gefunctionalizeerd 

ferritine. Ferritine werd gedemonteerd door het verstoren van de waterstofbindingen 

waarmee eiwit subeenheden met verschillende functionalizaties werden verkregen. 

Vervolgens bepaalde de stoichiometrie in het re-assemblage mengsel van de subeenheden 

de verhouding waarin de verschillende gefunctionalizeerde subeenheden teruggevonden 
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werden in het opnieuw geassembleerde (apo) ferritine, zij het met een lichte voorkeur 

voor de opname van niet-gefunctionalizeerde subeenheden. Bovendien konden de multi-

gefunctionalizeerde (apo) ferritinedeeltjes na re-assemblage nog steeds ijzer (Feii) 

collecteren voor mogelijke MRI-toepassingen.

Omdat beeldvorming met fluorescentie een sleutelinstrument is voor de analyse van 

supramoleculaire interacties en tegelijkertijd fluorescente beeldgeleide interventies 

ondersteunt, werd in hoofdstuk 6 inzicht verkregen in de relatie tussen de chemische 

substituenten van de cyanine 5 (Cy5) kernstructuur en de helderheid van de fluoroforen, 

denk hierbij aan de absorptiecoëfficiënt en kwamtum yield. In termen van fluorescentie 

(helderheid en stabiliteit) presteerden alle Cy5-fluoroforen beter dan methyleenblauw en 

waren ze allen fotostabiel onder een laparoscopische Cy5 Storz-camera (belichting van 

30 minuten). Verlenging van de chromatische kern met extra benzeenringen verminderde 

de helderheid en resulteerde in sterke niet-covalente interacties met serum eiwitten zoals 

albumine. Omdat de π-elektronenrijke chromatische kern van Cy5 ideaal is voor het 

vormen van multimeren via van der Waals- en hydrofobe krachten, werden ook de 

π-stackings eigenschappen van de Cy5 fluoroforen onderzocht. Hoewel de meeste Cy5 

fluoroforen geen stacking lieten zien in oplossing, werden multimeren en stacking 

interacties waargenomen na conjugatie met ubiquitine. Gecombineerd, vraagt de 

geïdentificeerde directe relatie tussen de chemische substituenten en de eigenschappen 

van Cy5-fluoroforen aandacht bij het ontwerp van nieuwe fluorescente tracers.

In het toekomstperspectief werd besproken hoe supramoleculaire chemie kan 

worden ingezet om een zo genoemde “chemische gereedschapskist” te creëren om aan 

de klinische behoefte van gepersonaliseerde geneeskunde te kunnen voldoen.
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werkvloer en te paard. Fabian (Albertus Wijnand) Hensbergen, voor het helpen met de data 

verzameling, voor de muziek en schnaps. Clarize de Korne, voor de gezellige uren achter 

de confocal en aan de klimmuur. Steffen van der Wal voor het delen van je kennis, de 

eindeloze doch leerzame discussies en de nodige saucijzen broodjes. Pip Meershoek, voor 

je gezelligheid, je positieve uitstraling en het veroorzaken van paars haar. Danny van 

Willigen, voor je chemische kennis en gezelligheid op het lab. Matthias van Oosterom, Nynke 

van de Berg en Gijsbert Kleinjan voor het bijbrengen van kennis in (clinical) engineering, 

clinical camera’s en de magische (woeste) wereld van de OK. Meta Roestenberg en Beatrice 

Winkel voor de introductie in de wondere wereld van de parasitologie.

Niet te vergeten mijn studenten: Devika Murly, Franka van der Linden en Luuk Lageschaar 

bedankt voor jullie ongetemde inzet en hulp bij het vergaren van onmisbare data.

En natuurlijk mijn welgewaardeerde collega’s van BIONT in Wageningen: Bedankt voor alle 

gezelligheid met in het bijzonder Aldrik Velders, Jan-Bart ten Hove, Laura Schijven, Stan Willems 

en Anton Bunschoten voor het mee denken en uitvoeren van experimenten. 

Ook naast de werkomgeving hebben natuurlijk veel mensen het PhD leven vergemakkelijkt 

via een mooi gesprek, het delen van sport en spel of gewoon een goede lach. Al mijn goede 

vrienden: bedankt! Jullie weten zelf wel waarom. Alle lieve mensen van het FDA, bedankt 

voor het geven van de nodige positieve energie en zwierige ontspannings momenten. 

Wouter Spa en Ada van de berg voor de oneindige steun en luisterende oren. Koen Taken, 
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vriend en toeverlaat, waar zal ik je niet voor hoeven danken. Jamie, trouwe viervoeter, 

bedankt voor het geduldig luisteren en je onvolwaarlijke aandacht en liefde.


