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AIMS AND  

OUTLINE OF THE THESIS 

 

1. AIMS OF THE THESIS 

The advent of cancer immunotherapy has revolutionized the oncology field, creating new 

therapeutic avenues for patients that are refractive to traditional chemotherapy and/or radiation 

treatment. Although many immune-based therapies have led to spectacular results, cancer 

immunotherapy still faces significant drawbacks. These include life-threatening side effects, 20-

30 % response rates in treated patients, and high treatment costs. Hence, there is an urgent need 

for more effective immunotherapy to either improve upon or complement the current state of 

the art.  

The overarching aim of this thesis was to design carbohydrate-based biomaterials that can 

interact with different components of the innate immune system in view of anti-cancer 

immunotherapy. A first part of the thesis deals with the development of a novel strategy, based 

on mannosylated nanogels, for targeting dendritic cells (DCs). DCs are the most potent class of 

antigen presenting cells of the innate immune system and hence a primary target for vaccination 

and immune-modulation. A second part of the thesis introduces the concept of antibody-

recruiting glycopolymers that direct endogenous antibodies to the surface of cancer cells and 

hence trigger innate immune mediated killing. In this context, we also explored glyco-engineering 

of the glycocalyx for covalent attachment of antibody recruiting-polymers to the cell surface. 

Third, tyrosine-selective polymer-protein conjugation is explored using triazolinedione (TAD)-

functionalized polymers synthesized by RAFT. This technique opens possibilities for antigen 

conjugation in a vaccination setting.  
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2. OUTLINE OF THE THESIS 

Chapter 1.1 provides a concise overview of the innate and adaptive human immune system. 

Special attention is devoted to the cellular and humoral components of the immune response, 

and to effector mechanisms responsible for the eradication of threats and infections. Next, the 

complex interplay between cancer and the immune system is discussed, and the opportunities 

that arise of it for the treatment of cancer. The chapter is concluded by a brief overview of the 

most important types of immunotherapy that are currently available in the clinic.  

Chapter 1.2 details the complex role of carbohydrates and their interaction with the immune 

system. The existence of carbohydrate binding proteins, their expression on various immune cells 

and their possible use for the targeted delivery of vaccines is emphasized. Next, the potential of 

certain carbohydrate structures as tumor associated antigens, antibody-recruiting haptens and 

precursors for metabolic cell labeling is highlighted in view of their use in engineering the innate 

immune system. Finally, the importance of multivalency is underlined, followed by a brief 

introduction to synthetic glycopolymers.  

Chapter 2 elaborates on the design of mannosylated nanogels for active targeting of DCs that 

express the mannose receptor. In Chapter 2.1, a mannosylated acrylamide is synthesized and used 

for the synthesis of well-defined amphiphilic block copolymers by RAFT polymerization. The use 

of pentafluorophenyl acrylate as solvophobic block allows for self-assembly of the block 

copolymers into micellar nanoparticles in aprotic polar solvents. Sequential modification 

reactions in the nanoparticle’s core and shell using a one-pot setting results in fully hydrated core-

cross-linked nanogels with a dense mannosylated shell. Varying the block copolymers chain length 

serves to tailor the nanogel’s size and ketal-containing cross-linkers are used to endow the 

nanogels with pH-sensitive degradability. Selective interaction of mannosylated nanogels with 

lectins in solution and with the mannose receptor on DCs is investigated in vitro. Chapter 2.2 deals 

with engineering mannosylated nanogels with membrane-destabilizing properties. Hereto, 

tertiary amines are introduced into the nanogel core following cross-linking. Hemolysis 

experiments are performed to investigate the influence of the tertiary amine structure and cross-

linking on the membrane-destabilizing effect.  
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In Chapter 3, the concept of antibody-recruiting polymers (ARPs) is introduced. ARPs aim to create 

a ternary complex between cancer cells and endogenous antibodies and thereby trigger innate 

immune mediated killing mechanisms. In Chapter 3.1, L-rhamnose is used as a hapten by 

synthesizing a rhamnosylated polymer via RAFT, followed by chain-end functionalization with 

cholesteryl amine (CholA) to endow the polymers with cell membrane anchoring properties. In 

vitro experiments are performed to show selective recruitment of IgG from human serum to cells 

treated with ARPs compared to non-antibody-recruiting and non-cell surface binding controls.  

Furthermore, the added value of multiple rhamnose units over a single rhamnose motif in terms 

of IgG recruitment is investigated. In Chapter 3.2 the influence of the lipid tail on cellular 

anchoring and cell surface persistence of ARPs is investigated. Hereto, ARPs are synthesized based 

on dinitrophenol (DNP) as a hapten using different lipid-functionalized RAFT chain transfer agents. 

As alternative to hydrophobically driven cell surface anchoring of lipid-functionalized ARPs, 

Chapter 3.3 explores the potential of metabolic cell labeling with azido-sugars to target cancer 

cells with ARPs. Using biolayer interferometry and flow cytometry, the influence of polymer chain 

length and density of DNP and cyclooctyne (as azide-binding moieties) grafting on antibody and 

cell surface binding is investigated. Optimized structures are subsequently used to evaluate 

selective ARP-mediated antibody recruitment to azido-sugar labeled cells. 

Chapter 4 deals with the evaluation and optimization of tyrosine-specific polymer-protein 

conjugation in aqueous medium using TAD-functionalized polymers. Different solvent mixtures 

are compared for conjugation of bovine serum albumin (BSA) to TAD-poly(N,N-dimethyl 

acrylamide). Degradation kinetics of the TAD moiety in these different aqueous mixtures is 

investigated and linked to the protein-conjugation efficiency. Tyrosine-selective conjugation is 

investigated using mass spectrometry and the influence on protein structure and activity is tested 

by circular dichroism measurements and evaluating the protein’s esterase activity.  
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Chapter 5 positions the presented work within a broader international context. In the first part 

of this chapter, attention is devoted to the design of therapeutic cancer vaccines, highlighting the 

potential of nanoparticle based targeted antigen delivery and the associated pitfalls. In the 

second part of the chapter, focus is put on antibody-recruiting small molecules (ARSMs) and their 

use as therapeutic agents against pathogenic infections and cancer. Finally, a concise overview of 

the future perspectives of both topics is provided.  

Chapter 6 summarizes the work together with the general conclusions that can be drawn from 

the research put forth in this doctoral dissertation. 
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CHAPTER 1.1 

THE IMMUNE SYSTEM  
AND IMMUNOTHERAPY 

1. THE IMMUNE SYSTEM 

1.1. INNATE AND ADAPTIVE IMMUNITY 

The immune system is the collective term for the host’s defense mechanisms, comprised of 

cellular and humoral components that help maintain homeostasis by recognizing and eliminating 

pathogens and cancer cells. It is a highly complex system, able to respond rapidly and efficiently 

to prevent possible life-threatening infections, while building up an immunological memory that 

protects the host from future infections/malignancies. The main functions of the immune system 

can be summarized into 4 essential tasks: immunological recognition of pathogens and cancer 

cells (1), quarantine of the infection/disease and its elimination (2), controlling the immune 

system to prevent the formation of auto-immune diseases (3), and protection against the 

recurrence of a disease by building up an immunological memory (4).1–4 

There are two branches of the immune system, referred to as the innate immune system and the 

adaptive immune system.1 Although these two branches are fundamentally different from each 

other, both work together to mount efficient immune responses.5 As its nomenclature suggests, 

the innate immune system is present since birth and is the first line of defense against pathogens 

including viruses and bacteria. Innate immunity has been present throughout vertebrate 

evolution and although it is primitive compared to the adaptive immune system, it is able to 

respond within minutes/hours after infection. This is accomplished by proteins of germline genes 

that do not need receptor rearrangements when being formed, compared to that of B- and T-

cells that express receptors with excellent specificity towards a given antigen.3,4,6 

Pathogen-associated molecular patterns (PAMPs) are highly conserved molecular structures 

shared amongst the majority of pathogens, which allow for quick and easy detection by the innate 

immune system.7–9 Membrane proteins including Toll-like receptors (TLRs) and C-type lectins 

(CLRs) such as the mannose receptor (MR) are classified as pattern recognition receptors (PRRs) 
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and bind PAMPs presented on the surface of bacteria and viruses, while being absent on healthy 

tissue.10 PRRs also have the ability to recognize damage-associated molecular patterns (DAMPs), 

which play a pivotal role in carcinogenesis (vide infra).7,11–14  

Although the innate immune system lacks the ability to direct a response against a specific target, 

it is sufficiently powerful to distinguish between ‘self’ and ‘non-self’ using these molecular 

patterns. The low specificity interactions between TLRs on innate effector cells and PAMPs lead 

to innate immune activation, which in turn give rise to an initial eradication of the infection.15 

Amongst the components of the innate immune system are cellular components (dendritic cells, 

macrophages, neutrophils, innate lymphoid cells, natural killer cells) and humoral compounds 

(chemokines, cytokines and the complement system).16–21 Activation of the innate immune 

system causes recruitment of other immune cells by chemokines, including those of the adaptive 

immune system.14,22 Note that the natural barriers of the human body are an integral part of the 

innate immune system. These physical barriers help to impede the entry of pathogens and are 

composed of epithelial cells that often perform peristaltic movements, together with the 

secretion of antimicrobial peptides (defensines, cathelicides and histamines) and mucins to 

eliminate pathogens prior to their entry.23–25  

In case the innate immune response is either unable to eradicate the threat (1), overwhelmed (2) 

or bypassed by the threat (3), the adaptive immune system comes into play. In contrast to innate 

immunity, rearrangements of the antigen receptors of the adaptive immune system allows B- and 

T-lymphocytes to recognize specific antigens.4,14,22,26 Importantly, for effective adaptive immunity 

to take place, cooperation of both the innate and adaptive immune arms is essential.  Naïve B- 

and T-lymphocytes need the help of antigen presenting cells and cytokines such as interleukin-2 

(IL-2)/IL-6/IL-12 and tumor necrosis factor-alfa (TNF-α) to become activated and help in the 

immunological response.27–29  

To generate a specific immune response, directed solely against pathogens and infected/cancer 

cells, antigens must be taken up, processed and presented to the adaptive immune system by 

specialized cells of the innate immune system. Two professional innate immune cell types, 

macrophages and dendritic cells, are specialized in the uptake, processing and presentation of 

these antigens.30–32 Together with naïve B-cells, they belong to the class of professional antigen 
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presenting cells (APCs). Once APCs cause activation of B- and T-lymphocytes, the adaptive and 

innate immune system will cooperate to protect the host from further infection.33 Innate 

immunity continues to play a crucial role in this, where it slows down further spread of the 

infection, while specific machinery of the adaptive immune system is able to eliminate the 

pathogens. This process can also be translated to a situation where cancer cells are present.2 In 

this scenario, the immune system is dealing with an intracellular anomaly rather than an 

exogenous threat.  

In general, three phases of infection exist during which the different components of the immune 

system are activated (Figure 1)1,10: 

 

 Phase 1 (0 h – 4 h):   Invasion of bacteria/viruses through the natural barriers of  

     the skin and mucosa together with the recognition of 

     pathogens by epithelial cells. Resident antimicrobial 

     enzymes, called lysozymes, antimicrobial peptides and the 

     complement system all work together to initialize 

     eradication of the invaders. 

 

 Phase 2 (4 h – 96 h):   At this moment, the innate immune system is able to   

     recognize and attack invaders through PRR-mediated 

     activation by binding PAMPs. 

 

 Phase 3 (96 h – days):  This is the last phase, when the innate immune system 

     activates, helps and supports the adaptive immune system 

     to mount to an adaptive immune response and long-term 

     immunological memory.  
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Figure 1. Schematic overview of different components of the innate and adaptive immune branch. NK-cells, Natural 

killer cells; DCs, Dendritic cells; APCs, professional antigen presenting cells; CTLs, cytotoxic T-lymphocytes; Thx, T-

helper cell type X; Abs, antibodies.  

1.2. THE CELLULAR AND HUMORAL COMPONENTS OF INNATE IMMUNITY 

The innate immune branch of the immune system is comprised of monocytes, macrophages, 

neutrophils, natural killer cells (NK-cells), dendritic cells (DCs), and the complement system. All 

these components cooperate to react immediately upon recognition of a pathogen or danger 

signal, eliminate the threat and protect the host from damage. This leads to an initial rapid 

immunological response, where confinement and elimination of the pathogen is key. Ideally the 

pathogen should be eradicated completely in this early phase, but sometimes the infection is able 

to bypass or even overwhelm the innate immune system.25 Nevertheless, the infection would 

have experienced some dampening by then, allowing time to mount an adaptive immune 

response to aid in pathogen eradication.  
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Monocytes are small, undifferentiated cells that reside in systemic circulation, able to 

differentiate into either macrophages or immature dendritic cells based on the cytokine spectrum 

they are exposed to.19 When inflammation occurs, monocytes migrate to the inflamed tissue and 

differentiate into macrophages upon stimulation by granulocyte-macrophage colony stimulating 

factor (GM-CSF). These differentiated cells are found in large numbers in connective tissue close 

to potential ports of entry for pathogens, such as the submucosa of the gastro-intestinal tract, 

the submucosa of the bronchi, and the spleen. Macrophages are cells specialized in the uptake of 

pathogens, cell debris, dead/dying cells, and infected/cancer cells.1  

PRRs on the surface of macrophages are activated by PAMPs, which in turn triggers phagocytosis 

and the release of chemokines and cytokines to draw more immune cells to the site of infection. 

Cytokines act as signaling molecules, which can bind to receptors of nearby cells and influence 

their behavior. The most common cytokines involved in activation of immune cells include IL-2, 

IL-6, IL-12 and TNF-α. Chemokines on the other hand attract more/other immune cells and 

generate a general state of inflammation, together with the help of pro-inflammatory cytokines.25 

PRRs on macrophages include C-type lectins (Dectin-1 receptor, mannose receptor, DC-SIGN), 

scavenger receptors (CD36 that recognizes long fatty acid chains) and complement receptors (CR 

1, 2 and 3).34–36 Once phagocytosed, phagosomes fuse with lysosomes, containing reactive 

oxygen/nitrogen species and enzymes that help destroy the pathogen/virus infected cell, while 

the resulting peptide fragments of the antigens are presented to other cells of the immune system 

(vide infra).  

Neutrophils, a subtype of granulocytes found exclusively in systemic circulation under normal 

circumstances, are among the first innate immune cells to detect an infection, apart from 

macrophages when the site of infection comprises the mucosa. Upon detection, they migrate to 

the infected tissues, become activated, and secrete chemokines that draw monocytes to the site 

of infection. These will later differentiate into either macrophages or immature dendritic cells, 

based on the cytokines present at the site of infection (vide supra). Compared to macrophages, 

neutrophils are specialized to directly detect and destroy pathogens and infected cells via 

phagocytosis, NETosis and the production of reactive oxygen species.37 Due to the large number 

of neutrophils present at the site of infection, the huge number of dead and dying neutrophils 
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form the pus of an active infection. This compared to macrophages, who live longer than 

neutrophils.38,39  

Natural killer cells (NK-cells) are specialized in the elimination of infected cells, especially virally 

infected, and cancer cells. They possess different receptors, which upon binding either activate 

or inhibit their killing abilities. These activating receptors, found on the surface of NK-cells, include 

the Ig-like receptors NKp30, NKp44, NKp46 with immune-receptor tyrosine based activating 

motifs (ITAMs),  involved in antibody-dependent cell-mediated cytotoxicity (ADCC), and the C-

type lectin receptor natural killer group member 2 D (NKG2D).17,40 NK-cells have the ability to 

recognize altered glycoprotein expression on cancer cells and even detect down-regulation of 

major histocompatibility complex I (MHC I), used by cancer cells to evade immune responses by 

the adaptive immune system (vide infra). Binding of NK-cells to MHC I normally inhibits their killer 

functions but upon down-regulation of MHC I this inhibitory signal is lost, followed by a release 

of toxic perforins and granzymes that eradicate neoplastic cells.41 Identical to macrophages and 

neutrophils, NK-cells secrete chemokines and cytokines upon activation to attract more immune 

cells and help shape the immune response.5  

Immature dendritic cells (iDCs) are also bone marrow derived cells, present in all tissues. They are 

specialized APCs who are linked to their environment through a plethora of receptors and sensors 

that help monitor their surroundings and capture potential hazardous pathogens. Due to these 

high numbers of cell-surface receptors, iDCs are extremely efficient in taking up pathogens.16,21,31 

Encountering pathogens leads to triggering of PRRs by PAMPs, causing the iDCs to mature and 

shift their abilities from antigen uptake to antigen presentation (discussed in detail below – vide 

infra). Presentation of antigen derived peptide fragments using MHC complexes provides one of 

the necessary signals to activate naïve B- and T-lymphocytes. Upon binding of co-stimulatory 

molecules on the surface of APCs, which include CD40/CD80/CD86, the lymphocytes will become 

activated. Because dendritic cells are highly efficient in presenting antigens to naïve cells of the 

adaptive immune system, these cells are considered to form the bridge between the innate and 

adaptive immune system.  

The innate immune system can also rely on non-cellular components for protection against 

pathogens and infection, using a humoral defense mechanism. This system is known as the 
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complement system, and comprises more than 30 proteins which help protect the body by either 

direct killing or facilitating phagocytosis and inducing inflammatory responses to tackle the 

infection.11 Under normal circumstances, all proteins of the complement system present 

themselves as zymogens. Once the pathway is activated, the zymogenes are sequentially 

converted to active enzymes that cleave the next zymogene in what is called a cascade of 

proteolysis. This sequential proteolytic cascade ensures that even a small number of pathogens 

cause a trigger and yield a rapid response that is amplified greatly to finally eliminate the 

infection.6,42 Originally, it was thought that this system only complemented the actions of 

antibodies, hence its name. 

There are three known complement pathways, where each one can be activated in a distinct 

manner (Figure 2). The classical complement system was the first to be discovered, and is 

activated when antibodies are bound to the surface of pathogens or when complement proteins 

recognize PAMPs directly. The alternative pathway recognizes pathogens as such, due to 

spontaneous hydrolysis of complement protein C3 into C3a and C3b, of which the latter then 

binds directly to PAMPs. Finally, the lectin pathway is initiated by soluble carbohydrate bound 

proteins, such as the mannose-binding lectin and ficolins. These lectins bind to carbohydrate 

structures presented on the surface of pathogens, leading to activation of the complement 

system.43–46   

The most important function of the complement system is opsonization of pathogenic structures 

so that specialized phagocytic cells can recognize and engulf them. Macrophages and neutrophils 

can be activated by binding their complement receptors on complement protein fragments that 

are covalently bound on the pathogens surface, a process termed complement-dependent cell-

mediated phagocytosis (CDCP). When this process is initiated through opsonization by antibodies, 

cells capable of phagocytosis bind the crystallizable fragment (Fc) of the antibodies in a process 

called antibody-dependent cell-mediated phagocytosis (ADCP – vide infra). The most active form 

of phagocytosis is obtained when complement protein C3b binds to antibodies that are already 

bound on the surface of pathogens. This phenomenon of opsonization also links the complement 

to the adaptive immune system, because it can facilitate pathogen uptake by APCs. This in turn 

enhances the presentation to T-cells, while B-cells can use their complement receptors to take up 
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more complement-coated antigens. Complement protein fragments can also be recognized by 

complement receptors on NK-cells, resulting in complement-dependent cell-mediated 

cytotoxicity (CDCC).47 

Direct lysis of pathogens by the complement system is also possible. Here, C5 convertase cleaves 

protein C5 into C5a, a strong anaphylatoxin capable of immune cell attraction and promotion of 

phagocytosis, and C5b, which in turn strongly adheres to the target cell surface. Next, the 

proteolytic cascade reaction forms a set of complement proteins capable of interaction with 

complement protein C5b, yielding the formation of a membrane-attack complex (MAC) on the 

surface of the pathogen. This complex disrupts the membrane’s integrity, forming pores in the 

surface of the pathogen which ultimately leads to cell lysis in a process termed complement-

dependent cytotoxicity (CDC).48   

 

 

Figure 2. The 3 different pathways of the complement system, together with the resulting effector functions. MBL, 

mannose binding lectin; NK-cell, natural killer cell; MAC, membrane-attack complex; CDCC, complement-dependent 

cell-mediated cytotoxicity; CDCP, complement-dependent cell-mediated phagocytosis; CDC, complement-

dependent cytotoxicity.  
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The complement system utilizes activating and inhibiting regulatory proteins in preventing 

healthy tissue from being attacked. The activating regulatory protein properdin is able to stabilize 

C3 convertase on the surface of pathogens, facilitating the alternative pathway to pathogen 

surfaces. Negative regulatory proteins however prevent this by either inhibiting the formation of 

it or by promoting the dissociation of C3 convertase. This negative control is made possible by a 

series of cell membrane bound complement inhibitors, including membrane cofactor protein 

(CD46), decay accelerating factor (DAF/CD55) and protectin (CD59). Together with these, a 

plethora of humoral control proteins such as Factor I, Factor H, C1 inhibitor and C4 binding protein 

help to prevent MAC formation and lysis of non-pathogenic host cells.49–51   

1.3. THE COMPONENTS OF THE ADAPTIVE IMMUNE RESPONSE 

While the innate immune system is the undisputed first-line of defense, effective immune 

responses will usually require the onset of the adaptive immune system to help restore normal 

homeostasis. Although much slower acting, the adaptive immune system can elicit a much 

stronger immune response, directed towards specific antigens. The adaptive immune branch is 

comprised of B- and T-lymphocytes that, with the help of APCs such as DCs, can be activated and 

differentiate into specialized cells that together can mount an effective cellular and humoral 

immune response.  

Dendritic cells are of primordial importance in any immune response, since they are believed to 

form the bridge between the innate and adaptive immune system. There are two main types of 

dendritic cells, myeloid dendritic cells (mDCs) and plasmacytoid dendritic cells (pDCs). While the 

main function of pDCs is the production of antiviral interferons, mDCs are specialized in antigen 

uptake, processing and presentation to naïve cells of the adaptive immune system. Immature 

mDCs are specialized in the detection and phagocytosis of potentially hazardous pathogens. 

Binding of PAMPs to the PRRs on the surface of immature mDCs triggers phagocytosis of the 

material (1), with subsequent processing (2), maturation (3) and upregulation of costimulatory 

molecules and cytokine production (4). These strong maturation signals induce a shift from mainly 

phagocytosis to antigen processing and presentation.52 The cells undergo morphological changes 

and start migrating to lymphoid tissue to enhance the possibility of encountering the correct naïve 

B- and T-cell.  
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Upon activation, the phagocytosed material is processed by merging phagosomes with 

lysosomes. The resulting drop in pH (pH of 4.5 – 5) and exposure to lysosomal enzymes ensures 

partial degradation of antigens into distinct short peptide sequences (as opposed to 

phagocytosed material in macrophages and neutrophils). Depending on the origin of the 

processed material, either endogenous or exogenous, these peptide fragments will be loaded 

onto major histocompatibility complex (MHC) I or II respectively.32,53 These MHC molecules 

provide the necessary co-stimulatory signal, together with CD40/CD80/CD86, for successful 

activation of naïve B- and T-lymphocytes in lymphoid tissue.  

While MHC I is widespread and found on all nucleated cells, MHC II is expressed solely on 

specialized APCs, of which DCs are the most potent. Endogenous material derived from virally 

infected cells and cancer cells, is presented on MHC I.54,55 Peptide fragments presented on MHC I 

are usually shorter than the fragments presented on MHC II.56 This complex can activate naïve 

CD8+ T-cells bearing a specific T-cell receptor on their surface that recognizes the antigen 

fragment presented in the MHC I groove. Activation of naïve CD8+ T-cells leads to maturation into 

cytotoxic T-lymphocytes (CTLs), a specific T-cell population specialized in the killing of cells 

containing intracellular micro-organisms or cancer cells. This killing is facilitated by lysis and 

apoptosis, caused by the release of perforines, granzymes or Fas ligand (FasL) respectively upon 

binding of the TCR to the MHC I complex.57  

Presentation of exogenous material normally takes place on MHC II of APCs, and can lead to the 

activation of naïve CD4+ T-cells that are able to recognize the MHC II – peptide antigen complex. 

Activation of CD4+ T-cells differentiates the naïve T-cells to either Th1 cells, Th2 cells, Th17 cells 

or T-follicular helper (TFH) cells, based on the specific cytokine profile present at the time of 

activation.58–60 As the name already suggests, T-helper cells support other cell types in their 

function or activation, while lacking the possibility to directly eliminate infected/cancer cells.  

Th1 cells help cytotoxic T-cell and macrophage mediated killing by the release of IL-2 and INF-у, 

better known as Th1-cytokines. IL-2 is able to activate the IL-2 receptor on the cell surface of Th1 

cells, thereby auto-catalyzing the proliferation process. Th2 cells are involved in immunity and 

allergic responses against parasites, while Th17 cells are involved in adaptive immunity against 

extracellular pathogens and fungi. An important subset of T cells are the TFH cells, that help 
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activate B-cells that present antigen fragments on their MHC II groove by binding the T-cell 

receptor (TCR) to these complexes. By co-stimulation of the CD40 receptor on B-cells with the 

CD40 ligand on the surface of TFH cells, the activated B-cells proliferate and differentiate into 

antibody-secreting plasma cells and memory B-cells.58 In short, activation of CD4+ T-cells 

ultimately leads to B-cell activation and antibody production, while CD8+ T-cell activation will lead 

to cytotoxic T-cell formation which can eradicate infected/cancer cells. 

Dendritic cells play a crucial role in the immune response, because they are the only APCs capable 

of efficient cross-presentation. Cross-presentation is a process where particulate exogenous 

antigens are processed and presented as MHC I complex, whereas normally this role would be 

reserved for MHC II. In essence, cross-presentation allows for exogenous antigens to activate 

specific CD8+ T-cells, eventually mounting cytotoxic T-cell responses and the eradication of 

infected cells by the adaptive immune system.61–63 Cross-presentation is stimulated when 

antigens are taken up via receptor-mediated phagocytosis. This loophole in the immune system 

makes it possible to deliver antigens derived from cancer cells as particulate matter, which 

combined with efficient activation of the immune system could lead to the formation of cytotoxic 

T-lymphocytes against those cancer cells.60,64,65  

While it is already stated that stimulation of naïve T-lymphocytes finally mounts an effective 

cellular immune response with the formation of CTLs and T-helper cells, stimulation of B-cells 

leads to the formation of antibodies as a humoral immune response. These “Y” shaped proteins, 

called immunoglobulins, are soluble copies of the B-cell receptor present on the surface of a 

specific B-cell and possess 2 identical variable regions for epitope binding (Fab-parts) and a 

constant region that acts as anchorage site for effector cells (Fc-part), shared by all different 

immunoglobulin subclasses.66  

Amongst the APCs, macrophages and DCs belong to the innate immune system, while B-cells 

belong to the adaptive immune branch. Indeed, while the adaptive immune system relies on the 

effective presentation of antigens by innate immune derived antigen presenting cells, B-cells can 

inherently detect antigens. The cell-surface immunoglobulin receptors (BCR) allow B-cells to 

recognize specific antigens that have drained via the lymphatic system. Binding of antigen on B-

cell receptors triggers endocytosis, followed by the processing of proteins into specific peptides 
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that can be presented on the MHC II groove of the B-cells. Previously activated TFH-cells that 

recognize the antigen:MHC II complex provide the co-stimulatory signal by binding the CD40 

receptor on B-cells, thereby activating the B-cells, leading to the formation of plasma cells and 

memory B-cells.67 Since B-cells reside in the secondary lymphoid organs and T-cells are activated 

in the same tissue by migrating dendritic cells presenting a specific antigen on MHC II, chances of 

a specific B-cell encountering the correct activated T-cell are greatly increased.  

Plasma cells secrete large amounts of specific antibodies directed towards the antigen that was 

bound to the naïve B-cell in first place. There are five main classes of immunoglobulins (Igs): IgA, 

IgD, IgE, IgG and IgM. IgA production is mainly involved in mucosal immunity, while IgE mediates 

allergic reactions. Up to this day, the function of IgD, the lowest fraction of IgG in human serum, 

is still not fully clarified. IgM is produced in higher amounts in an initial immunological response 

compared to all other subclasses and is characterized by its pentavalent structure that can cause 

immune complex (IC) formation, thereby cross-linking and effectively eliminating antigens. The 

final subclass, Immunoglobulin G, is the most important one in terms of effector functions. These 

effector functions are based on three basic principles: neutralization, opsonization and 

complement activation (exemplified in Figure 3).68  

Neutralization of pathogens is caused by binding of circulating antibodies, thus preventing 

entrance inside healthy human cells due to formation of ICs that can be engulfed by macrophages 

afterwards. Pathogens can also be selectively recognized by secreted antibodies, which in turn 

opsonize the pathogens for destruction by granzymes and perforines produced by NK-cells that 

bind the antibodies with their Fc-receptors in a process called antibody-dependent cell-mediated 

cytotoxicity (ADCC).68,69 As mentioned earlier, antibody opsonization can also result in facilitated 

uptake by phagocytic cells such as macrophages and neutrophils (ADCP – vide supra). Finally, 

binding of antibodies to the surface of pathogens can activate the complement system, eventually 

leading to pore formation and lysis of the pathogens in a process called complement-dependent 

cytotoxicity (CDC) or by cell mediated destruction/phagocytosis (CDCC/CDCP – vide supra).11,47 

Important to note is that there are distinctive subtypes of IgG molecules generated by the 

immune system, classified according to the specific Fc region type that these immunoglobulins 

possess. In humans, there are four types of IgGs termed IgG1, IgG2, IgG3, and IgG4, of which IgG2 
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and IgG3 are the most pro-inflammatory. Each class of IgG has a distinct binding affinity towards 

a certain Fcу-receptor (FcуR). In terms of Fc receptors, humans also possess three different 

families of these FcуRs: FcуRI family (including FcуRIA, FcуRIB and FcуRIC), FcуRII family (including 

FcуRIIA, FcуRIIB and FcуRIIC), and FcуRIII Family (including FcуRIIIA and FcуRIIIB). These receptors 

can have inhibiting as well as activating effects, depending on the type of Fc receptor 

involved.47,66,70  

 

 

 

Figure 3. Schematic representation of antibody-host defense mechanisms: neutralization, opsonization and 

complement activation. ADCC, antibody-dependent cell-mediated cytotoxicity; ADCP, antibody-dependent cell-

mediated phagocytosis; CDC, complement-dependent cytotoxicity; CDCC, complement-dependent cell-mediated 

cytotoxicity; complement-dependent cell-mediated phagocytosis.  
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2. CANCER AND THE IMMUNE SYSTEM 

2.1. CANCER AND CONVENTIONAL THERAPIES 

According to the World Health Organization (WHO), cancer is defined as “a group of diseases, 

characterized by uncontrolled growth and spread of different cell types, which can invade 

adjoining tissues and/or spread to other organs”.71 Depending on which cells are involved, there 

are 5 major groups of cancer: carcinomas, sarcomas, lymphomas, leukemias and central nervous 

system cancers. Carcinomas find their origin in the skin and epithelial cells lining the internal 

organs, while sarcomas develop in soft tissue (bone, cartilage, fat and muscle). Lymphomas on 

the other hand include all immune system malignancies, of which the term leukemia is preserved 

for cancers involving B- and T-lymphocytes. Finally, central nervous system cancers are comprised 

of tumors in the brain and spinal cord.  

Cancer still remains one of the leading causes of death, responsible for one in six deaths globally 

according to the WHO. To date, cancer kills more patients then malaria, tuberculosis and human 

immunodeficiency virus/acquired immune deficiency syndrome (HIV/AIDS) combined. It is 

estimated that 1 in 3 humans will develop cancer during their lifetime, of which 1 in 5 will die as 

a direct result of cancer. Lung, breast, colorectal and prostate cancer are the most frequently 

diagnosed cancers worldwide, where lung cancer is responsible for most cancer victims overall. 

Statistical analysis suggests that by the year 2030, 21.7 million people will be diagnosed with 

cancer of which 13 million people will die during the same year. This gloomy trend will be even 

more pronounced in low- to middle income countries, where 60 % of all cancer related deaths 

now occur due to poor health care provisions. In the United States, cancer deaths are only 

exceeded by those inflicted by heart disease. Up until now, progress has been made in the war 

against cancer, but more efforts have to be taken to tip the scale in a more favorable direction.72–

74  

Despite these grim facts, extensive research over the past decades has provided patients with 

numerous treatment options that combat the disease more efficiently. Historically, the 3 most 

important treatment options for patients included surgical resection (if possible), usually 

combined with high energy X-ray radiotherapy and/or chemotherapy. By elucidating the 
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underlying molecular mechanisms that caused the disease, 2 additional treatment options that 

are disease modifying rather than destructive emerged: hormonal therapy and targeted 

therapies.7 However, these strategies are only applicable for certain types of cancer. While 

hormonal therapy is only effective against neoplasms that rely on hormones to thrive, targeted 

therapies depend on small molecule inhibition of an over-active kinase to which the malignancy 

is addicted.75 Given the fact that these conventional therapies are still used extensively to this 

day, they remain responsible for serious collateral damage due to a lack of specificity towards the 

cancer cells. Chemotherapy for instance is the administration of cytotoxic drugs that generally 

affect cell replication processes of fast dividing cells, which include cancer cells as well as cells of 

the gastro-intestinal tract, immune system and hair follicles. Not surprisingly, most patient 

inconveniences encountered when being treated with chemotherapy are a direct result of this 

unspecific cell destruction.76  

Although X-ray radiotherapy and chemotherapy are able to kill cancer cells rapidly, these 

therapies often lack to offer long-term protection against metastasis and recurrence of the cancer 

cells. An exciting new research field in the battle against cancer has been gaining increased 

attention due to its remarkable benefits compared to conventional therapies: cancer 

immunotherapy.77 

3. CANCER IMMUNOTHERAPY TO THE RESCUE?  

The essence of cancer immunotherapy is that it harnesses the power of the patient’s own immune 

system to detect and kill cancer cells. Over the past decades, extensive research in the field of 

oncology and immunology has led to the understanding that the immune system is actively 

involved in anti-cancer immune responses.4 However, with disease progression, the scale tips in 

favor of tumor growth rather than immune-mediated elimination due to active immune-

suppression by the growing tumor.  

The very roots of cancer immunotherapy go back to the late 1800s, where Dr. Coley observed 

that by injecting a bacterial cocktail in certain tumors, some patients developed tumor rejection 

and even complete remission.56,78 Along with more recent findings that allogeneic stem cell 

transplantation can yield spectacular results in case of certain advanced leukemias, a clear 
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rationale was developed: boosting the patient’s immune system could yield effective anti-tumor 

immune responses.  

Under normal circumstances, the immune system is extremely capable of identifying and 

eliminating external (bacteria, parasites) as well as internal threats (virally infected cells, cancer 

cells). As the immune system is closely monitoring all events inside the human body in a process 

called immunosurveillance, a growing tumor can induce inflammatory responses due to the 

release of DAMPs by infiltrating and compressing healthy tissues. Based on the expression of 

tumor associated antigens (TAAs) on the surface of these cancer cells, they can be recognized and 

eliminated by a competent immune system (vide supra) due to immunoediting. Under normal 

circumstances, the tumor growth is nipped in the bud and the cancer cells are rejected. However, 

the theory of immunoediting stipulates that apart from immune surveillance and elimination, 

further tumor progression is also made possible by active immune suppression caused by the 

tumor itself.79–81 

Immunoediting is defined as the dynamic interplay between cancer cells on one hand and the 

immune system on the other and comprises three important phases: elimination, equilibrium and 

escape. A developing tumor will be noticed by immunosurveillance, mounting an early immune 

response and elimination of at least some cancer cells. In this situation, the immune system is in 

control and can sometimes completely eliminate the malignancy by recognizing the non-self TAAs 

presented by cancer cells. However, with tumor progression, cancer cells adapt and eventually 

evade the immune system. Cancer cells create a tumor microenvironment which allows them to 

thrive and escape the immune responses directed against them. It is now known that although 

acute inflammation helps the immune system, long-term activation of PRRs by DAMPs has pro-

tumoral effects.79,82  

As long as the immune system is unable to overcome this induction of immune tolerance, an 

equilibrium is reached. This period can sometimes slumber for years before either the immune 

system or cancer cells take the upper hand. Note that this truce alters the immunogenicity of the 

tumor. While more immunological susceptible cancer cells will be eliminated, more resistant 

populations of cancer cells will develop.79 
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Cancer cells have devised a plethora of methods to evade the immune system, all of which that 

can be used as possible strategies for new treatment options that can tip the scale back in favor 

of the immune system. If eventually the cancer cells are able to completely overwhelm, hide from, 

subvert, shield from, defend themselves against or even outlast the host’s immune response, they 

enter the third and last phase: escape. The tumor has become clinically relevant and treatment is 

necessary to finally contain and hopefully eradicate the advancing neoplasm. This last phase is 

also characterized by the spreading of cancer cells from the initial site to other healthy tissues in 

the body, a phenomenon termed metastasis. 

Since evasion of the immune system is the Holy Grail for cancer cells allowing them to thrive, 

knowledge of these different mechanisms provides us with insights that can help lay a finger on 

the cancer´s potential Achilles heel.4,56 Basic evolutionary theory suggests that cancer cells do not 

need to follow every theoretical immune-evasion strategy in order to be successful, but instead 

would only do what is necessary to effectively evade the immune system. Deducing which 

mechanism is dominant for a given tumor could provide one with the necessary information 

needed to choose the most effective treatment.  

Techniques used by malignancies to hide from, subvert, overwhelm and eventually overcome 

anti-tumor responses include both physical as biochemical strategies. Physical changes in the 

tumor microenvironment make it difficult for immune cells to enter the tumor itself. The 

generation of a very dense, collagenous stroma (1), the presence of a severe hypoxic environment 

with disturbed angiogenesis (2), and a 10 – 40 times higher interstitial fluid pressure compared 

to normal tissue (3) all impede easy access for immune cells, thereby preventing their 

interference.83,84  

If immune cells are able to overcome the hurdle of entry, biochemical changes further suppress 

their elimination abilities by down- and upregulating several mechanisms. These include the 

downregulation of MHC expression on cancer cells (MHC I) and APCs (MHC II) (1), elevated 

production of cytokines associated with immunosuppression such as IL-10 (2), enhanced 

recruitment of suppressor immune cells of which regulatory T-cells (Tregs) can silence the 

immune response in the tumor microenvironment (3), upregulation of checkpoint inhibitor 

receptors (CTLA-4 and PD-1/PD-L1 – vide infra) that downregulate the activity of tumor infiltrating 
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lymphocytes (TILs) (4), and upregulation of apoptosis inducing receptors (including Fas and TNF) 

that can promote apoptosis of TILs (5).27,85,86 Several cell populations that reside inside the tumor 

microenvironment including Tregs, myeloid derived suppressor cells (MDSCs), tumor associated 

fibroblasts, tumor associated macrophages (TAMs) and tolerogenic dendritic cells (tolDCs) all 

contribute to the effects of immune suppression, together with the cancer cells.87–89  

4. CANCER IMMUNOTHERAPEUTICS 

Nowadays, there is a trend towards more targeted therapies to circumvent adverse effects 

caused by off-target toxicity (vide supra). In this context, therapies that enlist the host’s immune 

system to detect and eradicate neoplasms have gained enormous attention.90 In 2013, Science 

magazine elected immunotherapy as “Breakthrough of the Year” because of its extraordinary 

clinical successes and enhanced safety profile compared to conventional strategies.91 One world-

wide known success story is the complete remission of former U.S. president Jimmy Carter after 

being treated with the checkpoint inhibitor Pembroluzimab for his metastasized melanoma.56 The 

relevance of cancer immunotherapy is further illustrated by the large numbers of clinical trials, 

1847 as of October 2018, related to this subject.92 Classically, cancer immunotherapy is classified 

as either passive or active immunotherapy, based on the ability to generate an immunological 

memory. Figure 4 gives a schematic overview of the different anti-cancer immunotherapeutics. 

In case of passive immunotherapy, (nearly) all components necessary to elicit an attack on the 

cancer cells are injected in the patient. This implies that even patients whose immune system is 

completely suppressed can generate an anti-tumor response after the administration of this 

therapy, owing to its intrinsic anti-neoplastic nature. However, the therapy does not induce the 

formation of an immunological memory effect directed against the malignancy, so chronic 

administration of the therapy is needed until the malignancy has been completely eradicated. 

Passive immunotherapy bypasses the need to build up an effective immune response and can 

therefore provide an immediate, strong immune reaction against cancer cells.93 Therapies based 

on passive immunotherapy include monoclonal antibodies, checkpoint inhibitors, adoptive cell  

transfer techniques, bispecific T-cell engagers, immunostimulatory cytokines and pattern 

recognition receptor agonists, all of which will be discussed in detail below.77  
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Figure 4. Schematic overview of cancer immunotherapeutics. These include monoclonal antibodies, oncolytic viruses, 

adoptive cell transfer techniques, DC based vaccines, cancer vaccines, immunostimulatory cytokines, checkpoint 

inhibitors, bispecific T-cell engagers, PRR agonists, and immunogenic cell death inducers. Figure adjusted from 

Galluzzi et al.94 Abs, antibodies; TILs, tumor infiltrating lymphocytes; TCRs, genetically modified T-cell receptor 

therapies; CARs, chimeric antigen receptor therapies; iDCs, immature dendritic cells; TAAs, tumor associated 

antigens; mDCs, mature dendritic cells; BiTE, bispecific T-cell engager; NLR, NOD-like receptor; TLR, Toll-like receptor.  
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As an alternative, active immunotherapy heavily relies on the host’s immune system to exert anti-

tumor effects, while being able to induce an immunological memory against the malignancy. Its 

main function is to tip the balance from immune suppression to immune activation, thereby 

making cancer cells once again susceptible to the patient’s immune system. Since active 

immunotherapy is based on the re-activation of an already suppressed immune system, it may 

take some time before an onset of clinical events is observable. It is therefore important to bear 

in mind that not all cancers can be treated with this therapy, since possible treatment times might 

be a limiting factor.95 Given the fact that active immunotherapy generates an immunological 

memory against the malignancy, the patient is better protected from possible relapses and 

metastasis. This benefit is not present when using passive immunotherapy. Examples of active 

immunotherapy include chimeric antigen receptor engineered T-cell therapies, dendritic cell 

based immunotherapies, cancer vaccines, oncolytic viruses and immunogenic cell death inducers 

(vide infra).96  

4.1. PASSIVE IMMUNOTHERAPY 

4.1.1. MONOCLONAL ANTIBODIES 

Monoclonal antibodies (mAbs) are without a doubt the largest class of cancer 

immunotherapeutics used for the treatment of breast carcinomas, lymphomas and colorectal 

carcinomas. They are typically comprised of IgG antibodies that are artificial versions of the Abs 

produced by specific B-cell clones, all of which have unique antigen specificity.97,98 These mAbs 

can either fulfill their anti-tumor response as such or be conjugated to other drugs 

(chemotherapeutics, radionuclides, and toxins). The primary mechanism of action for naked 

mAbs are ADCC and CDC (e.g. Rituximab), but can also include triggering direct cell death (e.g. 

Tigatuzumab), blocking inhibitory functions (vide infra – checkpoint blockers) or blocking pro-

survival signals (e.g. Trastuzumab). Conjugated monoclonal antibody therapies can be considered 

merely upgraded, targeted versions of certain already existing chemotherapeutics and 

radiotherapeutics, thereby circumventing their off-target toxicities. These mAbs include 

ibritumomab tiuxetan and brentuximab vedotin.69,94,99 Table 1 gives an overview of commercially 

available monoclonal antibodies.  
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Table 1. Overview of commercially available monoclonal antibodies (FDA approved) used as anti-cancer agents.100–

127   

mAb Brand name Ab subclass Company Indication 

Rituximab Rituxan IgG1 Genentech B-cell malignancies 

Trastuzumab Herceptin IgG1 Genentech HER2 + Breast cancer 

Gemtuzumab ozogamicin Mylotarg IgG4 Pfizer Acute myeloid leukemia 

Alemtuzumab Campath IgG1 Genzyme B-cell malignancies 

Ibritumomab tiuxetan Zevalin IgG1 
Spectrum 

pharma 
B-cell malignancies 

Cetuximab Erbitux IgG1 Lilly HNSCC, CRC 

Bevacizumab Avastin IgG1 Genentech CRC, Ovarian, NSCLC 

Panitumumab Vectibix IgG2 Amgen CRC 

Ofatumumab Arzerra IgG1 Novartis CLL 

Denosumab Xgeva IgG2 Amgen Giant cell bone tumors 

Ipilimumab Yervoy IgG1 BMS Melanoma 

Pertuzumab Perjeta IgG1 Genentech HER2 + Breast cancer 

Ado-trastuzumab 

emtansine 
Kadcyla IgG1 Roche HER2 + Breast cancer 

Obinutuzumab Gazyva IgG1 Genentech CLL 

Brentuximab vedotin Adcetris IgG1 Seattle Genetics HL 

Ramucirumab Cyramza IgG1 Lilly Metastatic CRC, NSCLC 

Dinutuximab Unituxin IgG1 
United 

Therapeutics 
Children’s high risk neuroblastoma 

Elotuzumab Empliciti IgG1 BMS Multiple myeloma 

Daratumumab Darzalex IgG1 Janssen Multiple myeloma 

Necitumumab Portrazza IgG1 Lilly Metastatic NSCLC 

Atezolizumab Tecentriq IgG1 Genentech NSCLC, urothelial  

Avelumab Bavencio IgG1 Pfizer Merkel cell carcinoma, urothelial 

Durvalumab Imfinzi IgG1 AstraZenica NSCLC, urothelial 

Inotuzumab ozogamicin Besponsa IgG4 Pfizer Acute lymphoblastic leukemia 

Nivolumab Opdivo IgG4 BMS 
Melanoma, NSCLC, hepatocellular, 

HNSCC, RCC, HL, urothelial 

Pembrolizumab Keytruda IgG4 Merck 
Melanoma, NSCLC, cervical, HNSCC, 

urothelial, HL, gastric cancer 

 

Abbreviations:  BMS = Bristol-Myers-Squibb; CRC = Colorectal cancer; CLL = Chronic lymphocytic leukemia; Head 
   and-neck squamous cell carcinoma; HL = Hodgkin’s lymphoma; (N)SCLC = (Non) small cell lung 
   cancer; RCC = Renal cell carcinoma.  
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Because monoclonal antibodies are targeted therapies, side effects are often – though not always 

– milder than other cancer treatments. Side effects include chills, diarrhea, fever, nausea, 

headache, low blood pressure, weakness and vomiting.78 If severe adverse effects present 

themselves, a possible explanation could be receptor expression on healthy tissue, causing off-

target toxicities (e.g. epidermal growth factor receptor (EGFR) expression in case of cetuximab).127  

 

4.1.2. CHECKPOINT INHIBITORS 

Although all checkpoint inhibitors to date are in fact monoclonal antibodies with antagonistic 

properties, checkpoint inhibitors are regarded as a separate class of immunotherapeutics 

governed by their distinct mechanism of action. Immune checkpoints can be defined as pairs of 

ligands and receptors that mediate the balance between inhibitory and stimulatory signals of an 

immune response, thereby modulating both its duration and intensity to prevent auto-

immunity.128,129 These checkpoints however can be upregulated by certain neoplasms, which in 

turn suppress TILs who could otherwise detect and eliminate the cancer cells. Upon binding of an 

immune checkpoint receptor on a T-cell, the T-cell becomes anergic, thereby effectively 

preventing an anti-tumor response.  

Immune checkpoint inhibitors find their mechanism of action in prevention of immune 

checkpoint receptor binding on immune cells and their ligands presented by cancer cells.130,131 

These inhibitors are presented under the form of monoclonal antibodies, exhibiting remarkable 

specificity while boasting a higher affinity than their original binding partners. Amongst these 

inhibitors, the most broadly used are antagonists of cytotoxic T-lymphocyte associated antigen-4 

(anti-CTLA-4) (e.g. Ipilimumab) and programmed cell death-1 (anti-PD-1) (e.g Nivolumab and 

Pembroluzimab) on T-cells and antagonists of the upregulated programmed cell death ligand 1 

(anti-PD-L1) (e.g. Atezolizumab, Avelumab, and Durvalumab) on cancer cells.114–116,118 Note that 

compared to PD-(L)1 based blockade, anti-CTLA-4 therapy relies on stimulating anti-cancer T-cells 

instead of relieving already primed T-cells (located inside the tumor microenvironment) from 

their suppression.104 This implies a much faster therapeutic onset for monoclonal antibodies 

exerting PD-(L)1 blockade compared to anti-CTLA-4 treatments.  
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4.1.3. ADOPTIVE CELL TRANSFER TECHNIQUES 

Adoptive cell transfer is the administration of natural or genetically modified cells, usually TILs, 

that have been expanded ex vivo into patients with metastatic cancers. The infused cells can be 

autologous (derived from the patient himself) or allogeneic and will recognize tumor 

associated/specific antigens displayed by cancer cells due to tumor-specific mutations, resulting 

in an anti-tumor response.132,133 Several adoptive cell transfer techniques are now being used in 

clinics as cancer immunotherapy: autologous transfer of TILs, genetically modified T-cell therapies 

including gene modified T-cell receptors (TCRs) and chimeric antigen receptor engineered T-cell 

therapy (CARs), and allogeneic haematopoetic stem cell transfer, of which the latter is only 

applicable in certain therapeutic settings. 

Autologous TIL transfer requires a tumor biopsy in order to isolate sufficient numbers of TILs to 

be cultured ex vivo. Then, TILs can be either stimulated to expand as such (non-specific TIL 

expansion) or specific towards certain tumor antigens by either specific TIL expansion or genetic 

engineering (vide infra – TCR therapies and CAR T-cells). When sufficient amounts of TILs are 

obtained in vitro, the cells are infused back into the patients with concomitant delivery of high 

doses IL-2 to activate the infused T-cells. This technique has shown promising results in patients 

suffering immunogenic malignancies such as melanoma.134  

TCR and CAR T-cell therapy can be considered as a more specialized form of TIL transfer. Here, 

autologous or allogeneic T-cells are genetically modified ex vivo to introduce an enhanced form 

of the T-cell receptor. In case of genetically modified T-cell receptors, T-cells are generated that 

specifically recognize TAAs antigens presented on the MHC-complex. Although TCR and CAR T-

cell therapy both belong to the group of adoptive cell transfer techniques, CAR T-cells are known 

to induce an immunological memory response.135,136 For this reason, CAR T-cell therapy is 

categorized as active immunotherapy compared to most other adoptive cell transfer techniques.  

Allogeneic haematopoetic stem cell transfer has been around for a few decades now, and has 

proven its efficacy in patients suffering acute myeloid leukemia, acute lymphoblastic leukemia, 

chronic lymphoid leukemia and (non-)Hodgkin lymphomas. Here, patients are treated with high 

doses of chemotherapy that affects the cancer cells, while simultaneously depleting the bone 
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marrow. Once this is done, haematopoetic stem cells derived from a donor are infused to restore 

the normal immune system and evoke an immune response against the remaining tumor cells. 

Although being one of the most fundamental cancer immunotherapy approaches, it is one of the 

most toxic with adverse effects that can persist for years due to memory effects of donor graft 

cells (Graft-versus-Host disease).137,138 

 

4.1.4. BISPECIFIC T-CELL ENGAGERS 

Although this special subclass of molecules has emerged from monoclonal antibodies, Bispecific 

T-cell Engagers (BiTEs) completely rely on attaching and activating host T-cells to the surface of 

cancer cells. These molecules are derived from bi-specific antibodies, where Fc regions have been 

removed to obtain a smaller molecule comprised of two single chain variable fragments linked 

together using a flexible polypeptide linker.139 BiTEs simultaneously bind the CD3ε-epitope on T-

cells, while linking this to a tumor specific antigen presented on a cancer cell. One example of a 

BiTE-therapy is Blinatumomab (Blincyto®), which is approved by the FDA for treatment of a very 

specific form of acute lymphoblastic leukemia. Here, the molecule is designed to link the CD3ε-

epitope on T cells with the CD19 epitope on cancer cells.140,141 BiTEs are able to bind CTLs as well 

as Th-cells and Tregs, thereby converting immunosuppressive lymphocytes into tumor-directed 

cytotoxicity.142  

 

4.1.5. IMMUNOSTIMULATORY CYTOKINES 

Another form of active immunotherapy is the delivery of small protein molecules which act as 

modulators of inflammatory and immune responses, categorized as cytokines. They can be 

further classified into interferons, interleukins, lymphokines, monokines, chemokines and growth 

factors. These small messenger proteins can be produced by immune cells to regulate, stimulate 

or even suppress leukocyte activity and migration.97,143,144 The most commonly used cytokines in 

terms of cancer immunotherapy are the systemically administered interleukin IL-2 and interferon-

alfa (INF-α).  
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Administration of high doses of interleukin-2 is approved for patients suffering from melanoma 

and renal cell cancer. Because IL-2 is normally secreted by T-helper cells to enhance the formation 

and activation of cytotoxic T-cells, macrophages and NK-cells, administration of IL-2 helps shift 

the immune response to an immune activating Th1 response. High dose administration of IL-2 is 

also involved in the activation of TILs, while low dose administration tends to promote growth 

and proliferation of Tregs causing rather immunosuppressive effects.28,145 

For patients suffering from melanoma, administration of IFN-α has become the standard. The 

mechanism of action is based on enhancing DC activation and maturation, resulting in an elevated 

anti-tumor immunity.146 Increased activity of CTLs and upregulation of MHC expression further 

emphasizes its immune activating properties, making it also an ideal candidate as cancer vaccine 

adjuvant.  

 

4.1.6. PATTERN RECOGNITION RECEPTOR AGONISTS 

Since pattern recognition receptor agonists play a key role in the activation of anti-cancer 

immunity, these molecules can be administered to boost the patient’s immune system. PRRs are 

conserved proteins that can be found on cells of the innate immune system, including APCs (vide 

infra). These receptors include Toll-like receptors (TLRs), nucleotide-binding oligomerization 

domain containing (NOD)-like receptors (NLRs), RIG-I like receptors (RLRs), C-type lectin receptors 

(CLRs) and DNA sensors. They are able to recognize PAMPs as well as endogenous danger signals 

released upon cell death and cellular stress, called DAMPs. Intratumoral injection of these 

agonists potentiates re-activation of anergic, tolerogenic DCs (tolDCs) residing in the tumor 

microenvironment. Although many of these agonists are well-known, including the TLR4 agonist 

monophosphoryl lipid A (MPLA), the TLR2/4/9 agonist Calmette-Guérin bacillus and the TLR7 

agonist imiquimod, only a few have been approved for certain types of cancer, all of which 

yielding sub-optimal clinical results up to this day.94,147,148 
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4.2. ACTIVE IMMUNOTHERAPY 

4.2.1. CHIMERIC ANTIGEN RECEPTOR ENGINEERED T-CELL THERAPY 

Although CAR T-cell therapy can be regarded as an updated form of TCR therapy, there are distinct 

differences between the two therapies. Compared to the genetically engineered T-cell receptors 

that TCRs have, CARs are also able to recognize TAAs with enhanced specificity but without the 

need for MHC presentation. These “antibody-like” CARs are conjugated to an artificial signaling 

molecule that directly activates the T-cell upon binding of the TAAs, for instance CD19 expressed 

only on B-cell malignancies, without the need for further adaptive immune responses, nor MHC 

dependent presentation of antigens (vide supra). CAR T-cells are genetically engineered and 

expanded ex vivo to obtain sufficient numbers before being infused back in the patient after a 

chemotherapeutic lymphodepletion, this to insure an effective immune response. Spectacular 

results have been obtained for B-cell malignancies, while solid tumors seem to be more robust 

against this therapy. To date, 2 CAR T-cell based therapies have been approved by the FDA, 

namely Tisagenlecleucel (Kymriah) and Axicabtagene ciloleucel (Yescarta).97,135,149–151  

 

4.2.2. DENDRITIC CELL BASED IMMUNOTHERAPY 

Since dendritic cells play a pivotal role in generating an effective immune response, scientists 

have developed DC based vaccines in the fight against cancer. Followed by stimulation and pulsing 

with either purified TAAs or autologous cancer cell lysates, DCs derived from patients are grown 

ex vivo before being infused back into patients.96,152–154 This therapy is sometimes referred to as 

ex vivo cancer vaccination, and relies on an active host immune system to finally exert an anti-

tumor response. Sipuleucel-T (Provenge) was the first DC based autologous vaccine to receive 

FDA approval back in 2010 for asymptomatic, castration-resistant prostate cancer.155 Here, 

autologous DCs were pulsed with recombinant prostate tumor antigen PA2024 and GM-CSF, 

which upon re-infusion can activate TILs to selectively recognize and eradicate PA2024 cancer 

cells. Despite modest activity, Sipuleucel-T boasts a low toxicity profile, making it an attractive 

treatment option for patients. 
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4.2.3. CANCER VACCINES 

Compared to some of the therapies discussed above, cancer vaccines lack the necessity to infuse 

cells into patients to develop an immune response. Instead, administration of immune activating 

molecules and TAAs presented in various forms will lead to a classic immune response, directed 

against the cancer cells expressing the TAAs in question. A major hurdle in this therapy is 

identifying TAAs that are exclusively presented by the malignancy, thereby circumventing the 

possible off-target toxicities implied when using TAAs that are shared between both neoplastic 

as well as healthy tissue. Defining neoantigens for certain malignancies could provide cancer 

vaccines the much needed edge, although identifying these antigens is a very labor-intensive and 

time-consuming endeavor.156,157 According to the type of antigen that is administered, cancer 

vaccines can be sub-divided into peptide based, DNA/mRNA based and whole tumor cell based 

vaccines.  

Peptide based cancer vaccines imply the delivery of short peptide sequences, derived from TAAs 

or even neoantigens of certain malignancies, who can be presented on the MHC molecules of 

APCs. This will in turn then activate cells of the adaptive immune system, mounting an anti-tumor 

immune response.95,158,159 However, because small peptides (8-12 amino acids) can directly bind 

MHC molecules, synthetic long peptides or even proteins that need to be taken up and processed 

prior to their MHC aided presentation are believed to elicit a more potent immune response.160,161 

A major drawback of peptide based cancer vaccines is that the efficiency depends on both 

identifying the correct peptide as well as the patient’s human leukocyte antigen (HLA) type that 

binds this peptide. To date, only one example of a peptide based cancer vaccine is approved in 

Russia, named Oncophage. This is a 90 kDa beta member 1 heat shock protein vaccine, approved 

for the treatment of renal cell cancer in patients with intermediate risk of recurrence.162   

Based on the drawbacks encountered with peptide based cancer vaccines, researchers developed 

DNA and mRNA based cancer vaccines. Here, genetic coding constructs of TAA are administered 

either as such or vectored (using viral particles, non-pathogenic bacteria or even yeast cells), 

which will transform either APCs or other cells (in case of viral particles) to produce these 

TAAs.94,163–166 In theory, this should prime resident dendritic cells and APCs with a TAA-targeting 

immune response, albeit in combination with adequate adjuvant administration. This method 
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allows for easy delivery of several antigens, irrespective of the patients’ HLA-type. To date 

however, this technique did not yield any FDA approved therapies. 

Whole tumor cell based cancer vaccines use complete cancer cells that have been lysed, providing 

a plethora of immunogenic material that can be injected into patients to elicit an immune 

response.167 Similar to DNA/mRNA based vaccines, these vaccines are not restricted by the 

patients HLA-type. The cancer cells used to synthesize these vaccines can be autologous, which 

implies a biopsy has to be taken, or allogeneic when a different patient with an identical tumor 

provides the cancer cells. These cancer cells are normally treated with radiotherapy, ensuring 

their lysis, prior to administration accompanied by activating cytokines like GM-CSF.168,169 M-VAX 

is an autologous, hapten-modified cancer cell vaccine in which lysed melanoma cells are modified 

with dinitrophenol-motifs to further enhance its immunogenic potential. This material is then 

injected into patients together with an adjuvant to enhance the uptake by APCs. This platform 

has a proven efficacy against melanoma, renal cell cancer and acute myeloid leukemia.170 

Although these therapies have been studied in a wide variety of tumors, the overall outcome has 

been suboptimal and rather discouraging, with most clinical benefits being prolonged survival 

instead of complete remission. A possible explanation behind these observations is that once 

tolerance is established against a certain neoplasm, treatment with cancer vaccines alone is 

insufficient to tip the scales in the right direction.7 Therefore it is hypothesized that combination 

therapies, where cancer vaccines are administered together with checkpoint inhibitors to further 

relieve the immune system of the tumor microenvironment’s immunosuppressive grip could 

provide patients with a better clinical outcome.171  
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4.2.4. ONCOLYTIC VIRUSES 

An oncolytic virus is defined as a genetically modified virus that encodes for the production of 

immunostimulatory agents and can only replicate specifically in cancer cells. This in turn causes 

lysis of the tumor itself and disruption of its vasculature, which should induce an immune 

response. To date, only one oncolytic viral therapy has been approved, called talimogene 

laherparepvec (T-VEC), for treatment of unresectable cutaneous, subcutaneous and novel lesions 

in melanoma. It consists of an intratumoral injection of herpes simplex virus 1 that is genetically 

modified to replicate only inside cancer cells, causing lysis, and produce the human cytokine GM-

CSF in the tumor microenvironment to stimulate an immune reponse. As of 2016, the effects of 

GM-CSF production have failed to prove any beneficial effects.172,173  

 

4.2.5. IMMUNOGENIC CELL DEATH INDUCERS 

Although treatments that belong to this class are based on conventional chemotherapy and 

radiotherapy, there is a certain amount of overlap with active immunotherapy. By treating certain 

neoplasms with some forms of chemo- and radiotherapy, the killed cancer cells are stimulated to 

release DAMPs, which in turn can reactivate the suppressed immune system at the tumor 

microenvironment. As a result, APCs can hereby acquire a cancer specific immune response. This 

phenomenon is called immunogenic cell death and can be provoked by administrating certain 

chemotherapeutics, including anthracyclines, cyclophosphamide, oxaliplatin and taxanes, as well 

as radiotherapy.174–176 
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5. CONCLUSION 

In summary, it is apparent that the immune system is a complex structure, able to recruit both 

the innate and adaptive immune branch in order to protect the human body. It is comprised of 

an ingenious set of mechanisms that aid in rapid detection and initial eradication, while 

generating a more specialized immune response that can linger long after the original cause of 

the infection is eradicated. However, neoplasms have found loopholes to evade this magnificent 

system. An overview was given on the different strategies used by cancer cells to overwhelm, 

hide from, subvert and even outlast the immune response, tipping the scales in favor of the cancer 

cells. But by elucidating the underlying biochemical pathways responsible for this immune 

evasion, science has gained important insights that led to a plethora of novel treatment options 

that recruit the host’s own immune system to combat cancer.
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CHAPTER 1.2  

CARBOHYDRATES AND THEIR 

ROLE IN CANCER 

IMMUNOTHERAPY 
 

1. INTRODUCTION 

Carbohydrates are amongst the most abundant biomolecules that play key roles in a wide variety 

of complex biological processes. They can be found in all biological systems and are involved in 

many important cellular pathways. Carbohydrate entities play vital roles in recognition processes 

(interactions between proteins and other biological entities), cell growth regulation, adhesion, 

cancer cell metastasis, cellular trafficking, inflammation by bacteria and viruses, and immune 

responses. A detailed understanding of the natural roles of these biomolecules in molecular 

recognition processes and disease states could therefore aid in the design of innovative 

biopharmaceuticals and medical applications.1,2   

Oligosaccharides and polysaccharides are widely present on the surface of cells, termed the cell’s 

glycocalyx, attached to proteins and lipids as glycans.  These structures regulate the interaction 

with other cells, the extracellular matrix and effector molecules. Their central role in cellular 

recognition and signaling makes them potential important diagnostic and therapeutic 

tools/targets in a wide variety of areas, such as inflammation, oncology and immunity. The 

carbohydrate portions of glycans (i.e. macromolecules containing carbohydrate moieties) are 

sometimes referred to as saccharides, a collective term to indicate either monosaccharides, 

disaccharides, oligosaccharides and polysaccharides. They are all built up out of respectively one, 

two, a couple or a lot of carbohydrate moieties that are glycosidically linked to each other 

according to the IUPAC definition. These glycans are targets for recognition by carbohydrate-

binding proteins. Recognition by lectins (namely C-type lectins, siglecs, and galectins) plays a 

pivotal role in the inflammatory process and immune regulation.3  
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2. A PLETHORA OF CARBOHYDRATE BINDING PROTEINS: TOO MUCH TO CHOOSE FROM?  

To emphasize the importance of carbohydrates in the human body, one should realize that apart 

from some notable exceptions, all secreted/cell-surface proteins and lipids contain significant 

amounts of covalently attached glycans. This implies that essentially all surface localized immune 

receptors are glycoproteins, including (but not limited to) pattern recognition receptors such as 

TLRs, NLRs, chemokine and cytokine receptors (vide supra).4 Carbohydrates play pivotal roles in 

the normal signaling functions of all these receptors.  

Another, more relevant class in terms of targeting, are the glycan-binding proteins (GBPs). These 

proteins are sometimes referred to as lectins, including the C-type lectins, through which 

mammalian glycans upon binding can greatly influence innate and adaptive immune responses. 

These GBPs can be expressed on cells of the immune system or be secreted in the extracellular 

environment, and include the earlier mentioned C-type lectins, siglecs and galectins whose main 

function is to recognize defined carbohydrate structures presented on glycoproteins and 

glycolipids.5 Many research endeavors have focussed on targeting these structures to enhance 

the delivery of previously non-targeted therapies.6,7  

2.1. C-TYPE LECTINS 

C-type lectins (CLRs) are calcium-dependent carbohydrate binding proteins, which are found on 

the surface of innate immune cells. These proteins all possess internalization motifs in their 

cytoplasmic tail and play key roles in the uptake of glycosylated antigens. CLRs are highly 

expressed on antigen presenting cells, illustrating the importance of carbohydrates in helping to 

generate an adaptive immune response. Because these CLRs have a decisive role in the detection 

of pathogens, they are sometimes considered important PRRs.8–10 However, from a biochemical 

point of view, the function of CLRs is distinctly different from that of TLRs. Where internalization 

of antigens for processing and presentation to other cells of the immune system is the main 

function of CLRs, TLRs are involved in the activation of cells rather than uptake.   

These glycan binding proteins can be categorized according to the carbohydrate structures they 

bind. It is known from literature that DC-SIGN (CD209), the mannose receptor (MR – CD206), 

DEC205 (CD205), Langerin and L-SIGN/DC-SIGNR all have specificity towards mannose, N-
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acetylglucosamine and/or fucose-terminated glycans. In contrast, macrophage galactose lectin 

(MGL) and the asiaglycoprotein receptor (ASGPR) recognize galactose-terminated or N-

acetylgalactosamine-terminated glycan structures.7,11–13 Targeting these receptors has been an 

interesting research topic for the past decades, and several innovative strategies have been 

proposed to effectively target these CLR to boost phagocytosis (vide infra).9,14–16 For that reason, 

CLRs are considered the most important class of GBPs.  

2.2. SIGLECS 

Like CLRs, siglecs (Sialic-acid-binding immunoglobulin-like lectins) can be found on cellular 

membranes where they can bind certain carbohydrate motifs that can positively or negatively 

influence certain immune functions. Based on their structure, siglecs belong to the 

immunoglobulin superfamily and can be divided in the “less-related” group, which include 

sialoadhesins (Siglec-1), CD22 (Siglec-2) and myelin-associated glycoprotein (MAG; Siglec-4), and 

the “highly related” CD33-siglecs (Siglec-3/5/7/8/9/10/11/14). These CD33-related siglecs are 

known for their specificity towards sialic acid containing glycans and can even discriminate 

between α2-3, α2-6 and α2-8 linked carbohydrates. These glycan structures are usually found on 

immune cells, epithelial cells and cancer cells and have been used as targets in cancer 

immunotherapy. Gemtuzumab ozogamicin is an CD33-specific mAb equipped with the 

antitumoral calicheamicin-у antibiotic for siglec mediated treatment of relapsed acute myeloid 

leukemia treatment following chemotherapy.17,18  

2.3. GALECTINS 

As opposed to CLRs and siglecs, galectins are soluble carbohydrate binding proteins that have 

intracellular as well as extracellular functions.19 Classically, galectins are classified as either 

prototype galectins with one carbohydrate recognition domain (CRDs) that can dimerize, tandem 

repeat galectins who have two homologous CRDs and the single member galactin-3 which can 

cause lectin oligomerization. Because they are able to recognize specific carbohydrate structures, 

galectins are thought to be involved in immune cell communication, signaling, T-helper cell 

homeostasis and suppression of auto-immunity. Galectins are also believed to have 

immunosuppressive roles in the tumor microenvironment.20–22  
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3. IS TARGETING GBPS OUR ONLY OPTION?  

Although a major focus point of research has been targeting GBPs for enhanced delivery of 

antigens and immune-modulatory molecules, carbohydrates present themselves as more than 

one trick ponies. Apart from targeting natural occurring receptors that can specifically bind 

certain carbohydrate motifs, glycan structures are involved in other biological processes including 

altered glycosylation in case of disease, binding antigens for endogenous antibodies and glyco-

engineering to create adjustable binding scaffolds. All these mechanisms can be used in a distinct 

manner to generate an immune response against certain malignancies. Figure 1 illustrates the 

most commonly used carbohydrates in the context of cancer immunotherapy.   

 

Figure 1. Chemical structures of the most commonly used carbohydrates in the context of cancer immunotherapy.  

 

Alterations in glycan structure have been proposed as a hallmark of disease progression, often 

being associated with inflammation, the onset of neoplasms and many other pathological 

conditions.7 These aberrant glycosylation profiles can therefore be considered as effective 

diagnostic tools and even bio-markers for certain diseases, including cancer. For instance, 

modulation of the glycosylic profile can influence the presentation of glycopeptide antigens on 
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the MHC groove, which in term affects T-cell receptor recognition.5 In this regard, it has been 

shown that minute changes in the glycosylic profile can result in completely different biological 

activities. Specifically glycosylated antibodies for example can switch from anti-inflammatory to 

pro-inflammatory by displaying different sugar moieties on their Fc-regions.23   

These aberrant glycosylation profiles can also present themselves on malignancies, where over-

expression of certain mucin glycoproteins, abnormal branching of N-glycans, and altered 

fucosylation and sialylation levels are often observed. For instance, it is known from literature 

that an enhanced expression of fucosyltransferase is related to pancreatic adenocarcinoma.24 

This suggests a crucial need of L-fucose for pancreatic neoplasms, opening new opportunities for 

tumor targeting. Based on these findings, Makoto et al. designed liposomes with L-fucose 

moieties bound to the surface for targeted delivery of cisplatinum to pancreatic neoplasms, 

yielding effective in vivo growth inhibition of pancreatic neoplasm compared to non-targeted 

therapies in a mouse model (Figure 2).25  

 

Figure 2. Fucosylated liposomes for targeted delivery of Cisplatin to pancreatic carcinoma bearing mice. This figure 

was adjusted from Makoto et al..25 Synthesis of L-fucose decorated liposomes carrying Cisplatin, where F0-Lip-Cis and 

F50-Lip-Cis illustrate a non-fucosylated and fucose decorated cisplatin carrying liposomes, respectively (A). Xenograft 

mice, inoculated with BxPC-3 cells were injected with either Cisplatin, F0-Lip-Cis or F50-Lip-Cis liposomes (B) and the 

survival rates were compared to mice that received no treatment (NT) (C).   
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Changes in glycosylation profile have an influence on intercellular interactions as well as on the 

interaction with the extracellular environment. These alterations are usually cancer-type specific 

and depend on the progression rate of the malignancies, making them suitable antigens for 

cancer vaccine design. An example is the glycoprotein Mucin 1 (MUC1), which is a heavily O-

glycosylated mucin with basic expression levels on epithelial cells, where mucins help to impede 

pathogen infection.26 However, MUC1 expression is heavily upregulated/altered in several 

carcinomas, including breast, colon, lung, renal cell, pancreatic carcinomas and some melanomas, 

thereby behaving as a TAA. MUC1 can therefore be used as antigen in cancer vaccination.27–29 

MUC1 is even ranked second out of 75 TAAs, based on their therapeutic function, 

immunogenicity, specificity and oncogenicity, according to the National Cancer Institute. Another 

example of aberrant O-glycosylation, resulting in the expression of a carcinoma specific 

glycoprotein, is the presentation of Tn antigen, in essence N-acetylgalactosamine that is 

glycosidically linked to either serine or threonine and presented on cancer cells in an immature 

form. Like MUC1, Tn (associated) antigens are overexpressed on several carcinomas, highlighting 

their potential as cancer vaccine antigens when administered together with potent adjuvants.26  

But this strategy is not limited to cancer. Since many pathogens, including bacteria and viruses, 

express foreign carbohydrates on their surface, these glycans too can be used as pathogen 

specific antigens to design a plethora of protective/curative vaccines. As an example, 

glycoproteins of the HIV viral envelope (i.e. gp120 and gp41) are being investigated as specific 

antigens in anti-HIV vaccine design, since these proteins are involved in the 

transmission/infection, antigenicity and immunogenicity of the HIV-virus itself.30,31   

As a result of exposure to foreign carbohydrates to the human body, the immune system has 

generated endogenous antibodies directed against these epitopes. To the best of our knowledge, 

only two endogenous antibodies directed against carbohydrates have been detected in sufficient 

high concentrations in healthy human serum: anti-α-Gal Abs and anti-Rhamnose Abs.32,33 Both α-

Gal (Galactose- α-1,3- Galactose-β-1,4-N-acetylglucosamine-R) and L-Rhamnose terminal 

epitopes are expressed on the bacterial cell wall of commensals in the human gut, thereby 

generating a pool of endogenous antibodies through continuous exposure to these compounds.34 

By synthesizing chemical constructs that manage to opsonize cancer cells with either α-Gal or L-
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Rhamnose epitopes, these endogenous antibodies could elicit strong immune responses 

orchestrated against those malignancies.  

This relatively new field of cancer immunotherapeutics is termed antibody recruiting molecules, 

where small molecules are designed to simultaneously bind a target (i.e. a cancer cell) as well as 

an endogenous antibody. The field of antibody recruiting molecules (ARSMs) has pioneered with 

endogenous antibodies directed against 2,4-dinitrophenol (DNP), a for the human body “foreign” 

small molecule whose exposure has been linked to pesticide exposure.35 The research group of 

David Spiegel has developed a plethora of ARSMs directed against different malignancies, of 

which the most promising results to date are preserved for prostate cancer.36 Although anti-DNP 

antibody titers are conserved amongst almost the entire population, the hydrophobic character 

of the DNP epitope potentiates non-specific interactions with cell membranes and albumin, which 

in turn causes off-target toxicities.37,38 Combined with the finding that titers against α-Gal or L-

Rhamnose (L-Rhamnose > α-Gal) are much higher compared to the anti-DNP titers, synthesis of 

chemical compounds that can bind both cancer cell membranes as carbohydrate derived 

endogenous antibodies could prove valuable in designing novel cancer immunotherapeutics.39–41  

Efficient targeting of cancer cells has proved to be very challenging. Since tumor associated 

antigens such as overexpression of certain receptors (e.g. HER2 receptor overexpression in 

certain breast cancers) doesn’t allow for black and white discrimination between healthy and 

cancerous tissue, alternative strategies have been pursued.42 While neoantigens are the ultimate 

alternative, determining patient-specific neoantigens is a labor intensive process.43 The 

introduction of unnatural sugars in the glycocalyx by utilizing glyco-engineering has recently been 

proposed by several research groups as a potential alternative, and could prove a valuable new 

asset in the detection of malignancies.  

All cells, including both prokaryotes as eukaryotes, possess a sugar coat that acts as a physical 

barrier, protecting the cell against external threats. However, studies indicated that the glycocalyx 

is also involved in processes like intercellular interactions. By introducing chemically modified 

carbohydrates in the glycocalyx, unnatural conjugation moieties will be displayed on the cell’s 

surface.44,45 This phenomenon is termed metabolic glyco-engineering and allows for the 

incorporation of azido groups on cancer cell membranes, making it possible to covalently attach 
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molecules via either Staudinger ligation or click cyclooctyne conjugated compounds to the cell’s 

surface (Figure 3).44,46–49  

 

Figure 3. Process of metabolic cell labeling when introducing an azido-sugar. Intracellular biochemical transformation 

of tetra-acetyl-D-mannopyranosyl azide into an azide-containing sialic acid on a cell surface glycoprotein (A). 

Representation of bioorthogonal reactions with azide modified carbohydrates containing glycoproteins using either 

Staudinger ligation or azide-cyclooctyne click reaction (here exemplified as SPAAC) (B). PEP, phosphoenolpyruvic 

acid; SPAAC, strain-promoted alkyne-azide cycloaddition. Figure adjusted from Cheng et al. and Bertozzi et al..48,50 

 

Until recently, specific targeting of cancer cells using this mechanism was not possible but by 

introducing a caged ether bond, certain malignancies could be targeted in vivo. Specificity here is 

achieved since the caged ether bond can only be cleaved by enzymes that are upregulated in 

certain cancer cells. Healthy cells with only basic levels of this enzyme fail to introduce the 

abnormal sugar in their glycocalyx, ensuring selectivity.51 This illustrates the potential of 

unnatural sugars to introduce anchorage points in cancerous cells to efficiently target novel 

cancer immunotherapeutics to neoplasms. Figure 4 provides a schematic overview of the 

different pathways where carbohydrates could play pivotal roles in cancer immunotherapy.  
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Figure 4. Illustrative overview of the different pathways where carbohydrates play pivotal roles in the context of 

cancer immunotherapy. Figure was adjusted from Rabinovich et al..7 APCs, professional antigen presenting cells; 

CLRs, C-type lectins; ADCC, antibody-dependent cell-mediated cytotoxicity; CDC, complement-dependent 

cytotoxicity; ADCP, antibody-dependent cell-mediated phagocytosis. 
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antibodies and their targets. Low affinity interactions are beneficial under normal circumstances, 

since they allow for reversibility when an incorrect cell type is bound to the glycan of interest.52  

However, by replacing a single carbohydrate moiety by several repeating copies, the resulting 

binding avidity is greatly enhanced. By displaying increasing amounts of glycoside motifs to GBPs, 

a more then linear increase in binding avidity is observed. This phenomenon is termed the cluster 

glycoside effect and has been used extensively by several research groups to enhance uptake 

towards GBPs, utilizing multivalency to boost the binding avidity towards the proteins.53,54 This 

observation has led to the development of synthetic glycopolymers, which allow for easy 

synthesis of supramolecular carbohydrate structures with identical repeating units of the 

carbohydrate of interest.55–57  

 

5. SYNTHETIC GLYCOPOLYMERS 

Glycopolymers act as the synthetic analogue of natural polysaccharides and are defined as: 

“synthetic polymers that consist out of a synthetic polymeric backbone with covalently linked, 

pendant carbohydrate moieties.” By altering the type and amount of carbohydrate entities, the 

material as well as biological properties can be varied according to the desired application.52 

Although glycopolymers have first been synthesized in the early 1960s, it wasn’t until the rise of 

living polymerization techniques that these molecules gained noticeable attraction.58 Nowadays, 

glycopolymers have many applications, ranging from diagnostic compounds to targeted drug 

delivery materials, as well as components for affinity separation, bioassays and biocapture 

analysis.59  

From a synthetic point of view, there are two main approaches to synthesize synthetic 

glycopolymers: polymerization of glycosylated monomers (1) or post-polymerization modification 

of a polymeric backbone with carbohydrate compounds (2). Both approaches have been used 

extensively up to this day, each having advantages as well as disadvantages compared to one 

another.60,61 The development of living radical polymerization techniques have created the 

opportunity to obtain highly defined polymeric structures, with excellent control over 

composition, chain length and size distribution. The most popular techniques in this field include 
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Reversible Addition-Fragmentation chain Transfer (RAFT), Nitroxide-Mediated Polymerization 

(NMP), Cationic and Anionic Ring-Opening Polymerization (CROP and AROP), Ring-Opening 

Metathesis Polymerization (ROMP) and Atom Transfer Radical Polymerization (ATRP).58 An in-

depth analysis of all these polymerization techniques, in combination with their individual 

advantages is outside the scope of this work and will not be discussed further in detail.  

Based on the amounts of monomers used and the order of polymerization, living radical 

polymerization allows for the synthesis of simple homopolymers, over more complex 

statistical/gradient copolymers to block copolymers, that can sometimes even self-assemble into 

higher order complex 3D structures.62,63 Incorporation of certain monomers could provide the 

final polymer with distinct physicochemical properties, including biodegradability, temperature 

and pH-responsiveness and self-assembly.64 These physicochemical properties have become very 

popular for the design of nanoscopic polymeric drug delivery system (vide infra).  

The most obvious approach to create glycopolymers is by first synthesizing a carbohydrate 

monomer and subsequently polymerizing it using a polymerization mechanism. By introducing a 

second, non-carbohydrate modified monomer, one can tailor the grafting density of sugar units 

in the polymer. This technique allows for straightforward purification methods, where simple 

precipitation reactions suffice to purify the polymer. This is in accordance to normal purification 

protocols in polymer chemistry.58 The glycomonomers themselves can be polymerized as such or 

under a protected form, where the typical hydroxyl groups on the furan/pyran-rings are shielded 

from undesirable side reactions.65 The latter technique has significant advantages in terms of 

solubility towards commonly used organic solvents for polymerization, but requires an additional 

deprotection step afterwards to eventually yield an effective glycopolymer. Frequently used 

carbohydrate protection groups include acetyl and benzoyl protection groups, and are 

characterized by a relative straightforward removability. It is important to bear in mind that 

although well-defined deprotection protocols are readily available, there is a chance of 

incomplete deprotection, thereby impeding the biological activity of the resulting glycopolymer.66 

However, direct polymerization of glycomonomers has some drawbacks which could limit the use 

of this approach. First of all, glycomonomer synthesis can be daunting and requires skilled 

scientists to yield completely pure monomers as impurities can have detrimental effects on the 
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polymerization reaction. Secondly, given the fact that glycomonomers are bulky structures, the 

reactivity of these polymers could be lower than more conventional monomers utilized to create 

copolymers, ultimately leading to more gradient instead of statistical copolymers. This, together 

with the possible need for an additional deprotection step when utilizing protected 

glycomonomers, requires appropriate technical skills. 

An alternative route to synthesize glycopolymers is by introducing carbohydrate moieties onto an 

existing polymeric backbone via post-polymerization reactions.67 This technique allows to analyze 

the polymer extensively and purifying it, prior to the introduction of pendant sugar groups. A 

major advantage of post-polymerization modifications is that it allows to create a general 

platform, were a library of different glycopolymers all with identical chain lengths but varying 

amounts of carbohydrate groups and spacing can be synthesized relatively easy. This makes it 

possible to compare different glycopolymers head to head, differing only in the amount of 

pendant sugar groups, while circumventing issues regarding different polymer chain lengths.  

Post-polymerization reactions are almost exclusively performed using protected carbohydrate 

moieties to prevent alternatively attached sugar molecules than originally intended. This in turn 

implicates the presence of an additional deprotection step, with all possible disadvantages it 

entails (vide supra). Another consideration that has to be made is the efficiency of the used 

coupling reaction and the more intricate purification steps needed afterwards. Indeed, only highly 

efficient coupling reactions such as activated esters or click reactions are able to yield 

glycopolymers without the need of huge excesses of coupling carbohydrates. Coupling efficacy is 

of particular interest when scaling up is required.68 
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6. CONCLUSION 

It has become evident that carbohydrates are an important class of molecules with an extensive 

list of specific functions, intertwined in practically all biological processes in the human body. 

Because of this, glycans can be used in a variety of ways to play key roles in different levels of 

cancer immunotherapeutics. From targeting potential vaccines towards carbohydrate binding 

receptors and glyco-engineered membranes, over using overexpressed glycans as tumor 

associated antigens, to designing molecules that effectively link anti-carbohydrate antibodies 

onto cancer cell surfaces, carbohydrates present themselves as a Swiss pocket knife with great 

potential in cancer immunotherapy. 
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CHAPTER 2: 

TARGETING INNATE IMMUNE CELLS 

 

1. GENERAL INTRODUCTION  

Mannose-binding cell surface receptors are attractive therapeutic and diagnostic targets.1 The 

mannose receptor CD206 is a carbohydrate binding protein (i.e. C-type lectin) that is expressed 

on the surface of dendritic cells (DCs), which are known to be the most potent professional 

antigen presenting cells of the immune system. For this reason, DCs have become a primary 

target cell population for vaccine delivery and immunotherapy.2 In this regard, mannosylation 

using recombinant or enzymatic routes of protein vaccine antigens has shown to be a promising 

strategy to enhance the adaptive immune response.3 Mannose receptors are also expressed on 

macrophages as well, including a subset that is found in solid tumors, termed tumor associated 

macrophages (TAMs). These cells exert a pro-tumoral function and are thus a target for 

eradication or reprogramming.4 Moreover, another C-type lectin DC-SIGN (also termed CD209), 

expressed on the surface of DCs and macrophages, recognizes mannose residues presented on 

the surface of the HIV virus, which is the first hallmark of the cellular entry of this virus.5 Both 

competing for entry of the virus, or delivering an anti-viral compound to infected cells, have 

therapeutic value in this case.6,7 

Consequently, there is a clear rationale for the development of engineered nanocarriers that can 

target a therapeutic or diagnostic payload to cells with mannose-binding receptors. However, 

carbohydrate-lectin recognition is a classic example of low affinity binding that can take strong 

profit from presenting multiple copies of the same ligand onto a nanoparticle surface to enhance 

cell binding and/or internalization.8 This phenomenon is often referred to as the cluster glycoside 

effect, where clustering of carbohydrates leads to high avidity receptor binding.9 Indeed, 

exploiting multivalency for targeting nanoparticles to cell surface receptors is an often explored 

route in diagnostics and drug delivery.10,11 Whereas recombinant and enzymatic gly-

cobioengineering routes are well suited for the design of à la carte glycosylated proteins, they 
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are less suited for the design of fully synthetic higher order structures. By contrast, the latter can 

be obtained through the use of so-called synthetic glycopolymers that exist of monomeric 

carbohydrate-bearing repeating units.12,13  

With regard to immunotherapy, there is a strong rationale for delivering vaccine antigens and 

immune-stimulatory cues to DCs in nanoparticulate form.14–16 Relative to soluble antigens, 

antigens formulated as nanoparticles promote cross-presentation to CD8+ T-cells that can 

differentiate into cytotoxic T-cells, a cell type specialized in the recognition and elimination of 

infected and cancer cells.16–22 Furthermore, ligating immune-stimulatory small molecules to 

supramolecular structures should reduce systemic levels and confine the inflammatory activity 

to lymphatic tissues.23,24  

Although the synthesis of mannosylated polymers and nanoparticles derived thereof has been 

extensively reported and explored for DC targeting, the efficacy of unambiguously targeting the 

mannose receptor CD206 on DCs remains elusive.7,25–29 This can be attributed to the use of 

immortalized DC cell lines that only show low expression of the mannose receptor or the use of 

controls that could exhibit inherent fewer cell interaction.30 For example, using well known 

stealth polymer based systems such as poly(ethylene glycol) might yield false negatives due to 

inherent decreased physicochemical rather than biochemical interaction between polymer and 

living cells.29 
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CHAPTER 2.1:  
PH-DEGRADABLE  

MANNOSYLATED NANOGELS FOR  
DENDRITIC CELL TARGETING 

 

1. INTRODUCTION 

Here, we present an elegant one-pot strategy for the fabrication of mannosylated hydrogel 

nanoparticles (i.e. nanogels) with degradability in a relevant pH-window for endosomal 

disassembly.31 To demonstrate the receptor-specific binding to cells expressing the mannose 

receptor, expression levels of mannose receptor were evaluated on two types of DCs. To prove 

selectivity, control nanogels bearing a galactosylated corona instead of often used poly(ethylene 

glycol)-based controls or non-functionalized controls, were synthesized.29 These control nanogels 

are expected to witness similar non-specific interactions with the cell membrane as mannose-

based nanogels due to structural resemblances, but are not expected to exhibit ligand-receptor 

based biochemical interactions. 

To synthesize DC-specific targeting nanocarriers, we elaborated on an elegant assembly 

approach starting from well-defined precursor block copolymers with mixed 

solvophilic/solvophobic properties in DMSO. The latter is based on pentafluorophenyl (PFP) 

activated ester repeating units, as proposed earlier by Nuhn et al..32 This property allows 

controlled self-assembly into micellar nanostructures followed by cross-linking and fluorescent 

labeling under anhydrous conditions, thereby avoiding the competition with hydrolysis of the 

activated esters that should occur in aqueous medium. Final conversion of remaining PFP-esters 

into hydrophilic units and deprotection of the other polymer block followed by transfer to the 

aqueous phase yields fully hydrated nanogels with sub 100 nm dimensions that can be tailored 

based on the block copolymer length.  

 



Chapter 2.1 

- 74 - 
 

2. RESULTS AND DISCUSSION 

2.1. CELL TYPE SELECTION FOR MANNOSE RECEPTOR TARGETING 

To devise correct conditions for evaluating the role of the mannose receptor, in vitro 

differentiated bone marrow (obtained from the femurs and tibia of mice) derived DCs (bmDCs) 

and the widely used immortalized DC cell line DC2.4, developed at the Rock lab, were immune-

stained against CD11c (a DC surface marker) and the mannose receptor CD206.33 As shown in 

Figure 1, there are two distinctly separated subsets in the case of bmDCs that exhibit low (or no) 

and high CD11c expression, respectively. In total, 80% of the cell population exhibited CD11c 

expression and could be regarded as ‘true DCs’.34 Within this population again a significant 

fraction, i.e. 21% of the total population and 26% of the ‘true DCs’, but not all, showed co-

expression of the mannose receptor CD206. Also, all CD206hi cells were CD11chi and thus ‘true 

DCs’. Notably, we also observed that expression levels of CD206 on bmDCs decreased over longer 

time of culturing (>1 week) and with repeated medium exchange and re-seeding in cell culture 

dishes. As both phenomena contributed to increased levels of DC maturation markers (data not 

shown), it is important for mannose-receptor targeting studies to use in vitro culture conditions 

that favor a large DC subpopulation to be in an immature state.35  

 

Figure 1. FACS analysis of the expression levels of CD11c and MR by bone marrow derived DCs (at day 5 of the in 

vitro culture) and the immortalized DC2.4 cell line. 
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By contrast, the immortalized DC2.4 cell line does show expression of both CD11c and CD206, 

albeit to a much lesser extent than bmDCs. Additionally, no distinct subpopulations could be 

distinguished, but rather a low and contiguous expression profile was found. Low expression 

levels of CD206 by DC2.4 have also been confirmed by others.36 Despite the popularity of the 

DC2.4 cell line which has extensively been used by many research groups, including our own, for 

investigating nanoparticle internalization and antigen presentation, its suitability for investigating 

mannose-receptor specific targeting is questionable. Moreover, when using bmDCs to investigate 

the role of the mannose receptor in DC-specific targeting of nanocarriers, we believe it is 

important, to specifically select the mannose receptor high DC subset in the FACS analysis gating 

strategy. 

2.2. BLOCK COPOLYMER SYNTHESIS 

Our supramolecular design and one-pot assembly strategy is depicted in Figure 2. The key aspect 

is the ability of block copolymers, comprising a solvophobic poly(pentafluorophenyl acrylate) 

(p(PFPA)) block to self-assemble in aprotic polar solvents - such as DMSO - into micellar 

nanoparticles.37 The activated PFP esters can readily form amide bonds with primary amines in a 

nearly quantitative way.38–40 This feature can be exploited to covalently core cross-link these 

micelles or conjugate bioactives or tracer molecules under non-aqueous conditions, thereby 

avoiding competition with hydrolysis reactions, that would impair reproducibility. The latter 

commonly occurs when using the more wide-spread N-hydroxysuccinimidyl (NHS) esters in 

aqueous medium, which are assumed to be less hydrolytically stable than PFP esters.41 

Interestingly, whereas core cross-linked micelles are typically formed using amphiphilic block 

copolymers containing a hydrophilic and a hydrophobic polymer block, we elaborated onto a 

strategy that involves two hydrophobic blocks. Our second polymer block is based on poly(tetra-

O-acetyl-α-D-mannosylethyl acrylamide) block (p(TAManEAm)) that is, contrary to p(PFPA), well-

soluble in DMSO but also non-water soluble. Such approach – i.e. the use of fully hydrophobic 

precursor polymers for controlled self-assembly of nanostructures that are finally converted into 

fully hydrated nanostructures – is one of the key synthetic novelties in our work. TAManEAm was 

synthesized in a convenient one-step reaction by boron trifluoride diethyl etherate (BF3-Et2O) 

catalyzed glycoside formation between peracetylated D-mannose and N-hydroxyethyl acrylamide 
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(Figure 2A). This route has been elaborated on for (meth)acrylates but to the best of our 

knowledge not for (meth)acrylamides that are commonly synthesized via a multistep route based 

on aminoalkylglycosides.42–44 The reason that we opt for acrylamides is due to the higher stability 

of an amide bond, relative to an ester bond (in case of (meth)acrylates)), under conditions applied 

further on, that could promote hydrolysis and aminolysis. 

 

Figure 2. Design and synthesis of mannosylated nanogels. Synthesis of 2,3,4,6-tetra-O-acetyl-α-D-mannosylethyl 

acrylamide (A) and poly(pentafluorophenyl acrylate) macro CTA (B) via RAFT polymerization. Schematic overview 

and corresponding chemical structures of nanogel assembly (C-D). Block copolymers self-assemble in DMSO into 

micellar nanoparticles (a). Fluorescent labeling and cross-linking  (b) (exemplified for the pH-degradable cross-linker 

2, 2’-bis(aminoethoxy)propane). Conversion of residual PFP ester with 2-aminoethanol (c). End-capping of free thiols 

via Michael-type addition with N-hydroxyethyl acrylamide (d). Deacetylation of the protected mannosyl moieties (e). 

 

Furthermore, a galactosylated monomer tetra-O-acetyl-β-D-galactosylethyl acrylamide 

(TAGalEAm) was also synthesized that will be used further on (vide infra) as a non-MR-binding 

control polymer. This galactosylated monomer was synthesized using a convenient one-step 

Koenigs-Knorr reaction (Figure 3).45 Reversible addition-fragmentation chain transfer (RAFT) 

polymerization with 2-(butylthiocarbonothioylthio)propanoic acid (PABTC) as chain transfer 

agent (CTA) was used to obtain defined block copolymers.46 
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Figure 3. Synthesis of 2,3,4,6-tetra-O-acetyl-β-D-galactosylethyl acrylamide by reaction of 2,3,4,6-tetra-O-acetyl-α-

D-galactopyranosyl bromide with N-hydroxyethyl acrylamide in the presence of a silver trifluoromethanesulfonate 

catalyst. 

The necessity to use peracetylated monomers arises from the constraints dictated by the use of 

PFPA as block co-monomer which shows limited solubility in several organic solvents of which 

none permitted to solubilize deacetylated α-D-mannosylethyl acrylamide (ManEAm) and β-D-

galactosylethyl acrylamide (GalEAm). A second constraint that we encountered involves the need 

to polymerize PFPA prior to chain extension with TAManEAm. The opposite order did not allow 

for block copolymer formation, which we attribute to the lower reactivity of the acrylamide-

based macro CTA relative to its acrylate counterpart (see Figure 4 for corresponding SEC traces 

that indicate the formation of two homopolymer populations rather than block copolymers).47 

Four different block copolymers, three mannosylated and one galactosylated (as control), were 

synthesized with varying chain lengths according to the reaction scheme in Figure 2. Size exclusion 

chromatography (SEC) in THF gave evidence of successful chain extension (Figure 8A). Although 

it could be argued that dispersities are relatively high for RAFT polymerization, this did not affect 

the self-assembly properties of the block copolymers in DMSO (vide infra). Further 

characterization was done by 19F-NMR and 1H-NMR (Figure S5 & S6) and Table 1 summarizes the 

measured properties of the block copolymers. 

 

Figure 4. SEC traces of the p(TAManEAm72) macro CTA and the p(TAManEAm72-b-PFPA180) block copolymer.  
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Table 1. Polymer composition and properties of the synthesized (block) copolymers and nanogels derived thereof. 

# Composition DP T [min] 

Con- 

version 

[%]a 

Mn
b [Da] 

Mn
c  

[Da] 
ᴆ c 

Sized  

(DMSO) 

[nm] 

PDI 

(DMSO) 

X-

linke 

Sizef 

(H2O) 

[nm] 

PDI 

(H2O) 

P1 p(PFPA157) 250 180 63 37600 11700 1.51 -g -g - - - 

P2 p(PFPA65) 100 120 65 15700 10800 1.36 -g -g - - - 

P3 p(PFPA33) 50 120 67 8200 6900 1.28 -g -g - - - 

P4 p(PFPA65) 100 120 65 15700 10800 1.36 -g -g - - - 

Man1 p(PFPA157-b-TAManEAM145) 167 45 87 102200 23800 1.51 106± 3 0.20 

D 106 ± 2 0.19 

ND 93 ± 2 0.14 

Man2 p(PFPA65-b-TAManEAM66) 80 45 83 45300 26800 1.37 62 ± 3 0.15 

D 41 ± 5 0.25 

ND 41  ± 3 0.16 

Man3 p(PFPA33-b-TAManEAM14) 17 45 82 14100 15100 1.19 20 ± 5 0.38 

D 22  ± 2 0.39 

ND 19 ± 6 0.38 

Gal1 p(PFPA65-b-TAGalEAM75) 80 180 94 49100 28800 1.37 90 ± 4 0.19 

- - - 

ND 87 ± 3 0.18 

a: Determined by 1H-NMR or 19F-NMR (300 MHz or 282 MHz respectively, chloroform-d) 
b: Based on the conversion and molecular weight of monomer and CTA 
c: Determined by SEC (THF) 
d: Z-Average measured by DLS in DMSO 
e: Cross-linker: (D) degradable cross-linker 2’-bis(aminoethoxy)propane and (ND) non-degradable cross-linker 2, 2’-(ethylenedioxy)bis(ethylamine) 
f: Z-Average measured by DLS in PBS after deprotection of the ManEAm repeating units 
g: PFPA MacroCTAs were insoluble in DMSO and were not subjected to further DLS analysis. 

2.3. NANOGEL SYNTHESIS AND CHARACTERIZATION 

All four block copolymers formed self-assembled nanoparticles in DMSO with Z-average sizes of 

20, 62 and 106 nm in case of the mannosylated block copolymers and 90 nm for the 

galactosylated block copolymer, measured by dynamic light scattering (DLS; Figure 8B and Table 

1). These data indicate a good correlation between block copolymer chain length and 

nanoparticle size.32,48 Core cross-linking and fluorescent labeling of the self-assembled 

nanoparticles was performed by addition of a bisamine cross-linker and tetramethylrhodamine-

cadaverine in presence of triethylamine (Figure 2).32  
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Two different cross-linkers (Figure 5) were used: the non-degradable 2, 2’-

(ethylenedioxy)bis(ethylamine) (abbreviated as ND) and the pH-sensitive 2, 2’-

bis(aminoethoxy)propane (abbreviated as D). In case of the galactosylated control nanogel, only 

the non-degradable cross-linker was used to exclude degradability during experiments. The ketal-

containing cross-linker is particularly interesting for biomedical applications as it readily degrades 

in response to the acidic pH that is sensed in endosomes upon cellular endocytosis.31,49–51 

Successful cross-linking was evidenced by diluting a sample in chloroform followed by DLS 

analysis (Figure 6). Whereas self-assembled precursor block copolymers in DMSO disassemble 

into unimers upon dilution with chloroform, the cross-linked ones remained invariant, indicating 

a successful cross-linking strategy. The remaining PFPA repeating units were then reacted with an 

excess of 2-aminoethanol, thereby transforming the hydrophobic nanoparticle cavity to a 

hydrophilic environment. Note that at this stage other amine-containing molecules can be 

installed into the core of the nanoparticles to serve later on for bio-conjugation.  

 

Figure 5. Chemical structure of biodegradable 2, 2’-bis(aminoethoxy)propane cross-linker (A) and the chemical 

structure of non-degradable 2, 2’-(ethylenedioxy)bis(ethylamine) cross-linker (B). 

 

Figure 6. DLS size distributions of samples taken during nanogel synthesis of Man2
D in DMSO. The solid line 

illustrates the self-assembled block copolymers before cross-linking, the dotted line depicts their disassembly after 

addition of chloroform. 

A

B
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In presence of primary amines, the thiocarbonylthio RAFT Z-end group will be cleaved by 

aminolysis, leading to nanoparticles with a multitude of free thiols on their surface. We observed 

that during further work-up nanoparticle aggregation occurred due to disulfide formation, which 

could be reversed by addition of TCEP or DTT. We do not consider the presence of free thiols on 

the nanoparticle surface as an issue, but rather as an opportunity. Indeed, Z-end group 

transformation with divinyl sulfone or methane thiosulfonate has been shown an attractive 

approach to introduce cysteine-reactive moieties for further bio-conjugation.39,52–54 Alternatively, 

the Z-end group can, upon aminolysis, easily be capped by acrylates and acrylamides via Michael 

addition.55,56 In the present work we use this route to cap the thiol end-groups by addition of an 

excess of N-hydroxyethyl acrylamide, introducing a hydroxyl group at the polymer chain ends. 

Near quantitative removal of the thiols was monitored by addition of Ellman´s reagent (Figure 7). 

 

Figure 7. UV spectrum before and after aminolysis of Man2 in DMSO (A). UV-spectrum of Ellman’s assay Man2 and 

Man2
D in 0.1 M TRIS HCl buffering solution (B). 

In a last reaction step deacetylation was performed by addition of a methanolic sodium 

methoxide solution (Figure 2). Finally, the reaction mixture was extensively dialyzed against a 

0.1% (v/v) ammonium hydroxide solution and lyophilized. The 1H-NMR spectrum in D2O of a non-

cross-linked block copolymer (Figure S7) clearly shows full disappearance of the acetyl peaks. It 

can be argued that we elaborate on a complex multi-step assembly procedure. However, it is 

important to note that from polymer synthesis and purification onwards, all steps sequentially 

occur in a one-pot setting, only yielding low molecular weight by-products that are easily 

removed during the final dialysis step. All samples could be readily redispersed in phosphate 

buffered saline (PBS; pH 7.4). DLS (Figure 8B) indicated barely any alteration between the 
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measured particle size before and after cross-linking with no significant influence of the type of 

cross-linker that was used in the reaction. To test whether the nanogels cross-linked with the 

ketal-containing 2, 2’-bis(aminoethoxy)propane can degrade in response to acidic pH, we 

monitored particle size and light scattering intensity as function of time by DLS. As shown in 

Figure 8C-D, exemplified for Man1-based nanogels, cross-linking with 2, 2’-

bis(aminoethoxy)propane (i.e. Man1
D) renders the nanogels readily degradable into soluble 

unimers in response to acidic pH, whereas they remained stable for at least 48 h (longer time 

points not shown) at the physiological pH of 7.4. Nanogels cross-linked with 2, 2’-

(ethylenedioxy)bis(ethylamine) (i.e. Man1
ND) remained stable over time irrespective of pH, 

illustrating the crucial role of the cross-linking chemistry.  

 

Figure 8. SEC traces in THF of pPFPA macro CTA  and corresponding p(PFPAx-b-TAManEAmy) block copolymers (Man1, 

Man2, Man3) and p(PFPAx-b-TAGalEAmy) block copolymer (Gal1) (A). DLS size distributions of self-assembled 

nanoparticles (Man1, Man2, Man3 and Gal1) in DMSO and derived nanogels with degradable and non-degradable 

cross-linkers in PBS (B). Annotations (Man1), (Man2), (Man3) and (Gal1) correspond to the different polymer 

compositions listed in Table 1. Evolution of nanogel size and scattering intensity at pH 5 (exemplified for Man1
D and 

Man1
ND) as function of time at 37°C measured by DLS (C). Size distribution curves at pH 5 and at pH 7.4 of Man1

D and 

Man1
ND after 0 h and 6 h incubation (D).  
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Subsequently, we investigated the functionality that was engineered into the nanogels. Firstly, to 

test whether the mannose repeating units exhibit selective lectin-binding activity, we mixed 

mannosylated nanogels (Man1
D) with Concanavalin A (ConA) and monitored nanogel 

agglutination by DLS. As a control, an identical experimental setup was used to test the 

galactosylated nanogels. ConA is a lectin that has four binding sites at physiological pH and can 

interact with mannosyl and glucosyl moieties, but not with galactosyl moieties.8 The immediate 

increase in size and light scattering intensity upon addition of ConA to mannosylated nanogels 

(Figure 9A), without change when ConA is added to galactosylated nanogels (Gal1
ND)(Figure 9B), 

clearly demonstrates the specific lectin-binding properties of the mannosylated nanogels (Figure 

S8 in the Appendix of this chapter provides further visual proof of specific lectin binding). 

 

Figure 9. Evolution of size and scattering intensity upon addition of Concanavalin A (ConA) to (A) mannosylated 

(exemplified for Man1
D) and (B) galactosylated nanogels (Gal1

ND) measured by DLS. 

Secondly, as our final aim in the present work, we aimed at investigating the potential of the 

mannosylated nanogels for specific targeting of dendritic cells (DCs) that are known to express 

the mannose receptor. For this purpose we differentiated primary DCs from bone marrow isolated 

from the femurs and tibias of mice (bmDCs). Next we pulsed the bmDCs for 1 h at 37 °C or 4 °C to 

assess respectively dendritic cell uptake or cellular association of the nanogels, followed by anti-

MR antibody staining and FACS analysis. In these set of experiments, only non-degradable 

nanogels were utilized to rule out the influence of nanogel degradation. Furthermore, we also 

verified whether all nanogel solutions had similar fluorescence payload in order to allow for 

reliable comparison. This was revealed to be the case, with only the smallest nanogels (Man3
ND) 

having slightly higher fluorescence (Figure S9). In addition, a bmDC control sample was stained 

A B
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with an antibody cocktail for CD11c (cell surface marker for bmDC selection), anti-MR CD206 

(anti-Mannose receptor), MHCII and CD86 (both cell surface markers for DC maturation) to 

elucidate the percentage of mannose receptor expression by the bmDCs and correlation of the 

latter with maturation of the cells. This revealed, as shown in Figure S10 in the Appendix, that all 

MRhi cells are DCs, as these are also CD11chi, whereas MR-expression was observed on both 

mature (MHCIIhi, CD86hi) and immature (MHCIIlo, CD86lo) DC subsets. For the subsequent FACS 

analysis of the nanogels , as depicted in Figure 10, we selected both MRhi and MRlo cells subsets 

and compared them for nanogel association (i.e. cell surface binding or uptake). It is clear that at 

37 °C, the MRhi cell subset associates more efficiently to mannosylated nanogels than the MRlo 

cell subset. Interestingly, the galactosylated nanogels exhibit very low cellular association, 

regardless the expression of the MR. However, as the mannose receptor is an endocytotic 

receptor, one could expect a lower endocytotic activity for the MRlo cell subset and therefore, the 

reduced association of the mannosylated nanogels with the MRlo relative to the MRhi cell subset 

cannot be seen as conclusive proof for MR-specific binding.  

 

 

Figure 10.  (A) Flow cytometry analysis of nanogels-bmDC association at 37 °C (A1) and at 4 °C (A2), discriminating 

between cell subsets that show high, respectively low expression of the mannose receptor.  (n=3). Data points are 

illustrated as mean values, while error bars depict the SD. (B) Confocal images of DCs incubated with nanogels (red 

fluorescence) at 37 °C. Cell membrane was stained with AlexaFluor488 conjugated cholera toxin B (CTB) and cell 

nuclei were stained with Hoechst. The sample codes (Man1
ND), (Man2

ND), (Man3
ND) and (Gal1ND) correspond to the 

different polymer compositions listed in Table 1. 
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Despite this, the observation that galactosylated nanogels do not show any cellular association 

already provides a clear indication of the role of the MR in cellular binding of the nanogels. 

Further, a more conclusive proof of MR-specific nanogel binding was obtained from the 

experiment performed at 4 °C that is shown in Figure 10A2. At 4 °C, active endocytosis is 

abolished and only cell surface receptor binding or non-specific binding can take place. Under 

these experimental conditions, significantly higher association of mannosylated nanogels to the 

MRhi cell subset is observed for both Man1
ND and Man2

ND whereas no significant cell association 

to both cell subsets is observed for the smallest Man3
ND nanogels. Galactosylated nanogels 

(Gal1ND) on their side did again not show any cell association under these conditions, thereby 

unambiguously demonstrating the receptor-specific binding of the mannosylated nanogels to 

MRhi DCs. A second observation involves the extent of nanogel-MRhi DC binding at 4 °C. This 

strongly depends on the size of the nanogels, where bigger nanogels bind more efficient than 

smaller ones. The FACS histogram in Figure S10 show a distinct population of nanogels+ cells 

appear, which could suggest a higher avidity of bigger nanogels compared to smaller ones as 

bigger nanogels will expose more ligand copies than smaller ones. In this regard it is also 

noteworthy to mention the effect of superselectivity that can occur in case of larger nanogels. 

This aspect of multivalency has recently been described by Frenkel and co-workers and could 

explain a faster than linear increase of cell-bound nanogels with the density of available mannose 

ligands.57–59 Such trend appears in our present work but requires more in depth investigation. 

In a final series of experiments, we used confocal microscopy to investigate whether the nanogels 

are internalized by the DCs or merely bound to the cell membrane. As shown in Figure 10B, 

depicting bmDCs that were pulsed during 1 h with nanogels at 37 °C, nanogels are clearly found 

inside cells, proving they are actively endocytosed.  
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3. CONCLUSION 

To summarize, we reported in this chapter on the design of fully hydrophilic glycosylated nanogels 

with tailorable dimensions below 100 nm, via self-assembly of amphiphilic, but fully hydrophobic, 

precursor block copolymers. The use of an activated ester based hydrophobic block permitted the 

introduction of (degradable) cross-links and covalent linkage of fluorophores. We demonstrated 

that mannosylated nanogels promoted ligand-receptor recognition to lectins in solution and on 

the cell surface of primary DCs. Under physiological conditions mannosylated nanogels are 

efficiently internalized by DCs. Given the multiple opportunities to introduce further 

functionalities, e.g. via reactive ester approach or end-group modification, we focus our current 

research endeavors to engineer the nanogel interior, respectively surface, with vaccine antigens 

and immune-stimulatory small molecules.
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4. EXPERIMENTAL SECTION 

4.1. MATERIALS 

Unless otherwise stated, all chemicals were purchased from Sigma Aldrich. 2,2’-azobis(2-

methylpropionitrile) (AIBN) was provided by Wako Chemicals and purified by recrystallization 

from diethyl ether prior to use. The RAFT agent 2-(butylthiocarbonothioylthio)propanoic acid 

(PABTC) was synthesized according to literature.54 Silver trifluoromethanesulfonate was 

purchased from Acros Organics. 1,2,3,4,6-penta-O-acetyl-α-D-mannose, 2,3,4,6-tetra-O-acetyl-α-

D-galactose bromide, D-mannose and D-galactose were obtained from Carbosynth. 5,5’-dithio-bis-

(2-nitrobenzoic acid) (Ellman’s reagent) was provided by G-Biosciences. Pentafluorophenol was 

obtained from Fluorochem and used as such. Female C57BL/6 mice were purchased from Janvier 

and housed in a specified pathogen-free facility in microisolator units. Cell culture medium and 

supplements, DPBS (+ CaCl2; + MnCl2), 5-(and 6-)-((N-(5-aminopentyl)amino)carbonyl) 

tetramethyl rhodamine, Hoechst and Cholera Toxin Subunit B-Alexa Fluor® 488 Conjugate (CTB-

AF488) were purchased from Life Technologies. Fc block, MHCII-AF488, CD11c-PE, CD86-PECy7 

and CD206-AF647 were obtained from BD Pharmingen. 

4.2. INSTRUMENTATION 

All 1H-, 13C-, and 19F-NMR spectra were recorded on a Bruker 300 MHz FT-NMR spectrometer. 

Chemical shifts (δ) were provided in ppm relative to TMS. Samples were prepared in chloroform-

d, DMSO-d6 and deuterated water and their signals referenced to residual non-deuterated signals 

of the solvent.  

Molecular weight determination was obtained using size exclusion chromatography (SEC) in 

tetrahydrofuran (THF) as solvent. This system consisted of a PU 1580 pump, AS 1555 auto 

sampler, UV 1575 UV-detector (detection at 254 nm), RI 1530 RI-detector from JASCO. Columns 

were purchased at MZ-Analysentechnik: MZ-Gel SDplus 102 Å and MZ-Gel SDplus 106 Å. 

Calibration was done using polystyrene standards purchased from Polymer Standard Services. 

ESI-mass spectroscopy was performed on a Waters LCT Premier XE TOF equipped with an 

electrospray ionization interface and coupled to a Waters Alliance HPLC system.  
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UV-Vis spectra were recorded from 350 nm – 800 nm using a Shimadzu UV-1650PC UV-VIS double 

beam spectrophotometer. Spectra were always referenced to the dispersion medium prior to 

data collection. 

Dynamic light scattering (DLS) of the self-assembled nanogels was done using a Zetasizer Nano-S 

(Malvern) equipped with a He-Ne laser (λ = 633 nm) as incident beam. 

FACS was performed using a BD Accuri C6 (BD Biosciences) and data was processed by FlowJo 

software. 

Confocal microscopy was performed on a Leica DMI6000 B inverted microscope equipped with 

an oil immersion objective (Leica, 63 x, NA 1.40) and attached to an Andor DSD2 confocal scanner. 

Images were processed using ImageJ software.
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4.3. METHODS 

Synthesis of pentafluorophenyl acrylate (PFPA). 

Pentafluorophenyl acrylate was synthesized according to literature.38 Pentafluorophenol (33.31 

g, 181 mmol) was dissolved in 150 mL anhydrous dichloromethane (DCM) under inert atmosphere 

at 0 °C. Triethylamine (26.75 mL, 190 mmol) was pre-dried using sodium sulfate and added 

dropwise to the cooled reaction mixture.  Acryloyl chloride (15.6 mL, 186.4 mmol) was added 

dropwise to the solution under vigorous stirring and after 30 min, the reaction was allowed to 

reach room temperature and stir for an additional 2 h. Monitoring of the reaction was performed 

by thin-layer chromatography (TLC; Hexane:EtOAc 80:20; Rf = 0.70) until complete consumption 

of pentafluorophenol was observed. The reaction mixture was filtered prior to twofold extraction 

with brine and dried over sodium sulfate before concentrating the organic phase under vacuum. 

The crude product (brown oil) was purified by vacuum distillation after the addition of 10 mg 

mono methyl ether hydroquinone (MEHQ to inhibit autopolymerization) and yielded a clear oil 

(40.8 g, 95 % yield).  

1H-NMR (300 Mz, CDCl3, Figure S1), δ (ppm): 6.72 (dd; J = 17.2, 1.1 Hz, 1H; -CH=CH2); 6.37 (dd; J 

= 17.2, 10.5 Hz; 1H; -CH=CH2); 6.17 (dd; J = 10.5, 1.1 Hz; 1H; -CH=CH2). 

19F-NMR (282 MHz, CDCl3, Figure S2): δ (ppm): -152.7 (d; J = 16.9 Hz; 2F; o-C6F5); -158.1 (t; J = 

21.6 Hz; 1F; p-C6F5); -162.5 (t; J = 19.2 Hz; 2F; m-C6F5).  

 

Synthesis of 2,3,4,6-Tetra-O-Acetyl-α-D-Mannosylethyl Acrylamide (TAManEAm). 

1,2,3,4,6-penta-O-acetyl-α-D-mannose (11.71 g, 30 mmol) was dissolved in DCM (125 mL) prior 

to the dropwise addition of N-hydroxyethyl acrylamide (7.12 g, 60 mmol) under inert N2 

atmosphere. The solution was placed in an ice bath and 27.8 mL (225 mmol) boron trifluoride 

diethyl etherate was added dropwise over 45 min. The mixture was kept in an ice bath for 1 h 

before the reaction was allowed to reach room temperature. Monitoring via TLC (Hexane:EtOAc 

20:80, Rf = 0.20) indicated complete consumption of 1, 2, 3, 4, 6-penta-O-acetyl-α-D-mannose 

after 36 h of reaction. The mixture was poured into ice water and extracted twice. The aqueous 

layer was extracted once with DCM and the organic layers were combined, washed (2 times with 
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saturated sodium bicarbonate solution, 1 time with brine), dried over sodium sulfate and 

concentrated under vacuum. The resulting crude product (pale yellow oil) was purified by silica 

gel column chromatography (Hexane:EtOAc 20:80) and yielded a pale yellowish gum after 

concentration under vacuum (86.8 % yield).  

1H-NMR (300 MHz, CDCl3, Figure S3), δ (ppm): 6.34 (t; J = 4.9 Hz; 1H; -CO-NH-); 6.27 (ddd; J = 17.0, 

5.6, 1.7 Hz; 1H; -CH=CH2); 6.12 (ddd; J = 16.9, 14.5, 9.9 Hz; 1H; -CH=CH2); 5.62 (ddd; J = 10.1, 3.9, 

1.7 Hz; 1H; -CH=CH2); 5.31 – 5.16 (m; 3H; -CH-(OAc)-); 4.78 (d; J = 1.6 Hz; 1H; α-CH); 4.26 – 4.02 

(m; 2H; -CH2-OAc); 3.94 (ddd; J = 9.6, 5.6, 2.5 Hz; 1H; -CH-CH2-OAc); 3.79 (ddd; J = 9.5, 6.8, 3.4 Hz; 

1H; -O-CHH-CH2-NH-); 3.65 - 3.41 (m; 3H; -O-CHH-CH2-NH-); 2.11 (s; 3H; -OAc); 2.05 (s; 3H; -OAc); 

2.01 (s; 3H; -OAc); 1.96 (s; 3H; -OAc).  

APT 13C-NMR (75 MHz, CDCl3), δ (ppm): 170.50 (-O-CO-CH3); 169.9 (2 x -O-CO-CH3); 169.57 (-O-

CO-CH3); 165.85 (-NH-CO-CH-CH2); 130.5 (-NH-CO-CH-CH2); 126.7 (-NH-CO-CH-CH2); 97.63 (-α-CH-

); 69.23 (-CH2-CH-CH(OAc)-); 68.91 (-CH2-CH-CH(OAc)-); 68.62 (-CH2-CH-CH-CH(OAc)-); 67.37 (-CO-

NH-CH2-CH2-); 66.01 (-α-CH-CH(OAc)-); 62.37 (-CH-CH2-OAc); 39.00 (-CO-NH-CH2-CH2-); 20.73 (-O-

CO-CH3); 20.60 (O-CO-CH3); 20.58 (2 x O-CO-CH3).  

ESI-MS: m/z  [M+H]+ = 446.1657 (theoretical), found = 446.1669 

   [M+Na]+ = 468.1476 (theoretical), found = 468.1481 

 

Synthesis of 2,3,4,6-Tetra-O-Acetyl-β-D-Galactosylethyl Acrylamide (TAGalEAm). 

2,3,4,6-tetra-O-acetyl-β-D-galactosylethyl acrylamide is synthesized by utilizing the Koenigs-Knorr 

reaction according to literature.40  2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl bromide (2.224 g, 

20 mmol) was dissolved in a round bottom flask containing anhydrous DCM (200 mL) and 20 g of 

4 Å molecular sieves. The correct amount of N-hydroxyethyl acrylamide (7.12 g, 60 mmol) was 

added dropwise under inert N2 atmosphere. The solution was cooled down to -20 °C and purged 

with nitrogen under vigorous stirring for 1 h. The round bottom flask was covered in aluminum 

foil in order to protect the reaction from light. Afterwards, 6.17 g (1.2 eq, 24 mmol) of silver 

trifluoromethanesulfonate was added to the reaction mixture and left to react for 24 h in an ice 

bath in the absence of light. Figure 3 illustrates the chemical reaction. Monitoring via TLC 
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(Hexane:EtOAc 30:70, Rf = 0.25) indicated the complete consumption of 2, 3, 4, 6-tetra-O-acetyl-

α-D-galactopyranosyl bromide after 24 h of reaction. The reaction mixture was filtered over 

Celite®545, poured into saturated sodium bicarbonate solution and extracted twice. The aqueous 

layer was extracted once with DCM and the organic layers were combined, washed with brine, 

dried over sodium sulfate and concentrated under vacuum. The resulting crude product (pale 

yellow oil) was purified by silica gel column chromatography (Hexane:EtOAc 30:70) and yielded a 

pale yellowish gum after concentration under vacuum (56 % yield).  

1H-NMR (300 MHz, CDCl3, Figure S4), δ (ppm): 6.30 (ddd; J = 17, 1.3 Hz; 1H; -CH=CH2); 6.10 (ddd 

and br; J = 17.0, 10.2, 2.9 Hz; 2H; -CH=CH2 and -CO-NH-); 5.67 (ddd; J = 10.2, 2.5, 1.5 Hz; 1H; -

CH=CH2); 5.41 (dd; J = 3.4, 1.2 Hz; 1H; -CH-(OAc)-); 5.19 (dd; J = 10.5, 7.8 Hz; 1H; -CH-(OAc)-); 5.02 

(dd; J = 10.5, 3.4 Hz; 1H; -CH-(OAc)-); 4.47 (d; J = 7.8 Hz; 1H; β-CH); 4.20 - 4.10 (m; 2H; -CH2-OAc); 

3.97 – 3.86 (m; 2H; -CH-CH2-OAc; -O-CHH-CH2-NH- ); 3.74 (ddd; J = 10.2, 7.2, 3.4 Hz; 1H; -O-CHH-

CH2-NH-); 3.70 - 3.43 (m; 2H; -O-CHH-CH2-NH-); 2.16 (s; 3H; -OAc); 2.05 (s; 3H; -OAc); 2.05 (s; 3H; 

-OAc); 1.99 (s; 3H; -OAc).  

APT 13C-NMR (75 MHz, CDCl3), δ (ppm): 170.79 (-O-CO-CH3); 170.55 (-O-CO-CH3); 170.45 (-O-CO-

CH3); 170.16 (-O-CO-CH3); 165.82 (-NH-CO-CH-CH2); 131.09 (-NH-CO-CH-CH2); 127.08 (-NH-CO-

CH-CH2); 101.87 (-β-CH-); 71.27 (-CH2-CH-CH(OAc)-); 71.07 (-CH2-CH(OAc)-); 69.53 (-CO-NH-CH2-

CH2-); 69.35 (-CH2-CH-CH-CH(OAc)-); 67.36 (-β-CH-CH(OAc)-); 61.78 (-CH-CH2-OAc); 39.55 (-CO-

NH-CH2-CH2-); 21.25 (-O-CO-CH3); 21.07 (O-CO-CH3); 21.06 (O-CO-CH3); 20.96 (O-CO-CH3).  

ESI-MS: m/z  [M+H]+ = 446.1657 (theoretical), found = 446.1657 

   [M+Na]+ = 468.1476 (theoretical), found = 468.1471 

   [M+K]+ = 484.1257 (theoretical), found = 484.1217 

 

Synthesis of poly(2,3,4,6-Tetra-O-Acetyl-α-D-Mannosylethyl Acrylamide)x (p(TAManEAmx)). 

For a typical polymerization reaction with a theoretical degree of polymerization (DP) of 100, 4.0 

g TAManEAm (9 mmol), 21.4 mg PABTC CTA (0.09 mmol), 2.96 mg AIBN (148.0 µL of a 0.02 mg/µL 

stock solution, 0.018 mmol) where dissolved in 8.852 mL 1,4-dioxane to obtain a final monomer 

concentration of 1M. The solution was transferred to a Schlenk vial and degassed by 5 subsequent 

freeze-pump-thaw cycles before being back filled with nitrogen. The Schlenk vial was placed 
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inside a pre-heated oil bath of 80 °C. After 45 minutes, the polymerization was quenched by 

cooling the vial in ice water and exposing the reaction to oxygen. Conversion was calculated by 

1H-NMR spectra of the reaction mixture in CDCl3. The reaction mixture was purified by triple 

precipitation into ice-cold diethyl ether and dried for 24 h in a vacuum oven at 40 °C. The resulting 

pure polymer was used as macro CTA for the synthesis of the desired block copolymers. The 

macro CTA was analyzed using THF-SEC to determine the Mn, Mw and ᴆ. The theoretical Mn was 

calculated based on the conversion determined by 1H-NMR (Table S1). 

 

Synthesis of p(Tetra-O-Acetyl-α-D-Mannosylethyl Acrylamidex-b-PFPAy) (p(TAManEAmx-b-

PFPAy)). 

For a block copolymer polymerization with a theoretical DP of 216, 471 mg PFPA (2 mmol), 298 

mg p(TAManEAm72) macro CTA (0.0093 mmol), 0.304 mg AIBN (15.20 µL of a 0.02 mg/µL stock 

solution, 0.00185 mmol) were dissolved in 2.485 mL 1,4-dioxane to obtain a final monomer 

concentration of 0.8M. The solution was transferred to a Schlenk vial and degassed by 5 

subsequent freeze-pump-thaw cycles before being back filled with nitrogen. The Schlenk vial was 

placed inside a pre-heated oil bath of 80 °C. After 21 h, the polymerization was quenched by 

cooling the vial in ice water and exposing the reaction to oxygen. Conversion was calculated by 

19F-NMR spectra of the reaction mixture in CDCl3. The reaction mixture was purified by triple 

precipitation into ice-cold hexane and dried for 24 h in a vacuum oven at 40 °C. The resulting pure 

polymer was analyzed using THF-SEC to determine the Mn, Mw and ᴆ (Table S1). The theoretical 

Mn was calculated based on the conversion determined by 19F-NMR. Although Table S1 shows 

desirable conversion of the PFPA monomer, no shift in SEC traces is obtained (Figure 4). A possible 

explanation for this anomaly is the formation of a radically polymerized pPFPA homopolymer 

instead of RAFT chain extension to the already existing acetylated mannose-bearing polymer. This 

hypothesis is in line with the increase of ᴆ and the lack of shift in the GPC trace.  These polymers 

did not fully dissolve in DMSO and were not further analyzed by DLS, nor used in further 

experiments. 
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Synthesis of poly(Pentafluorophenyl Acrylate) (p(PFPAx)). 

A detailed example of a reaction with a theoretical degree of polymerization (DP) of 250 is 

described below; further polymerization reactions with lower DP’s (respectively DP 100 and DP 

50) were performed analogously to the provided protocol. For a typical polymerization reaction, 

1.9 g PFPA (8 mmol), 7.62 mg PABTC CTA (152 µL of a 0.05 mg/µL stock solution, 0.032 mmol), 

1.05 mg AIBN (52.5 µL of a 0.02 mg/µL stock solution, 0.0064 mmol) were dissolved in 7.795 mL 

1,4-dioxane, to obtain a final monomer concentration of 1M. The solution was transferred to a 

Schlenk vial and degassed by 5 subsequent freeze-pump-thaw cycles before being back filled with 

nitrogen. The Schlenk vial was placed inside a pre-heated oil bath of 80 °C. After 3 h, the 

polymerization was quenched by cooling the vial in ice water and exposing the reaction to oxygen. 

Conversion was calculated by 19F-NMR spectra of the reaction mixture in CDCl3. The reaction 

mixture was purified by triple precipitation into ice-cold hexane and dried for 24 h in a vacuum 

oven at 40 °C. The resulting purified polymer was used as macro CTA for the synthesis of the 

desired block copolymers. The macro CTA was analyzed using THF- SEC to determine the Mn, Mw 

and ᴆ. The theoretical Mn was calculated based on the conversion determined by 19F-NMR.  

19F-NMR (282 MHz, CDCl3): δ (ppm): -153.22 (br, 2F; o-C6F5); -156.79 (br, 1F; p-C6F5); -162.26 (br, 

2F; m-C6F5). 

 

Synthesis of p(PFPAx-b-Tetra-O-Acetyl-α-D-Mannosylethyl Acrylamidey) (p(PFPAx-b-

TAManEAmy)). 

A detailed example of a chain extension reaction with a theoretical degree of polymerization (DP) 

of 167 is stated below. Reactions with lower DP’s (respectively DP 80 and DP 40) were performed 

analogously to the provided protocol. For a typical block copolymerization reaction, 891 mg tetra-

O-acetyl-α-D-mannosylethyl acrylamide (2 mmol), 450 mg p(PFPA)157 macro CTA (0.012 mmol),  

0.394 mg AIBN (19.7 µL of a 0.02 mg/µL stock solution, 0.0024 mmol) and 2.48 mL 1,4-dioxane 

were added to a Schlenk vial and degassed by 5 subsequent freeze-pump-thaw cycles before 

being back filled with nitrogen. The Schlenk vial was placed inside a pre-heated oil bath of 80 °C. 

After 45 minutes, the reaction was quenched by cooling the vial in ice water and exposing the 
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reaction to oxygen. Conversion was calculated by 1H-NMR spectra of the reaction mixture in 

CDCl3. Purification of the reaction mixture was performed by triple precipitation into ice-cold 

diethyl ether. The purified block copolymer was dried under vacuum at 40 °C for 24 h, followed 

by analysis using a THF-SEC to determine the Mn, Mw and ᴆ. The theoretical Mn was calculated 

based on the conversion determined by 1H-NMR (Table 1). Figure S6 illustrates the 1H-NMR 

spectrum of all purified p(PFPAx-b-TAManEAmy) block copolymers.  

1H-NMR (300 MHz, CDCl3, Figure S6, exemplified for (1)): δ (ppm): 7.5 – 6.5 (1H; -CO-NH-); 5.26 

(3H; -CH-(OAc)-); 4.90 (1H; α-CH); 4.28 (1H; -CH-CH2-OAc); 4.07 (2H; -CH2-OAc); 3.75 (1H; -O-CHH-

CH2-NH-); 3.60 – 3.20 (3H; -O-CHH-CH2-NH-); 3.08 (1H; -CH2-CH-CO-O-C6F5); 2.45 (1H; -CH2-CH-

CO-NH-); 2.25 – 1.5 (br; 16H;  4 x –OAc, -CH2-CH-CO-O-C6F5, -CH2-CH-CO-NH-).  

19F-NMR (282 MHz, CDCl3): δ (ppm): -153.22 (br, 2F; o-C6F5); -156.79 (br, 1F; p-C6F5); -162.26 (br, 

2F; m-C6F5). 

 

Synthesis of p(PFPAx-b-Tetra-O-Acetyl-β-D-Galactosylethyl Acrylamidey) (p(PFPAx-b-

TAGalEAmy)). 

For a typical block copolymerization reaction with a theoretical degree of polymerization (DP) of 

80, 410 mg tetra-O-acetyl-β-D-galactosylethyl acrylamide (0.92 mmol), 181 mg p(PFPA) macro 

CTA (0.0115 mmol),  0.377 mg AIBN (20 µL of a 0.02 mg/µL stock solution, 0.0023 mmol) and 1.4 

mL 1,4-dioxane were added to a Schlenk vial and degassed by 5 subsequent freeze-pump-thaw 

cycles before being back filled with nitrogen. The Schlenk vial was placed inside a pre-heated oil 

bath of 80 °C. After 3 h, the reaction was quenched by cooling the vial in ice water and exposing 

the reaction to oxygen. Conversion was calculated by 1H-NMR spectra of the reaction mixture in 

CDCl3. Purification of the reaction mixture was performed by triple precipitation into ice-cold 

diethyl ether. The purified block copolymer was dried under vacuum at 40 °C for 24 h, followed 

by analysis using a THF-SEC to determine the Mn, Mw and ᴆ. The theoretical Mn was calculated 

based on the conversion determined by 1H-NMR (Table 1). Figure S5 illustrates the 1H-NMR 

spectrum of the purified block copolymer.  
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1H-NMR (300 MHz, CDCl3, Figure S5): δ (ppm): 7.8 – 6.8 (1H; -CO-NH-); 5.40 (1H; -CH-(OAc)-); 5.10 

(2H; 2 x -CH-(OAc)-); 4.61 (1H; β-CH); 4.15 (4H; -CH-CH2-OAc, -O-CHH-CH2-NH-); 3.88 (1H; -O-CHH-

CH2-NH-); 3.44 (2H; -O-CHH-CH2-NH-); 3.08 (br; 1H; -CH2-CH-CO-O-C6F5); 2.46 (1H; -CH2-CH-CO-

NH-); 2.25 – 1.5 (br; 16H;  4 x –OAc, -CH2-CH-CO-O-C6F5, -CH2-CH-CO-NH-).  

19F-NMR (282 MHz, CDCl3): δ (ppm): -153.22 (br, 2F; o-C6F5); -156.79 (br, 1F; p-C6F5); -162.26 (br, 

2F; m-C6F5). 

 

Nanohydrogel synthesis 

A detailed example of a one-pot nanohydrogel synthesis for block copolymer 1 (Man1) is provided 

below. Analogous reaction conditions were employed for the synthesis of nanogels Man2 and 

Man3 (D and ND). p(PFPA157-b-TAManEAm145) block copolymer Man1 (40.0 mg, 0.39 µmol polymer 

or 61.4 µmol reactive ester) was transferred into a round-bottom flask equipped with a stirring 

bar and dissolved in anhydrous DMSO (4.0 mL) under inert atmosphere. The solution was 

sonicated for 1 h and a 100 µL sample was taken to confirm the formation of self-assembled 

micellar nanoparticles. Fluorescent labeling was performed by adding 16.0 µL 5/6-((N-(5-

aminopentyl)amino)carbonyl) tetramethyl rhodamine (10 mg/mL stock solution in DMSO, 0.307 

µmol) and 5.0 µL of dry triethylamine (35.9 µmol). The reaction was stirred vigorously at room 

temperature for 24 h before transferring 2.0 mL to another round-bottom flask and putting both 

in a preheated oil bath of 40 °C. Anhydrous triethylamine (12.8 µL, 92.0 µmol) was added to each 

reaction vessel together with the desired cross-linker (1.47 µL 2, 2’-bis(aminoethoxy)propane, D, 

Figure 5A; 1.35 µL 2, 2’-(ethylenedioxy)bis(ethylamine), ND, Figure 5B; 9.2 µmol) to target 60% 

cross-linking (i.e. coupling of PFPA repeating units) for each reaction. A 100 µL sample was taken 

before and after the addition of cross-linker, diluted with CHCl3 and checked using DLS to see the 

effect of the cross-linker (Figure 6).  After 24 h of reaction, the remaining PFPA repeating units 

were removed by the addition of an excess of 2-aminoethanol (9.3 µL, 154 µmol) together with 

dry triethylamine (64.2 µL, 461 µmol). After an additional 24 h of vigorous stirring, end-capping 

of the free thiols (residing from the cleaved CTA Z-end group) was performed by addition of 115 

µL TCEP in DMSO (50 mg/mL solution) in combination with 530 µL of a 0.1 g/mL N-hydroxyethyl 
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acrylamide solution in DMSO. The reaction was cooled down to room temperature after 3 h under 

continuous stirring. In order to deprotect the acetylated mannose block, 8 mL of dry methanol 

was added to each reaction mixture. Sodium methoxide (200 µL, 5.4 M concentrated solution in 

MeOH) was added dropwise and the resulting turbid mixture was kept stirring during 2 h. In order 

to remove any small byproducts as well as solvents, both reaction mixtures were purified by 

dialysis against 0.1% v/v ammonium hydroxide solution in demineralized water (with frequent 

exchange of dialysis medium). After several days, the clear pink solution was lyophilized yielding 

a fluffy pink powder. To confirm successful deacetylation of the carbohydrate moieties, a 1H-NMR 

spectrum was recorded of non-cross-linked, 2-aminoethanol treated and deacetylated block 

copolymers in D2O (Figure S7). 

 

DLS of mannose decorated nanogels 

Dynamic light scattering (DLS) of the self-assembled nanogels was done using a Zetasizer Nano-S 

(Malvern). Typically, 100 µL samples of a 10.0 mg/mL solution of p(PFPA-b-TAManEAm) in 

anhydrous DMSO were sonicated for 15 minutes and filtered (0.450 µm) prior to measurement 

at 25 °C. Cross-linked nanoparticles were measured under identical conditions, without sonication 

prior to filtration. After deprotection of the mannose-block and lyophilization, both the non-

degradable and the acid-cleavable nanogels were redispersed in DPBS at 5.0 mg/mL, sonicated 

for 30 minutes, filtered and measured at 25 °C. For each sample, 5 individual measurements were 

taken and data provided as average ± standard deviation. 

 

Hydrolysis of ketal cross-linked nanogels 

The degradability of the nanogels was investigated using 10.0 mg/mL solutions of both Man1
D and 

Man1
ND in DPBS (pH 7.4) and 0.1 M sodium acetate buffer (pH 5.0). The lyophilized powder was 

redispersed, sonicated for 2 minutes, filtered and measured at 25 °C. Spectra were recorded at 

the start, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 24 h and 48 h. 
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Ellman’s Assay 

To establish the removal of the thiol end groups by thiol-ene type Michael addition, an Ellman’s 

assay was performed according to the manufacturers’ protocol. Aminolysis of the trithiocarbonyl 

moiety by quenching and deprotection with 2-aminoethanol of Man2 is shown in Figure 7A. The 

quenched and deprotected Man2 was used as a thiol bearing control sample and compared with 

an acid-cleavable Man2
D, where free thiols were end-capped by thiol-ene type Michael addition 

with N-hydroxyethyl acrylamide. Therefore, a 10 mM of 5, 5’-dithiobis-(2-nitrobenzoic acid) 

(DTNB) solution in DMSO was diluted 100 fold using a 0.1 M TRIS HCl (pH 7.5) buffering solution. 

10 mg/mL solutions of Man2 and Man2
D in TRIS HCl buffer (200 µL) were added to 3.8 mL of the 

diluted DTNB solution, allowed to react for 2 minutes before a UV-Vis spectrum was recorded 

(350 nm – 800 nm) (Figure 7B).  

 

Lectin binding assay 

The ability of the nanohydrogels to bind mannose-binding lectins was investigated using a 

Concanavalin A (ConA, 104 kDa) agglutination assay. A 5.0 mg/mL solution of Man1
D (20 µL) was 

added to a DLS microcuvet and subsequently diluted using a 80 µL phosphate buffering solution 

(DPBS, pH 7.4) containing CaCl2 and MgCl2 (respectively 0.901 mM and 0.493 mM). DLS 

measurements were recorded each 30 s. After 5 minutes, 100 µL of a 1.0 mg/mL ConA in DPBS 

was added to the microcuvet under continuous recording of the DLS data (Figure 8E-F). Analogous 

to the above described assay, the lectin binding interaction with galactosylated nanogels was 

investigated under identical reaction conditions. Afterwards, the solution was equally divided 

over 2 microcuvets (100 µL’s each) and pulsed with 20 µL of either a 0.500 g/mL DPBS solution 

containing D-Mannose or D-Galactose. The mixture was left to react for an additional 15 minutes 

before pictures were taken (Figure S8).         
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In vitro uptake experiment in murine bone marrow derived DCs 

Bone marrow derived dendritic cells were generated utilizing a protocol modified from 

literature.60 Bone marrow was flushed from the femurs and tibias of euthanized twelve-to 

sixteen-week-old C57BL/6 mice using complete RPMI medium. The cells were filtered through a 

100 µm cell strainer before the red blood cells were lysed using ACK lysis buffer for 5 minutes on 

ice. Following this incubation, cells were seeded in 24-well titer plates (150 000 cells per well, 

suspended in 0.500 mL culture medium containing 10 ng GM-CSF). Bone marrow derived DCs 

were cultured in RPMI 1640-glutamax, supplemented with 10 % FCS, 1 mM sodium pyruvate, 1 % 

penicillin/streptomycin, 1 % MEM NEAA and 50 µM β-mercaptoethanol. Cells were incubated at 

37 °C in a controlled, sterile environment of 95 % relative humidity and 5 % CO2. On day 3, 500 µL 

of fresh culture medium containing 10 ng GM-CSF was added to each well. Day 6 bone marrow 

derived DCs were pulsed with 20 µL of a 10 mg/mL solution of all mannosylated and 

galactosylated nanogels in DPBS (+ CaCl2 and MgCl2). It should be stated that all samples had 

comparable fluorescent payload, as measured by a Perkin Elmer Victor 2 plate reader (Figure S9). 

All samples were run in triplicate and the experiment was conducted for 1 h at 4 °C and 37 °C. 

Special attention was given at the samples at 4 °C, as they were put on ice 1 h prior to pulsing in 

order to bring their temperature down to 4 °C. After one hour of incubation, the cell suspensions 

were transferred into Eppendorf tubes and centrifuged immediately (10 min, 250 G, 4 °C). The 

supernatant was aspirated, discarded and the cell pellets were suspended in 50 µL of antibody 

cocktail solution containing Fc-block (200 x diluted) and anti-MR CD 206-AF647 (100 x diluted). 

Unpulsed bone marrow derived DCs were treated with single stains (e.g. MHC II – FITC ss, CD11c-

PE ss, CD86-PECy7 ss and anti-MR AF647 ss) in order to set the gating and color compensation for 

flow cytometry analysis. After 30 min incubation on ice, 200 µL DPBS was added to the samples 

prior to centrifugation (10 min, 250 G, 4 °C). The supernatant was aspired and the cell pellets 

were suspended in 200 µL of DPBS and kept on ice to prevent cell lysis. Figure S10 illustrates the 

applied gating strategy and proves that MRhi cells are exclusively found on CD11c positive cells, 

and both on MHCIIhi and MHCIIlow DCs and on both CD86hi and CD86low DCs. 
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Confocal microscopy on murine bone marrow derived DCs 

Murine bone marrow derived DCs were plated out on Willco-Dish glass bottom dishes (50 000 

cells, suspended in 200 µL of culture medium) and incubated for 1 h. Next, 7 µL of all 

mannosylated and galactosylated nanogels were added (10 mg/mL, cfr. highest concentration in 

FACS experiment) and incubated for 1 h at 37 °C. Fixed cells were simultaneously stained with 

Hoechst and CTB-AF488. Therefore, after 1 h of incubation, cell culture was aspirated and cells 

were washed with DPBS (+ CaCl2 and MgCl2). Next, 200 µL of 4 % paraformaldehyde was added 

and allowed to fixate for 30 minutes. A staining solution was prepared by dissolving 10 µL Hoechst 

(1 mg/mL stock solution in DMSO) and 5 µL of CTB-AF488 (1 mg/mL stock in DPBS) in a DPBS 

buffering solution containing 1% BSA (2.5 mL). After aspirating and washing, 200 µL of this staining 

solution was added to the fixed cells and incubated for 30 minutes at room temperature in 

absence of light. Finally, the samples were washed with DPBS buffering solution containing 1 % 

BSA before confocal microscopy images were recorded. 
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CHAPTER 2.2:  
ENGINEERING CATIONIC  

MANNOSYLATED NANOGELS WITH  
MEMBRANE-DISRUPTIVE PROPERTIES 

1. INTRODUCTION 

Besides the delivery of peptide- or protein- based vaccine antigens to endosomal compartments 

of antigen presenting cells, delivery of bioactive compounds to the cellular cytoplasm poses 

additional challenges. Indeed, several novel classes of biopharmaceuticals, such as DNA/RNA 

based therapeutics, both as antigen source or as immuno-stimulant (e.g. agonists of RIG-I or 

STING) need to be released outside the endosomes to reach their target.31,61–67 However, the 

latter is a major hurdle and requires a process called endosomal escape, which avoids fusion with 

lysosomes and hence enzymatic lysosomal degradation.68,69  

In the second part of this chapter, we aimed at engineering the mannosylated nanogel design to 

endow it with membrane-destabilizing properties in response to the acidic pH encountered in 

late endosomes. Starting from the nanogel platform developed in the first part of this chapter, 

tertiary amines, as membrane-destabilizing moieties, were introduced into the nanogel core. By 

using a ketal-based cross-linker, the membrane-destabilization only becomes activated when the 

nanogels disassemble into soluble unimers – hence unveiling the tertiary amines – in response to 

the endosomal acidic pH.  

In this work we explore two different tertiary amines for membrane destabilization, i.e. N,N-

dimethylamine and N,N-diisopropylamine. N,N-dimethylamine motifs have been widely explored 

by the gene therapy field and have been suggested to destabilize endosomal membranes through 

charge interaction and/or osmotic effects.70–72 N,N-diisopropylamine motifs on the other hand, 

have a pKa between physiologic and endosomal pH and exhibit a pronounced hydrophobic to 

hydrophilic transition upon cellular uptake, and have been reported by the Battaglia group in the 

context of polymersome design as potent structures for endosomal escape purposes.73–75 
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2. RESULTS AND DISCUSSION 

2.1. BLOCK COPOLYMER SYNTHESIS AND CHARACTERIZATION 

Block copolymers composed of pentafluorophenyl acrylate (PFPA) and 2,3,4,6-tetra-O-acetyl-α-

D-mannosylethyl acrylamide (TAManEAm) were synthesized by reversible addition-fragmentation 

chain transfer (RAFT) polymerization using 2-(butylthiocarbonothioylthio)propanoic acid as chain 

transfer agent (CTA) and 2,2’-azoisobutyronitrile (AIBN) as radical initiator. Based on our earlier 

research endeavors on mannosylated nanogels, we opted for a degree of polymerization (DP) of 

60 for the PFPA block and a DP of 60 for the TAManEAm block. After purification by precipitation, 

the trithiocarbonate end-group was removed by treatment with an excess of AIBN to avoid issues 

with disulfide formation at a later stage. Spectrophotometric proof of successful end-group 

removal is shown in Figure 2. Size exclusion chromatography (SEC) demonstrated successful chain 

extension with full conversion of the macro CTA, narrow dispersity and no significant impact of 

the end-group removal on the polymer molecular weight distribution (Figure 1). Table 1 

summarizes the compositional data of the synthesized macro CTA and block copolymers before 

and after end-group removal.  

 

Table 1. Compositional data for the synthesized polymers.  

Polymer DPtheo 
Conv.calc., a 

[%] 
DPcalc., b 

Mntheo, b 

[Da] 

Mnc 

[Da] 

Mwc 

[Da] 
ᴆc 

p(PFPA) 60 91 55 13 335 9 666 10 753 1.11 

p(PFPA-b-TAManEAm) 65 59 37 29 815 15 673 18 387 1.17 

p(PFPA-b-TAManEAmAIBN) / / 37 29 700 16 653 19 231 1.16 

a: conversion determined by 19F-NMR (282 MHz; CDCl3) or 1H-NMR (300 MHz, CDCl3) analysis 
b: based on conversion and molecular weight of monomer and CTA. 
C: determined by SEC (THF) 
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Figure 1. SEC-traces of macro CTA (red dotted curve) and block copolymer before (blue dotted curve) and after 

trithiocarbonate end-group removal (blue solid curve).   

 

Figure 2. UV-Vis-spectra of block copolymers before (dotted line) and after (full line) trithiocarbonate end-group 

removal by treatment with an excess AIBN.  

 

2.2. BLOCK COPOLYMER POST-POLYMERIZATION MODIFICATION 

Next, the block copolymers were dissolved in DMSO by the aid of ultrasonication and pre-heated 

to a temperature of 40°C to facilitate the coupling reaction. Subsequently, nucleophilic 

substitution of reactive PFP esters was performed by addition of N,N-dimethylaminoethyl amine 

(DMAEA), N,N-diisopropylaminoethyl amine (DIPAEA) or an equimolar ratio of both. In this 

reaction, an excess of amines was added to ensure fast and efficient conversion of all PFP esters.  

After overnight reaction, sodium methoxide was added to the one-pot reaction mixture to 

remove the acetyl protecting groups from the mannosyl repeating units, followed by dialysis and 

lyophilization. Table 2 provides an overview of the theoretical composition of designed block 

copolymers. The tertiary amine moiety of DMAEA has been reported (when substituted along a 

polymer backbone) to have a pKa of 7.3, while the tertiary amine moiety of DIPAEA has a reported 
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pKa of 6.0.76,77 This means that the N,N-dimethylamine moieties are expected to confer the 

polymer with a positive charge density at physiological pH and below, whereas the N,N-

diisopropylamine modified block copolymers should only exhibit a high charge density at an 

endosomal pH below 6.0. Dynamic light scattering (DLS) analysis of these polymer solutions at 

physiological and endosomal pH values confirmed that at physiological pH, DIPAEA modified block 

copolymers (abbreviated as Man2 BL) exhibited self-assembly while all others lacked this ability 

(Figure 3). This phenomenon can be explained by the hydrophobic character of non-charged 

DIPAEA at physiological pH, while in all other situations protonation promotes solubility in 

aqueous environment.  

Table 2. Compositional data for the synthesized polymers after post-polymerization modifications.  

Code Polymer # DMAEA # DIPAEA Mwtheo,a [Da] 

Man1 BL p(DMAEA55-b-ManEAm37 AIBN) 55 0 18 220 

Man2 BL p(DIPAEA55-b-ManEAm37 AIBN) 0 55 21 305 

Man3 BL p(DMAEA28-co-DIPEAE27-b-ManEAm37 AIBN) 25.5b 25.5b 19 735 

a: based on conversion and molecular weight of monomer and CTA. 
b: assuming an equal reactivity, a 50:50 percentage would be obtained. 

 

 

Figure 3. DLS spectra of block copolymers modified with DMAEA (Man1 BL), DIPAEA (Man2 BL), and an equimolar 

mixture of both DMAEA and DIPAEA (Man3 BL) at pH 5 and pH 7.4.   
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Figure 4. Overview of synthesis scheme and the obtained block copolymers. RAFT block-copolymerization of PFPA 

and TAManEAm (A), followed by the AIBN end-capping reaction (B). Upon treatment with either N,N-

dimethylaminoethyl amine, N,N-diisopropylaminoethyl amine, or both, Man1 BL (C), Man2 BL (D) and Man3 BL (E) were 

respectively obtained.  

 

2.3. MEMBRANE DESTABILIZING ACTIVITY 

To assess the membrane destabilizing properties of the block copolymers, a hemolysis assay was 

carried out on chicken red blood cells (RBCs).78 Membrane-destabilization and hence the 

corresponding cell lysis is accompanied by release of hemoglobin into the medium which is easily 

quantified by UV-Vis spectrophotometry. These experiments were performed at two different pH 

values, i.e. 7.4 (phosphate buffer) and 5.6 (acetate buffer), corresponding to the physiological 

extracellular and the endosomal pH, and testing different concentrations of block copolymers. As 
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a positive control, the surfactant Triton-X was used which led to complete membrane dissolution 

as no intact RBCs could be identified by microscopic inspection (data not shown). As a negative 

control the same volume of buffer was added to the RBCs. The hemolysis data in Figure 5 shows 

that at physiological pH, block copolymers with N,N-dimethylamino moieties exhibit a low 

hemolytic activity and at acidic pH a moderately, yet significant, higher activity is displayed. By 

contrast, block copolymers modified with N,N-diisopropylamino moieties exhibit a high and dose-

dependent hemolytic activity at neutral pH, with a significant decrease in hemolytic activity at 

endosomal pH. Block copolymers modified with a mixture of N,N-dimethylamino and N,N-

diisopropylamino moieties still exhibit high hemolytic activity at neutral pH, similar to block 

copolymers modified with N,N-diisopropylamino groups only, but exhibit low activity at 

endosomal pH. 

 

Figure 5. Chicken red blood cell hemolysis assay performed with DMAEA (Man1 BL) (A), DIPAEA (Man2 BL) (B) and 

DMAEA/DIPAEA (Man3 BL) (C) modified block copolymers. Values were normalized between positive (Triton-X) and 

negative (buffer) controls. Data points are presented as a mean value, while error bars indicate the SD (n = 3).  

 

The information obtained by the hemolysis assay leads to several considerations. First of all, 

polymers modified with N,N-dimethylamino moieties provoke higher, albeit very modest, 

membrane-destabilization at endosomal pH. At both pH values, N,N-dimethylamino moieties will 

bear a cationic charge, with a higher charge density along the polymer backbone at endosomal 

pH. This prompts the hypothesis that electrostatic charge interaction between the N,N-

dimethylamino moieties and the negative phospholipid cellular bilayer membrane is the main 

driving force for membrane-destabilization for this block copolymer, as proposed by Rehman et 

al..79 In case of N,N-diisopropylamino modified block copolymers, a more potent membrane-
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destabilizing effect is witnessed at neutral pH compared to endosomal pH. Interestingly, 

according to their pKa, at neutral pH, the diisopropylamino moieties are pre-dominantly 

uncharged, whereas at endosomal pH they are charged. This prompts the hypothesis that 

hydrophobic interaction between the isopropyl groups and the phospholipid cellular bilayer 

membrane is the main driving force for membrane-destabilization for this block copolymer. Based 

on the hemolysis data, a combination of N,N-dimethylamino and N,N-diisopropylamino moieties 

does not appear to have an added value in terms of membrane destabilization. 

2.4. SYNTHESIS OF CORE-CROSS-LINKED NANOGELS. 

Importantly, the potent membrane-destabilizing activity of N,N-diisopropylamino-modified block 

copolymers displayed in the hemolysis assay (vide supra), highlights their potential for endosomal 

rupturing. However, the even higher membrane-destabilization at physiological pH prevents the 

use in their present state in a biological setting. To address this issue, prior to modification with 

DIPAEA, we performed a cross-linking step of the AIBN end-capped poly(PFPA-b-TAManEAm). For 

the latter we made use of the pH-sensitive bisamine cross-linker, 2,2’-bis(aminoethoxy)propane, 

which is prone to acid-catalyzed hydrolysis of the ketal bond. This cross-linking chemistry (used 

previously by us and others) affords for selective disassembly in acidic endosomal 

compartments.31,49–51,80 Hence, prior to cellular uptake, the N,N-diisopropylamino moieties are 

shielded, thus rendering them ‘inactive’, whereas cellular uptake will prompt ketal hydrolysis. 

This in turn unleashes the membrane-destabilizing activity of the block copolymers. Moreover, 

also an increase in osmotic pressure upon cellular uptake of cross-linked DIPAEA block copolymer 

can be expected, which also can aid in rupturing of the endosomes. In this regard, it is important 

to highlight that both ketal hydrolysis, which transforms a single cross-linked structure of several 

mega dalton in molecular weight into a polymer solution, together with the protonation of the 

DIPAEA moieties will contribute to the osmotic effect.81 As a control, block copolymers were also 

cross-linked with the non-degradable cross-linker 2,2’-(ethylenedioxy)bis(ethylamine), which was 

inert to acid catalyzed hydrolysis. The process of synthesizing cross-linked nanogels is illustrated 

by Scheme S1 in supporting information.  

Cross-linking was performed by dissolving the block copolymer in DMSO and applying 

ultrasonication, thereby forming micellar nanoparticles as evidenced by dynamic light scattering 



Chapter 2.2 

- 106 - 
 

(DLS), driven by solvophobic association between the PFPA repeating units (Figure 6). 

Subsequnetly, 0.1 equivalents (relative to PFPA repeating units) of cross-linker were added to the 

solution to target 20% cross-linking.  Following overnight reaction, the remaining PFPA groups 

were quenched by the addition of a large excess of either DMAEA, or DIPAEA (yielding 

respectively Man1 and Man2). Once added, the procedure was further continued in an identical 

fashion as described for non-cross-linked block copolymers (vide supra). DLS analysis proofs the 

formation of stable nanogels in aqueous medium with a mean diameter of about 70 nm (Figure 

7, Table 3 summarizes the obtained size distribution and PDI).  

 

Figure 6. DLS spectrum of self-assembled poly(PFPA-b-TAManEAmAIBN) micelles in anhydrous DMSO at a 

concentration of 10 mg/mL.  

 

 

Figure 7. DLS spectra of cationic nanogels at a concentration of 2.0 mg/mL in PBS pH 7.4.  
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Table 3. Z-average and PDIs obtained from DLS measurements of the different nanohydrogels in PBS at a 

concentration of 2.0 mg/mL.  

Nanohydrogel X-linker Cationic Quencher Z-Average ± SD [nm]  PDI ± SD  

Man1 ND Non-degradable DMAEA 72.56 ± 1.964 0.112 ± 0.00493 

Man1 D Degradable DMAEA 85.17 ± 0.3855 0.190 ± 0.00954 

Man2 ND Non-degradable DIPAEA 68.16 ± 0.4008 0.182 ± 0.0105 

Man2 D Degradable DIPAEA 62.78 ± 0.2447 0.169 ± 0.0116 

 

We also confirmed the degradability of these nanogels in response to acidic pH compared to 

nanogels cross-linked with a non-degradable cross-linker. Figure 8 exemplifies the DLS profiles of 

nanogels modified with DIPAEA, both degradable and non-degradable at physiological and 

endosomal pH. Figure 9 provides the evolution of hydrodynamic diameter in function of time for 

both degradable as non-degradable Man2 nanogels at endosomal pH. A hemolytic assay as 

described above indicated that cross-linking effectively shields the tertiary amine moieties, 

ensuring that nanogels are not capable to disrupt membranes, prior to the nanogel degradation 

(Figure 10).  

 

Figure 8. DLS spectra of Man2 ND (non-degradable) and Man2 D (bio-degradable) at pH 7.4 and pH 5.0 at time point 0 

h and 24 h.   
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Figure 9. Evolution of hydrodynamic radius of Man2 D and Man2 ND over 24 h at pH 5.0. 

 

 

Figure 10. Chicken red blood cell hemolysis assay performed with degradable and non-degradable nanogels: Man1 ND 

(A), Man1 D (B), Man2 ND (C), and Man2 D (D). Values were normalized between positive (Triton-X) and negative (buffer) 

controls. Data points are presented as mean values, while error bars depict the SD (n=3).  
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2.5. IN VITRO CYTOTOXICITY 

Finally, we tested the in vitro cytotoxicity of the block copolymers and nanogels on mouse RAW 

macrophages by MTT assay (Figure 11). This data clearly shows that core-cross-linking is very 

efficient in rendering block copolymers, that otherwise show considerable toxicity in micellar or 

unimeric state, highly inert. Indeed, nanogels show almost no significant toxicity at the highest 

concentration, while similar concentrations of non-cross-linked block copolymers, modified with 

the same tertiary amine moieties, show a distinct concentration-dependent toxicity profile. We 

attribute the cytotoxic activity of the non-cross-linked block copolymers to their membrane-

destabilizing activity that was observed already earlier based on the data obtained from hemolysis 

assays.  

 

Figure 11. MTT assay of DMAEA (A) and DIPAEA (B) modified block copolymers and nanogels at different 

concentrations (n = 6). Data points and error bars represent mean values and SD, respectively. Dotted line indicates 

70 % viability interval.  
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3. CONCLUSION 

In this chapter, we investigated the possibility of endowing our earlier designed mannosylated 

nanogels with membrane-destabilizing properties. To that purpose, we first evaluated the effects 

of tertiary amine modifications of mannosylated RAFT block copolymers with either N,N-

dimethylaminoethyl or N,N-diisopropylaminoethyl groups. Building on the results obtained from 

a chicken red blood cell hemolysis assay, we designed pH-degradable core-cross-linked 

mannosylated nanogels equipped with a tertiary amine functionalized core. Hemolysis assay of 

these nanogels, combined with in vitro cytotoxicity data revealed that by cross-linking the block 

copolymers into a nanogel structure, the membrane-disruptive properties were alleviated, 

thereby rendering the nanogels non-cytotoxic even at high concentrations. These findings pave 

the road for further investigations into whether intracellular disassembly of nanogels that contain 

degradable cross-links regain their membrane-destabilizing activity and whether this feature can 

hold promise for cytoplasmic delivery of non-membrane permeable molecules.   
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4. EXPERIMENTAL 

4.1. MATERIALS 

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich. 2,2’-azobis(2-

methylpropionitrile) (AIBN) was provided by Wako Chemicals and purified by recrystallization 

from diethyl ether prior to use. The RAFT agent 2-(butylthiocarbonothioylthio)propanoic acid 

(PABTC) was synthesized according to literature.82 1,2,3,4,6-penta-O-acetyl-α-D-mannose, was 

obtained from Carbosynth. Pentafluorophenol was purchased from fluorochem and used as such. 

Chicken red blood cells were provided by Dr. Bert Schepens. Cell culture medium and 

supplements, and DPBS (+ CaCl2; + MnCl2) were purchased from Life Technologies. Raw 

macrophages were acquired from Invivogen and cultured in DMEM supplemented with 10 % FBS, 

1% penicillin/streptomycin, 2mM L-glutamine, 1mM sodium pyruvate, and 0.01 % Zeocin.  

4.2. INSTRUMENTATION 

1H-, 13C-, and 19F-NMR spectra were recorded on a Bruker 300/400/500 MHz FT-NMR 

spectrometer as described earlier in Chapter 2.1.  

Size exclusion chromatography (SEC) was performed on a Shimadzu 20A system, equipped with a 

20A ISO-pump and a 20A refractive index detector (RID). Measurements were executed in 

tetrahydrofuran (THF), containing 1 % toluene as an internal standard. Calibration of the 2 PL 5 

μm Mixed-D columns was done with polystyrene-standards obtained from PSS (Mainz).  

ESI-mass spectroscopy was performed as described earlier (Chapter 2.1).  

UV-Vis spectra were recorded from 350 nm – 800 nm using a Shimadzu UV-1650PC UV-VIS double 

beam spectrophotometer. Spectra were always referenced to the dispersion medium prior to 

data collection. In case of the hemolysis assay and MTT assay, a Perkin Elmer Victor² UV-Vis plate 

reader and a Biotek Epoch 2 UV-Vis plate reader, respectively.  

Dynamic light scattering (DLS) of the self-assembled nanogels was done using a Zetasizer Nano-S 

(Malvern) equipped with a He-Ne laser (λ = 633 nm) as incident beam. 
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4.3. METHODS 

Synthesis of Pentafluorophenyl acrylate (PFPA).  

The synthesis of PFPA is described in full in the experimental section of Chapter 2.1. The resulting 

pure product was characterized using 1H-NMR and 19F-NMR, of which the spectra are given in 

Figure S1 and S2, respectively.  

 

Synthesis of 2,3,4,6-tetra-O-acetyl-α-D-mannosylethyl acrylamide (TAManEAm).   

The synthesis of TAManEAm is described in full in the experimental section of Chapter 2.1. The 

resulting pure product was characterized using 1H-NMR (Figure S3), APT 13C-NMR and ESI-MS.  

 

Synthesis of poly(Pentafluorophenyl Acrylate) (poly(PFPA)). 

For a polymerization reaction of pentafluorophenyl acrylate aiming at a DP of 60, 4.76 g PFPA (20 

mmol), 79.4 mg PABTC CTA (0.333 mmol), 10.9 mg AIBN (0.0666 mmol) were dissolved in 6.7 mL 

anhydrous 1,4-dioxane, to obtain a final monomer concentration of 2M. The solution was 

transferred to a Schlenk vial and degassed by 5 subsequent freeze-pump-thaw cycles before being 

placed inside a pre-heated oil bath of 80 °C under vacuum. After 2 h, the polymerization was 

quenched by cooling the vial in ice water and exposing the reaction to oxygen. Conversion was 

calculated by 19F-NMR spectra of the reaction mixture in CDCl3. The reaction mixture was purified 

by triple precipitation into ice-cold ethanol and dried for 24 h in a vacuum oven at 30 °C. The 

resulting purified polymer was used as macroCTA for the synthesis of the desired block 

copolymers. The macroCTA was analyzed using THF- SEC to determine the Mn, Mw and ᴆ and data 

can be found below in Table 1. SEC-traces are depicted above in Figure 1. The theoretical Mn was 

calculated based on the conversion determined by 19F-NMR.  

19F-NMR (282 MHz, CDCl3, Figure SX): δ (ppm): -153.22 (br, 2F; o-C6F5); -156.79 (br, 1F; p-C6F5); -

162.26 (br, 2F; m-C6F5). 
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Synthesis of p(PFPA-b-tetra-O-acetyl-α-D-mannosylethyl acrylamide) (p(PFPA-b-TAManEAm)). 

For block copolymerization aiming at a DP of 65 for the second block , 890 mg 2,3,4,6-tetra-O-

acetyl-α-D-mannosylethyl acrylamide (2 mmol), 410 mg poly(PFPA) macroCTA (0.06154 mmol),  

1.0 mg AIBN (50 µL of a 0.02 mg/µL stock solution, 0.0123 mmol) and 3.05 mL anhydrous 1, 4-

dioxane were added to a Schlenk vial and degassed by 5 subsequent freeze-pump-thaw cycles 

before being placed inside a pre-heated oil bath of 80 °C under vacuum. After 60 minutes, the 

reaction was quenched by cooling the vial in ice water and exposing the reaction to oxygen. 

Conversion was calculated by 1H-NMR spectra of the reaction mixture in CDCl3. Purification of the 

reaction mixture was performed by triple precipitation into an ice-cold diethyl ether. The purified 

block copolymer was dried under vacuum at 30 °C for 24 h. The theoretical Mn was calculated 

based on the conversion determined by 1H-NMR. The resulting pure polymer was analyzed using 

THF- SEC to determine the Mn, Mw and ᴆ and data can be found below in Table 1. SEC-traces are 

depicted above in Figure 1.  

 

RAFT end-group removal. 

To remove the trithiocarbonate end-group, the polymer was treated with an excess of AIBN 

according to literature.83 1.2 g poly(PFPA-b-TAManEAm) polymer (MW = 29.8 kDa, 0.04 mmol) 

was added to a Schlenk vial and dissolved in 10 mL anhydrous 1,4-dioxane. 30 equivalents of AIBN 

(197 mg, 1.2 mmol) were added to the same Schlenk vial and the vial was placed in a pre-heated 

oil bath of 80 °C without prior degassing cycles. The reaction was left overnight until the yellow 

solution turned colorless, indication the loss of the trithiocarbonate end-group. The reaction was 

quenched by cooling down in ice and exposure to oxygen. The resulting polymer was purified by 

threefold precipitation in ice cold diethylether, followed by overnight drying in a vacuum oven. 

The resulting purified end-capped polymer was used as such for the following post-

polymerization modification reactions. The polymer was analyzed using THF-SEC (Figure 1, Table 

1) and UV-Vis-analysis of a 0.042 µM solution in 1,4-dioxane before and after AIBN end-capping 

illustrated successful trithiocarbonate removal (Figure 2).  
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Post-polymerization modification with amines. 

Three pre-dried round bottom flasks of 50 mL, containing a stirring bar and placed under inert 

atmosphere, were loaded with 150 mg p(PFPA-b-TAManEAmAIBN) (0.00503 mmol, 1Eq.). The 

polymer was dissolved by the addition of 15 mL anhydrous DMSO and sonicated for 1h before 

being placed in a pre-heated oil bath of 40°C under continuous stirring. To each round bottom 

flask, a solution containing 5 equivalents/PFPA unit of either N,N-dimethylaminoethyl amine 

(DMAEA; 275 Eq.; 1.383 mmol; 155 µL, resulting in Man1 BL), N,N-diisopropylaminoethyl amine 

(DIPAEA; 275 Eq.; 1.383 mmol; 249 µL, yielding Man2 BL) or both (50/50 DMAEA/DIPAEA, 137.5 

Eq. each; 0.6915 mmol each; 78 µL DMAEA and 125 µL DIPEAE, yielding Man3 BL) and 15 

equivalents of TEA/PFPA unit (825 Eq.; 4.15 mmol; 581 µL) were added to the flask. After 24 hours 

of reaction, the reaction mixtures were cooled to room temperature prior to the addition of 7.5 

mL anhydrous methanol. In order to deprotect the mannosyl moieties, 200 µL of a concentrated 

sodium methoxide solution (5.4 M in methanol) was added dropwise to each reaction mixture. 

Upon addition, the reaction mixtures showed precipitation of the deprotected polymers. After 30 

minutes of stirring, the reaction mixtures were diluted with demi-water and further purified by 

extensive dialysis against MilliQ water for 3 days, with frequent exchange of dialysis medium. The 

resulting clear solutions were then lyophilized to yield an off-white fluffy powder that was readily 

dispersible in MilliQ water and PBS buffer.  

 

DLS measurement at different pH values.  

The tendency of block copolymers to self-assemble as a response to different pH values was 

investigated by dynamic light scattering (DLS). Block copolymers were dissolved at a 

concentration of 1.0 mg/mL solutions in either 100 mM PBS (pH 7.4) or 100 mM sodium acetate 

buffer (pH 5.0). The lyophilized block copolymers were redispersed, sonicated for 2 minutes, 

filtered and measured at 25 °C. For each sample, 3 individual measurements were taken and data 

provided as an average. Figure 3 illustrates the DLS spectra for the different block copolymers at 

different pH values.  
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Hemolysis assay for block copolymers. 

Block copolymers were dissolved in buffer (either pH7.4 or 5.6 (100 mM phosphate buffer)), at a 

concentration of respectively 20 mg/mL, 10 and 2 mg/mL. Freshly obtained chicken red blood 

cells were centrifuged (5 min, 500 G) and washed with PBS four times before a 1/50 dilution in 

buffer was made. Block copolymer stock solutions were diluted 20x  into the red blood cell 

suspension and incubated for 1h at 37°C followed by centrifugation. Negative controls (only 

buffer) and positive control (20 % Triton-X in water) were treated identically. The supernatant 

after centrifugation was transferred into flat bottomed 96-well plates and measured by a Perkin 

Elmer Victor² UV-Vis plate reader. The results are expressed as a percentage of hemolysis, which 

is calculated according to equation 1.  

% ℎ𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =
(𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑠𝑎𝑚𝑝𝑙𝑒−𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑁𝐶)

(𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑃𝐶−𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑁𝐶)
∗ 100 %  (eq. 1) 

 

Nanogel synthesis 

Non-degradable and degradable nanogels were synthesized starting from the already 

manufactured p(PFPA-b-TAManEAmAIBN) block copolymers in accordance with an earlier 

developed protocol.80 Scheme S1 gives an overview of the chemical synthesis of the 

nanohydrogels. 

Typically, 100 mg of p(PFPA-b-TAManEAmAIBN) block copolymer (0.003367 mmol) is dissolved 

using 10 mL anhydrous DMSO under inert atmosphere in a 25 mL round bottom flask (4 fold for 

2 different functionalized nanogels, both degradable as non-degradable). The resulting clear 

solution is sonicated for minimum 1h and a 100 µL sample was taken to confirm the formation of 

self-assembled micellar nanoparticles before being put in a pre-heated oil bath at 40°C. Figure 6 

illustrates the self-assembly properties of the block copolymer in DMSO. In a first step, 10 % of 

the PFPA units are converted by the addition of a 0.1 equivalents cross-linker (0.01852 mmol) 

(more specifically 2,2’-(ethylenedioxy)bis(ethylamine) for the non-degradable nanogels and 2,2’-

bis(aminoethoxy)propane)  for the degradable ones) to target 20% cross-linking overall. 10 

equivalents of TEA (0.1852 mmol) according to cross-linker were also added and the reaction 



Chapter 2.2 

- 116 - 
 

mixture was allowed to react overnight. After 24 h of reaction, the remaining PFPA repeating units 

were removed by the addition of 5 equivalents (per PFPA unit) of either DMAEA, or DIPAEA, 

accompanied by 15 equivalents of TEA. The reaction was again allowed to react overnight at 40°C. 

After an additional 24 h of vigorous stirring, the mixture was cooled down to room temperature 

under continuous stirring. In order to deprotect the acetylated mannose block, 7 mL of dry 

methanol was added to each reaction mixture. Sodium methoxide (200 µL, 5.4 M concentrated 

solution in MeOH) was added dropwise and the resulting turbid mixture was kept stirring during 

0.5 h. In order to remove any small byproducts as well as solvents, all reaction mixtures were 

purified by dialysis against 0.1% v/v ammonium hydroxide solution (basic pH is required to retain 

the ketal bonds) in demineralized water (with frequent exchange of dialysis medium) and 

lyophilized afterwards.  

 

Nanogel degradation 

The degradability of the nanogels was investigated using 1.0 mg/mL solutions in PBS (pH 7.4) or 

0.1 M sodium acetate buffer (pH 5.0). The lyophilized nanogels were redispersed, sonicated for 2 

minutes, filtered and measured at 25 °C using DLS. Spectra were recorded with 1h intervals for 

24h as illustrated by Figure 9.  

 

Hemolysis assay for Nanogels. 

Nanogels were dissolved in buffer (either pH7.4 or 5.6 (100 mM phosphate buffer)), at a 

concentration of respectively 20 mg/mL, 10 and 2 mg/mL and incubated with freshly obtained 

chicken red blood cells as described above (vide supra). The supernatant after centrifugation was 

transferred into flat bottomed 96-well plates and measured by a Perkin Elmer Victor² UV-Vis plate 

reader. The results are expressed as a percentage of hemolysis, which is calculated according to 

equation 1.  
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In vitro cytotoxicity for block copolymers and nanogels. 

The in vitro cytotoxicity was assessed by MTT assay. All block copolymers and nanogels were 

diluted in PBS with concentrations ranging from 10-5 mg/mL to 10 mg/mL. The MTT stock solution 

was prepared by dissolving 50 mg MTT (thiazolyl blue tetrazolium bromide) in 10 mL PBS, 

followed by membrane filtration (0.220 µm) prior to a 5-fold dilution in culture medium. One day 

prior to pulsing, murine RAW macrophages were seeded into 96-well plates at a concentration of 

10 000 cells/well (200 µL/well) and incubated overnight. The next day, cells were pulsed with 50 

µL of sample, DMSO (positive control, 0 % viability) or PBS (negative control, 100 % viability), 

followed by 72 h of incubation. Afterwards, the medium was aspirated and cells were washed 

with 200 µL PBS. After aspiration of the PBS, cells were incubated with 100 µL of the MTT working 

solution for 1 h. Finally, the MTT working solution was aspirated and 50 µL DMSO was added to 

dissolve the formed purple formazan crystals. Absorbance was determined at 590 nm using a 

Biotek plate reader. The results were expressed as a percentage of viability, which is calculated 

according to equation 2.  

% 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
(𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑠𝑎𝑚𝑝𝑙𝑒−𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑃𝐶)

(𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑁𝐶−𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑃𝐶)
∗ 100 %   (eq. 2) 
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APPENDIX CHAPTER 2 

 

Figure S1. 1H-NMR spectrum of pentafluorophenyl acrylate. 

 

Figure S2. 19F-NMR spectrum of pentafluorophenyl acrylate. 
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Figure S3. 1H-NMR spectrum of 2,3,4,6-tetra-O-acetyl-α-D-mannosylethyl acrylamide. 

 

Figure S4. 1H-NMR spectrum of 2,3,4,6-tetra-O-acetyl-β-D-galactosylethyl acrylamide. 
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Table S1. Composition of polymers based on a 2,3,4,6-tetra-O-acetyl-α-D-mannosylethyl acrylamide macro CTA. 

Composition [M]:[CTA]:[AIBN] T (h) Conversiona (%) Mn
b (Da) Mn

c (Da) Mw
c (Da) ᴆc 

p(TAManEAm) 100:1:0.2 0.45 71.7 32175 10524 14571 1.38 

p(TAManEAm-b-PFPA) 216:1:0.2 21 83.0 75035 11640 15380 1.51 

a: Determined by 1H-NMR or 19F-NMR (300 MHz or 282 MHz respectively, chloroform-d) 
b: Based on the conversion and molecular weight of monomer and CTA 
c: Determined by THF-SEC 

 

 

 

Figure S5. 1H-NMR spectrum of the purified p(PFPA65-b-TAGalEAm75) block copolymer. 
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Figure S6. 1H-NMR spectrum of all purified p(PFPAx-b-TAManEAmy) block copolymers. The sample codes (A), (B) and 

(C) correspond to the polymer compositions listed in Table 1: Man1, Man2 and Man3 respectively.  
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Figure S7. 1H-NMR spectrum of Man1 after reaction of the PFP esters with 2-aminoethanol and de-acetylation of the 

mannosyl moieties with sodium methoxide/ methanol (note: No acetyl peaks around 2.2 – 1.8 ppm are present 

indicating full de-acetylation of the mannosyl moieties).  

 

    

 

Figure S8. Photographs of lectin-binding assay: the left side ((A) and (B)) depicts a ConA aggregated solution 

containing 20 µL of a 5 mg/mL Man1
D solution in DPBS (+ CaCl2 and MgCl2). As depicted above, 20 µL of a 0.500 g/mL 

D-Mannose solution in DPBS was added to cuvet A and 20 µL of a 0.500 g/mL D-Galactose solution in DPBS was added 

to cuvet B. Upon addition of a huge excess of D-Mannose, the aggregates in cuvet A redissolved, while the addition 

of a similar amount of D-Galactose did not alter the precipitation at all.  
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Figure S9. Fluorescent intensity in function of concentration of the different nanogels (n = 3, concentration is 

depicted in mg/mL).  

 

 

 

Figure S10. Flow cytometry gating strategy which illustrates that the MRhi subset is pre-dominantly expressed on 

immature DCs (CD11c positive cells).  
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Scheme S1. Overview of chemical synthesis of nanohydrogels starting from the p(PFPA-b-TAManEAmAIBN) block 

copolymer, dispersed in anhydrous DMSO.  
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CHAPTER 3: 

ENGINEERING INNATE EFFECTOR MECHANISMS 
 

1. GENERAL INTRODUCTION  

Cancer is a leading cause of death and traditional treatment options for cancer patients include 

surgical resection, direct irradiation and cytotoxic chemotherapy, all of which are prone to cause 

severe side effects.1 The rise of immune-engineering has provided researchers with novel 

strategies that harness the patient’s own immune system to fight cancer.2–6 Indeed, by rekindling 

both the innate and adaptive immune system, immunosuppression by cancer cells could lose its 

dominance over the tumor microenvironment. In terms of tipping the scale in favor of cancer cell 

elimination, a plethora of novel cancer immunotherapeutics have been designed by the 

pharmaceutical industry, including monoclonal antibodies, checkpoint inhibitors, CAR T-cells and 

other cell based therapies.2,7,8  

To date, monoclonal antibodies (mAbs) are the most popular immunotherapeutics used in the 

clinic. These 150 kDa “Y”-shaped proteins possess excellent selectivity towards specific protein 

targets on the cancer cell surface.4,9,10 Although mAbs have been widely used for various types of 

neoplasms, the development and production of these compounds, combined with limited shelf 

life and sometimes severe side effects, carries an expensive price tag. This in turn entrusts health 

care agencies with a huge economic burden.2,11 Instead of administrating monoclonal antibodies 

that can recognize cancer cells and subsequently flagging them for elimination by innate and 

adaptive immune responses, synthetic molecules that recruit endogenous antibodies (i.e. 

antibodies present in large amounts in every human being) to the cancer cell surface could be a 

viable alternative.12–15  

In this context, antibody-recruiting small molecules (ARSMs) have been investigated by several 

groups as an innovative strategy to convert healthy human serum into a targeted cytotoxic agent 

that marks tumor cells for recognition and subsequent eradication by the immune system.12,14,16–

19  ARSMs are synthetic molecules composed of (1) a small molecule ligand that can bind to 
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endogenous antibodies and (2) a molecule that binds to the cancer cell surface.13 Upon the 

formation of a ternary complex between the cancer cell surface, ARSMs and endogenous 

antibody, several antibody-mediated immune responses are induced, leading to cancer cell 

eradication.12,19,20 As antibody-recruiting molecules, haptens (i.e. non-immunogenic small 

molecules that become immunogenic when conjugated to a larger molecule) are ideally 

suited.14,21  

While these synthetic small molecules are able to effectively link antibodies to cancer cells, 

endogenous antibodies are known to exhibit lower binding affinities compared to specifically 

engineered monoclonal antibodies.22 A few reports have suggested that synthetic ARSMs that 

contain more than one hapten motif can strongly increase the avidity of endogenous IgG 

antibodies to target cells.14,23 Despite these findings, limited studies have been undertaken so far 

to investigate the effect of polymeric copies of a hapten, although this should dramatically 

enhance the binding avidity of circulating endogenous antibodies. Building on this idea, we 

propose the concept of antibody-recruiting polymers (ARPs), where multiple hapten copies can 

boost the binding avidity of endogenous antibodies to levels comparable to/exceeding that of 

monoclonal antibodies.  

Antibody-recruiting polymers rely on several repeating units of a hapten that binds endogenous 

antibodies, while a cell-membrane binding moiety enables the anchoring of these molecules to 

the surface of malignant cells. By clustering antibodies on the surface of cancer cells, they become 

flagged for destruction by innate effector mechanisms, including complement activation, 

complement-dependent cellular phagocytosis (CDCP), complement-dependent cytotoxicity 

(CDC), antibody-dependent cell-mediated cytotoxicity (ADCC) and antibody-dependent cellular 

phagocytosis (ADCP).9,24–26 Although these mechanisms for destruction of cancer cells rely on the 

host’s innate immune system, APCs that engulf cellular debris as a result of innate cell killing can 

present tumor associated antigens to T-cells that subsequently mount an antigen-specific 

immune response. 
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CHAPTER 3.1:  

A SYNTHETIC RHAMNOSE GLYCOPOLYMER 
 AS CELL SURFACE RECEPTOR FOR  

ENDOGENOUS ANTIBODY RECRUITMENT 
 

1. INTRODUCTION 

The first part of this chapter deals with the concept of antibody-recruiting polymers composed of 

glycopolymers that contain L-rhamnose as repeating hapten motif. The deoxy sugar L-rhamnose 

is an attractive hapten candidate due to the high level of anti-rhamnose immunoglobulin 

(IgG/IgM) antibodies in human serum.12,14,27 Rhamnose is not produced by humans, but is present 

in the cellular envelope of a variety of commensal bacteria in the human gut system.28 

Interestingly, recent studies have highlighted the population-wide prevalence of anti-rhamnose 

antibodies which makes it a universal hapten. Relative to more explored haptens such as 

dinitrophenyl, phosphorylcholine and galactose-α-1,3-galactose-β-1,4-N-acetylglucosamine (α-

Gal), rhamnose-specific IgG antibody titers are significantly higher and/or of greater affinity.14,18 

Based on the synthetic route presented in Chapter 2 of this thesis, a L-rhamnose based acrylamide 

monomer was synthesized and polymerized by RAFT, yielding well-defined polymers with 

antibody-recruiting capacity.29  

To allow the glycopolymers to anchor to the cell surface, one polymer chain-end is modified with 

a lipophilic motif that inserts into the cell membrane. Cholesteryl amine (CholA), a cholesterol 

analogue, has been reported by both the Peterson and Bertozzi group to afford prolonged (i.e. 

longer than one week) cell surface exposure of both small molecule and macromolecular CholA 

conjugates.30,31 The therapeutic relevance of ARPs that bind to a cancer cell surface by 

hydrophobic insertion should be positioned in the context of solid tumors that can be reached by 

syringe injection, e.g. for neo-adjuvant therapy prior to surgery. This class of materials opens 

avenues for the design of potent immunotherapeutics that mark target cells for destruction by 

innate effector mechanisms.24–26 The concept of the L-rhamnose based ARP design is shown in 
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Figure 1, where a cholesteryl amine is used for non-specific cell surface binding by hydrophobic 

insertion into the lipid cell membrane.  

 

Figure 1. Graphical representation of the concept of L-rhamnose based antibody-recruiting polymers and the 

subsequent binding of endogenous antibodies directed against the repeating L-rhamnose motifs.  

 

2. RESULTS AND DISCUSSION 

2.1. GLYCOPOLYMER SYNTHESIS AND CHARACTERIZATION 

A monomeric rhamnosyl building block (i.e. 2,3,4-tri-O-acetyl-α-L-rhamnosylethyl acrylamide 

(TARhamEAm)) was synthesized according to a straightforward single transformation step 

between peracetylated L-rhamnose and N-hydroxyethyl acrylamide (HEAm) adopted from a 

procedure we recently reported for the synthesis of mannosylated acrylamides (Scheme 1, A).29  

Rhamnose glycopolymers were synthesized by RAFT polymerization of TARhamEAm using a 

pentafluorophenyl (PFP) ester functionalized chain transfer agent (CTA), further abbreviated as 

PFP-PABTC (Scheme 1, C). Note that to the best of our knowledge no polymerizable L-rhamnose 

derivatives have been reported so far. 

+
Rhamnose-glycopolymer

CholA

BINDING

Cell surface recycling

INTERNALIZATION
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Our choice for RAFT was fostered by its tolerability towards various chemical functionalities, 

yielding well-defined polymers with accessibility to tailorable α,ω-end-group functionalities.32,33 

The choice for polymerizing the monomer in its acetyl-protected form is driven by the possibility 

to use more apolar volatile solvents which allow for a more straightforward purification, precise 

characterization via standard size exclusion chromatography (SEC) methods, and further post-

polymerization modifications.29 1H-NMR and SEC analysis revealed successful polymerization with 

high monomer conversion and narrow dispersity (Table 1; Figure 2 for the corresponding SEC-

traces). Depending on whether or not the resulting polymers were to be fluorescently labeled, 

the trithiocarbonate end-group was either maintained (for further labeling) or removed by 

treatment with an excess of 2,2’-azoisobutyronitrile (AIBN) (Scheme 1, C).34 Successful removal 

of the trithiocarbonate was verified by UV-Vis spectroscopy (data not shown). The ability of these 

polymers to be bound by IgG in human serum was investigated by ELISA on serum samples of 40 

human donors, of which the majority exhibited detectable binding levels (Figure S9). These 

findings are in agreement with previous reports on IgG antibody binding of monomeric L-

rhamnose and show that also in polymeric form L-rhamnose is capable of being bound by serum 

antibodies.14 

 

Table 1. Characteristics of the synthesized polymers. 

Polymer DPtheo Conv. [%]a DPcalc, b Mn
theo,b [Da] Mn

c [Da] Mw
c [Da] ᴆc 

PFP-p(TARhamEAm) 30 90 27 10 900 13 900 14 700 1.06 

PFP-p(TARhamEAmAIBN) 30 / 27 10 800 15 300 16 300 1.07 

PFP-p(TAGalEAm) 30 94 28 12 900 11 700 13 600 1.16 

PFP-p(TAGalEAmAIBN) 30 / 28 12 800 11 600 13 500 1.16 

a: conversion determined by 1H-NMR 

b: based on conversion and molecular weight of monomer and CTA 

c: determined by SEC (DMAc) 
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Scheme 1. (A) Synthesis of TARhamEAm monomeric building blocks. (B) Control small molecule compound composed 

of a single L-rhamnose moiety linked to CholA (CholA-SQA-Rham). (C) RAFT polymerization of TARhamEAm and 

trithiocarbonate end-group removal of the corresponding polymer. (D) Post-polymerization modification of 

p(TARhamEAm) with CholA or 2-aminoethanol as control.  

 

 

Figure 2. SEC-traces of acetyl protected glycopolymers before (dotted line) and after (full line) trithiocarbonate 

removal with an excess of AIBN.  
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2.2. POST-POLYMERIZATION MODIFICATION INTO ARPS 

To endow the polymer with the ability to insert into cell membranes, cholesteryl amine (CholA) 

was conjugated to the activated PFP ester at the polymer chain-end via amide bond formation. 

CholA, a cholesterol analogue, has been reported by the Peterson group and the Bertozzi group 

to afford prolonged (i.e. longer than one week) cell surface exposure of both small molecule and 

macromolecular CholA conjugates.30,31 We hypothesized that endocytosis would be less of a 

limiting factor with respect to antibody recruitment and exposure to innate immune destruction 

for longer periods of time. Proof of successful CholA conjugation was obtained by 1H-NMR and 

SEC analysis. (Figures S7 and 3). Subsequently, all acetyl groups were removed by treatment with 

sodium methoxide followed by extensive dialysis against demi-water (Scheme 1, D). As an 

additional proof of successful CholA conjugation, dynamic light scattering (DLS) analysis showed 

the formation of micelles in PBS for CholA modified polymers, while fully hydrophilic 2-

aminoethanol (vide infra) modified polymers remained unimeric upon dispersion in PBS (Figure 

4, Table S1 illustrates the obtained Z-average and PDI values).  

 

Figure 3. SEC-traces of p(TARhamEAmAIBN) before (green) and after post-polymerization modification with CholA (red 

full line) or EA (red dotted line).   

 

Figure 4. Size distribution measured by DLS of the different polymers. 
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Fluorescent labeling was performed on non-AIBN-treated polymers by reacting the free thiol 

moiety that arose from the trithiocarbonate group during the alcoholysis with sodium methoxide 

with tetramethylrhodamine-maleimide (further abbreviated as TMR), forming a thioether bond 

between the polymer and the dye (Figure 5). Control polymers without CholA were synthesized 

by converting the PFP ester into an inert moiety using 2-ethanolamine (further abbreviated as EA) 

instead of CholA (Scheme 1, D). Another set of control polymers was synthesized based on β-D-

galactose. Monomeric galactosyl building blocks were synthesized according to our recently 

published procedure, polymerized and post-modified in analogy to the rhamnose containing 

polymers.29,35 Galactosylated polymers were chosen as controls because of the presence of low 

levels of anti-galactose IgG in healthy human serum.18  Table 1 summarizes the characteristics of 

all synthesized polymers, while Figure 2 and 4 display the SEC-traces and DLS spectra of the 

galactosylated polymers, respectively. The chemical structures of the polymers obtained after 

post-polymerization and purification are illustrated below in Figure 6.  

 

 

Figure 5. Sodium methoxide deprotection of CholA-p(TARhamEAm) (A) and Tetramethylrhodamine-maleimide 

labeling of deprotected CholA-p(RhamEAm) polymers (B).  
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Figure 6. Chemical structures of ARP CholA-p(RhamEAmAIBN) (A) and control polymers EA-p(RhamEAmAIBN) (B),  CholA-

p(GalEAmAIBN) (C), and EA-p(GalEAmAIBN) (D).  

2.3. IN VITRO EVALUATION OF ARPS 

To investigate whether CholA functionalized polymers can insert into cell membranes, Jurkat T 

cells were pulsed both at 4 °C to block energy-dependent endocytosis mechanisms and at 37 °C 

to allow internalization to occur. Afterwards, cells were washed with cold PBS to remove unbound 

polymer. For detection by flow cytometry (FACS) and confocal microscopy, fluorescently labeled 

polymers were used for these experiments. FACS analysis provided clear results with strong 

cellular association observed for CholA-functionalized polymers exclusively, both at 4 °C and 

37 °C, and no significant cellular association for polymer that lacked CholA. Note that lower mean 

fluorescence intensity (MFI) values measured at 37 °C compared to 4 °C are likely due to 

fluorescence self-quenching in endosomal compartments (Figure 7, B). Confocal microscopy was 

used for visualization of the intracellular localization of the polymers (Figure 8). At 4 °C, a distinct 

contour surrounding the cells is visible, which gives clear proof of efficient cell surface insertion 

of CholA-p(RhamEAm)-TMR. By contrast, no fluorescence signal beyond the background, both at 

4 and 37 °C could be detected for EA-p(RhamEAm)-TMR polymers lacking the CholA moiety. These 

findings are in full agreement with the FACS data. Incubation of cells with CholA-functionalized 
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polymers at 37 °C resulted in a combination of polymers that are localized at the cell surface, 

together with a punctuated intracellular pattern of polymer that is internalized. When monitoring 

cells for multiple days, we observed that the fluorescence became divided over the daughter cells 

and at all times a significant fraction of polymer was visible on the cell surface (Figure 9).  

 

 

Figure 7. FACS analysis of Jurkat T cells pulsed with CholA-p(RhamEAm)-TMR and EA-p(RhamEAm)-TMR for 1h at 4 °C 

and 37 °C: TMR-positive cells (A) and MFI values (B).  

 

 

Figure 8. Confocal microscopy (rhodamine and DIC channel) images of Jurkat T cells pulsed with CholA-p(RhamEAm)-

TMR and EA-p(RhamEAm)-TMR for 1h at 4 °C and 37 °C. Depicted scale bars represent 8 µm. 

 

 

A B
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Figure 9. Confocal microscopy images at different time intervals of Jurkat T cells pulsed with CholA-p(RhamEAm)-

TMR (note that the excess of unbound polymer was removed by washing). Depicted scale bars represent 8 µm. 

Next, we investigated the ability of CholA-p(RhamEAm) to recruit serum antibodies to the surface 

of treated cells. For this purpose, Jurkat T cells were pulsed with CholA-p(RhamEAm). As controls, 

polymers without CholA moiety were used as well as polymers containing galactose instead of 

rhamnose repeating units (i.e. EA-p(RhamEAm), CholA-p(GalEAm), and EA-p(GalEAm); structures 

shown above in Figure 6). To avoid crosstalk, non-fluorescently labeled samples were used. After 

washing with cold PBS to remove unbound polymer, cells were pulsed with pooled human serum 

for 30 minutes followed by washing and staining with PE-labeled anti-human IgG. FACS analysis 

demonstrated that only polymers equipped with both CholA and p(RhamEAm) were able to 

recruit antibodies to the cell’s surface (Figure 10). Importantly, the inability of CholA-p(GalEAm) 

to recruit antibodies highlights the crucial role of L-rhamnose to attract IgG from human serum to 

a target cell surface. These findings were further confirmed by STORM (stochastic optical 

reconstruction microscopy), a super resolution single molecule microscopy technique, which 

allowed detection of AF647-labeled anti-human IgG on the cell surface of Jurkat T cells treated 

with CholA-p(RhamEAm) (Figure 11). 

 

Figure 10. Antibody-recruiting activity Jurkat T cells pulsed with CholA/EA-p(RhamEAm) (full line), CholA/EA-

p(GalEam) (dotted line) measured by FACS. Histograms (A) and corresponding MFI values (B) (n=3), mean value ± SD. 

A B
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Figure 11.  STORM images of Jurkat T cells pulsed with CholA-p(RhamEAm) (A) or CholA-p(GalEAm) (B) followed by 

staining with AF647-labeled anti-IgG. Depicted scale bars represent 5 µm. 

 

At this point, we aimed to elucidate whether multiple copies of L-rhamnose on the polymer 

backbone allows for a more efficient antibody recruitment compared to a compound that 

contains only one L-rhamnose motif. Therefore, we synthesized a small molecule, abbreviated as 

CholA-SQA-Rham, containing a single L-rhamnose moiety conjugated via a squaric amide linkage 

to CholA (Scheme 2). The synthesis of the latter is summarized in the Experimental Section. To 

assess its antibody-recruiting potential, the aforementioned experimental setting (vide supra) 

was used to compare a monomeric versus a polymeric rhamnose construct. Three different 

concentrations of the monomeric construct were used: equimolar in terms of L-rhamnose, 

equimolar in terms of molecules and an intermediate concentration. FACS analysis revealed that 

a dose-response in fluorescence signal is observed for the monomeric construct, but this is 

massively outperformed by the polymeric construct, showing the superior ability of polymeric L-

rhamnose to recruit endogenous IgG antibodies to a target cell surface (Figure 12). We 

hypothesize an advanced accessibility of the multiple linear aligned L-rhamnose moieties on the 

polymer chain to the antibodies compared to the single L-rhamnose groups distributed all over 

the membrane. 
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Scheme 2. Synthesis of a monovalent cholesteryl amine – rhamnose conjugate (CholA-SQA-Rham) by squaric ester 

amide formation. 

 

 

 

 

Figure 12. Antibody-recruiting activity of Jurkat T cells pulsed with polymers (CholA-p(RhamEAm) and CholA-

p(GalEAm)) versus different concentrations of CholA-SQA-Rham (i.e. a monomeric rhamnose compound). Histograms 

(A) and corresponding MFI values (B). Data points are illustrated as the mean, while the error bars represent the SD 

(n=3). 
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3. CONCLUSION 

In conclusion, we have reported on a novel class of materials, called antibody-recruiting polymers 

(ARPs) that are able to attract endogenous IgG antibodies from human serum to a target cell 

surface. As a proof-of-concept, we used a cholesterol analogue at the polymer chain-end to drive 

cell surface tethering. Despite its non-selective nature, this approach might also have therapeutic 

potential when aiming for direct intratumoral administration. Our current and future endeavors 

will focus on elucidating the influence of macromolecular architecture on antibody recruitment 

and subsequent antibody-mediated cell killing. In parallel, we are also investigating alternative 

strategies for a more targeted delivery of the polymers in combination with molecular adjuvants 

that can trigger an adaptive antigen-specific immune response after innate killing of target cells.36
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4. EXPERIMENTAL SECTION 

4.1. MATERIALS 

Unless otherwise stated, all chemicals were purchased from Sigma Aldrich. 2, 2’-azobis(2-

methylpropionitrile) (AIBN) was provided by Wako Chemicals and purified by recrystallization 

from diethyl ether prior to use. Silver trifluoromethanesulfonate was purchased from Acros 

Organics. α-L-rhamnose and 2,3,4,6-tetra-O-acetyl-α-D-galactose bromide were obtained from 

Carbosynth. Cholesteryl amine was provided by Blake Peterson as a TFA salt. 

Tetramethylrhodamine-maleimide for fluorescent labeling of the polymers was purchased from 

Anaspec. Jurkat T cells were a kind gift from Prof. Olivier De Wever and used for all cell culture 

experiments in this research project. Human serum was purchased from Sigma Aldrich. Cell 

culture medium and supplements, DPBS (+ Ca2+; +Mg2+), penicillin/streptomycine (100 x), sodium 

pyruvate (100 x) and goat anti-human IgG AF 647 was purchased from Life Technologies. Human 

Fc block and PE-labeled anti-human IgG were obtained from Miltenyi Biotec and BD Pharmingen, 

respectively. 

4.2. INSTRUMENTATION 

All 1H-, 13C-, and 19F-NMR spectra were recorded on a Bruker 300/400/500 MHz FT-NMR 

spectrometer. Chemical shifts (δ) were provided in ppm relative to TMS. Samples were prepared 

in chloroform-d and DMSO-d6. Their signals were referenced to residual non-deuterated signals 

of the solvent.  

ESI-MS spectroscopy was performed on a Waters LCT Premier XE TOF equipped with an 

electrospray ionization interface and coupled to a Waters Alliance HPLC system. Samples were 

infused in an acetonitrile:formic acid (1000:1) mixture at 0.1 mL/min.  

Size exclusion chromatography (SEC) was performed on a Shimadzu 20A system, equipped with a 

20A ISO-pump and a 20A refractive index detector (RID). Measurements were executed in N,N-

dimethylacetamide (DMAc), containing 50 mM LiBr at 50 °C with a flow rate of 0.700 mL/min. 

Samples were run with toluene as an internal standard. Calibration of the 2 PL 5 μm Mixed-D 

columns was done with polymethylmethacryate (PMMA- standards) obtained from PSS (Mainz). 
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Dynamic light scattering (DLS) measurements were carried out on a Zetasizer Nano S (Malvern) 

with a HeNe laser (λ = 633 nm) at a scattering angle of 173°. The obtained data were analyzed by 

cumulant fitting method for Z-average mean diameter and PDI and CONTIN fitting method for 

particle diameter size distribution, respectively.  

UV-Vis spectra were recorded on a Shimadzu UV-1650PC spectrophotometer. 

FACS analysis was performed using a BD Accuri C6 (BD Biosciences) and data was processed by 

FlowJo software. Confocal microscopy images were taken via a Leica DMI6000 B inverted 

microscope equipped with an oil immersion objective (Leica, 40 x, NA 1.40) and attached to an 

Andor DSD2 confocal scanner. Images were processed using ImageJ software.  

Stochastic optical reconstruction microscopy (STORM) images were acquired with the kind help 

of Prof. Lorenzo Albertazzi using a Nikon N-STORM 4.0 system configured for total internal 

reflection fluorescence (TIRF) imaging. Excitation inclination was tuned to adjust focus and to 

maximize the signal-to-noise ratio. Alexa 647 fluorophore was excited illuminating the sample 

with the 647 nm (160 mW) laser lines built into the microscope. 20,000 frames were acquired 

with an integration time of 10ms. Fluorescence was collected by means of a Nikon x100, 1.4 NA 

oil immersion objective and passed through a quad-band-pass dichroic filter (97335 Nikon). 

Images were recorded onto a 256 x 256 pixel region (pixel size 160 nm) of a sCMOS camera 

(Hamamatsu). Single-molecule localization sequences were analysed with the STORM plug-in of 

NIS element Nikon software.  
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4.3. METHODS 

Synthesis of 1,2,3,4-tetra-O-acetyl-α-L-rhamnose (TARham). 

α-L-rhamnose monohydrate (9.108 g, 50 mmol) was dissolved in a 500 mL round-bottom flask  

containing 88 mL of anhydrous pyridine. This solution was stirred in an ice bath and purged with 

nitrogen prior to the dropwise addition of 37.5 mL acetic anhydride (40.5 g, 397 mmol, ± 2 Eq/-

OH). The reaction mixture was allowed to reach room temperature and monitoring via TLC 

(Hexane:EtOAc 65:35) indicated complete consumption of α-L-rhamnose monohydrate after 20 h 

of reaction under inert atmosphere. The mixture was poured into ethyl acetate and extracted 

twice with 1.0 M HCl. The aqueous layer was discarded and a saturated sodium carbonate solution 

was added to the organic layer. The extracted organic layer was washed with brine, collected, 

dried over sodium sulfate and concentrated under vacuum (97.8 % yield). The resulting crude 

product (pale yellow oil) was used as such for the following reactions (vide infra). 

 1H-NMR (300 MHz, CDCl3), δ (ppm): 6.01 (d; J = 1.9 Hz; 1H; α-CH-OAc); 5.31 (dd; J = 9.6, 4.0 Hz; 

1H; α-CH-(OAc)-CH-(OAc)-CH-(OAc)-); 5.25 (dd; J = 3.5, 1.9 Hz; 1H; α-CH-(OAc)-CH-(OAc)-); 5.12 (t; 

J = 9.9 Hz; 1H; CH3-CH-CH-(OAc)-); 3.94 (dq; J = 9.8, 6.2 Hz; 1H; CH3-CH-CH-(OAc)-); 2.17 (s; 3H; 

CH-OAc); 2.16 (s; 3H; CH-OAc); 2.06 (s; 3H; CH-OAc); 2.00 (s; 3H; CH-OAc); 1.23 (d; J = 6.2 Hz; 3H; 

CH3-CH-).   

ATP 13C-NMR (75 MHz, CDCl3), δ (ppm): 170.07 (O-CO-CH3); 169.82 (O-CO-CH3); 169.79 (O-CO-

CH3); 168.37 (O-CO-CH3); 90.63 (α-CH-(OAc)-); 70.47 (CH3-CH-CH-(OAc)-); 68.76 (CH3-CH-CH-

(OAc)-); 68.71 (; α-CH-(OAc)-CH-(OAc)-CH-(OAc)-); 68.63 (; α-CH-(OAc)-CH-(OAc)-); 20.91 (O-CO-

CH3); 20.79 (O-CO-CH3); 20.76 (O-CO-CH3); 20.68 (O-CO-CH3); 17.45 (CH3-CH-). 

 

Synthesis of 2,3,4-tri-O-acetyl-α-L-rhamnosylethyl acrylamide (TARhamEAm). 

2,3,4-tri-O-acetyl-α-L-rhamnosylethyl acrylamide is synthesized based on an earlier developed 

procedure of our group.29 1,2,3,4-tetra-O-acetyl-α-L-rhamnose (8.30 g, 25 mmol) was dissolved in 

DCM (120 mL) prior to the dropwise addition of N-hydroxyethyl acrylamide (5.93 g, 50 mmol, 2 

Eq.) under inert N2 atmosphere. The solution was placed in an ice bath and 23 mL (187.5 mmol, 

7.5 Eq.) boron trifluoride diethyl etherate was added dropwise with a syringe pump over 45 
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minutes. The mixture was kept in an ice bath for 0.5 h before the reaction was allowed to reach 

room temperature. Monitoring via TLC (Hexane:EtOAc 30:70, Rf = 0.30) indicated complete 

consumption of 1,2,3,4-tetra-O-acetyl-α-L-rhamnose after 20 h of reaction. The mixture was 

poured into ice water and extracted twice. The aqueous layer was extracted once with DCM, the 

organic layers were combined, washed (2 times with saturated sodium bicarbonate solution, 1 

time with brine), dried over sodium sulfate and concentrated under vacuum. The resulting crude 

product (pale yellow oil) was purified by silica gel column chromatography (Hexane:EtOAc 20:80) 

and yielded a pale yellowish solid after concentration under vacuum (90.2 % yield).  

1H-NMR (300 MHz, CDCl3, Figure S1), δ (ppm): 6.31 (dd; J = 16.9, 1.6 Hz; 1H; -CH=CH2); 6.14 (dd; J 

= 17.0, 10.1 Hz; 1H; -CH=CH2); 6.03 (br; 1H; -CO-NH-); 5.68 (dd; J = 10.1, 1.6 Hz; 1H; -CH=CH2); 5.29 

– 5.25 (m; 2H; -CH-(OAc)-); 5.06 (t; J = 9.6 Hz; 1H; -CH-(OAc)-); 4.74 (s; 1H; α-CH); 3.91 – 3.74 (m; 

2H; -O-CHH-CH2-NH- + CH3-CH-CH-(OAc)-); 3.72 – 3.61 (m; 1H; -O-CH2-CHH-NH-); 3.59 – 3.40 (m; 

2H; -O-CHH-CH2-NH- + ; -O-CH2-CHH-NH-); 2.15 (s; 3H; -O-CO-CH3); 2.05 (s; 3H; -O-CO-CH3); 2.00 

(s; 3H; -O-CO-CH3); 1.21 (d; J = 6.4 Hz; 3H; CH3-CH-).  

ATP 13C-NMR (75 MHz, CDCl3), δ (ppm): 170.33 (2 x -O-CO-CH3); 170.04 (-O-CO-CH3); 165.69 (-NH-

CO-CH-CH2); 130.72 (-NH-CO-CH=CH2); 127.02 (-NH-CO-CH=CH2); 97.73 (-α-CH-); 71.06 (CH3-CH-

CH-(OAc)-); 69.75 (-CH(OAc)-); 69.20 (-α-CH-CH(OAc)); 67.17 (-CO-NH-CH2-CH2-); 66.77 (CH3-CH-

CH-(OAc)-); 39.23 (-CO-NH-CH2-CH2-); 21.04 (-O-CO-CH3); 20.94 (O-CO-CH3); 20.89 (O-CO-CH3); 

17.54 (CH3-CH-).  

ESI-MS: m/z  [M+H]+ = 388.1602 (theoretical), found = 388.1603 

   [M+Na]+ = 410.1422 (theoretical), found = 410.1425 

   [M+K]+ = 426.1161 (theoretical), found = 426.1169 

 

 

Synthesis of 2,3,4,6-tetra-O-acetyl-β-D-galactosylethyl acrylamide (TAGalEAm). 

2,3,4,6-tetra-O-acetyl-β-D-galactosylethyl acrylamide is synthesized under Koenigs-Knorr 

conditions according to literature as well as described previously in Chapter 2.1.29,35  
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1H-NMR (300 MHz, CDCl3, Figure S2), δ (ppm): 6.30 (ddd; J = 17, 1.3 Hz; 1H; -CH=CH2); 6.10 (ddd 

and br; J = 17.0, 10.2, 2.9 Hz; 2H; -CH=CH2 and -CO-NH-); 5.67 (ddd; J = 10.2, 2.5, 1.5 Hz; 1H; -

CH=CH2); 5.41 (dd; J = 3.4, 1.2 Hz; 1H; -CH-(OAc)-); 5.19 (dd; J = 10.5, 7.8 Hz; 1H; -CH-(OAc)-); 5.02 

(dd; J = 10.5, 3.4 Hz; 1H; -CH-(OAc)-); 4.47 (d; J = 7.8 Hz; 1H; β-CH); 4.20 - 4.10 (m; 2H; -CH2-OAc); 

3.97 – 3.86 (m; 2H; -CH-CH2-OAc; -O-CHH-CH2-NH- ); 3.74 (ddd; J = 10.2, 7.2, 3.4 Hz; 1H; -O-CHH-

CH2-NH-); 3.70 - 3.43 (m; 2H; -O-CHH-CH2-NH-); 2.16 (s; 3H; -OAc); 2.05 (s; 3H; -OAc); 2.05 (s; 3H; 

-OAc); 1.99 (s; 3H; -OAc).  

APT 13C-NMR (75 MHz, CDCl3), δ (ppm): 170.79 (-O-CO-CH3); 170.55 (-O-CO-CH3); 170.45 (-O-CO-

CH3); 170.16 (-O-CO-CH3); 165.82 (-NH-CO-CH-CH2); 131.09 (-NH-CO-CH-CH2); 127.08 (-NH-CO-

CH-CH2); 101.87 (-β-CH-); 71.27 (-CH2-CH-CH(OAc)-); 71.07 (-CH2-CH(OAc)-); 69.53 (-CO-NH-CH2-

CH2-); 69.35 (-CH2-CH-CH-CH(OAc)-); 67.36 (-β-CH-CH(OAc)-); 61.78 (-CH-CH2-OAc); 39.55 (-CO-

NH-CH2-CH2-); 21.25 (-O-CO-CH3); 21.07 (O-CO-CH3); 21.06 (O-CO-CH3); 20.96 (O-CO-CH3).  

ESI-MS: m/z  [M+H]+ = 446.1657 (theoretical), found = 446.1657 

   [M+Na]+ = 468.1476 (theoretical), found = 468.1471 

   [M+K]+ = 484.1257 (theoretical), found = 484.1217 

 

Synthesis of 2-(butylthiocarbonothioylthio)propanoic acid (PABTC). 

The RAFT chain transfer agent 2-(butylthiocarbonothioylthio)propanoic acid (PABTC) was 

synthesized according to literature.37 To a pre-dried 1 L uni-neck round bottom flask equipped 

with stirring bar and 150 mL anhydrous dichloromethane, 15 mL of 1-butanethiol (140 mmol, 1 

Eq) and 21.19 mL of triethylamine (TEA, 152 mmol, 1.086 mmol) was added dropwise under inert 

atmosphere. This round bottom flask was placed in an ice bath on a stirring plate to cool the 

reaction to 0 °C. In a separate round bottom flask, 9.15 mL of carbondisulfide (152 mmol, 1.086 

mmol) was dissolved in 150 mL anhydrous DCM under inert atmosphere. The content of the latter 

flask was dropped to the cooled reaction mixture containing 1-butanethiol and TEA. Upon 

addition, the reaction mixture developed a distinct yellow color. Once all reagent was added, the 

reaction mixture was allowed to warm to room temperature under continuous stirring. After 30 

minutes, the content of a third round bottom flask containing 75 mL anhydrous DCM and 13.7 mL 

2-bromopropanoic acid was added dropwise to the reaction mixture. After 2 h the reaction 
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mixture was reduced under vacuum, diluted with cyclohexane and extracted subsequently with 

10 % HCl aqueous solution, deionized water and brine. All organic phases were collected and dried 

over sodium sulfate before being concentrated in vacuum. The obtained crude yellow crystals 

were afterwards purified by recrystallization from hexane (65 % yield) prior to characterization 

by 1H-NMR and APT 13C-NMR. 

1H-NMR (500 MHz, CDCl3), δ (ppm): 11.5 - 8 (br; 1H; HO-C=O-CH-); 4.88 (q; J = 7.35 Hz; 2H; HO-

C=O-CH-); 3.38 (t; J = 7.40 Hz; 2H; -C=S-S-CH2-CH2-); 1.70 (m; 2H; -S-CH2-CH2-CH2-CH3); 1.64 (d; J = 

7.35 Hz; 3H; -C=O-CH-(CH3)-S-) 1.45 (sextet; J = 7.72 Hz; 2H; -S-CH2-CH2-CH2-CH3); 0.95 (t; J = 7.35 

Hz; 3H; -S-CH2-CH2-CH2-CH3). 

APT 13C-NMR (125 MHz, CDCl3), δ (ppm): 176.86 (2C; HO-(C=O)-CH(CH3)-S-(C=S)-S-); 47.55 (1C; 

HO-(C=O)-CH(CH3)-S-(C=S)-S-); 37.29 (-S-(C=S)-S-CH2-CH2-CH2-CH3); 30.02 (1C; -S-(C=S)-S-CH2-CH2-

CH2-CH3); 22.20 (1C; -S-(C=S)-S-CH2-CH2-CH2-CH3); 16.73 (1C; HO-(C=O)-CH(CH3)-S-(C=S)-S- ); 

13.72 (1C; (-S-(C=S)-S-CH2-CH2-CH2-CH3). 

 

 Synthesis of (2,3,4,5,6-pentafluorophenyl)-2-(butylthiocarbonothioylthio)propanoate (PFP-

PABTC).  

The pentafluorophenyl containing RAFT CTA was synthesized according to a detailed protocol by 

Stenzel et al.38  3.5 g of 2-(butylthiocarbonothioylthio)propanoic acid (PABTC; 1 Eq; 5 mmol; as 

synthesized earlier, vide infra), 3 g of pentafluorophenol (1.1 Eq; 5.5 mmol) and 180 mg of DMAP 

were transferred in a pre-dried round bottom flask and purged with nitrogen. Anhydrous 

dichloromethane was added (150 mL) and the resulting yellow reaction mixture was stirred in an 

ice bath until all reagents were completely dissolved. 1.1 Equivalents of N,N’-

diisopropylcarbodiimide (DIC; 850 µL) was added dropwise to the reaction mixture, which 

immediately developed an orange-red colour. After 10 minutes of reaction, the reaction mixture 

displayed precipitate formation, indicating the formation of urea. Monitoring via TLC (DCM, Rf = 

0.80) indicated complete consumption of PABTC after 2 h of reaction. The reaction mixture was 

filtered, reduced under vacuum and purified by silica gel column chromatography (100 % DCM) 

before yielding a yellow-orange oil after concentration under vacuum (95 % yield).  
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1H-NMR (500 MHz, CDCl3, Figure S3), δ (ppm): 5.12 (q; J = 7.48 Hz; 2H; -O-C=O-CH-); 3.40 (m; 2H; 

-C=S-S-CH2-CH2-); 1.77 (d; J = 7.48 Hz;  3H; -C=O-CH-(CH3)-S-); 1.71 (m; 2H; -S-CH2-CH2-CH2-CH3); 

1.45 (m; 2H; -S-CH2-CH2-CH2-CH3); 0.94 (t; J = 7.32 Hz; 3H; -S-CH2-CH2-CH2-CH3). 

APT 13C-NMR (125 MHz, CDCl3), δ (ppm): 167.92 (2C; C6F5-O-(C=O)-CH(CH3)-S-(C=S)-S-); 142.51 – 

136.86 (C6F5-O-(C=O)-CH(CH3)-S-); 47.19 (1C; HO-(C=O)-CH(CH3)-S-(C=S)-S-); 37.39 (-S-(C=S)-S-

CH2-CH2-CH2-CH3); 30.00 (1C; -S-(C=S)-S-CH2-CH2-CH2-CH3); 22.20 (1C; -S-(C=S)-S-CH2-CH2-CH2-

CH3); 16.49 (1C; C6F5-O-(C=O)-CH(CH3)-S-); 13.71 (1C; (-S-(C=S)-S-CH2-CH2-CH2-CH3). 

19F-NMR (470 MHz, CDCl3, Figure S4), δ (ppm): -152.2 (d; J = 17.3 Hz; 2F; o-C6F5); -157.4 (t; J = 21.9 

Hz; 1F; p-C6F5); -162.0 (t; J = 19.5 Hz; 2F; m-C6F5). 

 

Synthesis of benzyl-N-[2-(2-hydroxyethoxy)ethyl]carbamate. 

Synthesis was performed according to a protocol adopted from literature.39 2.53 mL of 2-(2-

aminoethoxy)ethanol (1Eq., 25 mmol, 2.683 g) was dissolved in a 250 mL round bottom flask 

equiped with a stirring bar using 23 mL of anhydrous DCM under inert atmosphere. An equimolar 

amount of anhydrous triethylamine (25 mmol, 3.502 mL) was added to the flask and the reaction 

mixture was cooled in an ice bath under continous stirring. In a second flask, 3.642 mL of 

benzylchloroformate (25 mmol) was dissolved in 30 mL of anhydrous DCM under nitrogen. The 

content of the latter flask was added dropwise to the ice-cold reaction mixture containing 25 

mmol of 2-(2-aminoethoxy)ethanol. After complete addition, the reaction mixture was allowed 

to warm to room temperature. TLC indicated complete consumption of starting material after 18 

h of reaction (stainend with ninhydrine, 100 % EtOAc). The reaction mixture was extracted twice 

using saturated sodium bicarbonate solution, the organic phases were combined and dried using 

brine and sodium sulfate. After concentration under vacuo, the crude reaction product was 

purified by column chromatography (100 % EtOAc), reduced under vacuum and characterized by 

1H-NMR (91 % yield). 

1H-NMR (300 MHz, CDCl3), δ (ppm): 7.42 – 7.28 (m; 5H; -CH2-C5H5); 5.12 (s; 2H; -CH2-C5H5); 3.77-

3.70 (m; 2H; HO-CH2-CH2-O-); 3.62 – 3.52 (m; 4H; HO-CH2-CH2-O-CH2-CH2- ); 3.41 (t; J = 4.90 Hz; 

2H; -CH2-O-CH2-CH2-NH-); 2.30 – 1.70 (br; 1H; CH2-O-CH2-CH2-NH-).  
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Synthesis of benzyl-N-[2-[2-(2,3,4-tri-O-acetyl-α-L-rhamnosyl)oxyethyl]ethoxy]carbamate. 

18 mmol of 2,3,4,5-tetra-O-acetyl-α-L-rhamnose (6 g, 1Eq.) was weighed in a 250 mL round 

bottom flask and dissolved in 90 mL of anhydrous DCM under nitrogen atmosphere. 1.2 

equivalents of benzyl-N-[2-(2-hydroxyethoxy)ethyl]carbamate was added to the solution (21.6 

mmol, 5.038 g). The reaction mixture was cooled to 0 °C in an ice bath before dropwise addition 

of 11.11 mL borontrifluoride diethyl etherate (90 mmol, 5 Eq.). The reaction mixture was allowed 

to warm to room temperature and TLC analysis (50:50 EtOAc:Hexane, Rf 0.25) indicated almost 

complete consumption of the starting material after 18 h. The reaction mixture was extracted 

twice with saturated sodium bicarbonate solution and washed with brine. The organic phases 

were combined and dried over sodium sulfate before concentration under vacuo affording a 

colorless oil which was further purified using column chromatography (50:50 EtOAc:Hexane) (95 

% yield). 

1H-NMR (300 MHz, CDCl3), δ (ppm): 7.42 – 7.28 (m; 5H;  -CH2-C5H5); 5.35 – 5.29 (m; 1H; -O-CH(O-

R)-CH(OAc)-CH(OAc)-CH(OAc)-CH(CH3)-); 5.26 – 5.22 (m; 1H; -O-CH(O-R)-CH(OAc)-CH(OAc)-

CH(OAc)-CH(CH3)-); 5.11 (s; 2H; -CH2-C5H5); 5.07 (t, J = 9.98 Hz; 1H; -CH(OAc)-CH(OAc)-CH(CH3)-O-

); 4.81 (d; J = 1.7 Hz; 1H; -O-CH(O-R)-CH(OAc)-); 3.99 – 3.85 (m; 1H; -CH(OAc)-CH(CH3)-O-); 3.83-

3.34 (m; 8H; -O-CH2-CH2-O-CH2-CH2-NH- ); 2.13 (s; 3H; -O-CH(O-R)-CH(OAc)-CH(OAc)-CH(OAc)-

CH(CH3)-); 2.03 (s; 3H; -O-CH(O-R)-CH(OAc)-CH(OAc)-CH(OAc)-CH(CH3)-); 1.98 (s; 3H; -O-CH(O-R)-

CH(OAc)-CH(OAc)-CH(OAc)-CH(CH3)-); 1.22 (d, J = 6.22 Hz; 3H; -CH(OAc)-CH(OAc)-CH(CH3)-O-).  

 

Synthesis of 2,3,4-tri-O-acetyl-α-L-rhamnosyl ethoxyethyl amine. 

In order to remove the carboxybenzyl protecting group, 9 mmol of benzyl-N-[2-[2-(2,3,4-tri-O-

acetyl-α-L-rhamnosyl)oxyethyl]ethoxy]carbamate (4.6 g, 1Eq) was dissolved in a 250 mL round 

bottom flask with 100 mL 1,4-dioxane. The resulting solution was extensively purged with 

nitrogen and a catalytic amount of palladium/carbon catalyst was added to the flask. Afterwards 

two balloons containing gaseous H2 were bubbled through the solution under vigorous stirring. 

After 2 hours, the reaction mixture was filtered over Celite® 545 to remove the catalyst and 

acidified using 750 µL of pure HCl, in order to prevent acetamide formation (9 mmol, 12 M HCl). 
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The resulting reaction mixture was reduced under vacuum and used as such without any further 

purification (quantitative reaction). The crude product was analyzed by 1H-NMR.  

1H-NMR (300 MHz, CDCl3), δ (ppm): 5.40 – 5.20 (m; 2H; -O-CH(O-R)-CH(OAc)-CH(OAc)-CH(OAc)-

CH(CH3)-); 5.07 (t, J = 9.80 Hz; 1H; -CH(OAc)-CH(OAc)-CH(CH3)-O-); 4.83 (d; J = 0.94 Hz; 1H; -O-

CH(O-R)-CH(OAc)-); 4.05 – 3.65 (m; 7H; -CH(OAc)-CH(CH3)-O- + -O-CH2-CH2-O-CH2-CH2-NH2 ); 

3.35-3.15 (m; 2H; -O-CH2-CH2-O-CH2-); 2.88 – 2.57 (br; 2H; -O-CH2-CH2-O-); 2.15 (s; 3H; -O-CH(O-

R)-CH(OAc)-CH(OAc)-CH(OAc)-CH(CH3)-); 2.06 (s; 3H; -O-CH(O-R)-CH(OAc)-CH(OAc)-CH(OAc)-

CH(CH3)-); 1.99 (s; 3H; -O-CH(O-R)-CH(OAc)-CH(OAc)-CH(OAc)-CH(CH3)-); 1.22 (d, J = 6.22 Hz; 3H; 

-CH(OAc)-CH(OAc)-CH(CH3)-O-). 

  

Synthesis of 4-[[(2,3,4-tri-O-acetyl-α-L-rhamnosyl)ethoxyethyl]amino]cyclobut-3-ene-1,2-dione 

(TARham-SQA). 

900 µL of 3,4-diethoxy-3-cyclobutene-1,2-dione (1 044 mg; 6.013 mmol; 3.2 Eq.) was dissolved 

under inert atmosphere in a 50 mL round bottom flask using 10 mL of anhydrous dichloromethane 

(solution 1). In a second round bottom flask, 711 mg of ((2,3,4-tri-O-acetyl-α-L-

rhamnosyl)ethoxyethyl)amine (1.884 mmol, 1 Eq) was dissolved in 5 mL of anhydrous 

dichloromethane, also containing 1 Eq of TEA to compensate the hydrochloric salt form (236 µL; 

1.884 mmol). Under vigorous stirring, the content of the second flask was added dropwise to 

solution 1. The reaction mixture was allowed to react overnight at room temperature and TLC 

indicated complete conversion (hexane:EtOAc 80:20; visualization by UV/ CeMb/ Ninhydrine). 

The reaction mixture was reduced under vacuum and further purified by silica gel column 

chromatography (eluent hexane/EtOAc: 80/20). The resulting pure fractions were combined and 

concentrated in vacuum yielding a clear viscous oil (yield = 60%) which could be characterized by 

1H-NMR.  
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1H-NMR (400 MHz, CDCl3), δ (ppm): 6.65 – 6.05 (br; 1H; -CH2-CH2-NH- ); 5.30 (dd, J = 10.13; 3.42 

Hz; 1H; -CH(OAc)-CH(OAc)-CH(CH3)-O-); 5.24 – 5.2 (m; 1H; -O-CH(O-R)-CH(OAc)-); 5.08 (t; J = 9.89 

Hz; 1H; -CH(OAc)-CH(OAc)-CH(CH3)-O-); 4.84 (s; 1H; -O-CH(O-R)-CH(OAc)-); 4.76 (q, J = 6.84 Hz, 

2H, -O-CH2-CH3); 3.95 – 3.75 (m; 3H; -CH(OAc)-CH(OAc)-CH(CH3)-O- + -O-CH2-CH2-O-); 3.72 – 3.57 

(m; 6H; -O-CH2-CH2-O-CH2-CH2-NH-); 2.16 (s; 3H; -O-CH(O-R)-CH(OAc)-CH(OAc)-CH(OAc)-CH(CH3)-

); 2.06 (s; 3H; -O-CH(O-R)-CH(OAc)-CH(OAc)-CH(OAc)-CH(CH3)-); 2.00 (s; 3H; -O-CH(O-R)-CH(OAc)-

CH(OAc)-CH(OAc)-CH(CH3)-); 1.46 (t; J = 7.08 Hz; 3H; -O-CH2-CH3); 1.23 (d, J = 6.23 Hz; 3H; -

CH(OAc)-CH(OAc)-CH(CH3)-O-).  

 

Synthesis of [(2,3,4-tri-O-acetyl-α-L-rhamnosyl)ethoxyethyl]amino-squarate-cholesteryl amine 

(CholA-SQA-TARham). 

18.1 mg of CholA (as a TFA salt, 1 Eq., 0.027 mmol) was dissolved in a 10 mL round bottom flask 

using 1 mL of anhydrous DCM and 250 µL of TEA. 14.24 mg of TARham-SQA (1.05 Eq; 0.0284 

mmol; MW = 501.48 Da) was dissolved in 1 mL anhydrous DCM and added to the round bottom 

flask dropwise and under vigorous stirring. The reaction mixture was allowed to react for 5 days 

at room temperature and TLC indicated complete conversion (DCM:MeOH 80:20; visualization 

with UV/ CeMb/ Ninhydrine). The reaction mixture was reduced under vacuum and further 

purified by column chromatography (DCM:MeOH 80:20). The resulting pure fractions were 

combined and concentrated under vacuum yielding a clear viscous oil that was characterized by 

1H-NMR (63 % yield). 

1H-NMR (400 MHz, CDCl3, Figure S5), δ (ppm): 8.98 (s, 1H), 8.52 (s, 1H), 8.04 (s, 1H), 5.40 (d, J = 

3.9 Hz, 1H), 5.28 – 5.20 (m, 2H), 5.05 (t, J = 9.6 Hz, 1H), 4.77 (d, J = 0.8 Hz, 1H), 3.95 – 3.84 (m, 1H), 

3.86 – 3.80 (m, 2H), 3.80 – 3.74 (m, 1H), 3.77 – 3.67 (m, 2H), 3.71 – 3.60 (m, 5H), 3.20 (s, 2H), 2.98 

(s, 1H), 2.60 (t, J = 12.7 Hz, 1H), 2.45 (d, J = 12.8 Hz, 1H), 2.23 – 2.14 (m, 2H), 2.14 (s, 3H), 2.05 (s, 

3H), 2.03 – 1.99 (m, 1H), 1.97 (s, 3H), 1.96 – 1.87 (m, 2H), 1.86 – 1.77 (m, 1H), 1.60 – 1.26 (m, 

14H), 1.21 (d, J = 6.2 Hz, 3H), 1.17 – 1.02 (m, 8H), 1.00 (s, 3H), 0.90 (d, J = 6.4 Hz, 3H), 0.86 (dd, J 

= 6.6, 1.8 Hz, 6H), 0.67 (s, 3H). 
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Synthesis of [(α-L-rhamnosyl)ethoxyethyl]amino-squarate-cholesteryl amine (synthetic small 

molecule; CholA-SQA-Rham). 

10 mg of CholA-SQA-TARham was dissolved in a 1:1 mixture of MeOH and DCM (4 mL). Under an 

inert atmosphere, 100 µL of concentrated sodium methoxide solution in MeOH (5.4 M) was 

added. The reaction mixture was allowed to stir for 30 minutes before being neutralized by 

addition of cation exchange resin (Amberlite strong acidic, until pH paper indicated neutral pH). 

The resin was then filtered off and washed extensively with MeOH/DCM. The resulting diluted 

solution was evaporated and the obtained product characterized by ESI-MS (Figure S6) 

(quantitative reaction). 

ESI-MS: m/z [M+H]+ = 772.5470 (theoretical), found = 772.5503 

 

Synthesis of PFP-poly(2,3,4-tri-O-acetyl-α-L-rhamnosylethyl acrylamide) (PFP-p(TARhamEAm)). 

The reaction is illustrated by Scheme 1 depicted above (vide supra). For a typical polymerization 

reaction with a theoretical DP of 30, 1549.5 mg TARhamEAm (4 mmol), 53.9 mg PFP-PABTC CTA 

(1078 µL of a 0.05 mg/µL stock solution, 0.133 mmol) and 4.38 mg AIBN (219 µL of a 0.02 mg/µL 

stock solution, 0.0134 mmol) where dissolved in 2.70 mL anhydrous 1,4-dioxane, to obtain a final 

monomer concentration of 1 M. The solution was transferred to a Schlenk vial and degassed by 

five subsequent freeze-pump-thaw cycles. The Schlenk vial was placed inside a pre-heated oil 

bath of 80 °C under vacuum. After 1 h, the polymerization was quenched by cooling the vial on 

ice and exposure to oxygen. Conversion was calculated by 1H-NMR spectra of the reaction mixture 

in CDCl3. The reaction mixture was purified by triple precipitation into ice-cold diethyl ether and 

dried for 24 h in a vacuum oven at 30 °C. The resulting pure polymer was used as such for the 

following post-polymerization modification reactions. The polymer was analyzed using DMAc-SEC 

to determine Mn, Mw and ᴆ. The theoretical Mn was calculated based on conversion determined 

by 1H-NMR (Table 1). SEC-traces are depicted above in Figure 2.  
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Synthesis of PFP-poly(2,3,4,6-tetra-O-acetyl-β-D-galactosylethyl acrylamide) (PFP-

p(TAGalEAm)). 

The reaction is in analogy to the above mentioned polymerization reaction of TARhamEAm 

illustrated by Scheme 1 depicted above (vide supra). For a typical polymerization reaction with a 

theoretical DP of 30, 1336 mg TAGalEAm (3 mmol), 40.44 mg PFP-PABTC CTA (809 µL of a 0.05 

mg/µL stock solution, 0.100 mmol), 3.28 mg AIBN (164 µL of a 0.02 mg/µL stock solution, 0.02 

mmol) was dissolved in 2.777 mL anhydrous 1,4-dioxane, to obtain a final monomer 

concentration of 1 M. The solution was transferred to a Schlenk vial and degassed by 5 

subsequent freeze-pump-thaw cycles. The Schlenk vial was placed inside a pre-heated oil bath of 

80 °C under vacuum. After 1 h, the polymerization was quenched by cooling the vial in ice-water 

and exposing its contents to oxygen. Conversion was calculated by 1H-NMR spectra of the reaction 

mixture in CDCl3. The reaction mixture was purified by triple precipitation into ice-cold diethyl 

ether and dried for 24 h in a vacuum oven at 30 °C. The resulting pure polymer was used as such 

for the following post-polymerization modification reactions. The polymer was analyzed using 

DMAc-SEC to determine Mn, Mw and ᴆ. The theoretical Mn was calculated based on the conversion 

determined by 1H-NMR (Table 1). SEC-traces are depicted above in Figure 2. 

 

Synthesis of AIBN end-capped PFP-poly(2,3,4-tri-O-acetyl-α-L-rhamnosylethyl acrylamide) 

(PFP-p(TARhamEAm AIBN)). 

A schematic overview of the reaction is given in Scheme 1 of the manuscript depicted above (vide 

supra). To remove the typical RAFT trithiocarbonate end-group, the synthesized polymers were 

treated with an excess of AIBN according to a protocol found in literature.34 200 mg of the freshly 

synthesized PFP-p(TARhamEAm) (MWtheo = 10 864 Da; 0.0184 mmol) were dissolved in 2 mL of 

anhydrous 1,4-dioxane. The solution was transferred to a Schlenk vial equipped with stirring bar 

and a balloon filled with nitrogen. To this solution, 95.4 mg of AIBN was added (0.581 mmol; 31.6 

Eq / trithiocarbonate end-group). The reaction mixture was placed in a pre-heated oil bath of 80 

°C without prior degassing cycles. After 24 h the reaction was quenched by cooling the vial on ice 

and exposure to oxygen. The reaction mixture was purified by triple precipitation into ice-cold 

diethyl ether and dried for 24 h in a vacuum oven at 30 °C. The resulting polymer was used as 
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such for the following post-polymerization modification reactions. The polymer was analyzed 

using DMAc-SEC to determine Mn, Mw and ᴆ (Table 1). SEC-traces are depicted above in Figure 2. 

The removal of the trithiocarbonate end-group was verified by UV-Vis-spectrophotometric 

analysis of 0.042 mM stock solutions of polymers before and after end-capping in 1,4-dioxane. 

  

Synthesis of AIBN end-capped PFP-poly(2,3,4,6-tetra-O-acetyl-β-D-galactosylethyl acrylamide) 

(PFP-p(TAGalEAm AIBN)). 

The reaction is in analogy to the above mentioned end-cap reaction of PFP-p(TARhamEAm) of 

which a schematic overview of the reaction is given in Scheme 1. The resulting polymer was used 

as such for the following post-polymerization modification reactions. The polymer was analyzed 

using DMAc-SEC to determine the Mn, Mw and ᴆ (Table 1). SEC-traces are depicted above in Figure 

2. The removal of the trithiocarbonate end-group was verified by UV-Vis-spectrophotometric 

analysis of 0.042 mM stock solutions of polymers before and after end-capping in 1,4-dioxane.  

 

Synthesis of Cholesteryl amine modified poly(α-L-rhamnosylethyl acrylamide) polymers (CholA-

p(RhamEAmAIBN)).  

A schematic overview of the reaction is depicted in Scheme 1 of the manuscript. In order to 

modify the pentafluorophenyl ester bearing end group on the polymer backbone with a 

cholesteryl amine (CholA) group, 70 mg of AIBN end-capped polymer (PFP-p(TARhamEAmAIBN); 

0.006502 mmol) were dissolved in a Schlenk vial by adding 3 mL anhydrous dichloromethane 

under inert atmosphere. To this reaction mixture, a solution of 6.6 mg CholA (0.009753 mmol; 

1.5 Eq) in 0.5 mL of anhydrous dichloromethane and 20 µL of TEA were added dropwise and the 

reaction mixture was allowed to react for 48 h at room temperature. After 48 h the reaction 

mixture was purified by precipitation in ice-cold diethyl ether in order to remove the excess of 

CholA. 1H-NMR analysis of this polymer in chloroform-d indicated the presence of distinct CholA 

peaks in the spectrum, illustrating successful post-polymerization modification (Figure S7). SEC 

traces indicate a shift in MW after the polymer modification, too. Contra-intuitively, although 

molecular weights should increase, the SEC data indicate smaller ones which could be due to 

restricted solvation of the polymer end-group affording intramolecular self-assembly as well as 
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altered interactions with the column (Figure 3). The resulting purified polymer precipitate was 

dissolved in 8 mL of anhydrous methanol before dropwise addition of 200 µL of concentrated 

sodium methoxide solution (5.4 M in MeOH). After a few minutes, the deprotected polymer 

precipitated out and was further purified by extensive dialysis against water (3 days, with 

frequent exchanges of the dialysis medium). The resulting clear solution was lyophilized and 

yielded a fluffy white powder that could readily be re-dispersed in aqueous buffering solutions. 

An overview of the chemical structures of all modified polymers is given in Figure 6.   

 

Synthesis of 2-aminoethanol modified poly(α-L-rhamnosylethyl acrylamide) polymers (EA-

p(RhamEAmAIBN)).  

A schematic overview of the reaction is depicted in Scheme 1 of the manuscript. In order to 

modify the pentafluorophenyl ester bearing end group on the polymer backbone with an 2-

aminoethanol (EA) group, 70 mg of AIBN end-capped polymer (PFP-p(TARhamEAmAIBN); 0.006502 

mmol) was dissolved in a Schlenk vial by adding 3 mL anhydrous dichloromethane under inert 

atmosphere. To this reaction mixture, a solution of 6 µL of an 10% 2-aminoethanol in 

dichloromethane (0.009753 mmol; 1.5 Eq) was added first to 0.5 mL of anhydrous 

dichloromethane and 20 µL of TEA before dropwise addition to the reaction mixture. The reaction 

was allowed to react for 48 h at room temperature. As all small molecular byproducts and excess 

of unreacted 2-aminoethanol are water soluble, the polymer solution was directly diluted with 

anhydrous methanol prior to de-acetylation of the rhamnosyl units by addition of 200 µL of 

sodium methoxide (5.4 M in MeOH). After a few minutes, the deprotected polymer precipitated 

out and was further purified by extensive dialysis against water (3 days, with frequent exchanges 

of the dialysis medium). The resulting clear solution was lyophilized and yielded a fluffy white 

powder that could readily be re-dispersed in aqueous buffering solutions. An overlay of 1H-NMR 

spectra indicates the complete disappearance of acetyl groups after deprotection with sodium 

methoxide (Figure S8). An overview of the chemical structures of all modified polymers is given 

in Figure 6.   
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Synthesis of Cholesteryl amine modified poly(β-D-galactosylethyl acrylamide) polymers (CholA-

p(GalEAmAIBN)).  

This reaction is performed in analogy to the above mentioned synthesis of CholA-

p(TARhamEAmAIBN) polymers and a schematic overview is again illustrated by Scheme 1 of the 

manuscript. An overview of the chemical structures of all modified polymers is given in Figure 6.  

Synthesis of 2-aminoethanol modified poly(β-D-galactosylethyl acrylamide) polymers (CholA-

p(GalEAmAIBN)).  

This reaction is performed in analogy to the above mentioned synthesis of EA-p(TARhamEAmAIBN) 

polymers, and a schematic overview is again given by Scheme 1 of the manuscript. An overview 

of the chemical structures of all modified polymers is given in Figure 6.   

 

Synthesis of fluorescently labeled CholA containing polymer (CholA-p(RhamEAm)-TMR).  

The reaction mechanism is illustrated above in Figure 5. To prove cell membrane inserting and 

recycling properties of the CholA modified polymers, fluorescently labeled polymers were 

synthesized. Therefore, 25 mg of PFP-p(TARhamEAm) (0.002301 mmol) was modified with 1.5 Eq 

CholA (0.003452 mmol; 2.315 mg) as described above. After 24h of reaction in the presence of 

TEA, the polymer was precipitated 3 times in ice-cold diethyl ether and dried under vacuum. The 

purified precipitate was then dissolved in 5 mL of anhydrous methanol and deprotected by 

addition of 200 µL of concentrated sodium methoxide solution (5.4 M in MeOH). After a few 

minutes, the deprotected polymer precipitated out and was further purified by extensive dialysis 

against demi-water (3 days, with frequent exchanges of the dialysis medium). The resulting clear 

solution was lyophilized and yielded a fluffy white powder that could readily be dispersed in 

aqueous buffering solution. Due to reaction with sodium methoxide, the trithiocarbonate end-

groups were transformed to free thiols, which can readily react with maleimide-based fluorescent 

molecules such as tetramethylrhodamine-maleimide (TMR) (vide supra; see Figure 5, section B).  

After lyophilization, 12.5 mg of the purified polymer (MW = 7 635 Da) were dissolved in 2 mL 50 

mM phosphate buffering solution (pH 7.0) and degassed by three subsequent freeze-pump-thaw 

cycles (Schlenk vial 1). In a second Schlenk vial, a 20 mM TCEP.HCl solution was prepared in 2 mL 
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50 mM phosphate buffering solution (pH 7.0) and degassed by three subsequent freeze-pump-

thaw cycles (Schlenk vial 2). After degassing, the content of Schlenk vial 2 was transferred to 

Schlenk vial 1 and left to react under inert atmosphere for 1 h. Next, 1.05 equivalents of a 

tetramethylrhodamine-maleimide stock solution in DMSO was added dropwise to the reaction 

mixture (0.950 mg as a 10 mg/mL stock solution) and the Schlenk vial was stirred protected from 

light for 24 h. After 24 h the reaction mixture was purified by extensive dialysis (cut-off dialysis 

membrane = 1 kDa, frequent exchange of dialysis medium). The resulting clear pink solution was 

finally lyophilized and stored in the freezer until further use.  

 

Synthesis of fluorescently labeled control polymer (EA-p(RhamEAm)-TMR).  

To selectively proof that cell membrane inserting and recycling properties are caused by the CholA 

moiety in the synthesized polymers, fluorescently labeled control polymers were also 

synthesized. Therefore, 25 mg of PFP-p(TARhamEAm) (0.002301 mmol) was modified with 1.5 Eq 

EA (0.003452 mmol; 0.21 mg; 2 µL of a 10 % stock solution) as described above. After 24 h of 

reaction in the presence of TEA, 5 mL of anhydrous methanol was added and the polymer was 

deprotected by addition of 200 µL of concentrated sodium methoxide solution (5.4 M in MeOH). 

After a few minutes, the deprotected polymer precipitated out and was further purified by 

extensive dialysis against water (3 days, with frequent exchanges of the dialysis medium). The 

resulting clear solution was lyophilized and yielded a fluffy white powder that could readily be re-

dispersed in aqueous buffering solution. Due to reaction with sodium methoxide, the 

trithiocarbonate end-groups were transformed to free thiols, which can readily react with 

maleimide-based fluorescent molecules such as tetramethylrhodamine-maleimide (TMR).  

After lyophilization, 12.5 mg of the purified polymer (MW = 7 203 Da) was dissolved in 2 mL 50 

mM phosphate buffering solution (pH 7.0) and degassed by three subsequent freeze-pump-thaw 

cycles (Schlenk vial 1). In a second Schlenk vial, a 20 mM TCEP.HCl solution was prepared in 2 mL 

50 mM phosphate buffering solution (pH 7.0) and degassed by three subsequent freeze-pump-

thaw cycles (Schlenk vial 2). After degassing, the content of Schlenk vial 2 was transferred to 

Schlenk vial 1 and left for reacting under inert atmosphere for 1 h. Next, 1.05 equivalents of a 
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tetramethylrhodamine-maleimide stock solution in DMSO was added dropwise to the reaction 

mixture (1.01 mg as a 10 mg/mL stock) and the Schlenk vial was stirred protected from light for 

24 h. After 24 h the reaction mixture was purified by extensive dialysis (cut-off dialysis membrane 

= 1kDa, frequent exchange of dialysis medium). The resulting clear pink solution was finally 

lyophilized and stored in the freezer.  

 

DLS of non-fluorescently labeled polymers.  

Dynamic light scattering (DLS) of the lyophilized CholA-and EA-modified deprotected 

rhamnosylated and galactosylated polymers was performed to investigate their behavior in 

aqueous buffering solution. Typically, 100 µL samples of a 1.0 mg/mL solution of either CholA-

p(RhamEAmAIBN), EA-p(RhamEAmAIBN), CholA-p(GalEAmAIBN) and EA-p(GalEAmAIBN) polymer in PBS 

(-Ca2+; -Mg2+) were sonicated for 15 minutes and filtered (0.450 µm) prior to measurement at 25 

°C. DLS profiles are shown in Figure 4 above, while the resulting Z-average and according PDI 

values are listed in Table S1. DLS measurements indicate that polymers containing the CholA 

moiety have the tendency to form nanoscopic micelles of similar sizes below 100 nm in aqueous 

buffers, while polymers with 2-aminoethanol modified end-groups lack such self-assembly 

properties. The absence of a hydrophobic moiety is clearly the driving force behind these 

observations. These profiles can be considered as indirect proof for the presence of CholA on both 

rhamnosylated and galactosylated polymers.  

ELISA on Human Serum Samples. 

Human serum samples were purchased from Innovative Research. Serum samples were de-

identified and provided for research use. The young cohort were adults aged from 18-40, the 

middle-aged cohort were adults aged from 41-65 and the older cohort were adults older than 65 

years old. Rhamnose polymers containing cholesteryl amine (CholA-p(RhamEamAIBN)) were 

diluted in coating solution (KPL) and added to flat-bottom 96-well plates at a concentration of 10 

μg/ml (50 μl/well) overnight at 4°C. Plates were washed three times with phosphate-buffered 

saline with 0.1% Tween 20 (Fisher Scientific) (PBS-T) and blocked using 220 μl of blocking buffer 

(3% goat serum [Gibco] and 0.5% milk powder in PBS-T) for 1 h at room temperature. Blocking 
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buffer was removed from plates and serum samples were added at a starting dilution of 1:25 and 

serially diluted 2-fold across the plate and allowed to incubate for 2 h at room temperature. Plates 

were then washed with PBS-T three times and horseradish peroxidase (HRP)-linked polyclonal 

anti-human IgG Fab was added at a dilution of 1 : 3,000 and allowed to incubate at room 

temperature for 1 h. Plates were then washed four times with PBS-T and 100 μl SigmaFast o-

phenylenediamine dihydrochloride (OPD) peroxidase substrate was added for 10 min before 

being quenched using 50 μl of 3 molar hydrochloric acid. Plates were read at an absorbance of 

490 nm using a Synergy H1 hybrid multimode microplate reader (BioTek) (Figure S9). Average 

background plus three standard deviations was used as a lower limit for area under the curve 

analysis (AUC) using GraphPad Prism v7 software.  

 

Confocal microscopy on Jurkat T cells using fluorescently labeled polymers.  

These experiments were performed according to an earlier procedure from the Bertozzi group.31  

Jurkat T cells were seeded at a concentration of 200 000 cells/mL in serum-free RMPI medium (1 

mL of cell suspension per Eppendorf). Stock solutions of CholA-p(RhamEAm)-TMR and EA-

p(RhamEAm)-TMR were prepared at a concentration of 1.0 mg/mL by re-dispersing the 

lyophilized powders in sterile PBS (+Ca2+, Mg2+). To check uptake and cell-surface recycling 

properties of the CholA moiety, the experiment was performed at 4 °C and 37 °C. Special attention 

was given at the cells incubated at 4 °C, as they were put on ice 1 h prior to pulsing in order to 

bring their temperature down to 4 °C. All cells were generally incubated with 5 nmol of polymer 

for 1 h at the given temperature (on ice or in the incubator), while being resuspended in serum-

free medium. After 1h of incubation, they were centrifuged immediately (10 min, 250 G, 4 °C), 

their supernatant discarded, washed with PBS at the appropriate temperature (4 °C or preheated 

to 37 °C), centrifuged again and re-suspended in full culture medium (RPMI 1640-glutamax, 

supplemented with 10 % FCS, 1 mM sodium pyruvate and 1 % penicillin/streptomycin). Finally, 

small aliquots of the samples were taken and visualized using a confocal microscope. To check 

the cell-recycling properties, images were taken for up to one week, at certain time intervals. 

During this time, cells were kept in an incubator at 37 °C in a controlled, sterile environment of 

95 % relative humidity and 5 % CO2. Images were processed using ImageJ software. 
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In vitro uptake experiment of fluorescently labeled polymers on Jurkat T cells.   

In vitro uptake experiments were performed on Jurkat T cells. This suspension cell line was 

cultured in RPMI 1640-glutamax, supplemented with 10 % FCS, 1 mM sodium pyruvate and 1 % 

penicillin/streptomycin. Cells were incubated at 37 °C in a controlled, sterile environment of 95 

% relative humidity and 5 % CO2. On the day of the experiment, Jurkat T cells were seeded at a 

concentration of 200 000 cells/mL in serum-free RMPI medium (1 mL of cell suspension per 

Eppendorf). Stock solutions of CholA-p(RhamEAm)-TMR and EA-p(RhamEAm)-TMR were made at 

a concentration of 1.0 mg/mL by re-dispersing the lyophilized powders in sterile PBS (+Ca2+, Mg2+). 

To check the uptake of the CholA moiety compared to an inert EA moiety, the experiment was 

performed at 4 °C and 37 °C. Special attention was given at cells incubated at 4 °C, as they were 

put on ice 1 h prior to pulsing in order to bring their temperature down to 4 °C. All samples were 

incubated with 5 nmol of polymer for 1 h at the appropriate temperature (on ice or in the 

incubator). After 1 h cells were centrifuged immediately (10 min, 250 G, 4 °C), their supernatant 

discarded, washed with PBS at the appropriate temperature (4 °C or preheated to 37°C), 

centrifuged again and resuspended in 200 µL cold PBS before characterization by flow cytometry. 

FACS analysis was performed using a BD Accuri C6 (BD Biosciences) and data was processed by 

FlowJo software. Cells were gated based on the FSC and SSC plots to exclude dead cells and debris, 

while all samples were analyzed until a minimum of 50 000 events in the final gate were obtained.  

 

Super-resolution microscopy on Jurkat T cells incubated with antibody recruiting polymers. 

This suspension cell line was cultured in RPMI 1640-glutamax, supplemented with 10 % FCS, 1 

mM sodium pyruvate and 1 % penicillin/streptomycin. When the culture achieved a minimal 

concentration of 500.000 cells/mL, cells were spun down at 800 G for 7 minutes and resuspended 

in RPMI medium without FBS at a final concentration of 350.000 cells/mL and placed on ice. After 

30 minutes of incubation on ice, 1 mL of cold cell suspension was incubated for 1 h on ice in the 

dark with 40 μL of a 1 mg/mL stock solution of CholA-p(RhamEAmAIBN) polymer in PBS. As a 

negative control, 1 ml of cold cell suspension was incubated for 1 h on ice in the dark with 40 μL 

of a 1 mg/mL stock solution of CholA-p(GalEAmAIBN) polymer in PBS. After the incubation, cells 



Chapter 3.1 

- 164 - 
 

were washed twice with PBS by centrifugation for 3 minutes at 500 G. Afterwards, cells were 

resuspended in 500 μL of Flow Incubation Buffer (1% bovine serum albumin, 5mM Na2EDTA in 

PBS) containing 10% of pooled human serum and were then incubated for 30 minutes in the dark 

on ice. After this incubation period, cells were centrifuged at 500 G during 3 minutes and washed 

once with PBS.  

In order to perform the staining, cells were spun down again at 500 G for 3 minutes and incubated 

during 1 hour in the dark at room temperature with 500 μL of goat anti-human IgG secondary 

antibody bound to Alexa 647 at a final concentration of 4 μL/mL and 1% human albumin serum 

in PBS. Incubation was followed by two washing steps with PBS by centrifugation at 500 G for 5 

minutes.  

For STORM imaging, cells were immobilized using glass bottom dish (35 mm diameter) with poly-

lysine coating. To create the poly-lysine coating, dishes were covered with a solution of poly-lysine 

at a concentration of 0.01 mg/mL diluted in MilliQ H2O for 5 minutes, followed by a soft wash 

with MilliQ H2O. Dishes were dried at 60 °C for 1 hour.  

Cells were stained as described above. After the incubation with the secondary antibody cells 

were centrifuged at 500 G for 5 minutes and after the removal of the PBS, the pellet was 

resuspended with 300 µL of STORM buffer. STORM buffer consist on an oxygen scavenging system 

(0.5 mg/mL glucose oxidase, 40 µg/mL Catalase), 5% w/v glucose and cysteamine 100 x 10-3 M in 

PBS. 

 

In vitro anti-rhamnose antibody-recruiting experiment on Jurkat T cells.   

In vitro antibody recruitment experiments were performed on Jurkat T cells. These suspension 

cells were cultured in RPMI 1640-glutamax, supplemented with 10 % FCS, 1 mM sodium pyruvate 

and 1 % penicillin/streptomycin. Cells were incubated at 37 °C in a controlled, sterile environment 

of 95 % relative humidity and 5 % CO2. The protocol for this experiment was derived from an 

earlier protocol from the Bertozzi group.31 For this experiment, cells were transferred to serum-

free cell culture medium prior to pulsing. On the day of the experiment, Jurkat T cells were seeded 

into Eppendorf tubes at a concentration of 250 000 cells/mL (1 mL / Eppendorf). All samples were 
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run in triplicate and the same concentration of polymer solution was adjusted to each vial yielding 

a final concentration of 5 µM (5 nmol polymer per tube; ± 40 µL of 1.0 mg/mL polymer solution). 

The cells were pulsed and either incubated for 1h at 4 °C or at 37 °C. Blank samples were pulsed 

with 40 µL of PBS instead. Special attention was given at the cells incubated at 4 °C, as they were 

put on ice 1 h prior to pulsing in order to bring their temperature down to 4 °C. After one hour of 

incubation, the cell suspensions were centrifuged immediately (10 min, 250 G, 4 °C). The 

supernatant was aspirated, discarded and the cell pellets were suspended in 500 µL of PBS to 

remove any unbound polymer (this process of centrifuging and discarding the supernatant was 

repeated twice). The cell pellet was then re-suspended in 250 µL of flow incubation buffer 

containing 10 % human serum and incubated for 30 minutes on ice (4°C). Afterwards, the cell 

suspension was again centrifuged immediately (10 min, 250 G, 4 °C), their supernatant discarded 

and the remaining pellet washed with 500 µL of cold PBS. Following this washing step, all cells 

were again centrifuged, their supernatant discarded and finally re-suspended in 100 µL of flow 

incubation buffer and stored on ice. To circumvent non-specific binding of PE-labeled anti-human 

IgG, all samples received in addition 1 µL human Fc-block (FcR blocking reagent, Miltenyi Biotec). 

After 10 minutes of incubation on ice, 1 µL PE-labeled anti-human IgG was added to each sample 

and incubated for additional 15 minutes. After 15 minutes, all cell suspensions were centrifuged 

immediately (10 min, 250 G, 4 °C). Their supernatant was aspirated, discarded and the cell pellets 

were washed with 250 µL of PBS to remove any unbound staining antibodies. After washing and 

centrifuging, the cells were re-suspended in 200 µL of cold PBS and analyzed by flow cytometry.  

 

In vitro comparative study between antibody-recruiting properties of antibody-recruiting 

polymers and a synthetic small molecule.  

For this comparative in vitro antibody recruitment experiment, Jurkat T cells were again used. The 

protocol is nearly identical as described above (vide infra). All samples were run in triplicate with 

CholA-p(RhamEAmAIBN) being directly compared to several concentrations of the synthetic small 

molecule (CholA-SQA-Rham). Here, the ability of antibody recruitment is compared between 

either an equimolar amount based on CholA moieties (1 equivalent according to polymer), an 

equimolar amount based on α-L-rhamnose moieties (27 equivalents according to polymer) or a 
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concentration that is equivalent with half of all α-L-rhamnose moieties per polymer (13.5 

equivalents according to polymer). In brief, Jurkat T cells were seeded at a concentration of 

250 000 cells/mL in serum-free RPMI culture medium. Cells receiving polymer were incubated at 

a final concentration of 5 µM, while the concentrations for the cells receiving the synthetic small 

molecule varied from 5 µM (equivalent amount of CholA), 67.5 µM (equivalent to half of all 

rhamnose moieties per polymer) to 135 µM (equivalent amount of rhamnose).  Stock solutions 

of the polymers were prepared in PBS (+Ca2+; +Mg2+; 1.0 mg/mL), while stock solutions of 

synthetic small molecule were prepared in DMSO (either 0.2 mg/mL or 5 mg/mL). Cells were 

pulsed and incubated for 1 h at 37 °C. Blank samples were pulsed with 40 µL of PBS instead. After 

one hour of incubation, the cell suspensions were centrifuged immediately (10 min, 250 G, 4 °C). 

The washing steps, incubation with human serum containing flow incubation buffer and staining 

with PE-labeled anti-human IgG is described in detail above (vide infra). FACS was performed 

using a BD Accuri C6 (BD Biosciences) and data was processed by FlowJo software. 
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CHAPTER 3.2:  

INFLUENCE OF HYDROPHOBIC  
ANCHORAGE MOIETY ON  

ANTIBODY-RECRUITING POLYMERS  
 

1. INTRODUCTION 

Whereas in the previous chapter, L-rhamnose was used as a hapten, we elaborate in this chapter 

on dinitrophenyl (DNP) as a hapten. Although the relative abundance of endogenous IgG 

antibodies directed against L-rhamnose has reported to be higher, the commercial availability of 

(fluorescently labeled) anti-DNP antibodies allows for a much easier investigation of the ARP 

structure-properties relationship.14,18,40 Of note, endogenous antibodies directed against 

dinitrophenyl are thought to result as a response to environmental pesticide exposure.14,16 This 

causes a population wide prevalence of the antibody, with high intrinsic IgG levels in human sera 

of up to 2% of all IgG in human serum.12  

In this chapter, several alternatives to CholA for hydrophobic anchoring of ARPs to a cancer cell 

surface are explored. Hereto, CholA-based ARPs are compared to ARPs functionalized with 

respectively a cholesterol, mono-alkyl or di-alkyl lipid as cell surface anchoring moiety in terms of 

cell surface binding capacity and cell surface persistence. The use of lipids to drive cellular binding 

of haptens has been used previously by  Galili et al. using an α-Gal glycolipid, extracted from rabbit 

red blood cell membranes, intended for intratumoral administration.41  

2. RESULTS AND DISCUSSION 

2.1. SYNTHESIS OF LIPID-FUNCTIONALIZED CTAS  

Four different lipid-functionalized RAFT CTAs were synthesized by conjugation of PABTC to 

respectively cholesterol (Chol), cholesteryl amine (CholA), and an amine-functionalized stearyl 

(C18) and di-myristoyl ((C14)2) lipid (Figure 1). Chol-CTA was synthesized by a one-step DIC-

mediated coupling between PABTC and cholesterol. CholA-CTA was synthesized by conjugation 
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of pentafluorophenyl ester-activated PABTC (PFP-PABTC) to cholesteryl amine. C18-CTA was 

synthesized by first reacting stearyl chloride with mono-Boc protected 1,3-diaminopropane, 

followed by removal of the Boc group and subsequent conjugation with PFP-PABTC. Finally, the 

(C14)2-CTA was synthesized by reacting mono-Boc protected aspartic acid with an excess of 

tetradecylamine using HATU as coupling agent. After Boc-removal, PFP-PABTC was conjugated to 

the deprotected amine. 

 

Figure 1. Synthesis of lipid-CTAs: Chol-CTA (A), CholA-CTA (B), C18-CTA (C), and (C14)2-CTA (D).  
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2.2. POLYMERIZATION AND POST-POLYMERIZATION MODIFICATION INTO ARPS 

Lipid-CTAs and non-modified PABTC as a control were used for RAFT polymerization of 

pentafluorophenyl acrylate (PFPA). To avoid later issues with disulfide formation, the 

trithiocarbonate end-group was removed by treatment with an excess of 4,4`-azobis(4-

cyanopentanoic acid) (ACVA). Polymers were characterized by NMR spectroscopy and size 

exclusion chromatography (SEC). Table 1 summarizes the polymer properties, while Figure 2 

illustrates the size distributions before and after trithiocarbonate end-group removal. The latter 

was successfully confirmed by UV-Vis spectrophotometry (Figure 3).  

 

Table 1. Characteristics of the synthesized polymers. 

Polymer DPtheo 
Conv.calc., a 

[%] 
DPcalc., b 

Mntheo, b 

[Da] 

Mnc  

[Da] 

Mwc 

[Da] 
ᴆ 

C18-p(PFPA) 120 93 112 27 200 11 800 15 200 1.35 

C18-p(PFPAACVA) 120 / 112 27 200 12 500 15 900 1.27 

(C14)2-p(PFPA) 100 87 87 21 500 15 200 18 900 1.25 

(C14)2-p(PFPAACVA) 100 / 87 21 400 17 600 20 400 1.16 

Chol-p(PFPA) 120 90 108 26 300 12 900 15 700 1.22 

Chol-p(PFPAACVA) 120 / 108 26 300 16 300 18 100 1.11 

CholA-p(PFPA) 120 56 67 16 600 14 200 23 300 1.64 

CholA-p(PFPAACVA) 120 / 67 16 600 22 000 31 700 1.44 

PABTC-p(PFPA) 100 85 85 20 500 12 200 14 900 1.22 

PABTC-p(PFPAACVA) 100 / 85 20 440 13 190 15 405 1.18 

a: conversion determined by 19F-NMR (282 MHz; CDCl3). 
b: based on conversion and molecular weight of monomer and CTA. 
c: determined by SEC (THF) 
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Figure 2. SEC-traces of the synthesized polymers, before (dotted line) and after (full line) trithiocarbonate end-group 

removal. 

 

 

Figure 3. UV-Vis-spectra of the synthesized polymers before (dotted line) and after (full line) trithiocarbonate end-

group removal with ACVA. 

 

Next, each polymer was fluorescently labeled (targeting a degree of substitution (DS) of 1; i.e. 1 

per 100 theoretical repeating units) with tetramethylrhodamine-cadaverine to allow for further 

use of fluorescence-based methods. Following this, the reaction mixtures were divided into two 
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equal parts. One part was reacted with a large excess of 2-aminoethanol to convert the 

pentafluorophenyl acrylate moieties into N-hydroxyethyl acrylamide repeating units, yielding a 

hydrophilic polymer backbone. The other part was modified with DNP-amine (synthesis shown in 

Figure S17), targeting a DS of 10, followed by addition of an excess of 2-aminoethanol to convert 

the remaining pentafluorophenyl esters. A DS of 10 was chosen in view of an optimal balance 

between a high DNP content to ensure multivalent interaction with anti-DNP antibodies, and 

good water solubility of the resulting polymeric construct. Finally the polymers were purified by 

dialysis and isolated in dry form by lyophilization. The presence of DNP on the polymer backbone 

was quantified by UV-Vis spectrophotometry and confirmed to be in good accordance to the 

targeted DS, as shown by Table 2. Figure 4 and 5 illustrate the chemical structures of the final 

polymers.  

 

Table 2. Theoretical and experimentally determined number of DNP units per polymer, together with the theoretical 

molecular weights.  

Polymer # DNP unitstheo # DNP unitscalc, a MWtheo [Da] 

C18-p(HEAm) 0 0 13 900 

C18-p(DNP) 10 10.0 16 400 

(C14)2-p(HEAm) 0 0 11 200 

(C14)2-p(DNP) 10 10.9 13 700 

Chol-p(HEAm) 0 0 13 500 

Chol-p(DNP) 10 10.1 16 000 

CholA-p(HEAm) 0 0 8 800 

CholA-p(DNP) 10 9.5 11 300 

PABTC-p(HEAm) 0 0 10 400 

PABTC-p(DNP) 10 6.6 12 900 

a: calculated based on UV/VIS measurements and calibration curve provided in Figure S19.  
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Figure 4. Chemical structures of control polymers that lack DNP: C18-p(HEAm) (A), (C14)2-p(HEAm) (B), Chol-p(HEAm) 

(C), CholA-p(HEAm) (D), and PABTC-p(HEAm) (E).  

 

Figure 5. Chemical structures of DNP-containing polymers: C18-p(DNP) (A), (C14)2-p(DNP) (B), Chol-p(DNP) (C), CholA-

p(DNP) (D), and PABTC-p(DNP) (E).  
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2.3. IN VITRO EVALUATION  

To investigate the influence of the lipid anchor on cellular association of the polymers in vitro, 

CT26 mouse colon cancer cells were pulsed with the lipid-polymer conjugates for 2 h at 37 °C, 

followed by flow cytometry analysis and confocal microscopy. Note that in these experiments, 

the sample concentrations were slightly adjusted based on their fluorescence emission intensity 

to ensure that the cells received equal doses of fluorescence as the latter property was used for 

quantification. The mean fluorescence intensity (MFI; Figure 6A) values measured by flow 

cytometry, indicated that all lipid-polymer conjugates exhibit cellular association compared to 

untreated cells. Interestingly, the di-myristoyl lipid based conjugate shows the highest cellular 

association, which could be explained by is highest tendency to insert into lipid cell membranes 

through hydrophobic interaction. This observation is not surprising, since the main constituents 

of the cellular membrane are diacylglycerol derivatives, also bearing two hydrophobic alkyl 

chains.42 This is accordance with earlier observations made by Galili and co-workers.43   

 

Figure 6. MFI values of ARP association to CT26 cells (n=3) (A) and anti-DNP recruitment on CT26 cells (n=3) (B). Cells 

were incubated with 10 µM of polymer for 2 h at 37°C, followed by removal of unbound polymer, incubation with 

AF488 labeled anti-DNP antibodies for 30 minutes on ice, and measuring on FACS. Data points are illustrated as mean 

values, while error bars depict the SD.  

 

Next, we investigated the ability of the DNP modified polymers to recruit anti-DNP antibodies to 

the surface of CT26 cells. After 2h of treatment with polymers at 37°C, cells were washed to 

remove unbound polymer and were subsequently pulsed with AF488-labeled anti-DNP antibody 

for 30 min, followed by washing and flow cytometry analysis. The resulting data (Figure 6B) clearly 
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indicate that only polymers that contain both lipid and DNP units are able to recruit antibodies to 

the cell. Also in this experiment, di-myristoyl lipid conjugated polymers are the most performant. 

Importantly, control polymers that do not contain DNP motifs, induce low non-specific binding in 

the same range of the autofluorescence of the cell, while still being able to insert in the cellular 

membrane as illustrated by Figure 6A.  

As innate effector mechanisms can only be triggered when antibodies are present on the cell 

surface, we investigated the persistence of the ARPs on the surface of CT26 cells (illustrated by 

Figure 7). Similar as in the previous experiment, cells were treated with polymers for 2h at 37°C, 

followed by washing to remove unbound polymer. Cells where then further cultured under 

optimal conditions. 

Over the next 4 days, part of the cells were harvested and pulsed with AF488-anti-DNP followed 

by washing and flow cytometry analysis and confocal microscopy imaging. Figure 8 shows the 

evolution of the MFI values as function of time. These data confirm our previous observation with 

regard to di-myristoyl-conjugates being the most performant antibody recruiters. However, the 

same conjugate exhibits a slightly faster decay in antibody recruitment efficiency compared to 

cholesterol-based conjugates that show a more prolonged cell surface persistence. These trends 

are also confirmed by confocal microscopy, depicting cell surface binding of anti-DNP to lipid-

polymer treated cells for up to 4 days (Figure 9). We hypothesize that the underlying reason for 

this might be the difference in intermolecular interaction between the cholesterol-based 

structures and mono/di-alkyl based structures with native cell membrane phospholipids. While 

mono/di-alkyl moieties predominantly interact via intermolecular Van Der Waals forces, 

membrane insertion of cholesterol derivates is believed to originate from sphingolipid head-

group shielding of the apolar sterol structure.42 
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Figure 7. Confocal microscopy images of CT26 pulsed with ARPs (red fluorescence) and anti-DNP (green 

fluorescence). Depicted scale bars represent 8 µm. 
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Figure 8. Evolution over time of anti-DNP binding by CT26 cells pulse with lipid-polyDNP conjugates (n=3). Data points 

are illustrated as mean values, while error bars depict the SD.  

 

Figure 9. Confocal microscopy images of anti-DNP recruitment by CT26 cells 4 days post-pulsing with lipid-DNP 

conjugates. Note that although the red fluorescence of the polyDNP can barely be detected, the presence anti-DNP 

(green fluorescence) remains easily detectable. Depicted scale bars represent 10 µm.
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3. CONCLUSIONS 

Summarizing, we have reported on the synthesis of various lipid-modified RAFT CTAs to endow 

polymers with cell-membrane inserting properties. These CTAs allowed good control over RAFT 

polymerization of pentafluorophenyl acrylate. Antibody-recruiting polymers were obtained by 

post-polymerization modification with DNP-amine and 2-aminoethanol. FACS analysis indicated 

that all conjugates that contained DNP and lipid were able to recruit anti-DNP antibodies to the 

surface of treated cells. Whereas lipid-polymer conjugates containing a di-myristoyl tail showed 

highest cell surface binding and antibody recruitment at the earliest time point, cholesterol-based 

conjugates were slightly more performant in terms of antibody recruitment over a prolonged 

period of time. Whether this is due to enhanced endocytosis or cell surface recycling remains 

elusive. Further in vitro and in vivo analysis of the ability of the lipid-polyDNP conjugates to trigger 

innate immune killing mechanisms remains to be addressed. 
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4. EXPERIMENTAL SECTION 

4.1. MATERIALS 

Unless otherwise stated, all chemicals were purchased from Sigma Aldrich. Pentafluorophenol 

was obtained from Fluorochem and used as such 2, 2’-azobis(2-methylpropionitrile) (AIBN) was 

provided by Wako Chemicals and purified by recrystallization from diethyl ether prior to use. DNP 

polyclonal antibodies (labeled either with or without AF488 dye) were provided by Thermo 

Fischer Scientific. CT26 cells were obtained from ATCC. Cell culture medium and supplements, 

DPBS (+ Ca2+; +Mg2+), penicillin/streptomycin (100 x), sodium pyruvate (100 x) was purchased 

from Life Technologies. Mouse Fc block was obtained from Invitrogen. 

4.2. INSTRUMENTATION 

1H-, 13C-, and 19F-NMR spectra were recorded on a Bruker 300/400/500 MHz FT-NMR 

spectrometer as described earlier in Chapter 3.1.  

Size exclusion chromatography (SEC) was performed on a Shimadzu 20A system, equipped with a 

20A ISO-pump and a 20A refractive index detector (RID). Measurements were executed in 

tetrahydrofuran (THF), containing 1 % toluene as an internal standard. Calibration of the 2 PL 5 

μm Mixed-D columns was done with polystyrene-standards obtained from PSS (Mainz).  

ESI-mass spectroscopy was performed as described earlier (Chapter 3.1).  

Fluorescence spectrophotometry spectra were collected on a Cary Eclipse fluorescence 

spectrophotometer (Agilent Technologies) equipped with a Varian Cary temperature controller 

in 700 µL Micro Fluorescence cuvettes (Thorlabs). UV-Vis spectra were recorded on a Shimadzu 

UV-1650PC spectrophotometer. 

FACS analysis and confocal microscopy were performed and analyzed as described earlier 

(Chapter 3.1).   
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4.3. METHODS 

SYNTHESIS OF STEARYL-CTA. 

Synthesis of N-Boc-N’-stearoyl-1,3-diamine. 

In a 250 mL round bottom flask equipped with stirring bar, 900 µL N-Boc-1,3-diaminopropane (5 

mmol, 1.05 Eq) was added to 60 mL anhydrous DCM under inert atmosphere. To this solution, 1.5 

equivalents of anhydrous TEA were added (7.5 mmol, 1.05 mL). In a separate round bottom flask, 

1.442 g of stearyl chloride (4.76 mmol) was weighed in under inert atmosphere and dissolved by 

the addition of 10 mL anhydrous DCM. The latter solution was added dropwise to the N-Boc-1,3-

diaminopropane mixture with a syringe pump and the resulting mixture was allowed to react 

overnight. The endpoint of the reaction was indicated by TLC (50:50 EtOAc: Hexane, Rf = 0.26). 

After concentration under vacuum, the resulting crude off-white powder was purified by silica gel 

chromatography (50:50 EtOAc: Hexane) to yield the purified white powder (1.84 g, yield = 87.7 

%). The resulting pure compound was characterized by 1H-NMR (400 MHz, CDCl3).  

1H-NMR (400 MHz, CDCl3), δ (ppm): 6.29 (br s; 1H; CH3-(CH2)14-CH2-CH2-(C=O)-NH-CH2-); 4.96 (br 

s; 1H; -(C=O)-NH-CH2-CH2-CH2-NH-(C=O)-O-); 3.30 (dt; J = 13.33, 6.13 Hz; 2H; -(C=O)-NH-CH2-CH2-

CH2-NH-(C=O)-O-); 3.22 – 3.10 (m; 2H; -(C=O)-NH-CH2-CH2-CH2-NH-(C=O)-O-); 2.20 (t; J = 7.93 Hz; 

2H; -(C=O)-NH-CH2-CH2-CH2- NH-(C=O)-O-); 1.69 – 1.57 (m; 4H; CH3-(CH2)14-CH2-CH2-(C=O)-NH-); 

1.44 (s; 9H; -CH2-NH-(C=O)-O-C(CH3)3); 1.36 – 1.22 (m; 28H; CH3-(CH2)14-CH2-CH2-(C=O)-NH-); 0.88 

(t; J = 6.80 Hz; 3H; CH3-(CH2)14-CH2-CH2-(C=O)-NH-). 

 

Synthesis of N,N’-stearoyl-1,3-diamine. 

In order to remove the tert-butyloxycarbonyl protecting group, 881 mg (2 mmol) of N-Boc-N’-

stearoyl-1,3-diamine was dissolved in 25 mL of DCM in a round bottom flask equipped with 

stirring bar. To this vigorous stirring solution, 8.5 mL of trifluoroacetic acid was added dropwise, 

and the reaction was kept stirring for 1h. Note that the reaction vessel remained open, to allow 

the escape of volatile byproducts. After 1 h of reaction, TLC analysis indicated completion of the 

deprotection reaction (50:50 EtOAc:Hexane). The reaction mixture was diluted extensively with 

toluene before being reduced under vacuum. The resulting pure white solid was dried under high 
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vacuum prior to analysis with 1H-NMR (400 MHz, DMSO-d6) and used as such in the following 

synthesis step (yield = quantitative).  

1H-NMR (400 MHz, DMSO-d6), δ (ppm): 7.94 (t; J = 5.62 Hz; 1H; CH3-(CH2)14-CH2-CH2-(C=O)-NH-

CH2-); 7.75 (br; 3H; -(C=O)-NH-CH2-CH2-CH2-NH3
+); 3.09 (q; J = 6.10 Hz; 2H; -(C=O)-NH-CH2-CH2-

CH2-NH3
+); 2.76 (br; 2H; CH3-(CH2)14-CH2-CH2-(C=O)-NH-); 2.05 (t; J = 7.4 Hz; 2H; -(C=O)-NH-CH2-

CH2-CH2-NH3
+); 1.65 (m; 2H; -(C=O)-NH-CH2-CH2-CH2-NH3

+); 1.53 – 1.42 (m; 2H; CH3-(CH2)14-CH2-

CH2-(C=O)-NH-); 1.31 – 1.15 (m; 28H; CH3-(CH2)14-CH2-CH2-(C=O)-NH-); 0.85 (m; 3H; CH3-(CH2)14-

CH2-CH2-(C=O)-NH-). 

 

Synthesis of Stearyl-CTA.  

In a final synthesis step, 1 mmol of N,N’-stearoyl-1,3-diamine (452 mg) was dissolved in a mixture 

of 40 mL anhydrous DCM and 4 mL anhydrous methanol in a pre-dried 100 mL round bottom 

flask. To this stirring solution, 2 equivalents of TEA were added (2 mmol, 280 µL) under inert 

atmosphere. In a separate round bottom flask, 607 mg (1.5 mmol) of PFP-PABTC CTA was 

dissolved in 10 mL anhydrous methanol prior to the drop-wise addition to the 100 mL round 

bottom flask containing N,N’-stearoyl-1,3-diamine. The resulting reaction mixture was left to 

react overnight at room temperature, protected from light. TLC analysis indicated complete 

consumption of the primary amine (60:40 EtOAc:Hexane), upon which the reaction mixture was 

reduced under vacuum and immediately purified by silica gel chromatography (60:40 

EtOAc:Hexane), yielding a pure yellow crystalline product after evaporation of the solvent (yield 

= 86%). The resulting pure compound was analyzed using 1H-NMR (400 MHz, CDCl3) and ESI-MS.   

1H-NMR (400 MHz, CDCl3, Figure S10), δ (ppm):  6.82 (m; 1H; CH3-(CH2)14-CH2-CH2-(C=O)-NH-CH2-

); 6.33 (m; 1H; -(C=O)-NH-CH2-CH2-CH2-NH-(C=O)-); 4.72 (q; J = 7.32 Hz; 1H; -NH-(C=O)-CH(CH3)-S-

); 3.44 – 3.12 (m; 6H; -S-(C=S)-S-CH2-CH2- + -(C=O)-NH-CH2-CH2-CH2-NH-); 2.20 (t; J = 7.7 Hz; 2H; -

(C=O)-NH-CH2-CH2-CH2-NH-); 1.75 – 1.53 (m; 9H; CH3-(CH2)14-CH2-CH2-(C=O)-NH- + -S-(C=S)-S-CH2-

CH2-CH2-CH3 + -NH-(C=O)-CH(CH3)-S-); 1.44 (m; 2H; -S-(C=S)-S-CH2-CH2-CH2-CH3); 1.37 – 1.19 (m; 

28H; CH3-(CH2)14-CH2-CH2-(C=O)-NH-); 0.94 (t; J = 7.32 Hz; 3H; -S-(C=S)-S-CH2-CH2-CH2-CH3); 0.88 

(m; 3H; CH3-(CH2)14-CH2-CH2-(C=O)-NH-). 
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ESI-MS: m/z   [M+H]+ = 561.3577 (theoretical), found = 561.3580 

   [M+Na]+ = 583.3396 (theoretical), found = 583.3379 

   [M+K]+ = 599.3135 (theoretical), found = 599.3128 

 

SYNTHESIS OF DI-MYRISTOYL CTA.  

Synthesis of N-Boc-N’,N’’-di(myristoyl)-L-aspartamide.  

In three separate round bottom flasks, N-(tert-butoxycarbonyl)-L-aspartic acid (100 mg, 0.43 

mmol, 1 Eq), HATU (2.2 Eq, 0.946 mmol, 360 mg) and tetradecylamine (2.4 Eq, 1.032 mmol, 220 

mg) were weighed in. The N-(tert-butoxycarbonyl)-L-aspartic acid was dissolved by the addition 

of 2 mL anhydrous DMF. Meanwhile, a dilution of the tetradecylamine was made by adding 6 mL 

of DMF to the round bottom flask containing the amine. The latter solution was transferred to a 

syringe. The HATU powder was dissolved in 2 mL of anhydrous DMF and added to the stirring 

solution of N-(tert-butoxycarbonyl)-L-aspartic acid. Once added, 3.0 equivalents of TEA were 

added to the same vial (180 µL, 1.29 mmol), yielding a slightly yellow reaction mixture. 

Afterwards, the tetradecylamine containing solution was immediately transferred to the reaction 

mixture, followed by thorough mixing. Immediately, a strong yellow color was formed and TLC 

analysis showed complete consumption of N-(tert-butoxycarbonyl)-L-aspartic acid within 10 

minutes (50:50 EtOAc:Hexane). After extraction (sodium bicarbonate and brine) of the crude 

reaction mixture, silica gel chromatography was performed to yield the pure product as an off-

white crystalline solid (yield = 97 %). The resulting pure compound was analyzed using 1H-NMR 

(400 MHz, CDCl3).  

1H-NMR (400 MHz, CDCl3), δ (ppm):  6.98 (br s; 1H; -CH2-CH2-NH-(C=O)-O-C-(CH3)3); 6.40 – 5.95 

(br m; 2H; -CH2-CH2-NH-(C=O)-CH2-CH(NH-R)-(C=O)-NH-CH2-CH2-); 4.41 (br s; 1H; -CH2-CH2-NH-

(C=O)-CH2-CH(NH-(R)-(C=O)-NH-); 3.31 – 3.10 (m; 4H; CH3-(CH2)11-CH2-CH2-NH- + -NH-CH2-CH2-

(CH2)11-CH3); 2.85 (dd; J = 14.80, 3.77 Hz; 1H; -NH-(C=O)-CH(H)-CH(NH-R)-(C=O)-NH-); 2.52 (dd; J 

= 14.80, 6.59 Hz; 1H; -NH-(C=O)-CH(H)-CH(NH-R)-(C=O)-NH-); 1.45 (s; 9H; -NH-(C=O)-O-C(CH3)3); 

1.35 – 1.20 (m; 48H; CH3-(CH2)12-CH2-NH-(C=O)- + -(C=O)-NH-CH2-(CH2)12-CH3); 0.94 – 0.84 (m; 6H; 

CH3-(CH2)11-CH2-CH2-NH-(C=O)- + -(C=O)-NH-CH2-CH2-(CH2)11-CH3). 
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Synthesis of N’,N’’-di(myristoyl)-L-aspartamide.  

In order to remove the tert-butyloxycarbonyl protecting group, 280 mg (0.44 mmol) of N-Boc-

N’,N’’-di(myristoyl)-L-aspartamide was dissolved in 10 mL of DCM in a round bottom flask 

equipped with stirring bar. To this vigorous stirring solution, 10 mL of trifluoroacetic acid was 

added dropwise, and the reaction was kept stirring for 1h in a way that volatile byproducts could 

escape. TLC analysis indicated completion of the deprotection reaction (50:50 EtOAc:Hexane). 

The reaction mixture was diluted extensively with toluene before being reduced under vacuum. 

The resulting pure white solid was dried under high vacuum prior to analysis with 1H-NMR (400 

MHz, CDCl3 supplemented with 1 drop CD3OD) and used as such in the following synthesis step 

(yield = quantitative).  

1H-NMR (400 MHz, CDCl3), δ (ppm): 4.18 (t; J = 6.47 Hz; 1H; -NH-(C=O)-CH2-CH(NH3
+)-(C=O)-NH-); 

3.26 - 3.09 (m; 4H; -CH2-CH2-NH-(C=O)-CH2-CH(NH3
+)-(C=O)-NH-CH2-CH2-); 3.06 – 2.69 (m; 7H; -

CH2-CH2-NH-(C=O)-CH2-CH(NH3
+)-(C=O)-NH-CH2-CH2-); 1.53 – 1.40 (m; 4H; CH3-(CH2)11-CH2-CH2-

NH- + -NH-CH2-CH2-(CH2)11-CH3); 1.35 – 1.14 (m; 44H; CH3-(CH2)11-CH2-CH2-NH- + -NH-CH2-CH2-

(CH2)11-CH3); 0.91 – 0.79 (m; 6H; CH3-(CH2)11-CH2-CH2-NH- + -NH-CH2-CH2-(CH2)11-CH3). 

Synthesis of di-myristoyl CTA. 

In a final synthesis step, 0.439 mmol of the N’,N’’-di(myristoyl)-L-aspartamide (280 mg) was 

dissolved in a mixture of 20 mL anhydrous DCM and 2 mL anhydrous methanol in a round bottom 

flask equipped with stirring bar. To this stirring solution, 2 equivalents of TEA were added (0.88 

mmol, 125 µL) under inert atmosphere. In a separate flask, 1.5 equivalents of PFP-PABTC CTA 

(0.659 mmol, 267 mg) was dissolved by the addition of 5 mL anhydrous DCM, prior to its drop-

wise addition to the amine containing flask. The resulting reaction mixture was left to react 

overnight at room temperature, protected from light. TLC analysis indicated complete 

consumption of the primairy amine (2:98 DCM:MeOH), upon which the reaction mixture was 

reduced under vacuum. The resulting crude was purified immediately by gradient silica gel 

chromatography (1 - 2 % MeOH in DCM), yielding a pure yellow crystalline product after 

evaporation of the solvent (yield = 74 %). The resulting pure compound was analyzed with 1H-

NMR (400 MHz, CDCl3) and ESI-MS.  



Influence on hydrophobic anchorage moiety on ARPs 

 

- 183 - 
 

1H-NMR (400 MHz, CDCl3, Figure S11), δ (ppm): 7.99 (d; J = 6.96 Hz; 1H; -CH2-CH2-NH-(C=O)-CH2-

CH(NH-R)-(C=O)-NH-CH2-CH2-); 7.03 (dt; J = 40.89, 5.62 Hz; 1H; -CH2-CH2-NH-(C=O)-CH2-CH(NH-

R)-(C=O)-NH-CH2-CH2-); 6.25 – 5.98 (m; 1H; -CH2-CH2-NH-(C=O)-CH2-CH(NH-R)-(C=O)-NH-CH2-

CH2-); 4.75 – 4.58 (m; 2H; -CH2-CH2-NH-(C=O)-CH2-CH(NH-(C=O)-CH(CH3)S-)); 3.45 – 3.30 (m; 2H; 

-S-(C=S)-S-CH2-CH2-); 3.30 – 3.14 (m; 4H; CH3-(CH2)11-CH2-CH2-NH- + -NH-CH2-CH2-(CH2)11-CH3); 

2.90 – 2.76 (m; 1H; -NH-(C=O)-CH(H)-CH(NH-R)-(C=O)-NH-); 2.52 – 2.41 (m; 1H; -NH-(C=O)-CH(H)-

CH(NH-R)-(C=O)-NH-); 1.75 – 1.64 (m; 2H; -S-(C=S)-S-CH2-CH2-CH2-CH3); 1.60 (dd; J = 7.45, 0.61 Hz; 

3H; -(C=O)-CH(CH3)-S-(C=S)-S-CH2-);  1.55 – 1.38 (m; 6H; CH3-(CH2)11-CH2-CH2-NH-(C=O)- + -(C=O)-

NH-CH2-CH2-(CH2)11-CH3 + -S-(C=S)-S-CH2-CH2-CH2-CH3); 1.35 – 1.20 (m; 44H; CH3-(CH2)11-CH2-CH2-

NH-(C=O)- + -(C=O)-NH-CH2-CH2-(CH2)11-CH3); 0.95 (t; J = 7.20 Hz; 3H; -S-(C=S)-S-CH2-CH2-CH2-

CH3); 0.91 – 0.85 (m; 6H; CH3-(CH2)11-CH2-CH2-NH-(C=O)- + -(C=O)-NH-CH2-CH2-(CH2)11-CH3). 

ESI-MS: m/z   [M+H]+ = 744.5199 (theoretical), found = 744.5192 

 

SYNTHESIS OF CHOLESTEROL CTA. 

In a pre-dried round bottom flask of 50 mL, equipped with stirring bar, 350.0 mg 2-

(butylthiocarbonothioylthio)propanoic acid (PABTC; 1.471 mmol, 1 Eq.), 625 mg cholesterol 

(1.618 mmol, 1.1 Eq.), and 19 mg 4-dimethylaminopyridine (DMAP; 0.154 mmol, 0.105 Eq.) were 

added. The contents of the flask were dissolved by the addition of 14.5 mL anhydrous DCM under 

inert atmosphere. The reaction mixture was placed in an ice bath to allow cooling to 0°C. In a 

separate flask, 195 mg dicyclohexylcarbodiimide (DIC; 1.544 mmol, 1.05 Eq.) was diluted in 10 mL 

anhydrous DCM, prior to drop-wise addition to the cholesterol containing solution. The reaction 

mixture was kept stirring vigorously for 2h in the ice bath, before allowing it to warm to room 

temperature. Following overnight reaction, protected from light, TLC analysis indicated the 

complete consumption of PABTC (70:30 Hexane:EtOAc). The reaction mixture was filtered, 

concentrated under reduced pressure and immediately purified by silica gel chromatography. 

This yielded a bright yellow viscous oil that was characterized by 1H-NMR (CDCl3, 400 MHz) (yield 

= 97%).  
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1H-NMR (400 MHz, CDCl3, Figure S12), δ (ppm): 5.38 (m; 1H; -C=CH-CH2-); 4.77 (q; J = 7.32 Hz; 1H;  

-S-(C=S)-S-CH(CH3)-(C=O)-O-); 4.71 – 4.58 (m; 1H; -(C=O)-O-CH(CH2-R)-CH2-R); 3.37 (t; J = 7.36 Hz; 

2H; CH3-CH2-CH2-CH2-S-(C=S)-S-); 2.41 – 2.27 (m; 2H; -(C=O)-O-CH(CH2-R)-CH2-R); 1.73 – 1.65 (m; 

2H; CH3-CH2-CH2-CH2-S-(C=S)-S-); 1.60 (d; J = 7.57; 3H; -S-(C=S)-S-CH(CH3)-(C=O)-O-); 1.48 – 1.40 

(m; 2H; CH3-CH2-CH2-CH2-S-(C=S)-S-); 1.03 (s; 3H; -(C=O)-O-CH(CH2-CH2-C(CH3)-R)-CH2-R); 0.94 (t; 

J = 7.32 Hz; 3H; CH3-CH2-CH2-CH2-S-(C=S)-S-); 0.92 (d; J = 6.47; 3H; R-C5H6-CH(CH3)-CH2-CH2-CH2-

CH(CH3)2); 0.89 – 0.85 (m; 6H; R-C5H6-CH(CH3)-CH2-CH2-CH2-CH(CH3)2); 0.68 (s; 3H; C6H7-C(CH3)-

C5H6-R).  

SYNTHESIS OF CHOLESTERYL AMINE CTA. 

Synthesis of 5-cholesten-3-one.  

The synthesis of 5-cholesten-3-one is performed according to a detailed protocol found in 

literature.44 To a pre-dried tri-neck 500 mL round bottom flask equipped with stirring bar, 4.558 

g of cholesterol (11.79 mmol) was added under inert atmosphere. Under anhydrous conditions, 

1 equivalent of 1,1,1-tri-acetoxy-1,1-dihydro-1,2-benziodoxol-3(1H)-one (Dess-Martin 

periodinane, DMP; 11.79 mmol; 5 g) was added. The flask was placed under high vacuum for 30 

minutes in order to remove any residual moisture. Both components were dissolved in 70 mL 

anhydrous dicholoromethane by continuous stirring on an ice bath. Afterwards, 233 mL “wet” 

dicholormethane was added dropwise to the solution under vigorous stirring, while maintaining 

the mixture in the ice bath. “Wet” DCM was obtained by adding 233 µL of H2O to 233 mL 

anhydrous DCM and sonicating for at least 30 minutes. 30 minutes after the first drop was added, 

the reaction mixture became turbid. TLC analysis indicated the end-point of the reaction (92.5:7.5 

Hexane:EtOAc), at which point the reaction mixture was diluted with diethyl ether and 

concentrated under vacuum. The remaining crude residue was diluted with diethyl ether and 

subsequently extracted with a 1:1 mixture of saturated sodium bicarbonate solution and 10 % 

Na2S2O3, H2O, and brine. The resulting watery phases were back extracted with diethyl ether and 

all organic phases were combined, dried over sodium sulfate and reduced under vacuum. The 

resulting crude was purified by flash chromatography (92.5:7.5 Hexane:EtOAc) and yielded a 

crystalline solid (yield = 68%). The resulting pure compound was characterized by 1H-NMR before 

being used in following synthesis steps.  
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1H-NMR (400 MHz, CDCl3), δ (ppm): 5.38 – 5.32 (m; 1H; -C=CH-CH2-); 3.33 – 3.24 (m; 1H; -C=CH-

CH2-); 2.87 – 2.78 (m; 1H; -C=CH-CH2-); 2.54 – 2.43 (m; 1H; (O=C)-C(R)(CH2-C-R)); 2.34 – 2.26 (m; 

1H; (O=C)-C(R)(CH2-C-R)); 1.19 (s; 3H; ; (O=C)-C(CH2-CH2-C(CH3)-R)-CH2-R); 0.93 (d; J = 6.59 Hz; 3H; 

R-C5H6-CH(CH3)-CH2-CH2-CH2-CH(CH3)2); 0.89 – 0.85 (m; 6H; R-C5H6-CH(CH3)-CH2-CH2-CH2-

CH(CH3)2); 0.72 (s; 3H; C6H7-C(CH3)-C5H6-R).  

Synthesis of Cholesteryl amine (CholA). 

The two-step, one-pot reaction was adopted from a detailed protocol found in literature.45 To a 

pre-dried 50 mL round bottom flask equipped with stirring bar, 500 mg 5-cholesten-3-one (1.3 

mmol, 1Eq) was added in an anhydrous manner. The 5-cholesten-3-one was dissolved by using 

11 mL of a 1:1 mixture anhydrous methanol and dichloromethane. To the resulting clear solution, 

3 equivalents of 1,3-diaminopropane (3.9 mmol, 326 µL) was added dropwise, followed by the 

drop-wise addition of 1.3 equivalents of titanium (IV) isopropoxide (1.69 mmol, 513 µL). After 24h 

of reaction at room temperature, the reaction mixture was cooled to – 78°C by using an 

isopropanol-dry ice slush bath. Once the reaction mixture reached the desired temperature, 1 

equivalent of NaBH4 was added (1.3 mmol, 50 mg) and the reaction was allowed to react for an 

additional 2 h. After 2 h, the reaction was quenched by the drop-wise addition of 2 mL H2O and 

allowed to reach room temperature. The resulting inorganic precipitate was filtered off and 

washed extensively with diethyl ether and ethyl acetate, while the filtrate was reduced under 

vacuum. The resulting crude was purified by flash chromatography (85:15:2 DCM:MeOH:NH4OH 

30%), yielding an off-white solid (57 % yield) that was characterized by 1H-NMR and ESI-MS. 

1H-NMR (400 MHz, CDCl3, Figure S13), δ (ppm): 5.28 – 5.22 (m; 1H; -C(R)=CH-CH2-R); 3.15 – 3.06 

(m; 1H; NH2-CH2- CH2- CH2-NH-CH(R)-CH2-R); 2.85 – 2.69 (m; 4H; NH2-CH2- CH2- CH2-NH-CH(R)-

CH2-R); 2.27 – 2.12 (m; 1H; -NH-CH(R)-CH2-R); 2.05 – 1.94 (m; 2H; -NH-CH(R)-CH2-R); 1.94 – 1.84 

(m; 2H; -C(R)=CH-CH2-R); 1.75 – 1.71 (m; 2H; NH2-CH2- CH2- CH2-NH-CH(R)-CH2-R); 1.65 – 1.04 (m; 

20H; n.a.); 1.03 (s; 3H; NH-CH(R)-CH2-CH2-C(CH3)-R); 1.01 – 0.97 (m; 1H; R-C5H5(H)-CH(CH3)-CH2- 

CH2- CH2-CH(CH3)2); 0.97 – 0.93 (m; 1H; R-CR(CH3)-C(R)H-CR(CH3)-R); 0.90 (d; J = 6.40 Hz; 3H; R-

C5H6-CH(CH3)-CH2-CH2-CH2-CH(CH3)2); 0.89 – 0.83 (m; 6H; R-C5H6-CH(CH3)-CH2-CH2-CH2-

CH(CH3)2); 0.83 – 0.69 (m; 1H; C6H6-C5H5(H)-R); 0.68 (s; 3H; C6H7-C(CH3)-C5H6-R).  
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ESI-MS: m/z   [M+H]+ = 433.4359 (theoretical), found = 433.4347 

 

Synthesis of Cholesteryl amine CTA. 

To prevent the formation of bifunctional CTA, it is imperative to work in equimolar conditions 

during this reaction. To a pre-dried 25 mL round bottom flask equipped with stirring bar, 60 mg 

Cholesteryl amine (0.1355 mmol, 1 Eq) and 55.0 mg PFP-PABTC (synthesized previously according 

to literature38; 0.1355 mmol, 1 Eq) were added and placed under inert atmosphere. To this, 3 mL 

of anhydrous dichloromethane containing 1 equivalent of TEA (19 µL TEA) was added under 

vigorous stirring. The mixture was allowed to react for 24 h before TLC analysis indicated the 

complete consumption of CholA (9:1:0.1 DCM:MeOH:NH4OH 30 %). The reaction mixture was 

reduced under vacuum and immediately purified by flash chromatography (9:1:0.1 

DCM:MeOH:NH4OH 30 %). The resulting pure compound was reduced under vacuum, yielding a 

bright yellow viscous oil that was characterized using 1H-NMR and ESI-MS (yield = 75.6 %).  

1H-NMR (400 MHz, CDCl3, Figure S14), δ (ppm): 7.81 – 7.40 (m; 1H; -CH(CH3)-(C=O)-NH-CH2-); 5.33 

- 5.23 ( m; 1H; R-CR=CH-CH2-); 4.73 – 4.60 (m; 1H; -S-(C=S)-S-CH(CH3)-(C=O)-NH-); 3.45 – 3.29 (m; 

4H; -S-(C=S)-S-CH(CH3)-(C=O)-NH-CH2-CH2-CH2-NH-); 3.16 – 3.02 (m; 1H; -CH2-NH-CH(R)-CH2-R); 

2.85 – 2.67 (m; 2H; CH3-CH2- CH2- CH2-S-(C=S)-S-); 2.25 – 2.13 (m; 1H; -CH2-NH-CH(R)-CH2-R); 2.07 

– 1.95 (m; 2H; -CH2-NH-CH(R)-CH2-R); 1.91 – 1.79 (m; 2H; R-CR=CH-CH2-); 1.73 – 1.64 (m; 4H; CH3-

CH2- CH2- CH2-S-(C=S)-S-CH(CH3)-(C=O)-NH-CH2-CH2-CH2-NH-); 1.58 (d; J = 7.32 Hz; 3H; -S-(C=S)-S-

CH(CH3)-(C=O)-NH-); 1.55 – 1.48 (m; 1H; -CH2- CH2- CH2-CH(CH3)2); 1.48 – 1.41 (m; 3H; CH3-CH2- 

CH2- CH2-S-(C=S)-S- + C5H6-CH(CH3)-CH2-CH2-); 1.03 (s; 3H; -NH-CH(CH2-CH2-CR(CH3)-R)-CH2-R); 

0.96 – 0.92 (m; 3H; CH3-CH2- CH2- CH2-S-); 0.90 (d; J = 6.56 Hz; 3H; C5H6-CH(CH3)-CH2-CH2-); 0.89 

– 0.84 (m; 6H; -CH2-CH2-CH2-CH(CH3)2); 0.77 – 0.70 (m; 1H; R-C6H6(H)-C5H6-R); 0.68 (s; 3H; C6H7-

C(CH3)-C5H6-R).  

ESI-MS: m/z   [M+H]+ = 663.4410 (theoretical), found = 663.4454 
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Synthesis of pentafluorophenyl acrylate (PFPA). 

Pentafluorophenyl acrylate was synthesized according to literature.46 Pentafluorophenol (27.61 

g, 148.5 mmol) was dissolved in a pre-dried round bottom flask of 500 mL equipped with stirring 

bar by the addition of 150 mL anhydrous dichloromethane (DCM) under inert atmosphere. The 

resulting clear solution was placed in an ice bath. Under continuous stirring, 1.05 equivalents of 

anhydrous triethylamine (21.8 mL, 156 mmol) was added dropwise to the cooled reaction 

mixture, followed by the dropwise addition of 1.03 equivalents of  acryloyl chloride (12.8mL, 153 

mmol).  After 30 min, the reaction was allowed to reach room temperature and stir for an 

additional 2 h. Monitoring of the reaction was performed by thin-layer chromatography (TLC; 

80:20 Hexane:EtOAc; Rf = 0.70) until complete consumption of pentafluorophenol was observed. 

The reaction mixture was diluted with ethyl acetate, filtered and concentrated under vacuum. 

The resulting crude product (yellow oil) was purified by silica gel chromatography (80:20 

Hexane:EtOAc) and yielded a colorless, clear oil that was characterized by 19F-NMR and 1H-NMR 

(vide infra) (79 % yield).  

19F-NMR (282 MHz, CDCl3, Figure S15): δ (ppm): -152.7 (d; J = 16.9 Hz; 2F; o-C6F5); -158.1 (t; J = 

21.6 Hz; 1F; p-C6F5); -162.5 (t; J = 19.2 Hz; 2F; m-C6F5).  

1H-NMR (500 MHz, CDCl3, Figure S16), δ (ppm): 6.72 (dd; J = 17.4, 0.76 Hz, 1H; -CH=CH2); 6.38 (dd; 

J = 17.2, 10.5 Hz; 1H; -CH=CH2); 6.19 (dd; J = 10.5, 0.76 Hz; 1H; -CH=CH2). 

 

SYNTHESIS OF DNP-EG2-AMINE. 

Figure S17 provides an overview of the synthetic route employed to fabricate DNP-EG2-amine.  

Synthesis of tert-butyl-N-[2-[2-(2-aminoethoxy)ethoxy]ethyl]carbamate. 

2,2’-(ethylenedioxy)bis(ethylamine) was first mono-Boc protected. 5 equivalents of 2,2’-

(ethylenedioxy)bis(ethylamine) (8 mL; 54.8 mmol) were dissolved in 50 mL anhydrous DCM under 

inert atmosphere in a 250 mL round bottom flask equipped with stirring bar and dropping funnel. 

The round bottom flask was placed in an ice bath and stirred for 30 minutes prior to the addition 

of the Boc-anhydride. In a separate flask, 1 equivalent of Boc-anhydride (2.52 mL; 10.97 mmol) 
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was dissolved in 20 mL anhydrous DCM and transferred to the dropping funnel. The latter solution 

was added dropwise to the 250 mL flask and left to react overnight. Afterwards, the turbid 

reaction mixture was reduced under vacuum and extracted 3 times with saturated NaHCO3 

solution with DCM. The organic phases were collected and dried over sodium sulphate before 

being purified by flash chromatography (80:20:1 DCM:MeOH:NH4OH). Yield = quantitative. The 

resulting pure product was analysed by 1H-NMR. 

1H-NMR (400 MHz, CDCl3) δ ppm: 5.13 (br s; 1H; -CH2-CH2-NH-(C=O)-O-C(CH3)); 3.61 (s; 4H; NH2-

CH2-CH2-O-CH2-CH2-O-); 3.53 (dt; 4H; J = 7.02, 5.22 Hz; -CH2-O-CH2-CH2-O-CH2-); 3.31 (br q; 2H; J 

= 5.10 Hz; -CH2-CH2-NH-(C=O)-O-C(CH3)); 2.88 (t; 2H; J = 5.19 Hz; -CH2-CH2-NH2); 1.93 (s, 2H, -CH2-

CH2-NH2); 1.43 (s, 9H, -CH2-NH-(C=O)-O-C(CH3)).  

 

Synthesis of tert-butyl-N-[2-[2-[2-(2,4-dinitroanilino)ethoxy]ethoxy]ethyl)carbamate. 

3 g of tert-butyl-N-[2-[2-(2-aminoethoxy)ethoxy]ethyl]carbamate (12.1 mmol, 1.1 Eq) was 

dissolved by the addition of 50 mL anhydrous 1,4-dioxane under inert atmosphere in a 250 mL 

round bottom flask equipped with stirring bar. To this clear solution, 1.80 mL of TEA was added 

(13.2 mmol, 1.2 Eq) and the reaction was left stirring vigorously. In a separate flask, a stock 

solution of 2.20 g 2,4-dinitrophenyl-1-chloride in 50 mL anhydrous 1,4-dioxane was made and the 

latter solution was added to the reaction mixture in a dropwise fashion. The resulting reaction 

mixture immediately turned yellow and showed precipitate formation after 2 h of reaction on 

room temperature. TLC analysis indicated the almost complete consumption of starting material 

after 24 h of reaction (DCM:MeOH 99:1). The turbid solution was diluted with EtOAc before being 

filtered and concentrated under vacuum. The resulting yellow crude was purified by flash 

chromatography (pure DCM to get rid of the starting material, afterwards 5% MeOH in DCM) to 

yield a clear yellow oil. (yield = 82 %). The resulting pure product was analysed by 1H-NMR.  

1H-NMR (400 MHz, CDCl3) δ ppm: 9.14 (d; J = 2.64 Hz; 1H; -C(NO2)-CH=C(NO2)-C(NH-CH2-R)=CH-

CH=); 8.82 (br s; 1H; -C(NO2)-CH=C(NO2)-C(NH-CH2-R)=CH-CH=); 8.27 (dd; J = 9.61, 2.64 Hz; 1H; -

C(NO2)-CH=C(NO2)-C(NH-CH2-R)=CH-CH=); 6.95 (d; J = 9.42 Hz; 1H; -C(NO2)-CH=C(NO2)-C(NH-CH2-

R)=CH-CH=);  5.10 – 4.80 (m; 1H; -CH2-CH2-NH-(C=O)-O-C(CH3)3); 3.84 (t; 2H; -C(=R-)-NH-CH2-CH2-



Influence on hydrophobic anchorage moiety on ARPs 

 

- 189 - 
 

O-CH2-CH2-O-); 3.75 - 3.53 (m; 8H; -NH-CH2-CH2-O-CH2-CH2-O-CH2-CH2-NH-(C=O)-O-C(CH3)3); 3.33 

(br m; 2H; -CH2-CH2-NH-(C=O)-O-C(CH3)3); 1.43 (s, 9H, -CH2-NH-(C=O)-O-C(CH3)3). 

 

Synthesis of N-[2-[2-(2-aminoethoxy)ethoxy]ethyl]-2,4-dinitro-aniline (DNP-EG2-amine). 

To remove the Boc protecting group, 900 mg of the tert-butyl-N-[2-[2-[2-(2,4-dinitroanilino) 

ethoxy]ethoxy]ethyl)carbamate (2.17 mmol, 1 Eq, MW = 415.42 mg) was dissolved in 5 mL DCM 

in a round bottom flask equipped with stirring bar.  Under continous stirring, 5 mL trifluoroacetic 

acid was added dropwise to the reaction and the resulting reaction mixture was allowed to react 

for 2 h in an open vessel at room temperature. After 2 h, toluene was added prior to concentration 

under vacuum to evaporate all volatile side products/solvents. The resulted crude was analyzed 

by 1H-NMR and ESI-MS (vide infra).  

1H-NMR (400 MHz, DMSO-d6, Figure S18) δ ppm: 8.87 (d; J = 2.83 Hz; 1H; -C(NO2)-CH=C(NO2)-

C(NH-CH2-R)=CH-CH=); 8.87 – 8.80 (br m; 1H; -C(NO2)-CH=C(NO2)-C(NH-CH2-R)=CH-CH=); 8.28 

(ddd; J = 9.61, 2.83, 0.57 Hz; 1H; -C(NO2)-CH=C(NO2)-C(NH-CH2-R)=CH-CH=); 7.81 (br s; 3H; -CH2-

CH2-NH3
+); 7.28 (d; J = 9.61 Hz; 1H; -C(NO2)-CH=C(NO2)-C(NH-CH2-R)=CH-CH=); 3.75 – 3.55 (m; 

10H; -NH-CH2- CH2-O- CH2- CH2-O- CH2- CH2-NH3
+); 2.96 (m; 2H; -O- CH2- CH2-NH3

+). 

ESI-MS: m/z   [M+H]+ = 315.1299 (theoretical), found = 315.1295 

 

Synthesis of Stearyl-poly(pentafluorophenyl acrylate) (C18-p(PFPA)).  

For a polymerization reaction with a theoretical DP of 120, 2.47 mL PFPA (3.57 g, 15 mmol), 70.1 

mg Stearyl-CTA (0.125 mmol) and 4.1 mg AIBN (0.025 mmol) were dissolved in 4.825 mL 

anhydrous 1,4-dioxane in a Schlenk vial to obtain a final monomer concentration of 2 M. The 

solution was degassed by 5 subsequent freeze-pump-thaw cycles and was placed inside a pre-

heated oil bath of 80 °C while maintaining the Schlenk vial under vacuum. After 4 hours of 

reaction, the polymerization was quenched by cooling the vial in ice and exposing the reaction to 

oxygen. Conversion was calculated by 19F-NMR spectra of the reaction mixture in CDCl3. The 

reaction mixture was purified by triple precipitation into ice cold ethanol and dried in a vacuum 



Chapter 3.2 

- 190 - 
 

oven. The resulting purified polymer was analyzed using THF-SEC to determine Mn, Mw and ᴆ 

(Table 1). The theoretical Mn was calculated based on conversion determined by 19F-NMR (Table 

1). SEC-traces are depicted above in Figure 2.  

 

Synthesis of C18-p(PFPAACVA). 

To remove the typical RAFT trithiocarbonate end-group, the synthesized polymer was treated 

with an excess of ACVA according to a protocol found in literature.34 The trithiocarbonate removal 

is exemplified here for C18-p(PFPA), while all other polymers were treated in a similar fashion. 

2.00 g of the pre-dried C18-p(PFPA) polymer (MW = 27 230 Da, 0.07345 mmol) was added to a 

Schlenk vial and dissolved in 10 mL anhydrous 1,4-dioxane. 30 equivalents of ACVA (618 mg, 2.20 

mmol) were added to the same Schlenk vial and placed in a pre-heated oil bath of 80 °C without 

prior degassing cycles. The reaction was left to react overnight until the yellow solution turned 

colorless. The next day, end-capping was quenched by cooling down the reaction vessel in ice and 

exposing its contents to oxygen. The resulting polymer was purified by threefold precipitation in 

ice-cold ethanol and dried in a vacuum oven. The resulting pure polymer was used as such for the 

following post-polymerization modification reactions. The polymer was analyzed using THF-SEC 

to determine Mn, Mw and ᴆ (Table 1). The removal of the trithiocarbonate end-group was verified 

by UV-Vis spectrophotometric analysis of a 0.042 mM stock solution of polymers before and after 

end-capping in 1,4-dioxane. SEC-traces are depicted above in Figure 2, while Figure 3 illustrates 

the UV-Vis spectrum before and after ACVA end-capping.  

 

Synthesis of di-myristoyl-poly(pentafluorophenyl acrylate) ((C14)2-p(PFPA)). 

For a polymerization reaction with a theoretical DP of 100, 0.82 mL PFPA (1.19 g, 5 mmol), 37.2 

mg di-myristoyl CTA (0.050 mmol) and 1.6 mg AIBN (0.010 mmol) were dissolved in 3.759 mL 

anhydrous chloroform in a Schlenk vial to obtain a final monomer concentration of 1.33 M. The 

solution was degassed by 5 subsequent freeze-pump-thaw cycles and before being placed inside 

a pre-heated oil bath of 80 °C, while maintaining the Schlenk vial under vacuum. After 4 hours, 

the polymerization was quenched by cooling the vial in ice and exposing the reaction to oxygen. 
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Conversion was calculated by 19F-NMR spectra of the reaction mixture in CDCl3. The reaction 

mixture was purified by triple precipitation into ice-cold ethanol and dried in a vacuum oven. The 

resulting pure polymer was analyzed using THF-SEC to determine Mn, Mw and ᴆ (Table 1). The 

theoretical Mn was calculated based on conversion determined by 19F-NMR (Table 1). SEC-traces 

are depicted above in Figure 2.  

 

Synthesis (C14)2-p (PFPAACVA). 

This reaction is analogous to the one described earlier for the trithiocarbonate end-group of C18-

p(PFPA). The resulting pure polymer was used as such for the following post-polymerization 

modification reactions. The polymer was analyzed using THF-SEC to determine Mn, Mw and ᴆ 

(Table 1). The removal of the trithiocarbonate end-group was verified by UV-Vis 

spectrophotometric analysis of a 0.042 mM stock solution of polymers before and after end-

capping in 1,4-dioxane. SEC-traces are depicted above in Figure 2, while Figure 3 illustrates the 

UV-Vis spectrum before and after ACVA end-capping.  

 

Synthesis of Cholesterol-poly(pentafluorophenyl acrylate) (Chol-p(PFPA)).  

For a polymerization reaction with a theoretical DP of 120, 3.29 mL PFPA (4.76 g, 20 mmol), 101.17 

mg Cholesterol-CTA (0.167 mmol) and 5.47 mg AIBN (0.033 mmol) were dissolved in 6.433 mL 

anhydrous 1,4-dioxane in a Schlenk vial to obtain a final monomer concentration of 2 M. The 

solution was degassed by 5 subsequent freeze-pump-thaw cycles and was placed inside a pre-

heated oil bath of 80 °C, while maintaining the Schlenk vial under vacuum. After 2.5 hours, the 

polymerization was quenched by cooling the vial in ice and exposing its contents to oxygen. 

Conversion was calculated by 19F-NMR spectra of the reaction mixture in CDCl3. The reaction 

mixture was purified by triple precipitation into ice-cold ethanol and dried in a vacuum oven. The 

resulting pure polymer was used as such for the following post-polymerization modification 

reactions and analyzed using THF-SEC to determine Mn, Mw and ᴆ (Table 1). The theoretical Mn 

was calculated based on conversion determined by 19F-NMR (Table 1). SEC-traces are depicted 

above in Figure 2.  
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Synthesis of Chol-p (PFPAACVA). 

This reaction is analogous to the one described earlier for the trithiocarbonate end-group of C18-

p(PFPA). The resulting pure polymer was used as such for the following post-polymerization 

modification reactions. The polymer was analyzed using THF-SEC to determine Mn, Mw and ᴆ 

(Table 1). The removal of the trithiocarbonate end-group was verified by UV-Vis 

spectrophotometric analysis of a 0.042 mM stock solution of polymers before and after end-

capping in 1,4-dioxane. SEC-traces are depicted above in Figure 2, while Figure 3 illustrates the 

UV-Vis spectrum before and after ACVA end-capping.  

 

Synthesis of Cholesteryl amine-poly(pentafluorophenyl acrylate) (CholA-p(PFPA)).  

For a polymerization reaction with a theoretical DP of 120, 2.47 mL PFPA (3.57 g, 15 mmol), 82.89 

mg Cholesteryl amine-CTA (0.125 mmol) and 2.93 mg AIBN (0.018 mmol) were dissolved in 5.03 

mL anhydrous 1,4-dioxane in a Schlenk vial to obtain a final monomer concentration of 2 M. The 

solution was degassed by 5 subsequent freeze-pump-thaw cycles and was placed inside a pre-

heated oil bath of 80 °C while maintaining the Schlenk vial under vacuum. After 17 hours, the 

polymerization was quenched by cooling the vial in ice and exposing its contents to oxygen. 

Conversion was calculated by 19F-NMR spectra of the reaction mixture in CDCl3. The reaction 

mixture was purified by triple precipitation into ice-cold ethanol and dried in a vacuum oven. The 

resulting pure polymer was used as such for the following post-polymerization modification 

reactions and analyzed using THF-SEC to determine Mn, Mw and ᴆ (Table 1). The theoretical Mn 

was calculated based on conversion determined by 19F-NMR (Table 1). SEC-traces are depicted 

above in Figure 2.  

 

Synthesis CholA-p (PFPAACVA). 

This reaction is analogous to the one described earlier for the trithiocarbonate end-group of C18-

p(PFPA). The resulting pure polymer was used as such for the following post-polymerization 

modification reactions. The polymer was analyzed using THF-SEC to determine Mn, Mw and ᴆ 

(Table 1). The removal of the trithiocarbonate end-group was verified by UV-Vis 
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spectrophotometric analysis of a 0.042 mM stock solution of polymers before and after end-

capping in 1,4-dioxane. SEC-traces are depicted above in Figure 2, while Figure 3 illustrates the 

UV-Vis spectrum before and after ACVA end-capping.  

 

Synthesis of PABTC-poly(pentafluorophenyl acrylate) (PABTC-p(PFPA)).  

For a polymerization reaction with a theoretical DP of 100, 3.29 mL PFPA (4.76 g, 20 mmol), 47.68 

mg PABTC-CTA (synthesized from an earlier protocol37) (0.200 mmol) and 6.57 mg AIBN (0.040 

mmol) were dissolved in 6.71 mL anhydrous 1,4-dioxane in a Schlenk vial to obtain a final 

monomer concentration of 2 M. The solution was degassed by 5 subsequent freeze-pump-thaw 

cycles and placed inside a pre-heated oil bath of 80 °C while maintaining the Schlenk vial under 

vacuum. After 2 hours, the polymerization was quenched by cooling the vial in an ice bath and 

exposing the reaction to oxygen. The reaction mixture was purified by triple precipitation into ice-

cold ethanol and dried in a vacuum oven. The resulting pure polymer was analyzed using THF-SEC 

to determine Mn, Mw and ᴆ (Table 1). The theoretical Mn was calculated based on conversion 

determined by 19F-NMR (Table 1). SEC-traces are depicted above in Figure 2.  

 

Synthesis of PABTC-p(PFPAACVA). 

This reaction is analogous to the one described earlier for the trithiocarbonate end-group of C18-

p(PFPA). The resulting pure polymer was used as such for the following post-polymerization 

modification reactions. The polymer was analyzed using THF-SEC to determine Mn, Mw and ᴆ 

(Table 1). The removal of the trithiocarbonate end-group was verified by UV-Vis 

spectrophotometric analysis of a 0.042 mM stock solution of polymers before and after end-

capping in 1,4-dioxane. SEC-traces are depicted above in Figure 2, while Figure 3 illustrates the 

UV-Vis spectrum before and after ACVA end-capping.  
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Post-polymerization modification of ACVA end-capped lipid-p(PFPA) and PABTC-p(PFPA).  

A typical post-polymerization reaction of the synthesized polymers is described here in detail, 

exemplified for ACVA end-capped C18-p(PFPA) polymers. All other ACVA end-capped polymers 

were treated in a similar fashion regarding the equivalents of reagents added. To a pre-dried 

Schlenk vial equipped with stirring bar, 100 mg (0.003678 mmol) C18-p(PFPA112 ACVA) was added 

and dissolved in 10 mL anhydrous tetrahydrofuran. The vial was placed in a pre-heated oil bath 

of 40 °C under inert atmosphere. To this solution, 5 equivalents triethylamine (2.58 µL, 0.01839 

mmol) and 1 equivalent (189 µL of a 10 mg/mL stock solution, 0.003678 mmol) TMR-cadaverine 

fluorescent dye were added. The reaction mixture was allowed to react overnight protected from 

light. 

After 24 hours, the reaction mixture was equally divided into 2 different Schlenk vials, to 

eventually obtain 2 different polymers. The polymers were either quenched with 2-aminoethanol 

(C18-p(HEAm)) or functionalized with DNP-EG2-amine prior to 2-aminoethanol quenching (C18-

p(DNP)) . For the modification with DNP-EG2-amine, 10 equivalents of DNP-EG2-amine (577 µL of 

a 10 mg/mL stock solution in DMSO, 0.01839 mmol) were added to the correct Schlenk vial, 

followed by the addition of 5 equivalents of anhydrous triethylamine (TEA) per DNP-EG2-amine 

(13 µL, 0.9195 mmol). These reactions were protected from light and allowed to react at 40°C for 

24 h.   

After 24 h, 1 mL of anhydrous DMSO was added to each Schlenk vial to prevent the reaction 

mixtures from precipitating out. The DNP modified polymer was also quenched with 2-

aminoethanol (EA). To this purpose, an excess of 5 equivalents EA per PFPA unit was added, 

accompanied by 10 equivalents of TEA per PFPA unit. All reaction mixtures displayed precipitate 

formation upon quenching. Once again, the reactions were allowed to stir overnight, protected 

from light, at 40°C under inert atmosphere.  

Finally, 24 h after quenching, the reaction mixtures were transferred to dialysis membranes (Cut-

off: 3.5 kDa) and dialysed extensively for 3 days against ultra-pure water. Afterwards, the resulting 

clear solutions were lyophilized to obtain dry polymers. The chemical structures are displayed in 

Figure 4 and 5. To check the coupling efficiency of DNP-EG2-amine units to the polymer, a UV-Vis 
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calibration curve was made to calculate the number of DNP units per polymer. Figure S19 

provides the calibration curve, while Table 2 provides the calculated DPs of DNP units per 

polymer.  

Adjustment of concentrations based on fluorescence spectrometry.  

To ensure an accurate measurement on FACS in terms of polymer uptake, stock solutions of 

polymers were adjusted to identical fluorescence properties for the tetramethylrhodamine 

fluorescent dye. Therefore, stock solution of the polymers were made in PBS (+Ca2+ + Mg2+) in a 

starting concentration of 11.38 µM. Fluorescent emission spectra were collected on a Cary Eclipse 

fluorescence spectrophotometer (Agilent Technologies) equipped with a Varian Cary 

temperature controller in 700 µL Micro Fluorescence cuvettes (Thorlabs). The excitation 

wavelength was determined to be at 555 nm, while emission spectra were recorded ranging from 

560 nm to 750 nm. Figure S20 A provides the obtained emission spectra of the fluorescent 

polymers at a concentration of 11.38 µM, while Figure S20 B illustrates the emission spectra once 

the concentrations of the stock solutions were corrected to obtain identical fluorescent 

properties. The latter concentrations are used in further in vitro experiments regarding polymer 

uptake.  

 

 In vitro antibody recruitment of anti-DNP antibodies to lipid DNP-polymers on CT26 cells.  

CT26 cells were seeded in a 24 well plate and pulsed with polymer as described above. After 2 

hours of incubation, cells were washed with 0.5 mL of PBS (+ Ca2+ + Mg2+) before being dissociated 

with 0.5 mL cell dissociation buffer (EDTA-based, enzyme-free, in PBS). The cells were transferred 

to Eppendorf tubes, centrifuged and resuspended in 100 µL anti-DNP antibody staining solution 

and incubated on ice for 30 minutes in the absence of light. The staining solution contained 30 µL 

anti-DNP AF488 antibody (2 mg/mL stock), 30 µL mouse Fc block and 2940 µL 3% BSA in PBS (+ 

Ca2+ + Mg2+). After 30 minutes, the cells were centrifuged, washed with 500 µL PBS and 

resuspended in 250 µL PBS for analysis by flow cytometry. FACS analysis was performed using a 

BD Accuri C6 (BD Biosciences) and data was processed by Flowjo software.  
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In vitro antibody recruitment of anti-DNP antibodies to lipid DNP-polymers on CT26 cells over 
several time points.  

CT26 cells were seeded into several 24 well plates (depending on the incubation time) at a 

concentration of 200 000 cells/mL (0.5 mL per well). All different polymers, equipped with various 

hydrophobic CTAs, were added in triplicate to the wells to yield a final concentration of 10 µM. 

Stock solutions of the polymers were made in PBS (+ Ca2+ + Mg2+). All samples were incubated for 

2 hours at 37 °C. After 2 hours of incubation, cells were washed with 0.5 mL of PBS (+ Ca2+ + Mg2+) 

and resuspended in full culture medium before being placed back into the incubator. Depending 

on the incubation time, cells were either immediately dissociated and transferred to Eppendorf 

tubes, or dissociated after 24h, 48h or even 72h. Cells were dissociated by incubating them with 

500 µL cell dissociation buffer. Once dissociated and transferred into the Eppendorf tubes, the 

cells were spinned down, resuspended using 100 µL anti-DNP antibody staining solution, and 

incubated on ice for 30 minutes in the absence of light. The staining solution contained 30 µL anti-

DNP AF488 antibody (2 mg/mL stock), 30 µL human Fc block and 2940 µL 3% BSA in PBS (+ Ca2+ + 

Mg2+). After 30 minutes, the cells were pelleted again, washed with 500 µL PBS and resuspended 

in 250 µL PBS for analysis by flow cytometry (Figure 9). 
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CHAPTER 3.3:  

SPAAC CLICK ENGINEERING OF  
METABOLICALLY LABELED CANCER CELLS  
WITH ANTIBODY-RECRUITING POLYMERS   

 

1. INTRODUCTION 

Whereas earlier in this chapter, lipid-polymer amphiphiles were used for cell surface binding of 

ARPs by hydrophobic insertion, we elaborate here on a strategy that allows for cell-specific 

conjugation of ARPs. Hence, these ARPs can be applied beyond intratumoral administration and 

could be used for tumor targeting after intravenous injection. Making use of ‘metabolic cell 

labeling’ with azido-sugars to functionalize the glycocalyx of cells with azide moieties, these cells 

can be targeted with cyclooctyne-containing compounds by strain-promoted azide-alkyne 

cycloaddition (SPAAC).47,48 This strategy is non-selective for cancer cells, but recently the Cheng 

group reported on a novel azide-containing carbohydrate in which the anomeric acetyl group of 

2,3,4,6-tetra-O-acetyl-α-D-mannopyranosyl azide (Ac4ManN3) is protected by a caged ether bond. 

This azido-sugar is selectively metabolized by cancer cells that over-express specific enzymes.49 

Hence, such strategy would allow for specific labeling of cancer cells, both in a primary tumor and 

in the metastatic niche by administration of the azido-sugar, followed by systemic administration 

of ARPs. 

In this chapter we design ARPs that contain multiple DNP motifs as a hapten in combination with 

cyclooctyne motifs for binding to the surface of azide-labeled cells. Compared to previous 

strategies for cancer cell mediated targeting of ARSMs that rely on the targeting of over-

expressed extracellular receptors, such as prostate specific membrane antigen (PSMA) or the 

urokinase-type plasminogen activator receptor (uPAR), the metabolic cell labeling strategy relies 

on targeting cells that exhibit intracellular overexpression of specific enzymes.16,17,19,40,49   
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2. RESULTS AND DISCUSSION 

2.1. SYNTHESIS OF CYCLOOCTYNE-FUNCTIONALIZED POLYMERS 

The macromolecular design of ARPs in this work comprises a polymeric pentafluorophenyl 

activated ester backbone onto which both DNP and cyclooctyne motifs are substituted. To gain 

insights in the parameters that govern cell surface binding on the one hand and antibody 

recruitment on the other hand, we first investigated both phenomena separately. Hereto, 

pentafluorophenyl acrylate (PFPA) was polymerized by RAFT using a biotin-functionalized RAFT 

CTA, targeting a degree of polymerization (DP) of respectively 50 and 100. The use of a biotin-

functionalized CTA was to allow for streptavidin-based detection methods later on. The synthesis 

of the biotin-functionalized RAFT CTA is described below in Scheme 1. Post-polymerization, the 

trithiocarbonate end-group was removed by treatment with an excess of 4,4`-azobis(4-

cyanopentanoic acid) (ACVA), to avoid later on issues with disulfide formation. Polymer 

characterization was performed by NMR spectroscopy and size exclusion chromatography. The 

SEC traces and UV-Vis spectra before and after trithiocarbonate end-group removal are 

summarized in Figure 1 & 2. The polymer characteristics are summarized in Table 1, indicating 

that the experimental DP is in close resemblance to the intended polymer chain length.  

 

 

 

Scheme 1. Schematic overview of employed synthesis route to create Biotin-PABTC RAFT CTA. 
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Figure 1. SEC-traces of Biotin-PABTC-p(PFPA) polymers before (dotted line) and after (full line) trithiocarbonate end-

group removal with ACVA. 

 

Figure 2. UV-Vis-spectra of Biotin-PABTC-p(PFPA) polymers before (dotted line) and after (full line) trithiocarbonate 

end-group removal with ACVA. 

 

Next, the obtained poly(PFPA) was substituted with varying amounts of different cyclooctyne 

motifs. We opted for a degree of substitution (DS; defined as the number of substituted motifs 

per 100 PFPA repeating units) of respectively 2 and 5 for the cyclooctyne motifs, while the 

remaining PFPA groups were converted into hydrophilic repeating units by addition of an excess 

of 2-aminoethanol. As cyclooctyne moiety, we used dibenzocyclooctyne (DBCO) as, amongst 

different types of cyclooctynes, this group exhibits the optimal orthogonal balance between 

reactivity towards azides and inertness towards other groups, in particular nucleophiles.50 Three 

commercially available DBCO compounds (Figure 3) functionalized with a primary amine and with 
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different spacer lengths between the DBCO and the primary amine and/or with a sulfonate group 

to increase hydrophilicity were evaluated. Figure 4 provides the chemical structures of the 

modified polymers.  

 

Table 1. Characteristics of the synthesized polymers. 

Polymer DPtheo 
Conv.calc., a 

[%] 

DPcalc., 

b 

Mntheo, b 

[Da] 

Mnc 

[Da] 

Mwc 

[Da] 
ᴆ 

Biotin-PABTC-p(PFPA) 110 89 98 23 900 11 800 15 700 1.33 

Biotin-PABTC-p(PFPAACVA) 110 / 98 23 900 15 200 20 100 1.32 

Biotin-PABTC-p(PFPA) 55 94 52 13 000 10 300 14 600 1.42 

Biotin-PABTC-p(PFPAACVA) 55 / 52 12 900 10 300 14 500 1.41 

PABTC-p(PFPA) 100 85 85 20 500 12 200 14 900 1.22 

PABTC-p(PFPAACVA) 100 / 85 20 400 13 200 15 400 1.18 

a: conversion determined by 19F-NMR (282 MHz; CDCl3). 
b: based on conversion and molecular weight of monomer and CTA. 
C: determined by SEC (THF) 

 

 

 

Figure 3. Chemical structure of amine-functionalized DBCO compounds. (A) dibenzocyclooctyne-EG4-amine (DBCO-

EG4-amine), (B) dibenzocyclooctyne-sulfo-amine (DBCO-sulfo-amine) and (C)  dibenzocyclooctyne-sulfo-EG4-amine 

(DBCO-sulfo-EG4-amine).  
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Figure 4. Chemical structure of Biotin-PABTC-p(PFPAACVA) polymers: Biotin-PABTC-p(DBCO-EG4-X) (A), Biotin-PABTC-

p(DBCO-sulfo-X) (B) and Biotin-PABTC-p(DBCO-sulfo-EG4-X) (C).  
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2.2. IN VITRO EVALUATION OF CYCLOOCTYNE MODIFIED POLYMERS 

First we screened the experimental conditions for metabolic cell labeling by culturing Jurkat T 

cells for 2 days with different concentrations of Ac4ManN3, followed by pulsing for 1 hour with 

different concentrations of a commercially available DBCO-EG4-AF545 fluorescent dye. Confocal 

microscopy and flow cytometry analysis (Figure 5 & 6) indicated a dose-dependent effect of the 

azido-sugar concentration on the capacity of the treated cells to bind the cyclooctyne-dye. From 

these experiments we concluded that a 25 µM concentration of Ac4ManN3 was sufficient to 

achieve good cell surface labeling with excellent availability/reactivity towards SPAAC 

conjugation. Importantly, the overlay between the fluorescence and the DIC channel in Figure 7 

clearly demonstrates a similar extent of labelling for all cells, with no unlabeled cells, and a 

homogenous labeling density over the whole cell surface.  

 

Figure 5. Confocal microscopy images showing the influence of DBCO-EG4-AF545 and azido-sugar concentration on 

the extent of fluorescence labeling. DBCO-EG4-AF545 concentrations increase from 1 µM (bottom), over 10 µM 

(middle row), to 20 µM (top), while concentrations of Ac4ManN3 labelling rise from 0 µM (right) to 50 µM (left). 

Depicted scale bars represent 10 µm. 
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Figure 6. Flow cytometry analysis of Jurkat T cells pulsed with DBCO-EG4-AF545 and cultured with different 

concentrations of azido-sugar (n=3). Data points are illustrated as the mean value, while the error bars represent the 

SD. 

 

Figure 7. Confocal microscopy images of Jurkat T cells pulsed with DBCO-EG4-AF 545 and cultured with azido-sugar. 

The overlay of the DIC and red fluorescence channel (right panel) demonstrates equal labeling of all cells. Depicted 

scale bars represent 10 µm. 

 

Next, we investigated the effect of the polymer chain length and DBCO-grafting density on the 

SPAAC conjugation efficiency to metabolically labeled cells in vitro. Hereto, Jurkat T cells were 

cultured either in presence or absence of azido-sugar followed by pulsing with DBCO-polymers 

and counterstaining with AF488-labeled streptavidin. Flow cytometry (Figure 8) and confocal 

microscopy analysis (data not shown) showed that all DNP-polymers, irrespective of the polymer 

chain length, DBCO grafting density and linker between the DBCO moiety and the polymer 

backbone bind to azide-expressing cells. Although higher MFI values are obtained in case of DP 

50 modified polymers, non-specific binding of DBCO-polymers to cells that do not express azides 

on their surface is undesired as this would mediate off-target effects in vivo. These results are 
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illustrated in Figure 9 where MFI values for polymer binding to cells lacking azide groups is 

displayed. These data indicate that polymers with a DP of 100 are less prone to non-specific 

binding to unlabeled cells. Moreover, a DP of 5 seems to confer good binding efficiency of DP 100 

DBCO-polymers irrespective of the type of linker between the DBCO moiety and the polymer 

backbone. Hence we selected DBCO-EG2-amine for further experiments as the most simple, and 

economically most favorable amine-functionalized DBCO derivative. 

 

Figure 8. Flow cytometry analysis of Jurkat T cells cultured with or without azido-sugar followed by pulsing with 

biotinylated polymers with a DP of 50 (A) or a DP of 100 (B), prior to counterstaining with AF488-streptavidin (n=3). 

Data points are illustrated as the mean value, while the error bars represent the SD. 

 

Figure 9. Flow cytometry analysis of Jurkat T cells cultured without azido-sugar followed by pulsing with biotinylated 

polymers, prior to counterstaining with AF488-streptavidin (=3). Data points are depicted as means while the error 

bars represent the SD. 
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2.3. SYNTHESIS OF DNP-FUNCTIONALIZED POLYMERS 

Fostered by the finding that DP 100 DBCO-polymers exhibit minimal non-specific binding, we 

selected DP 100 biotin-PABTC-p(PFPAACVA) for modification with DNP-EG2-amine, targeting a DS 

of respectively 2, 5 and 10. Remaining PFP ester moieties were subsequently converted into 

hydrophilic repeating units by reacting with an excess of 2-aminoethanol (Figure 10). As control, 

a polymer that did not contain DNP was prepared. In addition, we also synthesized a monovalent 

biotin-DNP construct according to Figure 10. 

 

Figure 10. Chemical structures of the biotin-DNP (A) and DNP-functionalized polymer with a biotin end-group (B). 

 

2.4. BIOLAYER INTERFEROMETRY ANALYSIS OF ANTIBODY BINDING TO DNP-FUNCTIONALIZED POLYMERS 

Initially we confirmed by biolayer interferometry (BLI) that streptavidin sensors functionalized 

with a monovalent biotin-DNP conjugate are capable of binding anti-DNP antibodies (Figure S23), 

as this would proof that the chemistry used for DNP modification still permits epitope-antibody 

recognition. These experiments also served to elucidate an optimal concentration window for 

sensor loading and subsequent kinetic analysis of anti-DNP binding. 

A

B
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Figure 11 depicts the sensorgrams of anti-DNP binding to polymer-functionalized sensors. These 

data demonstrate a low non-specific binding to sensors loaded with a control (non-DNP-

functionalized) polymer. By contrast, DNP-polymers show strong adsorption and low desorption. 

Curve fitting and calculation of the binding avidity (KD values; Table 2) reveals a dramatic increase 

in binding avidity with increasing DS of DNP on the polymer backbone. Notably, a 4 log increase 

in KD value of a DS 10 DNP-polymer, compared to monovalent DNP, is observed. This is likely 

attributed to multivalent binding, as once an antibody dissociates from one DNP motif, it can 

rapidly bind to a neighboring DNP motif located on the same or an adjacent polymer backbone.  

 

Table 2. Calculated KD values and KD error for the small molecule and different DNP modified polymers.  

Ligand KD (M) KD error (M) 

Biotin-DNP 1.12·10-8 3.18·10.11 

Biotin-PABTC-p(DNP-2) 1.23·10-10 2.73·10-12 

Biotin-PABTC-p(DNP-5) 6.80·10-11 2.54·10-12 

Biotin-PABTC-p(DNP-10) < 1.00·10-12 < 1.00·10-12 
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Figure 11. Sensorgrams of monovalent biotin-DNP and biotinylated DNP-polymers binding to streptavidin sensors 

followed by binding of anti-DNP.  

 

2.5. SYNTHESIS AND IN VITRO EVALUATION OF DBCO/DNP-FUNCTIONALIZED POLYMERS 

Taking into account our observations that DS 5 DBCO-polymers exert selective cell surface binding 

to azide-labeled cells and that DS 5 DNP-polymers exert high avidity antibody binding, we opted 

to design ARPs based on a DP 100 polyPFPA backbone substituted with a DS 5 of DNP and a DS 5 

of DBCO. This combination also ensures good water-solubility of the resulting polymers as an 

elevated DNP/DBCO content also increases the overall hydrophobicity.  
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A DP 100 polyPFPA polymer was synthesized by RAFT polymerization using PABTC as CTA. 

Following trithiocarbonate end-group removal, the polymer was fluorescently labeled with 

tetramethylrhodamine-cadaverine (DS 1). The polymer was then divided in 4 equal parts and 

functionalized with DNP-EG2-amine (DS 5) and/or DBCO-EG2-amine (DS 5) and finally reacted with 

an excess of 2-ethanolamine. A control polymer without DNP and DBCO was also prepared. The 

reason that we did not use a biotinylated CTA for these experiments was to avoid steric 

interference between streptavidin binding and anti-DNP recruitment to polymer-treated cells. 

The polymer properties are summarized in Table 1, while SEC-traces and UV-Vis spectra of the 

polymers before and after trithiocarbonate removal are shown in Figure 12 & 13, respectively. 

The chemical structures of the synthesized polymers are depicted in Figure 14.  

 

Figure 12. SEC-traces of PABTC-p(PFPA) polymers before and after trithiocarbonate end-group removal with ACVA. 

 

 

Figure 13. UV-VIS-spectra of PABTC-p(PFPA) polymers before and after trithiocarbonate end-group removal with 

ACVA. 
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Figure 14. Chemical structure of antibody recruiting DBCO/DNP-polymers and controls. 

 

To test the in vitro ability of these polymers to recruit antibodies to the surface of metabolically 

labeled cells, Jurkat T cells were cultured in the presence of azido-sugar (Ac4ManN3) and pulsed 

for 2 h with 3 different concentrations of the polymers. After washing, cells were pulsed with 

AF488-labeled anti-DNP and analyzed by flow cytometry. Figure 16 unambiguously demonstrates 

that only polymers that contain both DBCO and DNP are capable to recruit antibodies to the cell 

surface, while DBCO-bearing polymers can selectively bind azido-labeled Jurkat T cells (Figure 15). 

Importantly, control cells that were treated with polymers that lacked DNP or cells that were not 

cultured with azido-sugar, did not bind any polymer. These findings indicate high selectivity of 

DNP/DBCO-polymers towards azides on the cell surface and low non-specific binding. Confocal 
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microscopy provides further proof of the presence of AF488-labeled anti-DNP on the cell surface 

of azide-labeled cells treated with DBCO/DNP-polymers but not in any of the controls. 

 

 

Figure 15. Flow cytometry analysis of dose-dependent polymer binding to Jurkat T cells cultured in presence/absence 

of azido-sugar (n=3). Data points are illustrated as the mean value, while the error bars represent the SD. 

 

 

Figure 16. Flow cytometry analysis of AF488-labeled anti-DNP recruitment to polymer-treated Jurkat T cells (at a 

concentration of 20 µM) cultured in presence/absence of azido-sugar (n=3). Data points are illustrated as the mean 

value, while the error bars represent the SD. 
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Figure 17. Confocal microscopy images of azide-labeled cells (A) and non-azide-labeled cells (B) pulsed with polymers 

and AF-488 labeled anti-DNP. Depicted scale bars represent 10 µm. 

A

B
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3. CONCLUSION   

In summary, we have demonstrated the potential of polymers containing multiple cyclooctyne 

and hapten motifs to recruit antibodies to the surface of target cells that were engineered with 

azide moieties on their glycocalyx by metabolic labeling with azido-sugars. Using a polymeric 

activated ester scaffold approach, we investigated the effect of the density of DBCO as 

cyclooctyne and DNP as hapten on respectively covalent cell surface binding by click chemistry 

and on anti-DNP binding avidity. These experiments instigated the design of a lead polymer with 

a DP of 100 and a DS of 5 of both DBCO and DNP, able of provoking highly selective antibody 

recruitment and neglectable non-specific binding. Further research needs to focus on elucidating 

the potential of this approach to trigger innate immune mediated killing mechanisms and on the 

translation towards strategies for in vivo cancer cell specific metabolic labeling. 



 SPAAC click engineering of metabolically labeled cancer cells with ARPs 

- 213 - 
 

4. EXPERIMENTAL SECTION 

4.1. MATERIALS 

Unless otherwise stated, all chemicals were purchased from Sigma Aldrich. Pentafluorophenol 

was obtained from Fluorochem and used as such. 2, 2’-azobis(2-methylpropionitrile) (AIBN) was 

provided by Wako Chemicals and purified by recrystallization from diethyl ether prior to use. 

Biotin and Boc anhydride were obtained from TCI chemicals. Dibenzylcyclooctyne-EG4-amine was 

purchased from Jena Bioscience. Dibenzocyclooctyne-sulfo-amine and Dibenzocyclooctyne-sulfo-

EG4-amine was obtained from Click chemistry tools. DNP polyclonal antibodies (labeled either 

with or without AF488 dye) were provided by Thermo Fischer Scientific. Jurkat T cells were 

obtained from ATCC. Cell culture medium and supplements, DPBS (+ Ca2+; +Mg2+), 

penicillin/streptomycin (100 x), and sodium pyruvate (100 x) were purchased from Life 

Technologies. Human Fc block was obtained from Miltenyi Biotec. 

4.2. INSTRUMENTATION 

1H-, 13C-, and 19F-NMR spectroscopy, ESI-MS spectroscopy, size exclusion chromatography, FACS 

analysis and confocal microscopy were performed as indicated earlier in Chapter 3.1 and 3.2.  

Biolayer interferometry experiments were performed using an Octet RED96 system (Pall 

FortéBio). For all experiments, Streptavidin coated sensors were used (Pall FortéBio) together 

with black flat bottom 96 well plates (Greiner). 
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4.3. METHODS 

Synthesis of tert-butyl-N-[2-[2-(2-aminoethoxy)ethoxy]ethyl]carbamate. 

The synthesis of tert-butyl-N-[2-[2-(2-aminoethoxy)ethoxy]ethyl]carbamate is described in full in 

the experimental section of Chapter 3.2. The resulting pure product was characterized using 1H-

NMR, of which the obtained shifts are described below. 

1H-NMR (400 MHz, CDCl3) δ ppm: 5.13 (br s; 1H; -CH2-CH2-NH-(C=O)-O-C(CH3)); 3.61 (s; 4H; NH2-

CH2-CH2-O-CH2-CH2-O-); 3.53 (dt; 4H; J = 7.02, 5.22 Hz; -CH2-O-CH2-CH2-O-CH2-); 3.31 (br q; 2H; J 

= 5.10 Hz; -CH2-CH2-NH-(C=O)-O-C(CH3)); 2.88 (t; 2H; J = 5.19 Hz; -CH2-CH2-NH2); 1.93 (s, 2H, -CH2-

CH2-NH2); 1.43 (s, 9H, -CH2-NH-(C=O)-O-C(CH3)). 

 

Synthesis of tert-butyl-N-[2-[2-(2-aminoethoxy)ethoxy]ethyl]carbamate. 

2,2’-(ethylenedioxy)bis(ethylamine) was first mono-Boc protected. 5 equivalents of 2,2’-

(ethylenedioxy)bis(ethylamine) (8 mL; 54.8 mmol) were dissolved in 50 mL anhydrous DCM under 

inert atmosphere in a 250 mL round bottom flask equipped with stirring bar and dropping funnel. 

The round bottom flask was placed in an ice bath and stirred for 30 minutes prior to the addition 

of the Boc-anhydride. In a separate flask, 1 equivalent of Boc-anhydride (2.52 mL; 10.97 mmol) 

was dissolved in 20 mL anhydrous DCM and transferred to the dropping funnel. The latter solution 

was added dropwise to the 250 mL flask and left to react overnight. Afterwards, the turbid 

reaction mixture was reduced under vacuum and extracted 3 times with saturated NaHCO3 

solution with DCM. The organic phases were collected and dried over sodium sulphate before 

being purified by flash chromatography (80:20:1 DCM:MeOH:NH4OH). Yield = quantitative. The 

resulting pure product was analysed by 1H-NMR. 

1H-NMR (400 MHz, CDCl3) δ ppm: 5.13 (br s; 1H; -CH2-CH2-NH-(C=O)-O-C(CH3)); 3.61 (s; 4H; NH2-

CH2-CH2-O-CH2-CH2-O-); 3.53 (dt; 4H; J = 7.02, 5.22 Hz; -CH2-O-CH2-CH2-O-CH2-); 3.31 (br q; 2H; J 

= 5.10 Hz; -CH2-CH2-NH-(C=O)-O-C(CH3)); 2.88 (t; 2H; J = 5.19 Hz; -CH2-CH2-NH2); 1.93 (s, 2H, -CH2-

CH2-NH2); 1.43 (s, 9H, -CH2-NH-(C=O)-O-C(CH3)).  
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Synthesis of N-Boc-N’-biotinyl-3,6-dioxaoctane-1,8-diamine. 

The overall synthesis scheme for the synthesis of the biotin-CTA is provided in Scheme 1 (vide 

supra). In three separate round bottom flasks, biotin (500 mg, 2.05 mmol), HATU (1.1 Eq, 2.251 

mmol, 856 mg, MW = 380.23 Da) and tert-butyl-2-(2-(2-aminoethoxy)ethoxy)ethylcarbamate (1.2 

Eq, 2.456 mmol, 610 mg, MW = 248.31 Da) were weighed in. The biotin was dissolved by adding 

30 mL anhydrous DMF to the biggest round bottom flask. Meanwhile, a dilution of the tert-butyl-

2-(2-(2-aminoethoxy) 

-ethoxy)ethylcarbamate was made by adding 5 mL of DMF to the round bottom flask containing 

the amine. The solution was transferred to a syringe. The HATU powder was dissolved by the 

addition of 10 mL anhydrous DMF and adding this solution to the stirring solution of biotin in 

DMF. After this, 1.5 equivalents of TEA were added to the same vial (430 µL, 3.075 mmol). Upon 

addition of the TEA, the reaction slightly turned yellow. Afterwards, the amine solution was 

immediately added and the resulting mixture was mixed thoroughly. Immediately, a strong yellow 

colour was formed and TLC analysis (10 % MeOH in DCM) showed complete consumption of biotin 

within 10 minutes. The reaction mixture was extracted three times with a diluted sodium 

bicarbonate solution against DCM, followed by extraction against brine. The organic phases were 

combined and dried over sodium sulphate before being reduced under vacuum. The crude 

product was purified by gradient flash chromatography (5 – 10 % MeOH in DCM) to ultimately 

obtain the purified product as an off-white solid (yield = 48.1 %). ESI-MS and 1H-NMR analysis 

were performed on the purified product. 

1H-NMR (400 MHz, CDCl3,), δ (ppm): 7.00 – 6.39 (br s; 3H; -CH-NH-(C=O)-NH-CH- + CH2-CH2-CH2-

(C=O)-NH- ); 5.38 – 4.85 (br s; 1H; -O-CH2-CH2-NH-(C=O)-O-); 4.52 (m; 1H; -NH-CH-(R)-CH2-S-); 4.32 

(dd; J = 7.81, 3.17 Hz; 1H; -NH-CH-(R)-CH(R2)-S-); 3.61 (s; 4H; -NH-CH2-CH2-O-CH2-CH2-O-CH2-CH2-

NH-(C=O)-O-); 3.59 – 3.52 (m; 4H; -NH-CH2-CH2-O-CH2-CH2-O-CH2-CH2-NH-(C=O)-O-); 3.44 (t; J = 

4.88 Hz; 2H; -CH2-CH2-CH2-NH-(C=O)-CH2-CH2-O-); 3.30 (t; J = 4.76 Hz; 2H; -O-CH2-CH2-NH-(C=O)-

O-); 3.19 – 3.10 (m; 1H; -CH2-S-CH(R2)-CH(R)-); 2.91 (dd; J = 12.94, 4.88 Hz; 1H; -CH(R)-CH2-S-

CH(R2)-); 2.8 – 2.72 (m; 1H; -CH(R)-CH2-S-CH(R2)-); 2.25 (t; J = 7.45 Hz; 2H; -CH2-CH2-CH2-NH-(C=O)-

CH2-); 1.82 – 1.57 (m; 4H; -CH2-S-CH(R)-CH2-CH2-CH2-CH2-(C=O)-NH-); 1.5 – 1.38 (m; 11H; -NH-

(C=O)-O-C-(CH3)3 + -CH2-S-CH(R)-CH2-CH2-CH2-CH2-(C=O)-NH-). 
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ESI-MS: m/z   [M+H]+ = 475.2585 (theoretical), found = 475.2593 

   [M+Na]+ = 497.2404 (theoretical), found = 497.2416 

   [M+K]+ = 513.2144 (theoretical), found = 513.2152 

 

Synthesis of N,N’-biotinyl-3,6-dioxaoctane-1,8-diamine. 

To remove the Boc protecting group, 445 mg of the purified N-Boc-N’-biotinyl-3,6-dioxaoctane-

1,8-diamine was weighed in a dry 50 mL round bottom flask and dissolved by the addition of 10 

mL DCM. To this stirring solution, 10 mL of trifluoroacetic acid was added dropwise. The reaction 

mixture was allowed to stir at room temperature in an open vessel for 2 h, before TLC analysis 

indicated the complete conversion to the free amine compound. The reaction mixture was diluted 

and co-evaporated with toluene in order to remove the trifluoroacetic acid. This yielded the crude 

product as a translucent gum which was used as such without any further purification (yield = 

quantitative). ESI-MS and 1H-NMR analysis were performed to characterize the purified product. 

1H-NMR (400 MHz, CDCl3), δ (ppm): 8.35 – 7.98 (br s; 2H; -CH-NH-(C=O)-NH-CH-); 6.58 – 6.24 (br 

s; 1H; -CH2-CH2-CH2-(C=O)-NH-CH2-); 4.47 (dd; J = 7.81, 4.52; 1H; -NH-CH-(R)-CH2-S-); 4.27 (dd; J = 

7.81, 4.52 Hz; 1H; -NH-CH-(R)-CH(R2)-S-); 3.70 – 3.50 (m; 10H; -(C=O)-NH-CH2-CH2-O-CH2-CH2-O-

CH2-CH2-NH2); 3.38 – 3.30 (m; 2H; -O-CH2-CH2-NH2); 3.15 – 3.04 (m; 3H; -O-CH2-CH2-NH2 + -CH2-

S-CH(R2)-CH(R)-); 2.86 (dd; J = 13.0, 8.06 Hz; 1H; -CH(R)-CH2-S-CH(R2)-); 2.73 – 2.64 (m; 1H; -CH(R)-

CH2-S-CH(R2)-); 2.18 (t; J = 7.36 Hz; 2H; -CH2-S-CH(R)-CH2-CH2-CH2-CH2-(C=O)-NH-); 1.72 – 1.48 (m; 

4H; -CH2-S-CH(R)-CH2-CH2-CH2-CH2-(C=O)-NH-); 1.44 – 1.33 (m; 2H; -CH2-S-CH(R)-CH2-CH2-CH2-

CH2-(C=O)-NH-). 

ESI-MS: m/z   [M+H]+ = 375.2061 (theoretical), found = 375.2098 

  [M+Na]+ = 397.1880 (theoretical), found = 397.2092 
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Synthesis of a biotinylated chain transfer agent (biotin-PABTC). 

1.5 equivalents of PFP-PABTC CTA (synthesized earlier as described above) (1.66 mmol, 670 mg) 

is weighed in a pre-dried 100 mL round bottom flask equipped with stirring bar. In a separate 

flask, a stock solution of the TFA salt of N,N’-biotinyl-3,6-dioxaoctane-1,8-diamine (1 Eq, 540 mg 

as TFA salt, 1.105 mmol) is made in 20 mL anhydrous DCM and 4 mL anhydrous MeOH. To this, 

2.6 equivalents of TEA (400 µL) were added. The latter solution was added dropwise to the flask 

containing PFP-PABTC and the reaction was allowed to react for 2 h under inert atmosphere. TLC 

analysis (5% MeOH in DCM) indicated the complete consumption of N,N’-biotinyl-3,6-

dioxaoctane-1,8-diamine. The reaction mixture was reduced under vacuum before being purified 

immediately by flash chromatography (gradient 5% - 10 % MeOH in DCM). The resulting pure 

compound was further analyzed by 1H-NMR and ESI-MS (Yield = 78 %). 

1H-NMR (400 MHz, CDCl3, Figure S21), δ (ppm): 7.01 – 6.91 (br s; 1H; -CH2-CH2-CH2-(C=O)-NH- ); 

6.88 – 6.47 (br s; 1H; -O-CH2-CH2-NH-(C=O)-CH(CH3)-); 6.10 – 5.00 (br s; 2H; -NH-(C=O)-NH-); 4.73 

(q; J = 7.32 Hz; 1H; -NH-(C=O)-CH(CH3)-); 4.52 (m; 1H; -NH-CH(R)-CH2-S-); 4.33 (m; 1H; -NH-CH(R)-

CH(R2)-S-); 3.65 – 3.49 (m; 8H; -(C=O)-NH-CH2-CH2-O-CH2-CH2-O-CH2-CH2-NH-(C=O)-); 3.49 – 3.41 

(m; 4H; -(C=O)-NH-CH2-CH2-O-CH2-CH2-O-CH2-CH2-NH-(C=O)-); 3.36 (m; 2H; -CH(CH3)-S-(C=S)-S-

CH2-CH2-CH2-CH3); 3.15 (m; 1H; -CH2-S-CH(R2)-CH(R)-); 2.91 (dd; J = 12.8, 4.88 Hz; 1H;  (t; J = 4.88 

Hz; 2H; -CH2-CH2-CH2-NH-(C=O)-CH2-CH2-O-); 3.30 (t; J = 4.76 Hz; 2H; -O-CH2-CH2-NH-(C=O)-O-); 

3.19 – 3.10 (m; 1H; -CH2-S-CH(R2)-CH(R)-); 2.91 (dd; J = 12.94, 4.88 Hz; 1H; -CH(R)-CH2-S-CH(R2)-); 

2.77 (m; 1H; -CH(R)-CH2-S-CH(R2)-); 2.25 (t; J = 7.50 Hz; 2H; -CH2-CH2-CH2-NH-(C=O)-CH2-); 1.81 – 

1.61 (m; 6H; -CH2-S-CH(R)-CH2-CH2-CH2-CH2-(C=O)-NH- + -S-(C=S)-S-CH2-CH2-CH2-CH3); 1.58 (d; J = 

7.32 Hz;  3H; -NH-(C=O)-O-CH(CH3)-S-(C=S)-S-); 1.50 – 1.35 (m; 4H; -CH2-S-CH(R)-CH2-CH2-CH2-CH2-

(C=O)-NH- + -S-(C=S)-S-CH2-CH2-CH2-CH3); 0.94 (t; J = 7.32 Hz; 3H; -S-(C=S)-S-CH2-CH2-CH2-CH3).  

ESI-MS: m/z   [M+H]+ = 595.2111 (theoretical), found = 595.2114 

   [M+Na]+ = 617.1930 (theoretical), found = 617.1917 

   [M+K]+ = 633.1670 (theoretical), found = 633.1671 
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Synthesis of biotin-EG2-2,4-dinitro-aniline small (Biotin-DNP).  

In three separate flasks, biotin (50 mg, 0.205 mmol), 1-[Bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU; 1.1 Eq, 0.2255 mmol, 85.7 mg, MW 

= 380.23 Da) and DNP-EG2-amine (1.2 Eq, 0.246 mmol, 86 mg, MW = 350.76 Da) were weighed 

in. The biotin was dissolved by adding 2.5 mL anhydrous DMF to the first flask. Meanwhile, a 

dilution of the DNP-EG2-amine was made by adding 1 mL of anhydrous DMF to the flask containing 

the amine, together with 2 Eq (per DNP-EG2-amine) of TEA (70 µL TEA). The latter solution was 

transferred to a syringe. To the biotin containing solution, the HATU powder was added and once 

this was dissolved, 1.5 equivalents of TEA were added to the same vial (43 µL, 0.3075 mmol). 

Upon addition of the TEA, the reaction slightly turned yellow. Afterwards, the amine solution was 

immediately added and the reaction was mixed thoroughly. Immediately, a strong yellow colour 

was formed and TLC analysis (10 % MeOH in DCM) showed complete consumption of biotin within 

10 minutes. The reaction mixture was extracted three times with a diluted sodium bicarbonate 

solution against DCM, followed by extraction against brine. The organic phases were combined 

and dried over sodium sulphate before being reduced under vacuum. The resulting crude was 

further purified by silica gel chromatography (DCM:MeOH 9:1) and the resulting pure was further 

analyzed by 1H-NMR and ESI-MS analysis (yield = 98%). 

1H-NMR (400 MHz, CDCl3, Figure S22), δ (ppm): 9.12 (d; J = 2.69 Hz; 1H; -CH-CH-C(NO2)-CH-C(NO2)-

); 8.85 (br t; J = 3.78 Hz; 1H; -CH2-NH-(C-CH-CH-C(NO2)-)); 8.28 (dd; J = 9.52 Hz; 1H; -CH-CH-C(NO2)-

CH-C(NO2)-); 6.97 (d; J = 9.52 Hz; 1H; -CH-CH-C(NO2)-CH-C(NO2)-); 6.80 – 6.16 (br m; 3H; -CH-NH-

(C=O)-NH-CH- + CH2-CH2-CH2-(C=O)-NH- ); 4.51 (m; 1H; -NH-CH-(R)-CH2-S-); 4.31 (dd; J = 7.57, 4.52 

Hz; 1H; -NH-CH-(R)-CH(R2)-S-); 3.84 (t; J = 5.13 Hz; 2H; -NH-CH2-CH2-O-CH2-CH2-O-CH2-CH2-NH-

(ring)); 3.75 – 3.54 (m; 8H; -NH-CH2-CH2-O-CH2-CH2-O-CH2-CH2-NH-(ring)); 3.49 – 3.42 (m; 2H; -

NH-CH2-CH2-O-CH2-CH2-O-CH2-CH2-NH-(ring)); 3.19 – 3.10 (m; 1H; -CH2-S-CH(R2)-CH(R)-); 2.91 

(dd; J = 12.82, 4.88 Hz; 1H; -CH(R)-CH2-S-CH(R2)-); 2.74 (d; J = 12.82 Hz; 1H; -CH(R)-CH2-S-CH(R2)-

); 2.23 (t; J = 7.45 Hz; 2H; -CH2-CH2-CH2-NH-(C=O)-CH2-); 1.82 – 1.57 (m; 4H; -CH2-S-CH(R)-CH2-

CH2-CH2-CH2-(C=O)-NH-); 1.5 – 1.38 (m; 2H; -CH2-S-CH(R)-CH2-CH2-CH2-CH2-(C=O)-NH-). 

ESI-MS: m/z   [M+H]+ = 541.2075 (theoretical), found = 541.2076 

   [M+Na]+ = 563.1895 (theoretical), found = 563.1926 
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Synthesis of biotin-poly(pentafluorophenyl acrylate) (biotin-p(PFPA)). 

The polymerization reaction is exemplified for a polymer with a theoretical DP of 110. 2.47 mL 

PFPA (3.57 g, 15 mmol), 81.12 mg Biotin CTA (0.136 mmol) and 4.48 mg AIBN (0.027 mmol) were 

dissolved in 9.70 mL anhydrous 1,4-dioxane in a Schlenk vial to obtain a final monomer 

concentration of 1.2 M. The solution was degassed by 5 subsequent freeze-pump-thaw cycles and 

was placed inside a pre-heated oil bath of 80 °C while maintaining the Schlenk vial under vacuum. 

After 4 hours, the polymerization was quenched by cooling the vial in ice and exposing the 

reaction to oxygen. Conversion was calculated by 19F-NMR spectra of the reaction mixture in 

CDCl3. The reaction mixture was purified by triple precipitation into ice cold ethanol and dried in 

a vacuum oven. The resulting purified polymer was analyzed using THF-SEC to determine Mn, Mw 

and ᴆ. The theoretical Mn was calculated based on conversion determined by 19F-NMR (Table 1). 

SEC-traces are depicted above in Figure 1.  

 

Trithiocarbonate end-group removal of biotin-p(PFPA). 

Polymer was treated with an excess of ACVA according to literature.34 1.4 g of the pre-dried 

Biotin-PABTC-p(PFPA) polymer (MW = 23 930 Da, 0.05850 mmol) was added to a Schlenk vial and 

dissolved in 10 mL anhydrous 1,4-dioxane. 30 equivalents of ACVA (492 mg, 1.76 mmol) were 

added to the same Schlenk vial and the vial was placed in a pre-heated oil bath of 80 °C without 

prior degassing cycles. The reaction was left overnight until the yellow solution turned colorless. 

The reaction was quenched by cooling down in ice and exposure to oxygen. The resulting polymer 

was purified by threefold precipitation in an ice cold mixture hexane:diethylether (3:1) and dried 

in a vacuum oven and was used as such for the following post-polymerization modification 

reactions. The polymer was analyzed using THF-SEC to determine Mn, Mw and ᴆ (Table 1). SEC-

traces are depicted in Figure 1. The removal of the trithiocarbonate end-group was verified by 

UV-Vis spectrophotometric analysis of 0.042 mM stock solutions of polymers before and after 

ACVA treatment (Figure 2).  
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DBCO-functionalization of biotin-poly(PFPA). 

To pre-dried Schlenk vials equipped with stirring bar, 7 vials in total, 30 mg (0.001256 mmol) 

biotin-p(PFPA100) was added and dissolved in 3 mL anhydrous tetrahydrofuran. All Schlenk vials 

were placed in a pre-heated oil bath of 40 °C under inert atmosphere. To the stirring solutions, 

either 2 or 5 equivalents of the various DBCO-amines compounds were added as stock solutions 

in DMSO, accompanied by 5 equivalents of TEA according to the DBCO-amine added (2 µL for all 

polymers modified with 2 equivalents of DBCO-amine; 5 µL for all polymers modified with 5 

equivalents of DBCO-amine). After overnight reaction at 40 °C, a 5 fold excess (relative to PFPA 

repeating units) of 2-ethanolamine and 10 equivalents of TEA were added. 1 mL DMSO as added 

to aid solubilization of the polymer. The mixture was allowed to react overnight at 40 °C. As 

control polymer was synthesized by omitting the addition of DBCO-amine. Finally, the reaction 

mixtures were transferred to dialysis membranes (Cut off: 3.5 kDa) and dialyzed extensively for 3 

days against ultra-pure water. Afterwards, the resulting clear solutions were lyophilized to obtain 

dry polymers. 

 

DNP-functionalization of biotin-poly(PFPA). 

To pre-dried Schlenk vials equipped with stirring bar, 4 vials in total, 30 mg (0.001256 mmol) 

biotin- p(PFPA100) was added and dissolved in 3 mL anhydrous tetrahydrofuran. All Schlenk vials 

were placed in a pre-heated oil bath of 40 °C under inert atmosphere. To the stirring solutions, 

either 0, 2, 5 or 10 equivalents of DNP-EG2-amine was added as a stock solution in DMSO (10 

mg/mL), accompanied by 5 equivalents of TEA according to the equivalents of DNP-EG2-amine 

added. The reaction mixtures were allowed to stir overnight at 40°C. Next, a 5 fold excess (relative 

to PFPA repeating units) of 2-ethanolamine and 10 equivalents of TEA were added. 1 mL DMSO 

as added to aid solubilization of the polymer. The mixture was allowed to react overnight at 40 

°C. A control polymer was synthesized by omitting the addition of DNO-EG2-amine. Finally, the 

reaction mixtures were transferred to dialysis membranes (Cut off: 3.5 kDa) and dialyzed 

extensively for 3 days against ultra-pure water. Afterwards, the resulting clear solutions were 

lyophilized to obtain dry polymers. 
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Synthesis of poly(PFPA). 

For a polymerization reaction with a theoretical DP of 100, 3.29 mL PFPA (4.76 g, 20 mmol), 47.68 

mg PABTC (0.200 mmol) and 6.57 mg AIBN (0.040 mmol) were dissolved in 6.71 mL anhydrous 

1,4-dioxane in a Schlenk vial to obtain a final monomer concentration of 2 M. The solution was 

degassed by 5 subsequent freeze-pump-thaw cycles and placed inside a pre-heated oil bath of 80 

°C while maintaining the Schlenk vial under vacuum. After 2 hours, the polymerization was 

quenched by cooling the vial in an ice bath and exposing the reaction to oxygen. The reaction 

mixture was purified by triple precipitation into ice-cold ethanol and dried in a vacuum oven. The 

resulting pure polymer was analyzed using THF-SEC to determine Mn, Mw and ᴆ. The theoretical 

Mn was calculated based on conversion determined by 19F-NMR. SEC-traces are depicted in Figure 

12, while compositional data of the polymers is depicted in Table 1. 

 

Trithiocarbonate end-group removal of poly(PFPA). 

Trithiocarbonate end-group removal is performed analogous to the reaction described above. 

The resulting pure polymer was dried for 24 h in a vacuum oven and was used as such for the 

following post-polymerization modification reactions. The polymer was analyzed by THF-SEC to 

determine Mn, Mw and ᴆ, depicted in Table 1. SEC-traces are provided in Figure 12. The removal 

of the trithiocarbonate end-group was verified by UV-Vis spectrophotometric analysis of 0.042 

mM stock solutions of polymers before and after ACVA treatment (Figure 13). 

 

DBCO/DNP-functionalization of poly(PFPA). 

To a pre-dried 100 mL round bottom flask equipped with stirring bar, 200 mg (0.009786 mmol) 

poly(PFPA) was added and dissolved in 20 mL anhydrous tetrahydrofuran. The flask was placed in 

a pre-heated oil bath of 40 °C under inert atmosphere. To this solution, 5 equivalents TEA (6.85 

µL, 0.04893 mmol) and 1 equivalent (504 µL of a 10 mg/mL stock solution, 0.009786 mmol) 

tetramethylrhodamine-cadaverine were added. The reaction mixture was allowed to react 

overnight protected from light.  
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After 24 hours, the reaction mixture was equally distributed over 4 different Schlenk tubes. 1 mL 

of anhydrous DMSO was added to each Schlenk vial to prevent precipitation. The polymers were 

either reacted with 5 equivalents of DBCO-EG4-amine (640 µL of a 10 mg/mL stock solution in 

DMSO, 0.01223 mmol) yielding P2 (DBCO + DNP -), 5 equivalents of DNP-EG2-amine (386 µL of a 

10 mg/mL stock solution in DMSO, 0.01223 mmol) yielding P3 (DBCO - DNP +), or 5 equivalents 

of both yielding P4 (DBCO + DNP +), in presence of 5 equivalents of anhydrous triethylamine (TEA) 

per amine. As a control a polymer was modified with neither DBCO nor DNP to yield P1 (DBCO - 

DNP -). After 24 h reaction at 40°c in the dark, 5 equivalents of 2-ethanolamine and 10 equivalents 

of TEA per PFP unit were added to the reaction mixtures together with 1 mL DMSO to aid 

solubilization. After overnight reaction at 40 °C in the dark, the reaction mixtures were transferred 

to dialysis membranes (Cut off 3.5 kDa) and dialysed extensively for 3 days against ultra-pure 

water. Afterwards, the resulting clear solutions were lyophilized to obtain dry polymers. 

Determination of optimal amount of Ac4ManN3 for in vitro metabolic cell labelling. 

A protocol reported by the Bertozzi group was used for metabolic cell labeling.48 A 10 mM stock 

solution of Ac4ManN3 was prepared by adding 1.21 mL ethanol to 5.2 mg Ac4ManN3 and either 0; 

10; 25 or 50 µL of this stock solution was added to four different cell culture flasks (T075, 75 cm2). 

These will yield final concentrations of 0, 10, 25 and 50 µM Ac4ManNAz once 10 mL of cell culture 

medium is added. Ethanol was left to evaporate in a sterile laminar flow biohood.  

To each cell culture flask, 10 mL Jurkat T cell suspension (200 000 cells/mL) was added and 

incubated for 48 h (5% CO2, 37 °C). After 48 h, the cells were centrifuged for 5 minutes (200 G, 

4°C), the supernatant was discarded and the cells were washed with 10 mL PBS (+Ca2+, Mg2+). The 

cells were seeded at 250 000 cells per mL in full cell culture medium (1 mL per Eppendorf). Next, 

each Eppendorf was pulsed with either 1, 10 of 20 µM dibenzoylcyclooctyne-EG4-Fluor 545 dye 

(0.94 µL, 9.36 µL and 18.7 µL of a 1 mg/mL stock solution in DMSO, respectively) in triplicate.  The 

samples were incubated for 1 h at 37 °C. Afterwards, the cells were centrifuged, washed with 1 

mL of PBS (+Ca2+, Mg2+) and resuspended in 300 µL PBS (+Ca2+, Mg2+) for analysis by flow 

cytometry and confocal microscopy. Figure 6 illustrates the obtained MFI values, while Figure 5 

displays the confocal microscopy images.  
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In vitro binding of DBCO-polymers to metabolically labeled cells. 

Jurkat T cells were pre-incubated with 25 µM Ac4ManNAz as described above. After 72 h, cells 

were pelleted and washed with 10 mL of PBS (+ Ca2+ and Mg2+) before being added to Eppendorfs 

at a concentration of 200 000 cells/mL in full culture medium (1 mL per Eppendorf).  In parallel, 

an equal amount of control Jurkat T cells that were not cultivated in the presence of Ac4ManN3 

were pelleted, washed with 10 mL of PBS (+ Ca2+ and Mg2+) and seeded in Eppendorfs at a 

concentration of 200 000 cells/mL in full culture medium (1 mL per Eppendorf). Next, 20 µM of 

biotin-functionalized polymers equipped with various amounts of DBCO units were added to the 

Eppendorfs and incubated at 37 °C for 2 h. Afterwards, cells were centrifugated, washed with 1 

mL of PBS (+ Ca2+ and Mg2+), followed by counterstaining with AF488-streptavidin (2 µL 

Streptavidin-AF488 per 100 µL PBS with 3% BSA) for 30 minutes on ice in the dark. Next, cells 

were centrifugated, washed with 1 mL of PBS (+ Ca2+ and Mg2+), resuspended in 300 µL PBS (+ 

Ca2+ and Mg2+) and analyzed by flow cytometry and confocal microscopy. Figure 8 illustrates the 

obtained MFI values. 

 

Biolayer interferometry measurements. 

To get an estimate of the grafting density of DNP-modified biotinylated compounds and anti-DNP 

to be used for adequate avidity measurements, an initial loading scout experiment was 

performed. Hereto, 8 different concentrations of biotin-DNP were loaded onto 8 different sensors 

simultaneously. For each concentration, an association step was performed using a high 

concentration (100 nM) of anti-DNP antibody. 

Before starting the experiment, biosensors were hydrated with PBS (+ Ca2+ and Mg2+) for at least 

10 minutes. A dilution series of the small molecule was prepared in PBS (+ Ca2+ and Mg2+). The 

100 nM stock solution anti-DNP antibody was prepared in PBS (+ Ca2+ and Mg2+) containing 0.05 

% Tween. The assay was performed in a black flat bottom 96-well plate using an Octet RED96 

system (Pall Fortébio). First, a baseline was recorded in PBS (+ Ca2+ and Mg2+) for 60 seconds. The 

dilution series of small biotin-DNP was loaded onto the sensors for the next 300 seconds followed 

by a washing step for 30 seconds in the same buffer as the baseline. Before recording the 
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association of the anti-DNP antibody for 600 seconds, a second baseline was performed for 120 

seconds in PBS (+ Ca2+ and Mg2+) containing 0.05 % Tween. Finally, dissociation was recorded for 

600 seconds in the same buffer as the second baseline. The concentration of biotin-DNP that 

resulted in a binding response of the anti-DNP antibody between 0.5 and 1 nm was selected for 

use in further experiments. The resulting association and dissociation curves are shown in Figure 

S23.  

Next, sensors were loaded with (6.25 nM) of biotin-DNP or biotin-poly(DNP) with different DS. 

Biotin-PABTC-p(HEAm) acted as a reference for non-specific binding from the anti-DNP antibody. 

Next, all sensors were incubated with different concentrations of anti-DNP antibody as described 

in detail above. Curve fitting and calculation of KD values, was performed by the FortéBio software 

package using an OctetRED 96 model. Figure 11 illustrates the obtained association and 

dissociation curves, while Table 2 depicts the calculated KD values.  

 

In vitro uptake experiment of DBCO/DNP modified polymers by Ac4ManNAz modified Jurkat T 

cells.  

To investigate the in vitro uptake of DBCO/DNP modified polymers, Jurkat T cells were pre-

incubated with 25 µM Ac4ManN3 as described earlier. 62.5 µL of a 10 mg/mL stock solution in 

ethanol was added to a cell culture flask (T175, 175 cm2). The ethanol was left to evaporate in a 

sterile laminar flow biohood over weekend. To this flask, a 25 mL Jurkat T cell suspension (200 

000 cells/mL) was added, which gives rise a final concentration of 25 µM Ac4ManN3 in the cell 

culture medium. The cells were incubated for 72 hours prior to pulsing.  

After 72 h of incubation, the cells were pelleted and washed with 10 mL of PBS (+ Ca2+ and Mg2+) 

before being seeded in Eppendorfs at a concentration of 250 000 cells/mL in full culture medium 

(1 mL per Eppendorf).  In parallel, an equal amount of Jurkat T cells that cultivated in the absence 

of Ac4ManN3 were pelleted, washed with 10 mL of PBS (+ Ca2+ and Mg2+) and seeded in 

Eppendorfs at a concentration of 250 000 cells/mL (1 mL per Eppendorf). The polymers were 

added in triplicate to Eppendorfs of each cell line (Jurkat T cells with and without Ac4ManN3) 

containing 250 000 cells to yield final concentrations of 5, 10 and 20 µM.  Stock solutions of the 
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polymers were made in PBS (+ Ca2+ and Mg2+) and adjusted to identical fluorescence prior to 

pulsing (the presence of DNP had a minimal influence on the fluorescence). All samples were 

incubated for 2 hours at 37 °C. Afterwards, the cells were pelleted, washed with 1 mL of PBS (+ 

Ca2+ and Mg2+) and resuspended in 300 µL PBS (+ Ca2+ and Mg2+) for analysis by flow cytometry 

and confocal microscopy. Figure 15 illustrates the MFI values obtained by flow cytometry for cells 

pre-incubated with and without Ac4ManN3. Finally, small aliquots of the samples were taken and 

visualized using a Leica DMI6000 B inverted microscope equipped with an oil immersion objective 

(Leica, 63 x, NA 1.40) and attached to an Andor DSD2 confocal scanner. All images were recorded 

with identical sensitivity settings and processed using ImageJ software. Figure S24 & S25 give an 

overview of all confocal and DIC images for both cell types (pre-incubated with 25 µM or not).  

 

In vitro analysis of antibody recruitment 

Jurkat T cells were pre-incubated with 25 µM Ac4ManN3 as described earlier and non-treated cells 

were used as control. After 72 h of incubation, the cells were pelleted and washed with 10 mL of 

PBS (+ Ca2+ and Mg2+) before being distributed in Eppendorfs at a concentration of 250 000 

cells/mL in full culture medium (1 mL per Eppendorf).   

Based on the result of the preliminary uptake experiment described above, the different polymer 

samples were added to the Eppendorfs at a final concentration of 20 µM.  Stock solutions of the 

polymers were made in PBS (+ Ca2+ and Mg2+) and adjusted to identical fluorescence prior to 

pulsing using a Cary Eclipse fluorescence spectrophotometer (Agilent Technologies) equipped 

with a Varian Cary temperature controller in 700 µL Micro Fluorescence cuvettes (Thorlabs). The 

presence of DNP had a minimal influence on the fluorescence (data not shown). All samples were 

incubated for 2 hours at 37 °C. Afterwards, the cells were centrifuged, washed with 1 mL of PBS 

(+ Ca2+ and Mg2+) and resuspended in 100 µL anti-DNP antibody staining solution and incubated 

on ice for 30 minutes in the absence of light. The staining solution contained 30 µL AF488-anti-

DNP (2 mg/mL stock), 30 µL human Fc Block and 2940 µL 3% BSA in PBS (+ Ca2+ and Mg2+). After 

30 minutes, the cells were centrifuged, washed with 300 µL PBS and resuspended in 300 µL PBS 

for analysis by flow cytometry and confocal microscopy. 
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APPENDIX CHAPTER 3 

 

Figure S1. 1H-NMR spectrum of 2,3,4-tri-O-acetyl-α-L-rhamnosylethyl acrylamide. 

 

Figure S2. 1H-NMR spectrum of 2,3,4,6-tetra-O-acetyl-β-D-galactosylethyl acrylamide. 
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Figure S3. 1H-NMR spectrum of (2,3,4,5,6-pentafluorophenyl)-2-(butylthiocarbonothioylthio)propanoate.  

 

Figure S4. 19F-NMR spectrum of (2,3,4,5,6-pentafluorophenyl)-2-(butylthiocarbonothioylthio)propanoate.  
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Figure S5. 1H-NMR spectrum of [(2,3,4-tri-O-acetyl-α-L-rhamnosyl)ethoxyethyl]amino-squarate-cholesteryl amine.  

 

Figure S6. ESI-MS spectrum of [(α-L-rhamnosyl)ethoxyethyl]amino-squarate-cholesteryl amine.  
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Figure S7. 1H-NMR analysis of CholA-p(TARhamEAmAIBN), indicating the presence of distinct CholA peaks that can be 

found in the 1H-NMR spectrum of pure CholA.  

 

 

Figure S8. 1H-NMR spectra of TARhamEAm monomer, polymer and after removal of the acetyl protecting groups. 
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Table S1. Z-Average and PDI results for all polymers.  

Name sample Z-average [nm] ± SD PDI ± SD 

CholA-p(RhamEAmAIBN) 92.48 ± 1.13 0.258 ± 0.0058 

EA-p(RhamEAmAIBN) 13.94 ± 0.208 0.651 ± 0.0013 

CholA-p(GalEAmAIBN) 97.77 ± 0.682 0.369 ± 0.0088 

EA-p(GalEAmAIBN) 9.140 ± 0.166 0.204 ± 0.032 

 

 

 

Figure S9. ELISA of human serum samples to determine rhamnose binding efficacy. The presence of rhamnose-

binding antibodies was determined in forty individual human serum samples via direct ELISA. Area under the curve 

(AUC) values are reported for binding of serum antibodies to polymers with CholA. Values under the limit of detection 

were adjusted to 1. 
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Figure S10. 1H-NMR spectrum of the purified stearyl CTA in CDCl3. 

 

Figure S11. 1H-NMR spectrum of the purified di-myristoyl CTA.  
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Figure S12. 1H-NMR spectrum of Cholesterol CTA in CDCl3.  

 

Figure S13. 1H-NMR spectrum of Cholesteryl amine in CDCl3.  
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Figure S14. 1H-NMR spectrum of Cholesteryl amine CTA in CDCl3. 

  

Figure S15. 19F-NMR spectrum of pentafluorophenyl acrylate.  
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Figure S16. 1H-NMR spectrum of pentafluorophenyl acrylate. 

 

 

 

 

Figure S17. Synthesis of DNP-EG2-amine.  
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Figure S18. 1H-NMR spectrum of N-[2-[2-(2-aminoethoxy)ethoxy]ethyl]-2,4-dinitro-aniline. 

 

 

Figure S19. Calibration curve and resulting equation for DNP-EG2-amine determination. The reaction equation is 

calculated by linear regression, yielding a linear fitting with R² = 0.9909. 
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Figure S20. Emission spectra of fluorescent polymers before (A) and after (B) concentration corrections to adjust for 

fluorescence quenching.  

 

Figure S21. 1H-NMR spectrum of Biotin-PABTC-CTA.  
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Figure S22. 1H-NMR spectrum of biotin-EG2-2,4-dinitro-aniline small molecule.  

 

 

 

Figure S23. Loading scout of the biotin-DNP small molecule onto the streptavidin sensors. Concentrations of the small 

molecule varied from 25 nM to 0 nM.  
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Figure S24. Overlay of confocal image with DIC of Jurkat T cells incubated with 25 µM Ac4ManN3 and different 

polymers (P1, P2, P3 and P4). Depicted scale bars represent 10 µm. 

 

 

 

Figure S25. Overlay of confocal image with DIC of Jurkat T cells incubated with 0 µM Ac4ManN3 and different polymers 

(P1, P2, P3 and P4).  Depicted scale bars represent 10 µm.
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CHAPTER 4: 

TYROSINE-SELECTIVE POLYMER-PROTEIN  
CONJUGATION BY TAD-FUNCTIONALIZED  

RAFT POLYMERS 
 

1. INTRODUCTION 

Polymer conjugation of proteins can lead to the formation of bioconjugates with improved 

properties in complex biological environments.1–3 These polymer bioconjugates can be of benefit 

for various therapeutic applications. For example, introducing hydrophilic polymers (e.g. 

PEGylation) enhances the protein’s stability and solubility, while extending their residence time 

in the human body.4 In the context of vaccination, protein antigens can be conjugated to 

polymeric nanocarriers, which in turn can help deliver the protein cargo to specific cell types of 

the immune system and promote cross-presentation.5 Furthermore, polymer materials that can 

adapt their morphology based on external triggers are of interest. Through ligation of such smart 

polymers, the bioactivity or immunobiological properties of proteins can be regulated by changes 

in the biological environment such as a temperature variation.6,7 A first approach to form polymer 

bioconjugates is “grafting-from”, where a protein macro-initiator is used to grow a polymer chain 

on the protein’s surface.6,8–12 A second approach that can be used to covalently couple polymers 

to proteins is the “grafting-to” method. Here, native amino acid residues (predominantly lysines 

and cysteines) or unnatural amino acids, such as azidolysine, are chemoselectively modified with 

end-functionalized polymers.2,13–16  

Lysines are crucial for determining the pKa of a protein, while cysteine residues play an important 

role in 3D folding. Therefore, as an alternative to the conjugation of lysines with activated esters 

and cysteines with maleimides, vinylsulfones or pyridyldisulfide-based chemistry, targeting other 

amino acid residues might be of great significance.2 In this regards, modification of tyrosines has 

gained considerable attention over the past years. Tyrosine modification of proteins has been 

performed by Mannich condensation reactions with low molecular imines, while tyrosine 
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containing peptides were PEGylated through reaction with diazonium salt terminated 

poly(ethylene glycol).17 Although both reactions proceed under benign conditions, they feature 

slow reaction kinetics and demand a distinct pH value (pH 4.5) to ensure site-selective labeling of 

tyrosine residues in protein modification. Recently, Barbas and coworkers documented the 

tyrosine ene-type reaction with cyclic diazodicarboxamides, in the form of triazolinediones 

(TAD’s), as a robust and fast bioconjugation method with click characteristics.18 Aqueous buffered 

media and the presence of other TAD-reactive amino acids (e.g. tryphtophane and lysine), led to 

selective TAD-tyrosine adduct formations. This was exemplified for the PEGylation of 

chymotrypsinogen and for the design of antibody-drug conjugates.19 Recently, the group of 

Börner synthesized TAD-functionalized peptides to perform chemical polymer ligation.20 

Moreover, Heise and coworkers used a bifunctional TAD molecule for the efficient cross-linking 

of polypeptides through site-selective reaction with tyrosine residues.21 

Here we investigated the performance of the TAD-tyrosine reaction for polymer-protein 

conjugation under aqueous conditions using a poly(acrylamide) synthesized by RAFT. Poly(N,N-

dimethyl acrylamide) and bovine serum albumin (BSA) are used as model components in this 

study to elucidate the BSA conjugation efficiency and tyrosine-selectivity in different aqueous 

solvent mixtures. SDS-PAGE and mass spectroscopy after trypsin digestion were used to 

determine the optimal conjugation conditions. Moreover, the influence of these modifications on 

protein structure and esterase activity were investigated. 
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2. RESULTS AND DISCUSSION 

2.1. POLYMER-PROTEIN CONJUGATION 

A poly(N,N-dimethyl acrylamide) homopolymer (p(DMA), Scheme 1) containing a clickable TAD 

end-group was synthesized by the Du Prez group by RAFT polymerization starting from an urazole 

containing chain transfer agent, followed by oxidation of the urazole group into a TAD moiety.  

 

Scheme 1. Chemical structure of TAD-p(DMA).   

 

Scheme 2. Tyrosine-TAD reaction between a tyrosine containing protein (termed R group) and the TAD-p(DMA).  

 

In a first attempt, TAD-p(DMA) was conjugated to BSA by dissolving both TAD-p(DMA) and BSA in 

PBS. The tyrosine-TAD coupling is exemplified in Scheme 2. SDS-PAGE analysis and optical density 

integration indicated only moderate conjugation efficiency. When performing a blank control 

experiment, i.e. in the absence of BSA, we noticed that the dark red colored TAD-p(DMA) solution 

rapidly (in the order of seconds) changed into a faint yellowish solution upon addition of PBS, 

which suggests hydrolytic instability of the TAD moiety in aqueous medium. Therefore, in a 

second series of conjugation experiments, we altered the conjugation conditions and dissolved 

the TAD-p(DMA) first in anhydrous DMSO or anhydrous ACN, before adding it to a BSA solution in 

PBS in a 1:1 ratio. As shown in Figure 1 and Table 1, these conditions yielded much higher 

conjugation efficiency up to 85%, with ACN outperforming DMSO as conjugation medium.  
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Figure 1. SDS-PAGE analysis of BSA (lane 1 and 2 (duplicate)) and BSA:TAD-p(DMA) conjugates in a 1:20 (triplicates 

in lanes 3-5) and 1:50 (triplicates in lanes 6-8) protein to polymer ratio. Lane 9 corresponds to TAD-p(DMA) without 

protein. Polymer conjugation was performed in three different solvent mixtures as depicted on the left.  

 

Table 1. Conjugation efficiency of TAD-p(DMA) to BSA in a 1:20 and 1:50 protein to polymer ratio in different solvent 

mixtures (28 v/v%). Calculation is based on optical density integration of SDS-PAGE analysis (n=3).  

Solvent 

mixture 

Protein:polymer ratio 

1:20 

Protein:polymer ratio 

1:50 

PBS 38.1 ± 1.37 % 32.7 ± 0.66 % 

PBS:DMSO 22.9 ± 1.45 % 68.7 ± 0.55 % 

PBS:ACN 65.9 ± 1.45 % 84.4 ± 0.59 % 

 

 

BSA : TAD-polyDMA

BSA

TAD-

polyDMA1:20 1:50

PBS

PBS:DMSO

PBS:ACN

1 2 3 4 5 6 7 8 9
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2.2. TAD STABILITY IN AQUEOUS MIXTURES 

To investigate whether these observations can be linked to the hydrolytic stability of TAD in 

aqueous mixtures of DMSO and ACN, we measured the hydrolysis kinetics of butyl-TAD as a small 

molecule model TAD compound. The visual color change from red to yellow allows for 

straightforward monitoring of the reaction kinetics by UV-Vis spectroscopy by measuring the 

decrease of the characteristic TAD absorbance at 540 nm. Hydrolysis experiments were 

conducted in 1:1, 3:7 and 1:9 mixtures of H2O:DMSO, respectively H2O:ACN. Kinetic plots, 

depicted in Figure 2A, clearly demonstrate that increased concentrations of water strongly 

accelerate TAD hydrolysis. Interestingly, TAD hydrolysis in H2O:ACN mixtures is much slower than 

in H2O:DMSO mixtures (Table 2), which corresponds to the protein-conjugation data that also 

shed higher polymer-protein conjugation efficiency in PBS:ACN mixtures. This difference can 

possibly be explained by different solvation mechanisms for both mixtures. We suggest that in 

H2O:DMSO mixtures, there is a fast exchange of the hydrogen bonds between both molecules, 

while acetonitrile has the tendency to form ACN clusters in water15. Hence, in a H2O:ACN solution, 

the TAD groups are believed to be shielded from the water in a way, resulting in slower hydrolysis 

of the TAD group. Comparable results were obtained for the hydrolysis kinetics of TAD-p(DMA) 

(Figure 2B).  

Table 2. Reaction rates for the hydrolysis of butyl-TAD in different solvent mixtures. 

Solvent mixture Percentage H2O [%] k’hydrolysis [10-3 s-1] 

H2O:ACN 

10 - 

30 1.1 

50 19.2 

H2O:DMSO 

10 8.5 

30 55.2 

50 n.d. 
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Figure 2. Hydrolysis kinetics of butyl-TAD (A) and TAD-p(DMA) (B) in 1:1, 3:7, 1:9 mixtures of H2O:DMSO and 

H2O:ACN measured by UV-Vis spectroscopy (lines are drawn as guide to the eye). 

2.3. SELECTIVITY OF TAD CONJUGATION TOWARDS TYROSINE RESIDUES 

From the SDS-PAGE data, it is clear that triazolinedione end-functionalized polymers can be 

covalently attached to the protein to a certain extent, with the conjugation efficiency strongly 

dependent on the TAD hydrolysis kinetics. To certify whether the triazolinedione is orthogonally 

reacting in an electrophilic aromatic substitution (SEAr) with the phenol functionality of tyrosine 

residues, BSA was reacted with butyl-TAD as model reagent in a PBS:ACN mixture and 

subsequently analyzed with mass spectroscopy.   

The modified BSA was subjected to a trypsin digestion wherein the mass (m/z) of the cleaved 

peptide fragments originating from the modified protein is compared to the m/z of the native 

unmodified peptide fragments (Figure 3). When comparing both mass spectra, it is clear that 

additional peaks appear in the spectrum of the modified protein (P1*-P4*). These intrinsic peaks 

are defined by a mass increase of 155.16 Da, being the molecular mass of butyl-TAD, compared 

to distinctive unmodified tyrosine containing peptide fragments (P1-P4), showing successful 

coupling of butyl-TAD to BSA. This model experiment enables us to conclude that, under the 

applied reaction conditions, butyl-TAD orthogonally reacts with tyrosine residues. Indeed, only 

peptides containing tyrosine amino acids are shifted upwards in the mass spectrum (Table S1). 

As expected, peptides with TAD-reactive lysine residues were not altered during modification 

since these amino acids exist in their protonated unreactive form at the pH of the phosphate-

buffered saline solution. To provide additional evidence for the site-selectivity of the TAD-tyrosine 

reaction, tandem mass spectroscopy (MS/MS) was performed on the predetermined modified 
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peptide fragments (P1*-P4*) and the produced ions were compared to the associated 

unmodified ion fragments. Using this method, the precise sequence position on which tyrosine 

modification occurs can readily be identified. The MS/MS spectrum of peptide P1 (YLYEIAR) and 

peptide P3 (LGEYGFQNALIVR) before and after modification is provided in Figure 4. 

In peptide P1, both tyrosine positions can be modified by TAD, as evidenced by the evolution of 

the b and y ion series in the MS/MS spectrum of the modified sample (Table S2). For instance, 

the mass of all the b ions is increased with 155.16 Da, e.g. b3 with a typical mass of 440.22 Da 

shifts to b’3 with a mass of 595.38 Da. When the y ions are considered, it is clear that the TAD 

modification can occur on both tyrosine residues. The presence of ion y5, y6 and y’7 in the 

spectrum confirms the tyrosine modification on position 161, while the presence of y’6, y# and y’# 

indicates modification of the tyrosine on position 163. Most probably, the y# fragments originate 

from a scission reaction of the tyrosine residue next to the amino terminus of the peptide 

fragment during analysis. In the same way, the MS/MS spectrum for the modified P3 fragment is 

characterized by modified b ions (e.g. b’10) and y ions, i.e. the peak for y10 is shifted upwards to 

y’10, clearly indicating the selective reaction with the tyrosine moiety. 

 

Figure 3. MALDI-TOF spectrum of peptide fragments after trypsin digestion of native BSA (A) and butyl-TAD 

modified BSA (B).   

 

 

A B
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Figure 4. MS/MS spectra of peptide P1 (YLYEIAR) (left) and peptide P3 (LGEYGFQNALIVR) (right) before (bottom) 

and after (top) butyl-TAD modification. 

 

2.4. INFLUENCE ON PROTEIN STRUCTURE AND BIOACTIVITY 

To check whether the conjugation conditions and the modification of tyrosine amino acids with 

butyl-TAD have an influence on the protein’s structure and its bioactivity, UV and circular 

dichroism (CD) spectroscopy was performed on native BSA, dissolved in pure water and in 30% 

v/v ACN:H2O, and modified BSA (Figure 5). From the close resemblance of the spectra, it can be 

concluded that the solution structure of BSA is not affected by the presence of the acetonitrile 

cosolvent. Moreover, the modification of BSA with butyl-TAD has no significant effect on the α-

helical secondary structure of BSA, as indicated by the two minima at 208 nm and 222 nm. Besides 

the determination of the secondary structure, the effect of BSA modification with butyl-TAD on 

its ability to exert enzymatic activity was examined by an esterase activity assay utilizing p-

nitrophenyl acetate.16 In this experiment, the formation of p-nitrophenol is followed over time by 

UV-Vis spectroscopy at 37°C and is a measure for the BSA protein’s esterase activity. As indicated 

by Figure 6, the esterase activity of BSA is not influenced by the solvent treatment (30 % v/v 

ACN:PBS for 30 minutes) that was used during protein modification. Despite the fact that the 

secondary structure of the BSA is not affected by the modified tyrosine residues, the butyl-TAD 

modification influenced the protein’s esterase activity. Interestingly, this modification does not 

render the protein inactive, but causes a decreased esterase activity of 31.5 ± 3.76 % relative to 

native BSA, as determined by the slope of the linear relationship in Figure 6.  
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Figure 5. CD (A) and UV (B) spectra of 0.5 mg/mL BSA in H2O, 0.5 mg/mL BSA in 30 % v/v ACN:H2O and 0.5 mg/mL 

BSA butyl-TAD in H2O. The UV and CD spectra of BSA butyl-TAD were rescaled based on the UV spectrum to account 

for the molar concentration difference. 

 

 

Figure 6. Absorbance of p-nitrophenol formation as function of time. All samples were run in triplicate (error bars 

not shown) and corrected for spontanious hydrolysis of p-nitrophenol acetate to p-nitrophenol. Linear regression of 

the initial rise in absorbance is performed to yield a trend line and its equation. 

A B
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3. CONCLUSION 

In summary, the polymer-protein conjugation using the efficient SEAr reaction between a TAD 

end-functionalized polymer, synthesized by RAFT, and tyrosine units of a BSA protein was 

evaluated. First, the procedure to introduce triazolinedione end groups in polyacrylamides was 

successfully optimized by the Du Prez group. Then, BSA was successfully and site-selectively 

modified at the tyrosine residues with this polymer, as evidenced by SDS-PAGE analysis and 

tandem mass spectroscopy. However, when performing conjugation in aqueous environments, 

one has to cope with hydrolysis of the triazolinedione moiety as an undesirable side-reaction. 

Significant reduction of this unfavorable side-reaction can be done by altering the combination 

of solvents, to ensure high coupling efficiencies. Although the modification of the tyrosine amino 

acids with butyl-TAD doesn’t affect the α-helical secondary structure of BSA, it has an effect on 

the protein’s bioactivity in terms of esterase activity. Interestingly, modification of the protein 

does not render the protein inactive in terms of esterase activity. Since standard RAFT conditions 

are used to prepare these polymer-BSA conjugates, we believe that this method could easily be 

expanded in the future for the synthesis and coupling of alternative TAD-functionalized 

hydrophilic polymers starting from functional monomers. In addition, the proposed strategy 

could be used to covalently link TAAs, presented under the form of synthetic long peptides or 

proteins, to polymeric nanoparticles that eventually can be used in a cancer vaccination setting. 
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4. EXPERIMENTAL SECTION 

4.1. MATERIALS 

Unless otherwise stated, all chemicals were purchased from Sigma Aldrich or Across Organics. p-

nitrophenylacetate was purchased from Janssen chimica and analysed prior to its use (data not 

provided). Trypsine (sequencing grade) was obtained from Promega. Coomassie stain and 

Laemmli sample buffer were provided by Biorad. DPBS (-Ca2+; -Mg2+) was purchased from Thermo 

Fisher.  

4.2. INSTRUMENTATION 

1H-NMR spectra were recorded on a Bruker 300/400/500 MHz FT-NMR spectrometer. Chemical 

shifts (δ) were provided in ppm relative to TMS. Samples were prepared in chloroform-d, or 

DMSO-d6. Their signals were referenced to residual non-deuterated signals of the solvent. The 1H-

NMR spectrometry measurements were performed by members of the Du Prez group.  

Liquid Chromatography - Mass Spectrometry (LC-MS) analyses were performed on an Agilent 

Technologies 1100 series LC/MSD system with a diode array detector (DAD) and a single quad 

MS. Analytical reversed phase HPLC-analyses were performed with a Phenomex Luna C18 (2) 

column (5 µm, 250 mm × 4.6 mm) and a solvent gradient (0-100 % acetonitrile in H2O in 15 min). 

The eluted compounds were analyzed via UV detection. LC-MS measurements to confirm 

successful synthesis of the TAD-CTA was performed by members of the Du Prez group.  

GC-FID analyses to determine conversion rates of the polymerizations were performed using a 

Carlo Erba GC800 equipped with a DB 5MS column (60mm x 0.249 mm x 0.25 µm) from J&W 

Scientific with DMF as internal standard. The carrier gas (He) was used at a flow rate of 1.4 

mL/min. After sample injection, the column oven was kept at 50°C for 30 min, then heated until 

260°C at a rate of 5°C/min and then finally kept at 260°C for 5 min. These GC measurements were 

performed by members of the Du Prez group.  

Size exclusion chromatography (SEC) with DMA as solvent was performed on a Agilent 1260-series 

HPLC system equipped with a 1260 online degasser, a 1260 ISO-pump, a 1260 automatic liquid 

sampler (ALS), a thermostatted column compartment (TCC) at 50°C equipped with a PSS Gram30 

column in series with a PSS Gram1000 column, a 1260 diode array detector (DAD) and a 1260 
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refractive index detector (RID). The used solvent was DMA containing 50mM of LiBr at a flow rate 

of 1 mL/min. The spectra were analyzed using the Agilent Chemstation software with the SEC add 

on. Molar mass and PDI values were calculated against Varian PMMA standards. These 

measurements were performed by members of the Du Prez group.  

Matrix Assisted Laser Desorption Ionisation – Time of Flight (MALDI-TOF) for polymer 

characterization was performed on an Applied Biosystems Voyager De STR MALDI-TOF 

spectrometer equipped with 2 m linear and 3 m reflector flight tubes, a nitrogen laser operating 

at 337 nm, pulsed ion extraction source and reflectron. All mass spectra were obtained with an 

accelerating potential of 20kV in positive ion mode and in reflector mode. For measurement of 

poly(N,N-dimethylacrylamide), trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2propenylidene]-

malononitrile (DCTB) (30 mg/mL in DCM) was used as a matrix, NaTFA (20 mg/mL in acetone) was 

used as a cationizing agent, and polymer samples were dissolved in THF (10 mg/mL). Polymer 

solutions were prepared by mixing 10 μL of the matrix, 1 μL of the salt, and 10 μL of the polymer 

solution. Subsequently, 0.5 μL of this mixture was spotted on the sample plate, and the spots 

were dried by air at room temperature. A poly(ethylene oxide) standard (Mn = 2000 g/mol) was 

used for calibration. All data were processed using the Data Explorer 4.0.0.0 (Applied Biosystems) 

software package. MALDI-TOF measurements were performed by members of the Du Prez group. 

Sodium dodecyl sulfate –poly acrylamide gel electrophoresis (SDS-PAGE) to analyze protein 

conjugation between TAD-pDMA37 and BSA was performed. Following the run (45 minutes at 180 

V), visualization of protein bands was achieved by incubation of the gels into Coomassie stain. 

Quantification was performed by imaging the gels using the Bio-rad Gel Doc EZ system.     

UV-Vis measurements were performed on a Shimadzu UV-1650 PC UV/VIS double beam 

spectrophotometer. In order to investigate the degradation kinetics of butyl-TAD in various 

solvent systems, continuous measurements with 1s interval were performed at a fixed 

wavelength of 540 nm. The spectra were recorded using the same spectrophotometer by 

recording at varying wavelengths (200 – 800 nm).  

Trypsin digestion was performed as stated below, followed by tandem mass spectroscopy using 

a 4800 Proteomics Analyzer, a MALDI-TOF-TOF instrument (ABSCIEX, Framingham), using the 
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delayed extraction and reflector technologies in the positive ion mode. The MS/MS, 1 kv, CID off, 

positive method included a relative precursor mass window of 200 (FWHM) and a random pattern 

of shots. The instrument was calibrated with Glu-Fibrinopeptide standards (Calmix 4700 

calibration standard, Applied Biosystems). Data analyses were performed using 4000 series 

explorer and Data explorer software.  

Far-UV CD and absorbance spectra were collected using a Chirascan Plus qCD (LAAPD solid-state 

detector) spectrometer (Applied Photophysics Ltd.) to assess influence on the α-helical structure.  

Finally, to assess the esterase activity of BSA, the formation of p-nitrophenol is followed over time 

by monitoring the absorbance at 400 nm on a temperature controlled Biotek Epoch 2 micro plate-

reader. 
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4.3. METHODS 

Synthesis of Butyl-TAD and the TAD-functionalized poly(N,N-dimethyl acrylamide) (TAD-

p(DMA)). 

Butyl-TAD and TAD-functionalized poly(DMA) with a degree of polymerization of 37, a number 

average molecular weight of 4 kDa and a ᴆ of 1.16, were provided by the Du Prez group and 

synthesis was based on earlier developed protocols by them.22,23  

 

BSA-ligation with TAD-functionalized poly(N,N-dimethyl acrylamide) (TAD-p(DMA)).  

For a typical conjugation reaction between BSA and the TAD-p(DMA), 100 µL of a 7.7 mg/mL BSA 

stock solution in PBS (0.01159 µmol) was transferred in an 1.5 mL Eppendorf tube. The TAD-

p(DMA) polymer was dissolved using an appropriate solvent (based on the solvent mixture used, 

this could be PBS, anhydrous acetonitrile or anhydrous dimethyl sulfoxide) under inert 

atmosphere to obtain a polymer concentration of 20 mg/mL. For these conjugation experiments, 

an excess of either 20 or 50 equivalents of TAD-p(DMA) to BSA was added. For the 20 equivalents 

of excess, this resulted in the addition of 48 µL stock solution, while for the 50 equivalents, 119 

µL of stock solution was used. Afterwards, all samples were diluted with the employed solvent 

and/or PBS to obtain a final volume of 300 µL that contained equal amounts of organic solvent 

(acetonitrile or dimethyl sulfoxide).  

After 30 minutes of gentle shaking at room temperature, the sample was diluted with PBS to 

obtain a final BSA concentration of 0.125 mg/mL (optimal concentration for SDS-PAGE). Next, 30 

µL of this dilution was mixed with 10 µL of the SDS-PAGE staining buffer (9:1 Laemmli buffer:β-

mercaptoethanol) and incubated for 5 minutes at 95°C. After cooling down, 25 µL of these 

samples were injected in each well of the SDS-PAGE gel. Once all samples were loaded, the gel 

was run during 45 minutes at 180 V using a Bio-RAD SDS-PAGE setup. Gels were stained using 

Coomassie blue coloring solution and the gels were visualized using the Bio-rad Gel Doc EZ 

system.  
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BSA-ligation with butyl-TAD.  

For the conjugation reaction between BSA and butyl-TAD, 100 µL of a 7.7 mg/mL BSA stock 

solution in PBS (0.01159 µmol) was transferred in an 1.5 mL Eppendorf tube. The butyl-TAD was 

dissolved in anhydrous acetonitrile under inert atmosphere to obtain a butyl-TAD concentration 

of 0.75 mg/mL. For this conjugation experiment, an excess of 20 equivalents butyl-TAD (0.2317 

µmol) to BSA was added, this resulted in the addition of 48 µL stock solution.  

After 30 minutes of gentle shaking at room temperature, the sample was purified with spin 

filtration. Therefore, the sample was diluted 1/10 with MilliQ water and spin filtered over a 10 000 

MWCO (Amicon® Ultra-4 Centrifugal Filters, Merck Millipore) at 4000 G for 15 minutes. The spin 

filtered BSA-butyl-TAD was washed 3 times with MilliQ water, each step followed by spin 

filtration. The purified solution containing the modified protein was frozen and freeze dried for 2 

days under high vacuum. After freeze drying of the modified protein, the white powder was 

trypsin digested and analyzed with tandem mass-spectroscopy.    

 

Trypsin digest and tandem mass-spectroscopic analysis of BSA-functionalized p(DMA).  

The protocol for Trypsin digestion and tandem mass-spectroscopy to determine the tyrosine 

specificity of the proposed TAD conjugation is provided below. In short, 10 µg BSA sample was 

dissolved in 50 µl 50 mM ammoniumbicarbonate, followed by the addition of 0.5 µg trypsin (1:20 

w/w). The samples were incubated overnight at 37°C. To stop the reaction and prepare mass 

measurement in acidic conditions, TFA (trifluoroacetic acid) was added to the digestion mixture 

to yield a final concentration of 0.2% TFA. The peptide mixture was spotted onto an Opti-TOF® 

384 Well MALDI Plate Insert (ABSCIEX, Framingham), in a 1/1 ratio mix with MALDI matrix α-

cyano-4-hydroxy cinnamic acid, prepared in a concentration of 5 mg/ml in 0.1% TFA/10 mM 

ammoniumcitrate/50% Acetronitrile. Data analyses were performed using 4000 series explorer 

and Data explorer software. The obtained spectra are displayed in Figure 4, while detailed ion 

fragment information is provided in Table S1 and Table S2.  
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Far-UV analysis and Circular Dichroism (CD) of butyl-TAD modified BSA. 

To investigate the influence of tyrosine modifications on BSA’s structure, far-UV analysis and 

circular dichroism measurements are performed. In brief, Bovine serum albumin was dissolved in 

deionized water or with acetonitrile as cosolvent in a 30:70 ratio of ACN/H2O to a concentration 

of 0.5 mg/mL and immediately used for spectral acquisition. Lyophilized bovine serum albumin 

after modification with butylTAD was dissolved to a concentration of 0.5 mg/mL in deionized 

water and analyzed under identical conditions. The spectra were recorded on a Chirascan Plus 

qCD (LAAPD solid-state detector) spectrometer using following settings: a spectral range of 180-

280 nm, a bandwidth of 1 nm, a step size of 1 nm, a scanning speed of 3.0 s/nm, a sample 

temperature of 20.0°C and a cuvette with a path length of 0.5 mm. The spectra are presented 

without smoothing after subtraction of the corresponding solvent background spectrum and 

illustrated in Figure 5.  

 

Esterase assay of butyl-TAD modified BSA.  

To assess in the influence on protein activity, butyl-TAD modified BSA was dissolved in PBS to 

obtain a final concentration of 25 µM. In a 24 well plate, 500 µL of a 100 µM p-nitrophenyl acetate 

solution in PBS was combined with 500 µL of the 25 µM protein solution. The reaction was 

followed for 4 h at 37 °C using a UV-Vis absorbance plate-reader. The esterase activity of three 

protein solutions was investigated: BSA that was lyophilized prior to this experiment, BSA that 

was exposed to a 30% acetonitrile solution in PBS prior to spin filtration and lyophilization (vide 

supra) and n-butylTAD modified BSA (vide supra). This reaction was run in triplicate. The relative 

activity of the n-butylTAD modified BSA is calculated as the ratio of the slopes of n-butylTAD 

modified BSA and BSA, respectively. This value is equal to 31.5 ± 3.76 % (n = 3). Figure 6 illustrates 

the formation of p-nitrophenol in function of time for all three protein solutions.  
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APPENDIX CHAPTER 4 

Table S1. Peptide fragments of the unmodified and the butyl-TAD modified trypsin digested BSA protein. The 

indicated fragments are the modified peptide fragments that are present in the MALDI-TOF spectrum.  

Fragments Sequence 
[M+H]+ 

[Da] 

[M+H]+ modified with  

butyl-TAD [Da] 

BSAtotal - 66431.0 - 

[161-167] – P1 YLYEIAR 927.493 1082.653 

[66-75] LVNELTEFAK 1163.631 - 

[361-371] HPEYAVSVLLR 1283.711 1438.871 

[402-412] HLVDEPQNLIK 1305.716 - 

[569-580] TVMENFVAFVGK 1399.693 - 

[360-371] – P2 RHPEYAVSVLLR 1439.812 1594.972 

[421-433] – P3 LGEYGFQNALIVR 1479.795 1634.955 

[347-359] – P4 DAFLGSFLYEYSR 1567.743 1722.903 

[437-451] KVPQVSTPTLVEVSR 1639.938 - 

[469-482] MPCAEDYLSLILNR 1724.835 1879.995 

[508-523] PCFSALTPDETYVPK 1880.921 2036.081 

[529-544] LFTFHADICTLPDTEK 1907.921 - 

[168-183] RHPYFYAPELLYYANK 2045.028 2200.188 
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Table S2. Different fragmented ions (b and y) for tandem mass spectrometry of peptide P1 and P3 before and after modification with butyl-TAD.  

Peptide P1 
y7

b1Tyr Leu Tyr Glu Ile Ala Argy1
b7 / / / / / / 

b ions 164.1 277.2 440.2 569.3 682.3 753.4 909.5       

b ions (mod.) 319.3 432.4 595.4 724.5 783.5 908.6 1064.7       

y ions 927.5 764.4 651.3 488.3 359.2 246.2 175.1       

y ions (mod.) 1082.7 919.6 806.5 488.3 359.2 246.2 175.1       

              

Peptide P3 
y13

b1Leu Gly Glu Tyr Gly Phe Gln Asn Ala Leu Ile Val Argy1
b13 

b ions 114.1 171.1 300.2 463.2 520.2 667.3 795.4 909.4 980.4 1093.5 1206.6 1305.7 1461.8 

b ions (mod.) 114.1 171.1 300.2 618.4 675.4 822.5 950.6 1064.6 1135.6 1248.7 1361.8 1460.9 1617 

y ions 1479.8 1366.7 1309.7 1180.6 1017.6 960.6 813.5 685.4 571.4 500.4 387.3 274.2 175.1 

y ions (mod.) 1635 1521.9 1464.9 1335.8 1017.6 960.6 813.5 685.4 571.4 500.4 387.3 274.2 175.1 
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CHAPTER 5: 

BROADER INTERNATIONAL CONTEXT, 
RELEVANCE, AND FUTURE PROSPECTS 

 

1. INTRODUCTION 

Until recently cancer treatment was founded on three classical pillars: surgical removal of tumors 

if possible (1), often in combination with high energy X-ray radiotherapy (2) and/or 

chemotherapeutics (3).1 But faced with serious limitations including unresponsive neoplasms, 

very moderate results, severe side effects, huge comorbidities, and lack of specificity, scientific 

research was pushed to devise more effective therapies. By looking into the underlying 

mechanisms that caused cancer, new treatment options have emerged. Amongst these, hormone 

therapy and targeted therapies were introduced in the past decades to tackle a select group of 

specific malignancies. While hormone treatment is only applicable for hormonal driven cancers 

such as certain types of prostate cancer and breast cancer, targeted therapies selectively inhibit 

over-active kinases in cancers that are addicted to a certain oncogenic driver.2,3 While spectacular 

results have been achieved with targeted drugs such as Imatinib (Gleevec), mutagene selection 

of resistant cancer cells is known to cause secondary resistance.4 

Recent insights in the immuno-oncology field sparked the development of cancer 

immunotherapy. Here the mechanisms on which tumor cells rely to actively evade immune 

surveillance and escape cell death have led to a plethora of new therapies that make use of the 

patient’s own immune system.5–9 From a conceptual point of view, immunotherapy outperforms 

all other conventional therapies in one important aspect: all cancer cells have to be reached to 

prevent recurrences when using conventional therapies, while not all immune cells need to be 

activated to elicit a strong and complete anti-tumor immune response.6,10 To date, these 

immunotherapies include oncolytic viruses, adoptive cell transfer techniques, cancer vaccination, 

immunostimulatory cytokines, pattern recognition receptor agonists, bispecific T-cell engagers, 
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CAR T-cells, DC based immunotherapy, immunogenic cell death inducers, checkpoint inhibitors, 

and monoclonal antibodies, which were discussed in the first chapter of this thesis.7–9,11,12  

The advent of cancer immunotherapy has revolutionized the oncology field, creating new and 

better therapeutic avenues for patients suffering neoplasms that are sometimes unresponsive to 

more traditional treatments. Although immune-based therapies have been at the origin of 

spectacular remissions, it still faces significant drawbacks. These include life-threatening side 

effects, 20-30 % response rates in treated patients and high treatment costs. Hence, there is an 

urgent need for more effective immunotherapy to either improve upon or complement the 

current state of the art. In this dissertation, we focused on the design of novel carbohydrate based 

biomaterials to help engineer an immune response directed against cancer cells. We investigated 

the potential of mannosylated nanogels and antibody-recruiting polymers as updated versions of 

therapeutic cancer vaccinations and antibody-recruiting small molecule therapy.  

 

2. THERAPEUTIC CANCER VACCINATIONS 

Vaccines are sometimes termed the “single most life-saving innovation in the history of 

medicine”, of which some are responsible for complete disease eradication from the face of the 

earth, for instance in case of smallpox vaccination.13 The remarkable characteristics that 

empower vaccines have fueled the concept to use this therapy once a certain disease has already 

developed, rather than using it as preventive measure. In this view, the concept of cancer 

vaccination has tickled the imagination of many researchers. As opposed to prophylactic 

vaccination for infectious diseases, which rely on both cellular and humoral responses for the 

generation of neutralizing antibodies, cancer vaccination relies heavily on therapeutic induction 

of cytotoxic T-cell responses to mount an anti-cancer immune response.14–17 By actively recruiting 

the patient’s own immune system in the fight against cancer, eradication of tumor cells together 

with the generation of an immunological memory against specific tumor associated antigens 

becomes possible. This in turn mounts to long-term protection against relapse and/or metastasis, 

the most common causes of cancer inflicted deaths.15  
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Cancer vaccination strategies can be subdivided depending on the route of administration: either 

ex vivo (1) or in vivo (2) (Figure 1).9,10,18,19 For ex vivo therapy, precursor immune cells such as 

CD34+ DCs or CD14+ monocytes are isolated from the patient, cultured and differentiated to 

obtain immature DCs.20 At this stage, TAAs are administered to the cell culture under various 

forms, together with maturation stimuli and/or pro-inflammatory cytokines.12,15 Once matured, 

these antigen loaded DCs are infused back into the patient. Although this technique has 

successfully induced cytotoxic T-cell immunity, the clinical observed response rate remains low. 

The hypothesis behind this observation is that by administrating already activated DCs, complex 

in vivo interactions between immune cells are bypassed, yielding a less profound immune 

response.20 This, combined with the relative short half-life of TAA:MHC complexes on the surface 

of DCs and the low level of DCs migrating to the lymph node (3 – 5% on average) can contribute 

to the rather disappointing success rate of ex vivo vaccines.10 Ex vivo vaccination is sometimes 

referred to as DC based vaccines (vide supra). 

 

Figure 1. Schematic overview of in vivo cancer vaccination (left) versus ex vivo vaccination (right).  While in vivo 

therapy uses advanced delivery systems to administer TAAs as peptides or DNA/RNA directly to dendritic cells, ex 

vivo therapy implies immune cell harvesting (1), selection of monocytes and CD34+ DCs (2), culturing and 

differentiation with GM-CSF and IL-4 to form iDCs (3), TAAs loading and maturation (4) before finally re-infusing these 

activated mDCs into the human body (5). i/mDCs, (im)mature dendritic cells; TAAs, tumor associated antigens.  
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Since ex vivo therapy implies the use of a tailored protocol for each patient, in vivo cancer 

vaccination can be considered an updated version. These therapies rely on far less invasive intra-

dermal injections of antigens to target dendritic cells, without the need for prior immune cell 

harvesting. By introducing these TAAs under a more classical context in terms of vaccination, this 

strategy launches a wider and more complex immune reaction, mounting profound anti-tumor 

responses as well as generating an immunological memory.15,20–22 Most of the in vivo therapies 

are based on MHC I peptides, although proteins, RNA and DNA can also be used (vide supra).9,22–

28 To boost the immunogenicity of these vaccines, TAAs are usually administered using more 

advanced delivery platforms, accompanied by potent adjuvants to ensure effective immune 

responses.18,20,29,30  

Based on the physicochemical characteristics that influence the efficacy of in vivo cancer vaccines, 

we can generate a checklist of minimal requirements an ideal vaccine should possess15,20,22,31–37: 

- It should be small enough to be taken up by immune cells, while being able to passively 

diffuse towards secondary lymphatic organs. 

- Antigens should be protected from premature degeneration, preferable presented in a 

particulate form, while being released in the desired environment. 

- Targeting ligands should be incorporated on the surface of the delivery systems for more 

efficient uptake. 

- The particles should be degradable to circumvent accumulation of the carrier material. 

- Potent adjuvants should be co-delivered to provide sufficient immune activation. 

- The design should be easy adaptable in terms of TAAs loading, so that tailor-made vaccines 

are possible. 

- The proposed system should be easy to fabricate on a large scale.  

Based on these requirements, we will provide an overview on how these specific characteristics 

can be tackled. 
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2.1. SIZE 

The cornerstone of cancer vaccinations are dendritic cells, acting as bridge builders between the 

innate and adaptive immune system.6,38,39 As described earlier, dendritic cells are the most potent 

cells of the immune system, capable of cross-presentation to finally mount cytotoxic T-cell 

responses against exogenous antigens. As the immune system has evolved to recognize bacteria 

and viruses more efficiently in order to mount a rapid and profound immune response, particulate 

matter with sizes ranging from 50 nm - 10 µm are naturally and efficiently recognized and 

processed by dendritic cells.40,41 This “preference for particulate antigens” of dendritic cells has 

led to the development of micro- and nanoparticles as tailorable delivery systems.40,42,43  

Pioneering work of several research groups has proven that particulate-based antigens have a 

dramatic advantage compared to soluble antigen delivery in terms of uptake efficiency by 

dendritic cells.22,30,40 It has been shown that by tailoring the size of these particles, different 

subsets of DCs can be targeted. While larger particles (> 100 nm) need to be taken up and 

processed by peripheral migratory dendritic cells before they can travel to the draining lymph 

nodes, sub 100 nm nanoparticles have the ability to passively diffuse into the lymphatic system, 

allowing them to directly target resident DCs in the draining lymph node, as well as being taken 

up by the peripheral DCs (Figure 2).22 This, in combination with higher tissue mobility, has led to 

a trend of “nanonization”, where nanocarriers are preferred over microcarriers for the delivery 

of antigens to cells of the immune system.40,44,45  

Nanocarrier delivery systems come in all sizes and shapes. Based on the material properties of 

their building blocks, nanocarriers are usually divided into three classes: polymeric nanocarriers 

(1), lipid-based nanocarriers (2) and metal/inorganic nanocarriers (3), of which the polymeric and 

lipid-based nanocarriers are the most popular.20,46 Polymeric nanocarriers can be subdivided into 

dendrimers, polymeric micelles, nanohydrogels and polymeric nanoparticles, while lipid-based 

nanocarriers are usually subcategorized into liposomes, solid lipid nanoparticles and phospholipid 

based micelles. Amongst the metal and/or inorganic based nanomaterials finally, we can 

discriminate gold nanoparticles, silica based nanoparticles, magnetic nanoparticles and quantum 

dots.20  
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Figure 2. Illustration of the influence of nanoparticle size on their in vivo fate. Once nanoparticles have been taken 

up by DCs, they enable the activation of an adaptive immune response that will eventually lead to tumor cell 

eradication. DCs, dendritic cells; CTL, cytotoxic T-cell; Thx, helper T-cell subclass x.  

 

2.2. TARGETING 

To enhance the uptake of nanoparticulate vaccines, surface modifications of nanoparticles have 

been widely used to endow nanocarriers with targeting moieties.38,47 Studies have demonstrated 

that by introducing targeting ligands, active targeting towards specific DC-receptors increases the 

potency of the immune responses.48 The majority of receptors employed for this strategy belong 

to the family of C-type lectins (CLRs, vide supra), of which the most investigated receptors include 

DEC205, Langerin, DC-SIGN, and the mannose receptor (MR). Targeting these receptors can be 

accomplished by either introducing glycosylated motifs (based on mannose, N-acetylglucosamine 

or fucose) or specific receptor targeting antibodies to the surface of the nanoparticles.20,49–53 

Although antibody based targeting excels in terms of specificity and even allows for targeting 

specific subsets, production cost and synthetic efforts limit its applicability. Therefore, 

glycosylated vaccines have been investigated as potential antigen delivery systems. In literature, 

there is a broad body of evidence that nanoparticle surface modifications with mannosylated 

motifs is responsible for enhanced immune cell uptake.24,38,54,55 Taken together with the cluster 
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glycoside effect, exposure of multiple copies of this targeting ligand further ameliorates its 

targeting potential.56 It is important to note that not all subsets of DCs express these receptors to 

the same extent. However, DC-SIGN+ cells have been found to be present in human lymph nodes, 

co-expressing the MR, where they are scattered throughout T-lymphocyte areas.57 These 

represent resident DCs as well as migrated DCs, emphasizing the rationale behind the use of 

nanoscopic mannosylated nanogels that are able to passively diffuse towards secondary lymphoid 

organs and be selectively taken up by DCs capable of cross-presentation.58  

Although targeting is usually referred to as the enhanced uptake by a certain subtype of cells, the 

release of TAAs to certain organelles can also be defined as targeting. While targeting on a cellular 

level is responsible for more selective uptake, sub-cellular targeting dictates the fate of the 

vaccine.27,28 If the TAAs eventually end up in the lysosomal compartment of dendritic cells, 

enzymatic destruction of the antigen will inhibit the formation of an immune response. For 

instance, when an antigen is administrated in the form of mRNA, provoking endosomal escape is 

imperative to eventually yield MHC I promoted presentation of the translated antigenic peptide 

fragments.27,28  

In Chapter 2, we elaborated on the design of mannosylated nanogels, capable of active targeting 

the mannose receptor expressed by immature DCs. Future research endeavors should focus on 

the in vivo fate of such mannosylated nanogels, while the strategy we proposed for engineering 

the nanogel core with cationic moieties could be explored for endosomal membrane stabilization 

and cytosolic delivery of bioactive molecules. 

 

2.3. ADJUVANTS 

While targeting alone can help increase vaccine uptake by dendritic cells, refraining from 

providing proper activation signals and maturation stimuli will only result in immune tolerance 

rather than immunity.20,36,59 Therefore, adjuvants are required to help activate immune cells, 

eventually yielding prolonged and effective induction of T-cell mediated immunity. Whereas 

adjuvants have been studied and reviewed extensively elsewhere for their specific characteristics, 

it is important to note that amongst this class of molecules, pattern recognition receptor targeting 
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adjuvants are almost exclusively employed for in vivo vaccine design.20,58,60–62 Although only alum, 

oil-in-water emulsions, virosomes and monophosphoryl lipid A (MPLA) are licensed for human 

vaccination, PAMP-based adjuvants have emerged as a promising class of immunomodulators.15 

These include TLR agonists such as poly I:C (TLR3), imidazoquinolines (TLR7-8), and CpG-ODN 

(TLR9); NOD-like receptor agonists including meso-diaminopimelic acid; RIG-I like receptor 

agonists that can be triggered by cytoplasmic RNA; and C-type lectin receptors that recognize 

carbohydrates and lipids.60,62  

However, mere injection of these adjuvants in soluble form causes rapid diffusion into systemic 

circulation, with severe systemic inflammatory toxicity as a result. Co-encapsulation of these 

compounds to the earlier proposed nanocarrier systems can drastically improve the 

pharmacokinetic profile of these molecules, and ensures activation of dendritic cells that have 

taken up antigens. Several research groups have observed that co-delivery of adjuvants and 

antigens leads to improved T-cell immunity.24,42,62,63 Our research group recently reported on the 

covalent conjugation of IMDQ, a synthetic TLR7-8 agonist, to the core of pH-degradable nanogels. 

This adjuvant system conferred superior antigen-specific antibody and T-cell responses, 

compared to IMDQ in soluble form.36,59,64 The synthetic route used to fabricate these nanogels is 

identical to the one used in the second chapter of this thesis, highlighting the potential of the 

nanogel platform as an in vivo cancer vaccine.  

 

2.4. ANTIGEN LOADING 

As discussed above, the immunogenicity of cancer vaccines can be greatly enhanced by 

presenting the antigens under a nanoparticulate form (1), selective targeting it towards dendritic 

cells (2), and co-delivery of an adjuvant to prevent immune tolerance (3). While these subjects 

tackle requirements for nanoparticulate delivery systems, there are different options to 

incorporate antigens into the nanocarriers. In this respect, one of the main functions of the 

nanoparticle delivery system is protecting the TAAs from premature degeneration by extracellular 

enzymes.65,66 This can be accomplished by shielding the antigens from their surroundings, either 
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by encapsulating them (physical encapsulation or charge driven complexation), or by covalent 

conjugation to the core of the nanoparticle.42,66,67 

Although many groups have elaborated on physical antigen encapsulation, the risk of dose-

dumping and the ill-defined nature of such systems has resulted in the covalent attachment of 

antigens to the carrier material.68 Frequently used amino acids for covalently linking 

peptides/proteins include native amino acid residues such as lysines and cysteines, or unnatural 

amino acids such as azidolysine.69–73 Since lysines and cysteines determine the specific pKa value 

and are responsible for the formation of disulfide bridges for their 3D structure respectively, 

modifying these compounds might create some drawbacks.74 Therefore, targeting other amino 

acids like tyrosine residues with alternative strategies could be of great significance. In Chapter 

4, we reported on such strategy by elaborating on a grafting-to strategy for tyrosine-specific 

conjugation using TAD-functionalized polymers.  

Taken together, we have designed a novel one-pot synthesis strategy that is fully tailorable and 

generates a targeted nanogel based antigen delivery system for dendritic cells that holds promise 

as potential in vivo vaccine.  

 

3. ANTIBODY-RECRUITING THERAPIES 

Monoclonal antibody based therapies have yielded spectacular results over the past years, 

rendering them the most popular class of immunotherapeutics at the moment.8,9 According to 

Kaplon and Reichert, the annual number of antibody therapeutics granted a first approval in 

either the United States or Europe reached double digits (10 in total) for the first time ever in 

2017. Of these 10 antibodies receiving approval, 4 monoclonal antibodies had cancer related 

indications, emphasizing the role of mAbs as the uncrowned king of cancer 

immunotherapeutics.75 Although mAbs possess an unprecedented level of selectivity, a 

predictable pharmacokinetic profile and can be developed rather rapidly, this class of 

immunotherapeutics has some considerable drawbacks. While their large size prevents deep 

tumor tissue penetration, immunologic recognition of certain mAb-derived peptide sequences 

can cause severe anaphylactic reactions against these mAbs.76,77 Moreover, due to their high 
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production costs, mAbs are extremely expensive, fueling the debate that these therapies are not 

intended for widespread application.7,78 Treatment costs can add up to as much as € 100,000 

annually, thereby putting an extreme financial burden on health care providers and patients. As 

a result, alternative therapeutics have evolved from mAbs as next-generation agents. These 

include bispecific antibodies, bispecific T-cell engagers, and nanobodies.11,77,79–81 But still, these 

structures are all peptide based with potential immunogenicity, high production costs and 

thermal stability issues. As an answer to this, several research groups have generated low-

molecular weight organic molecules, capable of harnessing the power of mAbs while addressing 

these specific shortcomings: antibody-recruiting small molecules.82–85  

ARSMs are bivalent small molecules, capable of binding endogenous antibodies directed against 

certain hapten motifs, while simultaneously binding to a target cell surface. By hijacking 

antibodies found in the human bloodstream, immune complexes on the target cell surface are 

formed, leading to immune-mediated cytotoxicity, caused by either complement-dependent 

cytotoxicity (CDC) or binding of the antibody’s Fc region to Fc-receptors expressed on various 

immune cells (ADCC and ADCP).86,87 Since Fc-receptor mediated cytotoxicity can enhance 

processing and presentation of antigens, these mechanisms can give rise to long-lasting adaptive 

immunity, thereby acting as some sort of in situ vaccine.77,85   

Various antibody-recruiting haptens have been described so far, and can be categorized as small 

molecule ligands for endogenous antibodies (1) or ligands that can bind antibodies specifically 

generated as a result of pre-immunization with hapten-protein constructs or administration of 

preformed antibody-small molecule conjugates (2).76,88,89  Endogenous antibodies directed 

against small molecule hapten motifs such as DNP and α-Gal have already been identified by 

different research groups.84,90–92 While widespread prevalence and high antibody titers against 

these structures are claimed in literature, interpersonal differences in terms of antibody titers, 

affinities, and isotype could influence the therapeutic outcome. Therefore, antibody binding 

domains that rely on pre-immunization have the advantage of a more predictable antibody 

response, possibly leading to a more robust response rate. However, pre-immunization to 

generate these antibody titers would entail additional steps, possibly leading to increased side-

effects or threats.76 For this reason, the research field is skewed towards therapeutic systems 
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recruiting endogenous antibodies. Figure 3 provides a schematic overview of the basic concept 

of ARSMs.  

 

Figure 3. Conceptual representation of ARSMs therapy. ARSMs can bind to their targets (i.e. cancer cells, bacteria or 

viruses) via the target binding moiety (1) of the small molecule structure. Upon binding of antibodies directed against 

the antibody recruiting moiety (2), a ternary complex is formed, that flags the target for destruction by innate killing 

mechanisms of the immune system. This figure is adapted from McEnaney et al.76 ARSMs, antibody-recruiting small 

molecules; Abs, antibodies; CDC, complement-dependent cytotoxicity; CDCC, complement-dependent cell-mediated 

cytotoxicity; CDCP, complement-dependent cell-mediated phagocytosis; ADCC, antibody-dependent cell-mediated 

cytotoxicity; ADCP, antibody-dependent cell-mediated phagocytosis.  

 

Due to the role of the immune system in protection against infections and malignancies, ARSMs 

based therapies have been designed for both bacterial and viral infection, as well as to treat 

neoplasms. Because ARSMs work by forming a ternary complex between target cells and 

antibodies, alterations in the cell-surface binding moiety of the ARSMs can lead to specificity 

towards a specific cell type, thus presenting itself as a therapeutic platform rather than an isolated 

therapy. Wang and coworkers devised an antiviral ARSMs based strategy to direct endogenous 

anti-Gal antibodies towards HIV, using T-20, a 36 AA gp41 fusion inhibitory peptide as a target 

binding motif.93 As an alternative, Valhne et al. developed a series of constructs by chemically 
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linking an α-Gal motif to a series of oligopeptides derived from the gp120-binding region of CD4. 

This enabled anti-Gal deposition to both immobilized and cell-surface expressed gp120 

proteins.94 Recently, Spiegel and coworkers designed ARM-H, a non-peptidic HIV targeting ARSM, 

where the small molecule fusion inhibitor BMS-378806 not only flags gp120 expressing cells with 

anti-DNP antibodies, but also inhibits the entry of HIV-1 virosomes into human T-cells.95  

Other research groups focused on tethering antibodies to bacterial cell surfaces, thereby flagging 

them for elimination.96,97 In this respect, Bednarski and Bertozzi et al. synthesized bivalent 

molecules that were capable of attracting anti-avidin antibodies to E. coli. Targeting was 

facilitated through binding of α-mannosyl units by type I pili, containing mannose specific 

receptors. The formation of ternary complexes could be demonstrated, together with CDC and 

ADCP effects.98,99 It is important to note that in the bacteria targeting context, polymeric 

constructs were also synthesized to compensate for low affinity interactions between the 

bacterial mannose receptor and α-mannosyl units.  Here, acrylamide based copolymers were 

synthesized via radical polymerization to present multiple copies of target binding ligands, as well 

as antibody-recruiting haptens such as α-Gal.100 Whitesides and colleagues developed polyvalent 

polymers displaying several vancomycin motifs to efficiently target D-Alanine-D-Alanine 

terminated peptides in the bacterial cell wall, while attracting anti-fluorescein antibodies from 

the serum.101,102 The authors demonstrated that this strategy enabled phagocytosis of opsonized 

bacteria in the presence of specific antibodies.  

However, most ARSMs based research efforts are directed against cancer. Here, a plethora of 

overexpressed receptors have been pursued as malignant cell surface binding motifs, including 

integrin receptors αvβ3 and αvβ5, CD22, the folate receptor and the PSMA receptor.86,88,103–109 

Since these receptors are overexpressed in multiple malignancies, they allow for reversible 

targeting with ARSMs upon systemic administration. At the time of writing, Kleo Pharmaceuticals 

Inc. (a start-up company co-founded by ARSM pioneer David Spiegel) is busy developing bivalent 

molecules to target PSMA positive prostate cancer cells with endogenous anti-DNP antibodies. 

This emphasizes again that ARSM are a hot-topic treatment platform with therapeutic potential 

in both infectious diseases as well as cancer therapy.110 
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While systemic administration of this strategy has significant advantages, off-target accumulation 

could present the patient with severe side effects. In this respect, Galili and co-workers redirected 

α-Gal glycolipids that were harvested from rabbit red blood cell membranes to be used as an in 

situ autologous anti-cancer vaccine upon intratumoral injection.85,91,111,112 Upon injection into a 

solid tumor, the lipid motif of these ARSMs insert into the tumor cell membranes, surrounded by 

the cell membrane phospholipids. This spontaneous process, driven by a more favorable 

energetic status, results in the presentation of α-Gal units on the tumor cell surface, enabling 

endogenous antibody attraction. Apart from direct lysis, mediated by CDC and ADCC effects, 

complement and antibody driven chemotaxis induces attraction of APCs, with subsequent 

adaptive immune responses as a result. Here, lysed cancer cells, together with cancer cells 

opsonized by antibodies, are taken up by APCs, that subsequently process and present TAA 

derived peptides to tumor specific T-cells. These activated T-cells help to further eliminate cancer 

cells, while simultaneously protecting against micrometastases. The researchers observed that 

this cascade reaction was even powerful enough to overcome the immunosuppressive effects of 

regulatory T-cells, without generating autoimmune responses against antigens on normal cells.111 

A synthetic analogue of this compound termed AGI-134 is currently being investigated by Kode 

Biotech in a phase I/IIa clinical trial, both as monotherapy and in combination with the checkpoint 

inhibitor Pembrolizumab.113,114 This underlines the potential of intratumoral injection of lipid 

based ARSMs as a novel immunotherapeutic.  

These considerations have fueled the design of antibody-recruiting polymers, where we 

hypothesized that multiple copies of a hapten, such as L-rhamnose, on a polymer backbone would 

dramatically increase the binding avidity of endogenous anti-rhamnose antibodies. Our choice for 

L-rhamnose was fostered by its superior antibody recruiting properties, compared to more 

conventional haptens such as DNP and α-Gal.115–119 Further research should focus on testing 

innate effector killing mechanisms in vitro and in vivo. Besides strategies for intratumoral 

administration, also in vivo targeting strategies, for example based on metabolic cell labeling as 

touched upon in Chapter 3, should be further explored. 
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4. FUTURE PERSPECTIVES 

Given the intensive research in the field of oncology, significant hurdles still need to be taken to 

win the fight against cancer. By now, a plethora of immune related therapies have reached the 

clinic, opening new treatment options to patients whose tumors showed no regression with 

conventional therapies. To emphasize the relevance of cancer immunotherapy, the Nobel Prize 

for Medicine 2018 is awarded jointly to James P. Allison and Tasuku Honjo, for the discovery of 

CTLA-4 and PD-1 respectively and the checkpoint inhibitors that followed this event.120–122 The 

approval for checkpoint inhibitors, CAR T-cell therapies and even the DC-based cancer vaccine 

Sipuleucel-T has underlined that cancer immunotherapy is here to stay, elbowing its way in to 

become a first in-line treatment for various malignancies. In this view, cancer vaccination presents 

itself as an appealing strategy to eradicate malignancies and provoke long-term protection.  

Over the years, advances in the field of immunology, polymer chemistry and materials science 

have provided researchers with a huge toolbox of materials that could engineer the patient’s 

immune response against presented antigens. The discovery of facile and robust polymerization 

techniques have paved the way to produce well-defined, higher order nanoscopic delivery 

systems, that could easily be altered to promote their immunogenicity. The versatility in 

nanoparticle design allows for incorporation of targeting ligands for enhanced uptake, the 

introduction of one or more patient specific neoantigens, and the attachment of potent adjuvants 

to provoke robust cytotoxic T-cell responses upon vaccination. 

Although sounding very promising, such cancer vaccines have not yet reached the clinic. The 

complexity of cancer immunology and the highly immunosuppressive tumor microenvironment 

undisputedly play a pivotal role in this. While different immunosuppressive strategies are pursued 

by malignancies to evade eradication, a combinational treatment approach could provide the 

much needed synergistic effects to get the upper hand. It has been shown that a combination of 

immune checkpoint inhibitors with cancer vaccines provides a better clinical outcome, while side-

effects remain unaltered.123 Also, combinations of more conventional therapies with cancer 

vaccines could be promising. In this regard, immunogenic cell death inducers could provide cancer 

vaccines the much needed edge so that synergistic responses can be obtained. Again, 
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nanoparticles could pack this multifaceted approach into an elegant co-delivery system, 

underlining the potential of nanomedicines in cancer treatment.   

While it is easy to appreciate the elegant design of nanoparticulate cancer vaccines for in vivo 

therapy, one cannot deny that versatility comes at the cost of simplicity. With the introduction of 

targeting moieties, antigens and adjuvants, new layers of complexity are added to the 

nanoparticle system, of which each addition could prove to be a bottleneck in producing the 

vaccine on an industrial scale. The rise of antibody-recruiting therapies that, apart from directly 

eliminating malignant cells, also act as an in situ cancer vaccine could therefore be regarded as a 

valuable alternative. Even in this relatively new field, the implementation of nanomedicines 

where polymers rather than small molecules are used, is expected to yield more potent 

therapeutics. These in situ vaccine systems could prove eventually more efficient then their 

nanoparticle-based in vivo counterparts, since a mixture of known and unknown neoantigens will 

be presented to the immune system, in parallel with immune activation. 

It is important to note however that although nanomedicines have gained a lot of interest over 

the past decades, their properties have raised important challenges for industrial production and 

regulatory approval.124 Recent initiatives of the European Medicine Agency (EMA) to create more 

guidance in the development and evaluation of nanomedicines have led to the publication of 

several reflection papers, for instance on block copolymer micelles and liposomes.124,125 

Generating specific protocols for biological, physicochemical, and physiological characterization, 

together with regulatory guidelines and the incorporation of process-analytical control 

mechanisms could help to facilitate the regulatory approval of these nanomedicines and prevent 

failure for later clinical trials. That being said, more than 50 nanoparticle based medicines have 

been approved by the FDA, indicating that the highly anticipated nanomedicines are finally 

migrating from the laboratory to the clinic. 
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CHAPTER 6: 

SUMMARY AND  
GENERAL CONCLUSIONS 

 

Recent advances in the field of cancer immunotherapy have revolutionized treatment options for 

patients suffering inoperable and unresponsive neoplasms, often displaying spectacular 

remissions in combination with minimal side effects compared to more traditional treatments. In 

this thesis, we aspired to contribute to the field by synthesizing carbohydrate based systems to 

help lift already existing concepts to the next level.  

In Chapter 1.1, the reader was provided with a concise overview on the complexity of the immune 

system, and the mechanisms involved in generating immune responses to protect the host from 

infection. Once the basic machinery of the immune system was revealed, we focused on the 

complex interplay between cancer and the immune system and how the latter is being tricked and 

bypassed by the malignancy. Unraveling these underlying mechanisms has led the foundations for 

a plethora of new treatments, termed immunotherapeutics. We provided a brief overview of the 

most important developments and their characteristics in this field to date, while highlighting the 

approved therapies when applicable.  

Chapter 1.2 dialed in on the role of carbohydrates in the human body, and focused more precisely 

on the various ways glycosylated structures interact with the immune system. A main area of focus 

was the introduction with carbohydrate binding proteins and their expression on immune cells, 

which could be translated into possible therapeutic targets in a vaccination context.  Further, we 

highlighted the potential of certain carbohydrates as antibody-recruiting haptens, tumor 

associated antigens and even precursors that can be used in metabolic cell labeling, all of which 

is of relevance in this thesis.  

Following the general introduction, we elaborate in Chapter 2.1 on the design of mannosylated 

nanogels, capable of active targeting the mannose receptor expressed by immature DCs. The 

strategy behind this design was adopted from the earlier work by Nuhn et al., that utilized the 
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solvophobic effect of poly(pentafluorophenyl acrylate) containing block copolymers to design 

core-cross-linked, fully hydrophilic nanogels. Tailoring the RAFT-polymer chain length resulted in 

a predictable control over the hydrodynamic diameter of the nanogels. By endowing these 

nanogels with a fully hydrophilic poly(α-D-mannose acrylamide) corona, they displayed fast and 

reversible binding to concanavalin A (ConA), a mannose binding lectin. As a control, poly(β-D-

galactose acrylamide) modified nanogels did not interact with ConA. The introduction of a ketal-

based cross-linker provided pH-dependent degradability into unimers upon exposure to pH values 

encountered at late endosomes, while physiological pH values ensured structural integrity. As a 

proof of concept, primary DCs expressing the mannose receptor showed improved internalization 

compared to the galactosylated control. These observations were exemplified by flow cytometry 

and confocal microscopy. 

In the follow-up of these results, we modified the interior of these nanogels to endow them with 

endosome destabilizing properties in Chapter 2.2. By quenching the remaining pentafluorophenyl 

groups with tertiary amines instead of 2-aminoethanol, either N,N-dimethylaminoethyl or N,N-

diisopropylaminoethyl moieties, we investigated their membrane-destabilizing properties. Owing 

to distinct pKa differences of these tertiairy amines, we observed that N,N-diisopropylaminoethyl 

groups excerted efficient membrane destabilization at different pH values. By utilizing the pH-

degradable ketal cross-linker, we were able to design a DIPAEA nanogel that only exerted 

membrane-destabilization once it was taken up in endosomes, while having no membrane 

destabilizing effects at physiological pH values. Taken together, we hope to have contributed to 

the field by having established a one-pot tailorable synthesis protocol for the design of 

mannosylated nanogels that hold promise as in vivo vaccines.  

In the following chapter, we have elaborated on the concept of antibody-recruiting polymers, to 

engineer an innate immune response directed against cancer cells. By redirecting our knowledge 

to synthesize well-defined glycopolymers, we were able to design poly-L-rhamnosylated RAFT 

polymers to exert antibody recruitment in Chapter 3.1. The synthesized polymers were modified 

post-polymerization with a cholesteryl amine moiety at the polymer chain-end, to endow them 

with cell surface recycling properties. Control polymers, where L-rhamnose moieties were 

replaced by galactosylated repeating units and the CholA anchorage motif was replaced by a 
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hydrophilic group, were designed to evaluate the specificity of these polymers. In vitro cell 

experiments indicated specific antibody recruitment over an extended period of time. To 

elucidate the influence of multivalent hapten presentation, the polymers were compared head 

to head with a monovalent small molecule counterpart, indicating superior antibody recruitment 

for ARPs.  

To assess the influence of hydrophobic anchorage on antibody recruitment, RAFT polymerized 

antibody-recruiting polymers were evaluated in Chapter 3.2, of which each polymer was 

functionalized with a distinct lipid motif. In these set of experiments, we elaborated on 2,4-

dinitrophenol as hapten motif, based on the commercial availability of purified anti-DNP 

antibodies, allowing for a more straightforward in vitro screening. A poly(pentafluorophenyl 

acrylate) scaffold was used to create various antibody-recruiting polymers. In short, two alkyl and 

two cholesterol based RAFT chain transfer agents were synthesized, bearing a 

poly(pentafluorophenyl acrylate) homopolymer to allow for easy modification with 2,4-

dinitrophenol. Non-hapten modified polymers were synthesized as controls. Cell-surface 

persistence together with antibody recruitment were evaluated at different time points in order 

to investigate the influence of anchorage motif on cell surface persistence.  

Chapter 3.3 was conceptualized as an alternative to systemically administrated ARSMs, using 

ARPs to attract endogenous antibodies to malignant cells. Here, reversible receptor-ligand 

interactions were replaced by metabolic cell labeling. By utilizing in vivo click chemistry to 

covalently link antibody-recruiting polymers to the cell’s glycocalyx, a more selective ARP 

compared to lipid modified polymers is envisioned. As a proof of concept, we utilized the azide 

modified tetra-acetyl-mannosylated carbohydrate, which is metabolized by most cells and 

incorporates azide functions in the glycocalyx. Following the incubation of cells with the azido 

modified carbohydrate, we were able to show extensive antibody recruitment to the cells surface 

for our ARPs, compared to controls that lacked antibody-recruiting haptens and/or dibenzoyl-

cyclooctyne groups for exerting a click reaction with the presented azido groups. Moreover, we 

were able to prove the absence of aspecific interactions by pulsing cells that lacked the presence 

of azides in their glycocalyx. In summary, we have introduced the concept of antibody-recruiting 

polymers as a potential cancer immunotherapeutic in this chapter. While significant steps still 
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need to be taken towards a promising lead compound, we have tried to gain valuable insights in 

the potential of this therapy by using a set of preliminary studies.  

Originally intended as side project, we collaborated with the Du Prez group in Chapter 4 to 

evaluate and optimize the aqueous reaction conditions for a TAD-tyrosine protein-polymer 

conjugation. As a model for this reaction, a poly(N,N-dimethyl acrylamide) homopolymer 

equipped with a TAD end-group was synthesized via RAFT polymerization by the Du Prez lab. 

Bovine serum albumin (BSA) was used as a model protein and various aqueous solvent mixtures 

were evaluated using SDS-PAGE. Interestingly, the addition of acetonitrile to the reaction mixture 

had a dramatic influence on the coupling efficiency. To assess the tyrosine selectivity of the 

reaction, mass spectrometry after trypsin digest was performed, yielding excellent site-

selectivity. With minimal effects on the protein’s α-helical structure, while maintaining part of the 

enzyme’s esterase activity, we believe to have provided an optimized protocol for TAD-coupling 

of hydrophilic RAFT polymers to tyrosine bearing proteins. These findings are of great interest for 

this research project, where polymer chemistry is directly linked to biomedical applications. The 

proposed strategy could be utilized in the future to efficiently and selectively attach TAAs as either 

synthetic long peptides or proteins to our nanogel based design. Given the relevance of coupling 

TAAs in our mannosylated nanogel based strategy, we believe that this technique could be a 

valuable piece of the puzzle in the search for an efficient nanogel based in vivo vaccine.  
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HOOFDSTUK 7: 

SAMENVATTING EN  
ALGEMENE CONCLUSIES 

 

Recente inzichten in de interactie tussen kankercellen en het immuunsysteem hebben geleid tot 

revolutionaire ontwikkelingen in het immunotherapie veld voor de behandeling van tot voorheen 

palliatieve patiënten. Ondanks verschillende succesverhalen waarbij patiënten met 

vergevorderde tumoren in volledige remissie gingen, wordt immunotherapie geconfronteerd met 

enkele belangrijke beperkingen. Enerzijds reageert slechts een beperkt percentage patiënten (20-

30 %) op immunotherapie, terwijl anderzijds immunotherapie vaak gepaard gaat met soms 

levensbedreigende bijwerkingen. Er is dus een nood aan meer gerichte en efficiëntere vormen 

van immunotherapie.  

In deze thesis werd gewerkt rond biomaterialen gebaseerd op suikerstructuren die in staat zijn 

om te interageren met het aangeboren immuunsysteem. Dit heeft als doel om zowel een 

adaptieve anti-tumor respons op te wekken, alsook directe afdoding van kankercellen te 

bewerkstelligen ten gevolge van een aangeboren immuunrespons. 

Hoofdstuk 1.1 geeft een beknopt overzicht weer dat de complexiteit van het immuunsysteem 

illustreert, terwijl de onderliggende mechanismen die aan de basis liggen van immuunresponsen 

tegen infecties worden toegelicht. In dit hoofdstuk worden de voornaamste cellulaire en humorale 

onderdelen van het immuunsysteem besproken, gevolgd door de complexe relatie tussen 

tumoren enerzijds en cellen van het immuunsysteem anderzijds. Hierbij wordt de nadruk gelegd 

op mechanismen die kankercellen gebruiken om het immuunsysteem te omzeilen. Tot slot wordt 

een kort overzicht gegeven van de belangrijkste ontwikkelingen op vlak van kanker 

immunotherapie, met verwijzingen naar reeds commercieel verkrijgbare producten waar 

mogelijk.  

 



Hoofdstuk 7 

- 294 - 
 

In Hoofdstuk 1.2 wordt aandacht besteed aan de rol van suikers als biomoleculen in het menselijk 

lichaam. Hierbij wordt de nadruk gelegd op de verschillende interacties tussen suikerstructuren 

en het immuunsysteem. De expressie van suiker-bindende eiwitten op cellen van het 

immuunsysteem en hun mogelijke rol als receptoren voor vaccinatie toepassingen wordt hier  kort 

besproken. Tevens wordt het potentieel van suikermoleculen als antilichaam-rekruterende 

haptenen, tumor geassocieerde antigenen en precursoren voor metabole cel labeling toegelicht. 

Gezien het belang van multivalente interacties tussen suikerstructuren en hun suiker-bindende 

eiwitten, wordt ten slotte dieper ingegaan op de synthese van synthetische suikerpolymeren. 

Hoofdstuk 2 handelt over de ontwikkeling van gemannosyleerde nanogels die in staat zijn om 

doelgericht te binden aan de mannose receptor, dewelke tot expressie wordt gebracht in 

immature dendritische cellen. Hiervoor werd in Hoofdstuk 2.1 een efficiënte synthese route 

ontwikkeld voor polymeriseerbare suikerstructuren. De macromoleculaire strategie die we verder 

hanteren is gebaseerd op eerder werk van Nuhn et al.. Hierbij werden nanogels verkregen door 

amfifiele blok copolymeren, waarvan het hydrofobe blok bestaat uit repeteer eenheden van het 

geactiveerd ester pentafluorofenyl acrylaat, in een specifiek solvent te laten aggregeren tot 

micellen. Vervolgens vernetten we deze micellen door de reactieve esters te laten reageren met 

een bis-amine. Als solvofiel polymeer blok werd gebruik gemaakt van gemannosyleerde 

repeteereenheden, waarbij werd aangetoond dat gemannosyleerde nanogels specifieke 

interactie met lectines konden aangaan. Variatie in de ketenlengte van de blok copolymeren liet 

controle toe over de hydrodynamische diameter van deze nanogels. Door gebruik te maken van 

een ketal gebaseerd bis-amine als vernetter, konden de nanogels degradeerbaar gemaakt worden 

bij zure endosomale pH, terwijl ze stabiel bleven bij neutrale fysiologische pH. Tevens werd 

aangetoond dat het gemannosyleerde oppervlak van de nanogels toeliet om opname door 

dendritische cellen te verhogen door ‘actieve targeting’ van de mannose receptor.  

In Hoofdstuk 2.2 werd de kern van de gemannosyleerde nanogels voorzien van membraan-

destabiliserende eigenschappen. Hiervoor werden na vernetting  de resterende pentafluorofenyl 

esters omgezet naar acrylamide repeteer eenheden met behulp van tertiaire N,N-

dimethylaminoethyl (DMAEA) of N,N-diisopropylaminoethyl (DIPAEA) amines. Er werd vastgesteld 

dat, t.g.v. de pKa van deze amines, membraan-destabilisatie afhankelijk was van de pH van het 
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midden, waarbij DIPAEA-bevattende polymeren membraan-destabilisatie veroorzaakten zowel bij 

zure als neutrale pH. Door gebruik te maken van een ketal gebaseerd bis-amine als vernetter, was 

het mogelijk om DIPAEA nanogels te ontwerpen die enkel membraan-destabilisatie vertoonden 

na endosomale afbraak, terwijl bij fysiologische pH-waarden geen membraan-destabilisatie waar 

te nemen was.  

Algemeen samengevat werd in Hoofdstuk 2 een ‘one-pot’ synthese strategie ontwikkeld voor het 

aanmaken van gemannolyseerde nanostructuren en deze te functionaliseren met membraan-

destabiliserende eigenschappen na endosomale degradatie.  

In Hoofdstuk 3.1 werd het concept van antilichaam-rekruterende polymeren (ARPs) 

geïntroduceerd. ARPs zijn in staat het aangeboren immuunsysteem te activeren om kankercellen 

af te doden. Gebaseerd op de ontwikkelde synthese strategie voor geglycosyleerde acrylamide 

monomeren in Hoofdstuk 2.1, werden goed gekarakteriseerde glycopolymeren op basis van L-

rhamnose aangemaakt via RAFT polymerisatie. Om deze polymeren van celmembraan bindende 

eigenschappen te voorzien werd één polymeer uiteinde gemodificeerd met cholesteryl amine 

(CholA). Ter controle werden polymeren gesynthetiseerd bestaande uit D-galactose repeteer- 

eenheden, zowel in aan- als afwezigheid van het membraan inserterende CholA uiteinde. In vitro 

cel experimenten toonden aan dat enkel polymeren die zowel L-rhamnose als CholA bevatten, in 

staat waren om antilichamen uit humaan serum te rekruteren naar het membraan van cellen. Om 

na te gaan wat de invloed is van een multivalente presentatie van L-rhamnose eenheden, hebben 

we tot slot ARPs vergeleken met een molecule met slechts één rhamnose motief. Hieruit bleek 

dat ARPs superieur zijn m.b.t. het rekruteren van antilichamen. 

In Hoofdstuk 3.2 werd dieper ingegaan op de invloed van het lipofiele polymeer uiteinde op 

cellulaire binding en antilichaam rekrutering. RAFT ‘chain transfer agents’ (CTAs) met 

verschillende lipofiele motieven werden gesynthetiseerd en gebruikt voor de polymerisatie van 

pentafluorofenyl acrylaat. Nadien werden deze polymeren gemodificeerd met 2,4-dinitrofenyl 

(DNP). In dit hoofdstuk werd DNP als hapteen gebruikt gezien de commerciële beschikbaarheid 

van anti-DNP antilichamen. Dit liet een makkelijke in vitro analyse toe van de antilichaam 

rekrutering. Deze experimenten toonden aan dat polymeren gefunctionaliseerd met een di-

myristoyl vetzuur groep een hogere celmembraan binding en tevens ook sterkere antilichaam 
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rekrutering vertoonden in vergelijking met polymeren gefunctionaliseerd met een cholesterol, 

een CholA, of een stearyl vetzuur groep. Vervolgens werd nagegaan wat de invloed is op 

antilichaam rekrutering na meerdere dagen. Terwijl di-myristoyl gemodificeerde polymeren 

initieel sterkere rekrutering toelieten, vertoonden cholesterol gefunctionaliseerde polymeren een 

ietwat lagere terugval in antilichaam binding. De onderliggende reden voor deze observatie is 

momenteel nog niet opgehelderd. 

Als alternatief voor het lipofiele polymeer uiteinde voor celmembraan binding, werd in Hoofdstuk 

3.3 metabole cel labeling met azide gemodificeerde suikers onderzocht. Als ARPs werden 

polymeren aangemaakt die zowel DNP als dibenzocyclooctyn (DBCO) groepen bevatten. In vitro 

cel experimenten toonden aan dat enkel cellen die behandeld waren met azide gemodificeerde 

suikers in staat waren om polymeren die DBCO bevatten covalent te binden d.m.v. click chemie. 

Enkel wanneer deze polymeren ook DNP eenheden bevatten waren ze bovendien in staat om 

anti-DNP antilichamen te rekruteren naar het cel oppervlak. Controle polymeren die deze 

essentiële componenten niet bezitten, evenals cellen die gecultiveerd werden in afwezigheid van 

de azide gemodificeerde suikermolecule, waren niet in staat om anti-DNP antilichamen te 

rekruteren. Samengevat werd in Hoofdstuk 3 het ARPs concept ontwikkeld als nieuw type 

biomateriaal voor kanker immunotherapie. Verder in vitro en in vivo onderzoek is echter 

noodzakelijk om de invloed van ARPs op de immunobiologische respons te onderzoeken. 

Het onderzoek in Hoofdstuk 4 werd uitgevoerd in nauwe samenwerking met het lab van Prof. Dr. 

Filip Du Prez (Universiteit Gent, België) en behandelt de evaluatie en optimalisatie van tyrosine-

specifieke polymeer-eiwit conjugatie in waterig midden via TAD-gefunctionaliseerde polymeren. 

Hier werd gebruik gemaakt van runder albumine (BSA) als model eiwit en TAD-p(N,N-dimethyl 

acrylamide) als polymeer. Door het polymeer op te lossen in acetonitril onder anhydrische 

condities alvorens het toe te voegen aan een waterige oplossing van BSA, werd de 

koppelingsefficiëntie aanzienlijk verhoogd. De onderliggende reden hiervoor was de hogere 

weerstand aan hydrolyse van de TAD groep in acetonitril:water mengsels, vergeleken met 

dimethylsulfoxide:water mengsels en zuiver water. De tyrosine-selectiviteit van de conjugatie kon 

nagegaan worden via massa spectrometrie na behandeling met trypsine. De conjugatie reactie 

vertoonde een minimale invloed op de α-helicale structuur van het eiwit en de esterase activiteit. 
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Dit suggereert dat de reactie tussen TAD-gefunctionaliseerde polymeren en tyrosine eenheden 

een interessante strategie is voor bio-conjugatie, die potentieel kan aangewend worden om 

tumor specifieke eiwitten te koppelen in de kern van de door ons ontwikkelde gemannosyleerde 

nanogels. 

Samengevat werden doorheen deze thesis nieuwe inzichten verworven in het ontwikkelen van 

synthetische materialen die in staat zijn om te interageren met componenten van het aangeboren 

immuunsysteem. In het bijzonder werd de focus gelegd op suikerstructuren. Verder onderzoek 

naar het in vitro en in vivo immunobiologisch gedrag van deze componenten blijft noodzakelijk, 

in het bijzonder m.b.t. tot het opwekken van functionele immuunresponsen. We hopen dat onze 

inspanningen en bevindingen een bijdrage zullen leveren tot de ontwikkeling van innovatieve en 

efficiëntere vormen van immunotherapie.  



 
 

 



 

- 299 - 
 

CURRICULUM VITAE 

 

PERSONAL INFORMATION 

Surname   De Coen 

First name   Ruben 

Nationality  Belgian 

Date of birth   May 10th, 1990 

Home address  Groenstraat 3, 9160 Lokeren, Belgium 

    ruben.de.coen@gmail.com 

    +32 497 07 07 96 

Work address   Faculty of Pharmaceutical Sciences 

    Ottergemsesteenweg 460, 9000 Ghent, Belgium 

    ruben.decoen@ugent.be 

    +32 9 264 80 82 

 

EDUCATION 

2013 – Present PhD. in Pharmaceutical Sciences 

    Faculty of Pharmaceutical Sciences, Ghent University, Belgium 

    Synthetic carbohydrate biomaterials for innate immune-engineering 

    Promotor: Prof. Dr. Ir. Bruno G. De Geest 

      

2011 – 2013    Master of Science in Drug Development 

    Faculty of Pharmaceutical Sciences, Ghent University, Belgium 

    Graduated magna cum laude  

 

2008 – 2011   Bachelor of Science in Pharmaceutical Sciences  

    Faculty of Pharmaceutical Sciences, Ghent University, Belgium 

    Graduated magna cum laude. 

 

 

 

mailto:ruben.decoen@ugent.be


Curriculum vitae 

- 300 - 
 

WORK EXPERIENCE AND INTERNSHIPS 

2013 – Present PhD. Researcher at lab for Biopharmaceutical Technology 

    Teaching practical courses pharmaceutical preparations 

    Thesis supervision 

    Tutorship bachelor thesis 

   

2013 – 2013    Substitute Pharmacist for COOP apotheken - several locations in Flanders. 

 

2012 – 2013    Internship at Pharmacy - De Lindeboom, Lokeren.       

    Learning and performing the tasks of an officinal Pharmacist. 

 

2012 – 2012    Internship at lab for Pharmaceutical Technology  

     Faculty of Pharmaceutical Sciences, Ghent University, Belgium 

    Structural modifications of polymethacrylates for extrusion and injection 

    molding: a case study with ibuprofen. 

    Promotor: Prof. Dr. PharmD. Jean-Paul Remon 

 

 

HONORS AND GRANTS 

PhD. fellowship (2 x 2 years) funded by Bijzonder Onderzoeksfonds (BOF) of Ghent University  

Research fund for promising scientists (1 year) funded by Kom Op Tegen Kanker 

 

 

SPECIALIST COURSES 

Feb. 2018   OctetRED 96 Biolayer Interferometer training 

2016 – 2017   Student professional photography at Centrum voor Avondonderwijs, Aalst 

Mar. 2014   Fire prevention and first aid training (responsible for safety of the lab) 

2012 – 2013    Student Spanish language at Centrum voor Volwassenonderwijs, Lokeren  

 

 



Curriculum vitae 

 

- 301 - 
 

INTERESTS AND ADDITIONAL SKILLS 

Dutch      Mother tongue 

English    Excellent in speaking, listening, reading and writing (level C2 in EF SET) 

French   Good in speaking, listening, reading and writing (level B2 in EF SET) 

 

Hobbies/interests CrossFit, running, skiing, professional photography, sailing, traveling 

 

ATTENDED CONFERENCES 

A synthetic rhamnose glycopolymer as cell surface receptor for endogenous antibody 

recruitment. 

R. De Coen, R. Nachbagauer, B. R. Peterson, B. G. De Geest 

6th Edition of Oncopoint – Ghent, Belgium – February 28th
, 2018 – poster presentation 

 

Engineering anti-cancer immunity using cell membrane inserting, antibody-recruiting polymers. 

R. De Coen, B. G. De Geest 

253rd American Chemical Society (ACS) National Meeting – San Francisco, California, USA – 

April 2-6, 2017 – oral presentation and poster presentation 

 

Mannosylated nanogels for innate immune cell targeting. 

R. De Coen, B. G. De Geest 

253rd American Chemical Society (ACS) National Meeting – San Francisco, California, USA – 

April 2-6, 2017 – oral presentation  

 

pH-degradable nanogels for dendritic cell targeting. 

R. De Coen, B. G. De Geest 

251st American Chemical Society (ACS) National Meeting – San Francisco, California, USA – 

March 13-17, 2016 – oral presentation  



Curriculum vitae 

- 302 - 
 

249th American Chemical Society (ACS) National Meeting – Denver, Colorado, USA –  

March 22 – 26, 2015  

 

Meeting of the Belgian-Dutch Biopharmaceutical Society – Vlaardingen, the Netherlands -  

December 12th, 2014 

 

13th European Symposium on Controlled Drug Delivery (ESCDD) – Egmond-Aan-Zee, the 

Netherlands – April 16 – 18, 2014 

 

 

PUBLICATION LIST 

Water-soluble Withaferin A Polymer Prodrugs via a Drug-functionalized RAFT CTA Approach. 

Van Herck, S.; Hassannia, B.; Louage, B.; Compostizo R. P.; De Coen, R.; Vanden Berghe, W.; 

Vanden Berghe, T.; De Geest, B. G. 

European Polymer Journal, 2019, 110, 313-318 

 

Transiently Thermoresponsive Acetal Polymers for Safe and Effective Administration of 

Amphotericin B as Vaccine Adjuvant. 

Van Herck, S.; Van Hoecke, L; Louage, B; Lybaert, L; De Coen, R; Kasmi, S; Esser-Kahn, A; David, 

S; Nuhn, L; Schepens, B; Saelens, X; De Geest, B. G. 

Bioconjugate Chemistry, 2018, 29(3), 748 – 760  

 

Tyrosine-Triazolinedione Bioconjugation as Site-Selective Protein Modification Starting from 

RAFT-Derived Polymers. 

De Coen, R.; Vandewalle, S.; De Geest, B. G.; Du Prez, F. 

ACS Macro Letters, 2017, 6, 1368-1372 

 

Well-Defined Polymeric Paclitaxel Prodrugs via a ‘Grafting-From-Drug’ Approach. 

Louage, B.; Nuhn, L.; Risseeuw, M.; Vanparijs, N.; De Coen, R.; Karalic, I.; Van Calenberghe, S.; De 

Geest, B. G. 

Angewandte Chemie International Edition, 2016, 55, 11791-11796 



Curriculum vitae 

 

- 303 - 
 

pH-Degradable Mannosylated Nanogels for Dendritic Cell Targeting. 

De Coen, R.; Vanparijs, N.; Risseeuw, M.; Lybaert, L.; Louage, B.; De Koker, S.; Kumar, V.; 

Grooten, J.; Taylor, L.; Ayres, N.; Van Calenberghe, S.; Nuhn, L.; De Geest, B. G. 

Biomacromolecules, 2016, 17, 2479-2488 

 

Transiently Responsive Protein-Polymer Conjugates via a ‘Grafting-From-RAFT’ Approach: For 

Intracellular Co-Delivery of Proteins and Immune-Modulators.  

Vanparijs, N.; De Coen, R.; Laplace, D.; Louage, B.; Maji, S.; Lybaert, L.; Hoogenboom, R.; De 

Geest, B. G. 

Chemical Communications, 2015, 51, 13972-13975 

 

Structural Modifications of Polymethacrylates: Impact on Thermal Behavior and Release 

Characteristics of Glassy Solid Solutions. 

Claeys, B.; De Coen, R.; De Geest, B. G.; de la Rosa, V. G.; Hoogenboom, R.; Carleer, R.; 

Adriaensens, P.; Remon, J. P.; Vervaet, C. 

European Journal of Pharmaceutics and Biopharmaceutics, 2013, 85, 1206-1214



 

 
 

 


