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ABSTRACT 

 

The present dissertation represents a focused endeavor aimed at broadening 

click-chemistry-based applications in the field of nucleic acids. The principal objective is to 

extend the synthetic utility of bioorthogonal click chemistry by delving into the following 

diverse, yet equally crucial areas of research: DNA fluorescent-labeling for bioimaging 

purposes and ligand development for nucleic acid cell-targeting in emerging therapeutics. We 

aimed to develop new fluorescent probes to improve detection sensitivity and quality of 

imaging methods. To achieve this, we established a divergent synthetic pathway that produced 

ready-to-click, pH-insensitive rhodamine dyes with outstanding brightness, which were proven 

to be a superior alternative in EdU cell proliferation assays. Furthermore, we prepared a group 

of fluorescein- and rhodamine-based multivalent dendrons by branching click chemistry, 

which exhibited self-quenching effects and demonstrated potential application as FRET 

quenchers. Additionally, in an effort to develop emerging therapeutics using click chemistry, 

particularly in vaccination and cancer immunotherapies, we synthesized three distinct 

ready-to-click mannose-functionalized ligands with the aim of targeting dendritic cells (DCs). 

Our analyses confirmed the uptake of the ligands’ fluorescent conjugates into DCs through 

endocytosis. Finally, spurred by the COVID-19 pandemic, baseclick GmbH took on the task 

of developing a SARS-CoV-2 vaccine candidate. To this aim, we utilized our DC-targeting 

ligands and baseclick’s mRNA labeling technology to successfully synthesize a 

mannose-mRNA conjugate. At present, pharmacokinetics and pharmacodynamics of the 

vaccine are under investigation. The promising in vitro results, nevertheless, instills optimism 

in our efforts to establish a framework for future exploration of cell-targeted, 

click- chemistry-based nucleic acid therapies. 
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1 INTRODUCTION 

 

1.1 The Concept of Click Chemistry 

The concept of Click Chemistry, first conceived by Kolb, Finn and Sharpless in 2001,[1] refers 

to a synthetic approach that draws inspiration from nature’s molecular assembly principles of 

efficiency, selectivity, and simplicity. Thereby, Click Chemistry defines a set of reactions that 

are modular, broad in scope, high-yielding, stereospecific, and no or minimal 

byproduct-producing. Furthermore, the term click implies specific reaction conditions defined 

by ease of execution, use of readily available starting materials, aqueous- or non-solvent 

compatibility, and simple product isolation.[1,2] These reactions, thus, are highly sought-after 

 

 

Scheme 1. Selected click reactions defined by Kolb, Finn and Sharpless. EWG = electron withdrawing group. 
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in synthetic chemistry due to their exceptional properties and are currently divided in four 

groups (Scheme 1): i) cycloadditions (e.g. 1,3-dipolar cycloadditions, Diels-Alder reaction), 

ii) nucleophilic ring-opening reactions (e.g. ring-opening of epoxides and aziridines), 

iii) additions to C-C multiple bonds (e.g. Michael addition of Nu-H reactants, epoxidation, 

aziridination, dihydroxylation), and iv) non-aldol-carbonyl chemistry (e.g. amide-, hydrazone- 

and oxime formation).[1,2] 

The Huisgen reaction, a 1,3-dipolar cycloaddition that involves alkynes and azides, was already 

a well-established technique for the synthesis of heterocyclic compounds. The advent of click 

chemistry, nonetheless prompted further advancements of this reaction and led to the 

development of a transition metal-catalyzed version, becoming the most important exponent of 

click chemistry.[3] 

 

1.1.1 Huisgen’s Cycloaddition 

1,3-dipolar cycloadditions between alkynes and azides have been reported as early as 1893, 

when the first synthesis of a 1,2,3-triazole was described by Arthur Michael.[4] In the mid-20th 

century, Rolf Huisgen performed an extensive systematic study of this reaction, in which he 

proposed a concerted pericyclic mechanism between a 1,3-dipole (azide 1) and a dipolarophile 

(alkyne 2).[5] This reaction, known as Huisgen’s cycloaddition,[6,7] has been utilized over years 

in various fields of chemistry for the synthesis of five-membered heterocyclic compounds.[3] 

The practical application of this cycloaddition, however, has been limited due to the 

requirement for high temperatures, extended reaction times, and the formation of both 1,5- and 

1,4-regiosiomers (3 and 4, respectively).[8] 

 

  
Scheme 2. Huisgen´s cycloaddition. 
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1.1.2 Copper-Catalyzed Azide Alkyne Cycloaddition (CuAAC) 

The limitations of Huisgen’s cycloaddition were addressed through the independent findings 

of Meldal[9] and of Sharpless and Fokin.[10] These studies, reported in 2002, showed that the 

use of a Cu(I) catalyst accelerates the reaction kinetics by activation of terminal alkynes (5), 

provides only a regiospecific 1,4-disubstituted triazole adduct 6, and enables the reaction to 

proceed at room temperature. This reaction, known as Copper-catalyzed Azide Alkyne 

Cycloaddition (CuAAC), is characterized by its simplicity, efficiency, broad applicability and 

compatibility with a variety of functional groups and water-containing solvent mixtures, 

thereby embodying the core principles of click chemistry.[9,10] Common Cu(I) sources include 

Cu(II) salts together with reducing agents (such as sodium ascorbate), direct use of Cu(I) 

compounds, and oxidation of Cu(0) precatalysts.[11] In all cases, the species that catalyzes the 

 

 

Scheme 3. Overview of CuAAC and catalytic mechanism proposed by Fokin et al.[12]. B = base (usually Et3N, 
DIPEA or ligand).[13,14]  
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reaction involves Cu(I).[9,10,13] CuAAC, considered the flagship of click chemistry, has been 

extensively employed in a myriad of fields including bioconjugation,[15] dendrimer and 

polymer chemistry,[16,17] material science[18–20] and drug design.[21,22] 

The mechanism of the Cu(I) catalyzed reaction is different from the concerted Huisgen reaction 

and is characterized as a non-concerted stepwise process.[10] Initially, it was postulated that the 

catalytic activity was exerted by Cu(I) mononuclear species[10,14,23] but, after further kinetic 

studies and DFT calculations, it became apparent that simultaneously occurring dinuclear 

complexes prompted a more kinetically favored route.[12,24,25] This latter mechanism involves 

a series of complex steps, beginning with the formation of a Cu(I)-alkyne π-complex 7. The 

initial coordination of a Cu(I) species, which lowers the pKa of the terminal alkyne by 10 units, 

promotes subsequent deprotonation and σ-binding of a second Cu(I) species (8). After 

reversible coordination of the azide, a nucleophilic attack of the acetylide’s β-carbon to the 

azide’s distal nitrogen gives rise to a Cu(III) metallacycle (10). Subsequent ring contraction 

forms a triazolyl-copper compound (11) and the Cu(III) metal center is reduced to Cu(I). In the 

last step, compound 11 undergoes protolysis followed by release of the triazole product 6 to 

complete the catalytic cycle. 

The relative nonreactivity of alkynes and azides towards biomolecules and their stability under 

biological reaction conditions establishes CuAAC as a bioorthogonal method.[26,27] The use of 

coordinating ligands, moreover, stabilizes Cu(I) species and improves reaction kinetics and 

yields.[28,29] Further optimization of these ligands have also led to the use of low micromolar 

catalyst concentrations, thus minimizing cytotoxicity.[30] Polydentate amines, particularly those 

based on the tris(triazolylamine) scaffold,[31] represent an important group of these ligands and 

various derivatives such as TBTA,[32] THPTA,[33] BTTAA,[30] BTTES,[34] TEOTA,[35] BTTP[36] 

and BTTPS[37] have been synthesized to improve reaction biocompatibility (Figure 1). Other 

ligands, such as phosphines,[31] nitrogen donors,[38–40] aminoacids[41] and phosphoramidites[42] 

have also been employed as ligands to accelerate CuAAC. 

 

Figure 1. Structure of CuAAC-accelerating ligands based on the tris(triazolylamine) motif.  
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1.1.3 Strain-Promoted Azide Alkyne Cycloaddition (SPAAC) 

The Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC), first introduced by Bertozzi in 

2004,[43] is another prominent approach that builds upon the utility of CuAAC reactions. 

SPAAC involves the reaction between a strained cyclooctyne and an organic azide. Unlike 

CuAAC, the driving force behind SPAAC is the ring strain introduced into the alkyne reactants. 

To further improve SPAAC, various cyclooctyne derivatives have been developed to enhance 

reaction kinetics[44–46] (Scheme 4). 

SPAAC is a strategy that has been broadly used for bioorthogonal labeling and detection, as it 

eliminates the need for a Cu(I) catalyst. The utilization of SPAAC has been demonstrated in a 

variety of labeling applications, ranging from the surface of cells to living organisms such as 

zebrafish, C. elegans, and mice.[47–49] Despite its benefits, SPAAC also has some drawbacks, 

including much slower reaction rates compared to the rate of CuAAC and the formation of 

regioisomeric triazoles.[29,50] 

 

 

Scheme 4. a) SPAAC reaction overview. DBCO/DIBAC = dibenzocyclooctyne/dibenzo-aza-cyclooctyne (19). b) 
Other known cyclooctynes for bioconjugation: DIFO = difluorocyclooctyne (20); DIBO = dibenzocyclooctyne 
(21); BARAC = biarylazacyclooctynone (22); BCN = Bicyclo[6.1.0]non-4yne (23). Most typically, DBCO, 
DIBO, and BCN are employed for biological applications.[44]  
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1.1.4 The 2022 Nobel Prize in Chemistry 

Click chemistry and bioorthogonal chemistry have had a profound impact across the fields of 

chemistry, biology, and related research areas. As a result and in recognition of their seminal 

contributions, Carolyn R. Bertozzi, Morten Meldal, and K. Barry Sharpless were awarded the 

2022 Nobel Prize in Chemistry.[51] 

 

1.2 Click Chemistry to Chemically Modify Nucleic Acids 

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) have fundamental roles in storage 

and transmission of genetic information. The differences in chemical structure of DNA and 

RNA (Figure 2) confer variations in stability, reactivity and roles in the cell.[52] 

Strategies for chemically modifying DNA and RNA with small molecules are essential 

resources in diverse research fields. The first adopted approach for such modifications 

 

 

Figure 2. General concepts of nucleic acids: a) DNA and RNA structure, b) base pairing and c) chemical structure 
of nucleotides and nucleobases. 
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comprises the coupling of amine-containing oligonucleotides to active esters, such as NHS 

esters (Scheme 5a). These molecular probes, however, are unstable in reaction alkaline buffers 

(pH > 8) and are prone to decompose in moisture-containing environments or over extended 

storage periods. An alternative involves the use thiol-labeled oligonucleotides with maleimide- 

or iodoacetamide-presenting molecules (Scheme 5b). This strategy has also limitations due to 

electrophile instability and the proclivity of thiols to dimerize. In contrast, organic azides and 

alkynes have high chemical stability and react only with each other, remaining orthogonal to 

most functional groups. Subsequently, the implementation of CuAAC and SPAAC in the field 

of nucleic acids (Scheme 5c) has enabled the creation of a diverse array of tools and 

applications with extensive use in biology, biochemistry, and biotechnology, paving the way 

for groundbreaking advancements in these fields. Specifically, the impact of click chemistry as 

a potent technique for covalent conjugation presents a highly efficient and cost-effective 

approach, in comparison to traditional chemical and enzymatic techniques, for the labeling, 

ligation, and cyclization of DNA and RNA oligonucleotides.[53]  

 

 

Scheme 5. Main strategies to chemically modify nucleic acids. a) Coupling reaction involving amines and active 
esters. b) Michael-type reaction between maleimide/iodoacetamide and thiols. c) Azide-Alkyne Cycloaddition. 
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1.3 Incorporation of Click-Chemistry-Functionalities into Nucleic 

Acids 

The incorporation of click modifications into DNA and RNA structures has become a 

well-established practice, especially due to the widespread commercial availability and 

synthetic routes of modified phosphoramidite monomers[54–60] and nucleoside triphosphates,[61–

67] which are required for solid phase and enzymatic nucleic acid synthesis, respectively. 

The high reactivity between organic azides and P(III) groups, as a consequence of the 

Staudinger reaction,[68] proves challenging for the use of azide-containing phosphoramidites in 

solid-phase synthesis. Therefore, utilizing alkyne-containing phosphoramidites is the most 

common approach for the introduction of click chemistry functionalities (Figure 3). Due to 

their uncomplicated synthesis, alkyne-containing 2'-deoxyuridine derivatives are among the 

most utilized building blocks in both solid-phase synthesis and PCR applications, especially 

5-ethynyl-deoxyuridine (EdU, 24) and 5-(1,7-octadiynyl)-deoxyuridine (OdU, 25). 

OdU is a highly useful building block in phosphoramidite oligonucleotide synthesis as it does 

not require silyl protection of the terminal alkyne.[70] It is also a reliable modification for the 

 

 

Figure 3. Examples of alkyne-modified nucleosides used as a) triphosphates for PCR and b) phosphoramidite 
monomers for DNA and RNA solid-phase synthesis. Non-nucleoside phosphoramidites such as hexynyl 
phosphoramidite[69] (30) are also employed to introduce click-chemistry-functionalities into nucleic acids. 
DMT = dimethoxytrityl. 
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postsynthetic labeling of oligonucleotides with high modification density, that is, several 

alkyne-containing nucleotides in a synthetic strand.[71,72] Alternatively, EdU triphosphate 

(EdUTP) is widely used in PCR experiments. EdUTP is an excellent substrate for DNA 

polymerases, comparable to natural deoxynucleotide triphosphates (dNTPs), and is superior to 

OdUTP when used for amplifying long DNA templates. EdU and its derivatives are also 

efficient metabolic labels that can be used to track DNA and RNA synthesis in living cells and 

in vivo in animal tissue models.[73–75] 

Enzymatic approaches utilizing alkyne- and azide-modified nucleosides have been employed 

to functionalize RNA with click chemistry groups for CuAAC and SPAAC labeling (Figure 4). 

Das and co-workers[76] used 5'-azidoguanosine (31) together with T7 RNA polymerase or 

3'-azido-2',3'-dideoxyadenosine (32) along with poly(A) polymerase (PAP) to modify RNA’s 

5'- and 3'-ends, respectively. Jäschke and colleagues[77,78] utilized OdUpG dinucleotide (33) 

along with a number of bacteriophage RNA polymerases (RNAPs) and C-2′ azido-modified 

ATP (34) combined with PAP enzymes for enzymatic labeling of RNA 5'- and 3'-ends, in that 

order. More interestingly, after introduction of 33 and 34, the 5'- and 3'-OH groups remain 

available for further enzymatic modifications. Other strategies to chemoenzymatically label 

RNA 5’- and 3’-ends involve the use of O-propargyl-guanosine-5′-monophosphate (35) with 

T7 RNA polymerase and alkynylated 3′,5′-uridine bisphosphate (36) through T4 RNA ligase, 

respectively. The application of 36 was further extended to label RNA at internal positions.[79] 

 

 

Figure 4. Building blocks to enzymatically incorporate alkyne and azide functionalities into RNA. 
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1.4 Applications of Click-Chemistry-Modified Nucleic Acids 

1.4.1 Small Molecule and Dendritic Structure Labeling 

Fluorescent dye labeling remains the most important approach of nucleic acid modification, 

owing to its fundamental role in nucleic acid sequencing, diagnostic procedures, forensic 

investigations, and genetic analysis.[80–82] Despite the existence of numerous dyes, most of 

these probes are obtained from a small number of core structures (Figure 5a),[83] such as 

fluoresceins (37), rhodamines (38), coumarins (39), cyanines (40), and BODIPY dyes (41).[84–

90] Advancements of novel fluorophores, therefore, is of paramount importance to augment 

sensitivity and quality of applications in which they are employed. Aiming to obtain probes 

with amplified fluorescent properties, the use of dendritic architectures containing multiple 

branched fluorophores has been explored (Figure 5b). Despite some problems related to  

 

 

Figure 5. a) Typically employed fluorescent dyes for nucleic acid labeling and (b) dendrimer-based approach for 
fluorescence amplification. 
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self-quenching in a number of cases,[91–93] fluorescence intensity has been successfully 

enhanced in antibody- and DNA-conjugates.[91,94,95] As a remarkable case in point, Carell and 

coworkers[96] developed click-chemistry-based dendritic constructs (42 and 43) that show 

significantly improved signal intensities and signal-to-noise ratios in EdU-based cell 

proliferation assays. 

Besides fluorophores, nucleic acids have been covalently attached to other small molecules 

such as cholesterol, fatty acids, and receptor specific ligands — e.g., folate and 

carbohydrates — to enhance cellular uptake of oligonucleotide-based therapeutics.[97–99] To 

give an example, the Carell group[100] used cholesterol (44), folate (45), and anandamide (46) 

to click them at the 3’-end of siRNA molecules and induce their delivery to specific cell types 

(Figure 6a). Notoriously, anandamide conjugation exhibited efficient delivery to neuronal and 

immune cells. Carbohydrates have also gained attention as effective ligands for improving 

cellular uptake in different cell types and tissues, as evidenced by the prominent success of the 

marketed hepatocyte-targeting N-acetylgalactosamine (GalNAc)-conjugated siRNA 

therapeutics Givosiran, Lumasiran and Inclisiran.[101–103] Interestingly, in line with this 

 

 

Figure 6. a) Conjugation of nucleic acids with biologically active molecules such as cholesterol (44), folate (45) 
and anandamide (46) for enhanced cellular uptake. b) Oligonucleotide−GalNAc dendrimer conjugates for in vivo 
hepatocyte targeting. 
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approach and following a click-chemistry-based strategy, Zatsepin and colleagues[104] have 

reported a simple and fully-automated solid-phase CuAAC procedure for the preparation of 

5’-end GalNAc-modified oligonucleotides as well as oligonucleotide−GalNAc dendrimer 

conjugates for in vivo hepatocyte targeting (Figure 6b). Furthermore, significant advancements 

have been made by utilizing alternative types of carbohydrates, such as mannose, in 

conjunction with click chemistry, to conjugate different payloads or carriers for the targeting 

of immunocompetent cells within the field of cancer immunotherapies and vaccination.[105,106] 

 

1.4.2 Cellular Metabolic Labeling 

Traditional labeling strategies for cellular DNA[107,108] and RNA[109,110] analysis, based on the 

incorporation of tritiated or halogenated thymidine analogs, suffer from limitations related to 

radioactivity or cellular and tissue toxicity, respectively. The utilization of click chemistry 

overcomes these constraints and is especially valuable in in vitro and in vivo studies of DNA 

and RNA synthesis, cellular proliferation, and cell cycle dynamics. 

In DNA metabolic labeling, incorporation of EdU (24) and subsequent efficient CuAAC 

coupling to fluorescent azides is the gold standard labeling strategy in DNA bioimaging 

experiments.[73] EdU, however, presents certain inherent cytotoxicity and induces perturbation 

 

 
Figure 7. a) Example of metabolic DNA EdU-labeling. EdU (24) is phosphorylated via kinases into cells and 
incorporated by polymerases in the genome. Figure adapted from Fantoni et al.[53] b) Modified deoxythymidine 
derivatives used for cellular metabolic labeling of DNA. c) Selected modified ribonucleoside derivatives used for 
cellular metabolic labeling of RNA. 
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of biological processes in cells, posing a significant limitation in assays that require long term 

physiological function of the tissue under study.[111] F-ara-EdU (49), an 

arabinofuranosyl-ethynyluracil derivative, presents a viable alternative due to its reduced 

toxicity, permitting its detection through CuAAC fluorescence staining. This feature makes it 

an appropriate candidate for metabolic labeling studies that necessitate long-term cell 

viability.[75] Alternatively, the integration of azido nucleoside analogs, such as 

5-(azidomethyl)-2′-deoxyuridine (AmdU, 50),[112] enables the extension of click labeling to 

SPAAC, which eliminates the use of cytotoxic Cu(I) catalysts. 

Analogous to DNA, RNA can be metabolically modified with the ribose derivative of EdU, 

5-ethynyl-uridine (EU, 51), to monitor transcriptional activity in cells.[113] These nucleosides 

are incorporated by RNA polymerases during transcription. Other alkyne-modified 

ribonucleosides, including 2-ethynyl adenosine (EA, 52)[114] and N6-propargyladenosine 

(N6pA, 53),[115] have also been developed for transcription tracking and monitoring poly(A) 

tail dynamics. Incorporating alkyne nucleosides into RNA restricts the posttranscriptional 

labeling approach to CuAAC. Therefore, posttranscriptional SPAAC coupling can also be 

accomplished by introducing azido nucleosides into RNA, such as adenosine analog 54.[116] 

Alternatively, functional groups for CuAAC or SPAAC can be incorporated into RNA strands 

through site-specific introduction of native or engineered methyltransferases.[117–120] 

 

1.4.3 Assembly of Oligonucleotide Sequences  

Chemical ligation of nucleosides provides several benefits compared to enzymatic methods 

commonly used in the synthesis of long genetic constructs. Enzymatic synthesis involves 

multiple cycles of PCR amplification, mismatch repair, cloning, sequencing, and selection, 

which can be time-consuming and yield low quantities of DNA and RNA strands. Additionally, 

problematic site-specific incorporation of modifications also hinders the production of large 

amounts of nucleic acid strands for research and industrial purposes. While DNA solid phase 

synthesis is an alternative approach, it has limitations due to the inefficient coupling reactions 

beyond 200 nucleotides and high error rates during phosphoramidite coupling reactions.[121] To 

overcome these challenges, click chemistry has been explored as a biocompatible strategy to 

chemically synthesize long nucleic acid analogs. 

Brown and colleagues have conducted research on the biocompatibility of various triazoles as 

phosphodiester surrogates,[122,123] demonstrating that triazole linkages containing 5'-azide and 
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3'-propargyl modified oligonucleotides (55) can be successfully amplified in vitro by DNA 

polymerases. Correct replication and biocompatibility of triazole-containing genes was also 

evaluated in E. coli.[124] Moreover, this particular triazole linkage has been utilized to generate 

clicked DNA templates to successfully transcribe them into RNA in vitro using T7 RNA 

polymerase.[123] Click-mediated ligation of oligonucleotides, thus, represents a viable chemical 

strategy for gene assembly and the creation of extended RNA structures, offering potential 

utility in the fields of synthetic biology and industrial biotechnology. 

 

 

Scheme 6. Assembly of oligonucleotide sequences via click ligation and subsequent amplification or transcription 
to obtain extended DNA or RNA sequences, respectively. 

 

Despite the exceptional advantages of click chemistry for the synthesis of long nucleic acid 

analogs, these reactions typically require a splint-mediated approach to overcome the 

electrostatic repulsion between negatively charged DNA strands, preorganize the reaction 

partners, and facilitate efficient reaction progress.[125,126] The use of splint oligonucleotides, 

however, adds complexity and cost to the experimental setup and purification and limits the 

applicability of the technique to known sequences. Interestingly, Serdjukow and colleagues 

reported the addition of Mg2+ ions to the catalyst/ligand mixture, under optimized reaction 

conditions, to significantly enhance click ligation without requiring splint templating.[127] 

Thereby, this approach expands the scope of known and novel applications in splint-free 

versions, such as methods for complementary DNA (cDNA) library preparation in Next 

Generation Sequencing (NGS).[128] 
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1.4.4 Other Applications: Antisense Oligonucleotides, Single-Guide RNA, 

Nanomaterials and Cyclic DNA 

Incorporation of triazole modifications in antisense oligonucleotides (ASOs) enhance their 

therapeutic properties by improving stability against nucleases and reducing the anionic charge 

of the oligonucleotide, potentially facilitating cellular uptake. Additionally, G-clamp 

nucleobases[129] and conformationally restricted locked nucleic acid (LNA) modifications[130–

132] are utilized to enhance the base pairing around the click modification (Figure 8a). 

Likewise, a recent application of click chemistry is found in the field of CRISPR-Cas gene 

editing (Figure 8b). Both CuAAC and SPAAC have been utilized to generate pools of single 

guide RNAs (sgRNAs), which recognize and bind to specific DNA sequences, programming 

and directing the cleaving properties of the Cas enzyme.[133,134] 

 

 

Figure 8. Applications of click chemistry in a) ASOs synthesis, b) sgRNAs production, c) nanomaterials and 
d) cyclic DNA scaffolds. crRNA = CRISPR RNA; tracrRNA = trans-activating CRISPR RNA. 

 
Click ligation has also been utilized in the field of DNA nanomaterials and nanotechnology 

(Figure 8c), where precise hydrogen-bonding and base stacking interactions are critical for the 

assembly and stability of DNA nanoarrays. To overcome stability-related challenges, 

application of CuAAC has enabled the assembly of complex DNA tertiary structures such as 

duplexes,[135] triplexes,[136] and quadruplexes.[137] 

Lastly, click chemistry has been used to synthesize small cyclic DNA scaffolds (Figure 8d) 

for applications in drug−DNA binding analysis and as potential therapeutics, including cyclic 

mini-duplexes[138–140] and cyclic dinucleotides.[141] Besides, formation of large dsDNA 

catenanes has been also achieved through click ligation.[142]  
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2 AIMS OF THE THESIS 

 

 
The central focus of this doctoral thesis is to conduct in-depth investigations within the field of 

click chemistry as applied to nucleic acids. Specifically, this study seeks to extend the synthetic 

utility of bioorthogonal click chemistry by exploring diverse and crucial research areas and 

developing cutting-edge techniques and products with applications in biology, biochemistry, 

and biotechnology. 

The primary goal of this thesis is directed towards the design and synthesis of innovative 

fluorophores for use in click chemistry-based bioimaging techniques. In pursuit of enhancing 

detection sensitivity and quality of bioimaging methods, novel fluorescent dyes exhibiting 

outstanding brightness would need to be developed. Furthermore, we would also consider the 

use of dendritic structures, such as dendrons, to be functionalized with multiple dye units and 

produce extremely bright fluorophores. To assess the applicability of these synthesized 

fluorescent probes, we would perform baseclick’s EdU cell proliferation assays as a model 

system. 

The second objective of this doctoral work is aimed at the development of emerging nucleic 

acid therapeutics, particularly on the fields of vaccination and cancer immunotherapy. To this 

end, we would synthesize a set of carbohydrate-based targeting ligands that could be utilized 

for specific delivery of nucleic acid drugs to immunocompetent cells. These ligands would 

contain a clickable functional group to allow for their modular bioconjugation to the desired 

cargo via click chemistry. The targeting properties of these ligands would be evaluated using 

an appropriate cell model to test their applicability in specific cell delivery. 

The third and ultimate aim is to apply our targeting ligands to develop a novel nucleic acid 

therapeutic, such an mRNA-based vaccine. The insights acquired from this research would 

contribute to expanding the field of click chemistry and pave the way for future investigations 

into the advancement of state-of-the-art, cell-specific drug delivery systems. 

The general goal of this thesis is to contribute to the advancement of knowledge in the context 

of click chemistry applied to nucleic acids, with special emphasis in the development of new 

technologies and products of high value to the scientific community and broader society. 
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SUMMARY: 

The utilization of fluorescent small molecules for nucleic acid labeling has proven to be an 

effective method for diagnostic and biomedical purposes, especially in 

5-ethynyl-2’-deoxyuridine (EdU)-based assays. The detection sensitivity and quality of the 

method can be improved by augmentation of fluorescent signal. Therefore, a novel rapid, 

divergent synthetic procedure has been established to produce ready-to-click, pH-insensitive 

rhodamine dyes that exhibit outstanding brightness. The new 3,3-difluoroazetidine rhodamine 

azide proved to be a superior alternative in imaging experiments when compared to popular 

commercially available fluorophores, such as 5-TAMRA-azide. Additionally, a group of 

fluorescein- and rhodamine-based multivalent dendrons were prepared by branching click 

chemistry. The photophysical properties of these dendritic structures revealed self-quenching 

effects, suggesting potential application as FRET quenchers. 

 

PERSONAL CONTRIBUTIONS: 

- Conceptualization of the project, synthesis design, preparation of all reported compounds 

and characterization of their chemical properties. 

- Photophysical characterization (λabs, λem, ɛ, φ, brightness, photobleaching) of reported 

fluorophores at different pH values. 

- Lead contribution to data curation, writing and preparation of the original manuscript.  

- Edition and revision of the manuscript together with all co-authors. 
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Divergent Synthesis of Ultrabright and Dendritic Xanthenes
for Enhanced Click-Chemistry-Based Bioimaging

Luis Montiel,[a, b] Fabio Spada,[a] Antony Crisp,[a] Sascha Serdjukow,[a] Thomas Carell,[b] and
Thomas Frischmuth*[a]

Abstract: Biorthogonal labelling with fluorescent small mole-
cules is an indispensable tool for diagnostic and biomedical
applications. In dye-based 5-ethynyl-2’-deoxyuridine (EdU)
cell proliferation assays, augmentation of the fluorescent
signal entails an overall enhancement in the sensitivity and
quality of the method. To this end, a rapid, divergent
synthetic procedure that provides ready-to-click pH-insensitive
rhodamine dyes exhibiting outstanding brightness was estab-
lished. Compared to the shortest available synthesis of related
high quantum-yielding rhodamines, two fewer synthetic steps
are required. In a head-to-head imaging comparison involving

copper(I)-catalyzed azide alkyne cycloaddition reactions with
in vitro administered EdU, our new 3,3-difluoroazetidine
rhodamine azide outperformed the popular 5-TAMRA-azide,
making it among the best available choices when it comes to
fluorescent imaging of DNA. In a further exploration of the
fluorescence properties of these dyes, a set of bis-MPA
dendrons carrying multiple fluorescein or rhodamine units
was prepared by branching click chemistry. Fluorescence self-
quenching of fluorescein- and rhodamine-functionalized den-
drons limited the suitability of the dyes as labels in EdU-based
experiments but provided new insights into these effects.

Introduction

In the field of bioimaging and diagnostics, fluorescent labelling
has emerged as a potent tool for the elucidation of structures,
dynamics, interactions and functions of biomolecules such as
proteins,[1] nucleic acids,[2] polysaccharides[3] and lipids.[4] Fur-
thermore, efficient fluorescence resonance energy transfer
(FRET)-compatible fluorophores and quenchers are increasingly
sought after for their use in real-time PCR applications,
including as components of molecular beacons,[5] TaqMan
probes,[6] and Scorpion primers.[7] In the context of cell
proliferation detection, fluorescence labelling of nucleic acids
helps to assess genotoxicity of new pharmaceuticals and to
evaluate anticancer drugs.[8] In order to obtain an effective
image and produce high signal-to-noise ratios, probes must
exhibit strong fluorescent signals. A known disadvantage of
fluorescent labels over traditional radioactive labels is their
moderately lower sensitivity.[9] This difference can lead to
undesirable results, especially in the framework of oncology,

where slowly proliferating cancerogenic cells have been
reported to escape detection.[10] Upon chemical functionaliza-
tion with multiple dyes to enhance fluorescence signal, proteins
and other biomolecules can become inactivated due to their
large structural alteration.[11] Fluorescence brightness, that is,
the product of a fluorophore’s extinction coefficient and
fluorescence quantum yield (ɛ ·φ), is used to compare the
fluorescent properties of different dyes.[12] Therefore, to over-
come concerns related to fluorescence intensity and biomole-
cule alteration, fluorophores with enhanced brightness values
are highly desirable.

Click chemistry remains the gold standard labelling strategy
used in imaging experiments to attach fluorophores to the
biomolecule of interest,[13] with EdU-based assays being partic-
ularly useful for cell proliferation detection, and where the
clickable thymidine analogue EdU is metabolically incorporated
during active DNA synthesis.[14,15] Unlike halogenated thymidine
analogues such as 5-bromo-2’-deoxyuridine (BrdU), EdU assays
do not require harsh DNA denaturing conditions, thus preserv-
ing cellular and tissue integrity.[14,16]

In this study, we disclose a facile, three-step synthesis of
highly bright ready-to-click rhodamine dyes and systematically
explore their photophysical properties. Moreover, we demon-
strate the applicability of these dyes in the framework of EdU-
based assays. In a further exploration of their synthetic utility
and fluorescent properties, we prepare dendrons containing
multiple branched fluorophores with the aim of augmenting
fluorescence signal without increasing the number of labelling-
sites within a given alkyne-modified DNA molecule.[17] The use
of related, but not identical constructs has been demonstrated
to enable a wide variety of applications, particularly in drug and
gene delivery,[18] cancer therapy[19] and tissue engineering.[20]

Controlled synthesis of large dendritic scaffolds remains a
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considerable challenge, particularly where structural character-
ization is concerned, thus prompting the need for new and
improved synthetic strategies. In the context of fluorescent
scaffolds, self-quenching has also proven problematic.[9,21,22] In
certain instances, fluorescence intensity in antibody- and DNA-
conjugates has nonetheless been successfully enhanced,
prompting us to investigate this approach ourselves.[9,23,24]

To such an end, we demonstrate the synthesis by means of
click chemistry, of a set of bis-MPA dendrons carrying either
multiple fluorescein units, or our best-performing rhodamine.
After subsequent characterization of the photophysical proper-
ties of these fluorogenic compounds, we evaluate their
suitability as fluorescent labels for EdU-based experiments as
well as other potential applications.

Results and Discussion

Rhodamines, first described in the 1880s,[25] are a family of
xanthene dyes which exhibit excellent brightness, exceptional
photostability and low pH-sensitivity.[26,27] Traditionally, rhod-
amine dyes (3) have been synthesized by means of an acid-
catalyzed condensation reaction between a phthalic anhydride
(1) and an aminophenol (2) (Scheme 1.1). This reaction is,
however, characterized by harsh conditions, low yields, mixtures
of regioisomers and incompatibilities with several functional
groups.[26,28–30] With the aim to omit this step, Lavis and co-
workers reported a synthesis based on the use of fluorescein
ditriflates (5) as key intermediates and a Pd-catalyzed cross
coupling for the formation of C�N bonds (Scheme 1.2).[28,31]

Following this strategy, milder reaction conditions, higher yields
and the use of a wide range of nitrogen nucleophiles were
successfully carried out. In this work, the latter methodology
has been modified for the synthesis of ready-to-click rhodamine
dyes in a facile and straightforward manner for bioconjugation
with DNA via click chemistry. This new route only comprises 3
synthetic steps and a late-stage formation of fluorescein azide
ditriflate 9, which enables a divergent synthesis of different
rhodamine dyes through Buchwald–Hartwig cross-coupling
(Scheme 1.3).

The synthetic pathway starts with 6-carboxyfluorescein (7)
as an inexpensive, isomerically pure starting material. The 6-
carboxyl group was converted in situ in an N-hydroxysuccini-
mide (NHS) ester using a catalytic amount of 4-(Dimeth-
ylamino)pyridine (DMAP), triethylamine and N,N’-disuccinimidyl
carbonate (DSC) as a coupling reagent. Upon activation as an
NHS ester, the bifunctional linker azidopropan-1-amine was
added to provide fluorescein azide (8) as a bright orange solid
in 70% yield. The next step involved conversion of the phenolic
groups into triflates using trifluoromethanesulfonic anhydride
(Tf2O) and pyridine to yield fluorescein azide ditriflate 9 in 81%
yield as the key intermediate of the synthesis. Subsequent
Buchwald-Hartwig cross-couplings were performed using
Pd2(dba)3/XPhos as the catalytic system and Cs2CO3 as base. In a
similar approach as previously reported in the literature,[30,32]

catalyst and ligand loadings were increased to suppress triflate
hydrolysis, which represented the main side-reaction of this

step. Different 3-substituted azetidines were used as nitrogen
nucleophiles in the cross-coupling reaction since rhodamine
dyes containing azetidine rings were found to exhibit consid-
erable quantum yields.[28,31] In this manner, dyes RDH2 (10), RDm

(11), and RDF2 (12) were successfully synthesized as pink-to-
purple solids in 42%, 60% and 74% yield, respectively. A study
of the photophysical properties of these dyes was performed by
UV-Vis and fluorescence spectroscopic techniques at different
pH values (Table 1). In order to observe the properties of the
zwitterionic and cationic forms of the rhodamines,[26] measure-
ments were taken at close-to physiological (pH=7.3) and acidic
(pH=1.9) pH values, respectively (see Supporting Information,
Figures S19–21 for the calculated pka values). As for the
absorption and emission maxima (λabs, λem), the synthesized
dyes absorb green and green-to-yellow light (λabs=530–
556 nm) and emit green-to-yellow and yellow light (λem=554–
580 nm). A larger hyposochromic 5(blue) shift in both λabs and
λem was observed when using azetidine derivatives containing

Scheme 1. Different strategies for the synthesis of rhodamine dyes. a) DSC,
DMAP, Et3N, DMF, 1 h, rt, then 3-azidopropan-1-amine, 2 h, rt, 70%, b) Py,
Tf2O, CH2Cl2, 16 h, 0 °C!rt, 81%, c) amine·HCl, Pd2(dba)3, XPhos, Cs2CO3,
dioxane, 4 h, 100 °C, 42–74%. DSC=N,N’ disuccinimidyl carbonate.
DMAP=4-dimethylaminopyridine. DMF=N,N-dimethylformamide. Py=pyr-
idine. Tf2O= trifluoromethanesulfonic anhydride. dba=dibenzylideneace-
tone.
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more electron-withdrawing groups. Thus, λabs and λem of these
dyes obey the following tendency: RDH2>RDm>RDF2. This set
of rhodamine dyes showed high ɛmax values (ɛmax=53000 to
68000 M�1cm�1) with low pH sensitivity. Likewise, the rhod-
amines showed high to very high quantum yield values (φ=

0.67 to 0.89) with minimal pH-dependent effects, except for
RDm (φ=0.67 at pH 7.3 and φ=0.86 at pH 1.9). This quenching
behavior, as described in the literature,[28,34,35] is indicative of an
intramolecular photoinduced electron transfer (PeT) due to the
presence of unprotonated morpholino amines. Consequently,
the quantum yield value of RDm increased dramatically at
pH 1.9.

Given its remarkably high extinction coefficient, quantum
yield and low pH-dependence, RDF2 dye (ɛmax=60000 M�1cm1

and φ=0.89 at pH 7.3) stood as the best-performing dye in
terms of fluorescence brightness. With this in mind, we assessed
the applicability of RDF2 to an EdU cell proliferation assay
(Figure 1a). HEK-293T cells were pulsed for 2 h with EdU, fixed,
permeabilized and Cu-catalyzed in situ click reactions were
performed in parallel with RDF2 and the well-established 5-
TAMRA-PEG3-azide. After image acquisition by fluorescence
microscopy (Figure 1b), both dyes provided images with
characteristic nuclear patterns of DNA replication and similar
fluorescence intensity. The emission filter used in this assay,
however, exhibited an acquisition window overlapping more
extensively the emission spectrum of TAMRA in detriment of
that of RDF2. This indicates, therefore, that RDF2 performs at
least as robustly as the well-established TAMRA dye upon click-
mediated in situ EdU labelling.

Encouraged by these results, we investigated the use of
dye-containing dendrons as fluorescent labels to further amplify
the fluorescence signal without increasing the number of
labelling-sites on DNA (Scheme 2). We therefore synthesized
and characterized the photophysical properties of a family of
fluorescein-based dendritic dyes carrying two (FD2, 12), four
(FD4, 13) and eight (FD8, 14) branched fluorescein substituents.
In order to synthesize these multivalent fluorescent dyes, we
chose a set of 2,2-bis(methylol)propionic acid (bis-MPA) poly-
ester dendrons as functional, biodegradable and low-cytotoxic
polymeric scaffolds suitable for biological applications.[17] The
present strategy consisted of functionalizing the different
dendritic structures with units of fluorescein azide via a
copper-catalyzed click reaction to yield FD2, FD4 and FD8 in
61%, 67% and 40% yield, respectively. FD8 was further
functionalized to include an azide moiety into its focal point to

enable a possible bioconjugation via click chemistry. Upon
treatment of FD8 with trifluoroacetic acid, the Boc-protected
amine was released in quantitative yields. The subsequent
coupling reaction with the NHS ester of an azide-containing
linker afforded FD8-N3 (16) in 67% yield.

In an analogous approach to that of the synthesized
rhodamine dyes, the photophysical properties of these den-
drons were evaluated at different pH values (Table 2 and
Figure 2). The spectral properties of fluorescein are known to be
pH-sensitive, especially due to the equilibrium between the
mono- and dianion forms with a pKa of 6.4,

[37] the dianion being
the most fluorescent species.[37,38] For this reason, measurements
were taken at close-to physiological (pH=7.3) and basic (pH=

Table 1. Photophysical properties of the synthesized rhodamine dyes.

pH 7.3[a] pH 1.9[b]

Fluorophore λabs/λem [nm] ɛmax
[c] [M�1cm�1] φ[d]

ɛmax ·φ [M�1 cm�1] λabs/λem [nm] ɛmax
[c] [M�1cm�1] φ[d]

ɛmax ·φ [M�1cm�1]

RDH2 554/576 64000 0.74 47360 556/580 63000 0.67 42210
RDm 547/569 53000 0.67 35510 536/560 55000 0.86 47300
RDF2 530/554 60000 0.89 53400 533/558 68000 0.87 59160

[a] Measurements were taken in 10 mM HEPES, pH 7.3 buffer at room temperature. [b] Measurements were taken in 0.1% TFA aqueous solution at room
temperature. [c] Maximum extinction coefficients (ɛmax) were calculated by a linear regression analysis obeying the Beer-Lambert law. [d] Quantum yields
(φ) were determined using the comparative method and rhodamine 6G (φ=0.95 in EtOH)[33] as reference.

Figure 1. EdU cell proliferation assays with RDF2 and 5-TAMRA-PEG3-Azide. a)
Schematic workflow of the EdU cell proliferation assay. Cells were grown and
incubated with EdU. After cell fixation, the alkyne-modified DNA was
bioconjugated with RDF2 or 5-TAMRA-PEG3-azide via Cu-catalyzed click
reaction and detected by fluorescence microscopy. b) Fluorescence micro-
scopy images of EdU-pulsed HEK-293T cells after click reactions with RDF2

(red, left panels) and 5-TAMRA-PEG3-azide (red, right panels). Blue signals
represent nuclear counterstaining with DAPI.
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9.1) pH values to study the impact of this equilibrium in our
family of fluorescein-based fluorophores.

As for the absorption properties, absorbance rose with the
number of dyes. The maximum molar extinction coefficients
(ɛmax) for fluorescein azide, FD2, FD4 and FD8 at pH 7.3 were
61000 (λmax=495 nm), 80000 (λmax=497 nm), 116000 (λmax=

497 nm) and 168000 M�1cm�1 (λmax=492 nm), respectively.
Upon normalization, the ratio of the dyes’ respective ɛmax values
was therefore, 1/1.3/1.9/2.8. At pH 9.1, the fluorophores ex-
hibited ɛmax values of 71000 (λmax=495 nm), 123000 (λmax=

498 nm), 202000 (λmax=498 nm) and 375000 M�1cm�1 (λmax=

498 nm) for fluorescein azide, FD2, FD4 and FD8, in that order.
The ɛmax ratio was, in this case, 1/1.8/2.9/5.4, showing an
important pH-dependent escalation of the absorption proper-

ties and approaching to the number of fluorescein units, that is
1 : 2 : 4 : 8.

Regarding the emission of the fluorophores, a decrease of
the fluorescence quantum yield (φ) was observed along with
the increasing number of fluorescein units (Table 2). More
specifically, quantum yields at pH 7.3 for fluorescein azide,
FD2, FD4 and FD8 were, in that order, 0.77, 0.13, 0.04 and
<0.01. Analogously, the decay in quantum yield was observed
at pH 9.1 although a wide variation as a function of pH was
noted, particularly for fluorescein azide and FD2. Thus, the
quantum yield values at pH 9.1 were 0.91, 0.26, 0.05 and <0.01
for fluorescein azide, FD2, FD4 and FD8, respectively.

The fluorescence brightness (Table 2) diminished upon
increasing the number of dyes per molecule at both pH values.

Scheme 2. Synthesis and structure of fluorescein- and rhodamine-based dendritic dyes. a) CuBr, PMDTA, DMF, 45 °C, 4 h, 61% (FD2), 67% (FD4), 40% (FD8),
85% (RDF2D4). b) TFA, 2 h, rt, quantitative yield. c) Azido-PEG4-NHS ester, Et3N, DMF, 1 h, 67%. PMDTA=pentamethyldiethylenetriamine. DMF=N,N-

dimethylformamide. TFA= trifluoroacetic acid. Azido-PEG4-NHS=15-Azido-4,7,10,13-tetraoxa-pentadecanoic acid succinimidyl ester.

Table 2. Photophysical properties of fluorescein azide and fluorescein-based dendritic fluorophores at different pH values.

pH 7.3[a] pH 9.1[b]

Fluorophore λabs/λem [nm] ɛmax
[c] [M�1cm�1] φ[d]

ɛmax ·φ [M�1cm�1] λabs/λem [nm] ɛmax
[c] [M�1cm�1] φ[d]

ɛmax ·φ [M�1cm�1]

Fluorescein azide 495/517 61000 0.77 46970 495/517 71000 0.91 64610
FD2 497/519 80000 0.13 10400 498/520 123000 0.26 31980
FD4 497/519 116000 0.04 4640 498 520 202000 0.05 10100
FD8 492/519 168000 <0.01 1176 498/519 375000 <0.01 2225
RDF2D4 532/555 33000 0.13 4290 537/558[e] 57000[e] 0.14[e] 7980[e]

[a] Measurements were taken in 10 mM HEPES, pH 7.3 buffer at room temperature. [b] Measurements were taken in 10 mM sodium borate, pH 9.1 buffer at
room temperature. [c] Maximum molar extinction coefficients (ɛmax) were calculated by a linear regression analysis obeying the Beer-Lambert law. [d]
Quantum yields (φ) were determined using the comparative method and fluorescein (φ=0.91 in 0.1 M aqueous NaOH)[36] as reference. [e] Measurements
were taken in 0.1% v/v TFA aqueous solution (pH=1.9) at room temperature. Quantum yields (φ) were determined using the comparative method and
rhodamine 6G (φ=0.95 in EtOH)[33] as reference.
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Therefore, even though the absorption increased upon increas-
ing the number of fluorescein moieties, the strong decay in
quantum yield rendered a decrease in the fluorescence
intensity. This behavior is confirmed by the fluorescence spectra
shown in Figure 2. This decrease in fluorescence intensity was
attributed to self-quenching, presumably resulting from the
relatively small Stokes shift of fluorescein and the proximity of
the dyes within the dendritic structures.[9,38,39] It is noteworthy to
mention the bimodal shape of the absorbance spectrum of FD8
at pH 7.3. In comparison to the other analogous dendrons, FD8
exhibited a hypsochromic shift in which a second absorption
band arose at 462 nm. This was suggestive of the formation of
H-aggregates caused by π–π interactions between the different
dye units.[23,40–42]. These interactions were less prevalent at
pH 9.1 with the more polar and water-soluble dianion form of
fluorescein.[43,44] Hence, the absorption spectrum recovered the
original pattern.

After evaluating the fluorescein-based family of dendritic
fluorophores, we concluded that the macromolecules are ill-
suited for use in nucleic acid detection compared with their
individual monomeric substituents. The strong interactions
between the different dye units led to self-quenching, which
was evidently undesirable for the synthesis of dendron-based
fluorescence amplifiers.

Raddaoui, Stazzoni et al.[24] developed a TAMRA-functional-
ized dendritic fluorophore which was bioconjugated to EdU-
labelled DNA via click chemistry and achieved fluorescence
amplification. Inspired by this work, we focused our efforts on
the preparation of a rhodamine-based dendritic fluorophore
using our model dye RDF2. In the event, after functionalizing an
alkyne-presenting bis-MPA dendron via copper-catalyzed click
chemistry, RDF2D4 was afforded as a bright, pink powder in
85% yield (Scheme 2). Once the photophysical properties were
measured (Table 2 and Figure 3), RDF2D4 was found to exhibit
absorption and emission wavelengths very similar to RDF2 at
both pH 7.3 and pH 1.9. As for the extinction coefficient, lower
values than those of RDF2 were noted as well as an important
pH-dependence (ɛmax=33000 M�1cm�1 at pH 7.3 and ɛmax=

57000 M�1cm�1 at pH 1.9). In terms of quantum yield, an
important decay of the fluorescence emission was observed
with a negligible effect of pH (φ=0.13 at pH 7.3 and φ=0.14 at
pH 1.9). Therefore, as shown in Figure 3, the fluorescence
intensity of RDF2D4 did not surpass that of RDF2. The most
plausible explanation of this behavior is, once again, the self-
quenching caused by the relatively small Stokes shift of RDF2 as
well as the relative proximity of the dye units within the
dendron. A tendency of RDF2D4 to form H-aggregates in
aqueous solution is also observed by the presence, at both pH
values, of an additional shoulder at 505 nm (pH=7.3) or

Figure 2. Absorption and emission spectra of fluorescein azide, FD2, FD4 and FD8 at different pH values. a) Absorption spectra measured in 10 mM HEPES,
pH 7.3 buffer at a concentration of 2 μM. b) Absorption spectra measured in 10 mM sodium borate, pH 9.1 buffer at a concentration of 2 μM. c) Emission
spectra measured in 10 mM HEPES, pH 7.3 buffer at a concentration of 0.2 μM. λex =495 nm (fluorescein azide), 497 nm (FD2 and FD4) and 492 nm (FD8). d)
Emission spectra measured in 10 mM sodium borate, pH 9.1 buffer at a concentration of 0.2 μM. λex =495 nm (fluorescein azide) and 498 nm (FD2, FD4 and
FD8). Inset: Solutions in the photographs correspond, from left to right, to fluorescein azide, FD2, FD4 and FD8 at 2 μM (absorbance) or 0.2 μM (emission).
Absorbance and emission scans are averages (n=3). All measurements were taken at room temperature.
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510 nm (pH=1.9). The suitability of RDF2D4 as a fluorescent
amplifier is, thus, limited by its inherent self-quenching.

Previous work has demonstrated aggregates tend to
diminish upon temperature elevation due to changes in the
dynamic equilibrium, and thus resulting in an increase of
fluorescence intensity.[45�–47] Conversely, non-radiative rate con-
stants and collisional quenching also tend to be amplified upon
heating, leading to a decrease of fluorescence.[48] In order to
evaluate which of the two effects predominate in our dendritic
fluorophores, the fluorescence of these molecules was meas-
ured at varying temperature values between 25 °C and 65 °C, as
shown in Figure 4. In the event, the fluorescein-based dendrons
FD2 and FD4 exhibited comparable fluorescence decay behav-
ior. FD8, meanwhile, showed a diminished change in
fluorescence intensity upon heating compared with FD2 and
FD4. This behavior could be indicative of a reconversion of
aggregates to monomers in solution. For RDF2D4, a less
pronounced decay of fluorescence is shown in comparison to
its fluorescein analogue FD4, indicating that aggregation might
occur at a lesser extent for the former compound at higher
temperatures. Overall, it is apparent that non-radiative proc-
esses and collisional quenching prevail for all fluorophores
upon increase of temperature, leading to a general decay in
their fluorescence intensity.

Conclusion

The improvement and development of new dyes is of utmost
importance for fluorescence-based diagnostic advancements. In
cell proliferation assays, high signal-to-noise ratios allow reliable
detection of smaller number of proliferating cells. To achieve
these requirements, fluorophores with enhanced fluorescent
properties must be identified, synthesized, and introduced into
biomolecules without jeopardizing their biological activity.

In this work, the successful development of a direct,
divergent pathway for the synthesis of ready-to-click rhodamine

Figure 3. Absorption and emission spectra of RDF2 and RDF2D4 at different pH values. a) Absorption spectra measured in 10 mM HEPES, pH 7.3 buffer at a
concentration of 2 μM. b) Absorption spectra measured in 0.1% v/v TFA aqueous solution (pH=1.9) at a concentration of 2 μM. c) Emission spectra measured
in 10 mM HEPES, pH 7.3 buffer at a concentration of 0.2 μM. λex=530 nm (RDF2) and 532 nm (RDF2D4). d) Emission spectra measured in 0.1% v/v TFA aqueous
solution (pH=1.9) at a concentration of 0.2 μM. λex=533 nm (RDF2) and 537 nm (RDF2D4). Inset: Solutions in the photographs correspond, from left to right, to
RDF2 and RDF2D4 at 2 μM (absorbance) or 0.2 μM (emission). Absorbance and emission scans are averages (n=3). All measurements were taken at room
temperature.

Figure 4. Effect of temperature on the fluorescence intensity of the
synthesized dendritic fluorophores.
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dyes afforded three fluorophores, namely, RDH2, RDm and RDF2,
showing remarkable photophysical properties, low pH-depend-
ence, and high potential as fluorescent probes in EdU cell
proliferation assays. The development of this new synthetic
pathway, therefore, proves as a promising strategy for the rapid
development of new click chemistry-conjugable fluorophores.

To further increase the fluorescence signal of our fluoro-
phores, a family of three bis-MPA dendritic scaffolds containing
2, 4 and 8 alkyne functionalities were decorated via click
chemistry. In this case, fluorescein azide was used as a standard
fluorophore to afford FD2, FD4, and FD8, respectively. As for
the photophysical properties, which were found to be highly
pH-dependent, an increase of the maximum extinction coef-
ficient along with the number of dye units was observed. In
contrast, the fluorophores showed a decrease of quantum yield
together with the increasing number of dye moieties which, in
turn, caused a decay of the fluorescence intensity. We decided
then to use our model rhodamine dye RDF2 to prepare RDF2D4.
This latter molecule showed lower values of both extinction
coefficient and quantum yield in comparison to RDF2 and, thus,
a decay of the fluorescence intensity. Ultimately, the effect of
temperature on fluorescence intensity of the dendritic fluoro-
phores was evaluated, leading to a general decay of
fluorescence. This behavior suggests that collisional quenching
prevails over aggregate dissociation upon temperature in-
crease.

Albeit the observed self-quenching of fluorescence was not
favorable in this study, comprehensive insights of the behavior
of these dye-functionalized dendrons were acquired. It is
apparent that the development of these dendritic structures
remains challenging[9,21,22] and further optimization must be
carried out. Relatively high lipophilicity of the employed
fluorophores appears to be the main reason for the observed
self-quenching. Introduction of water-soluble functionalities
into the dye moieties would reduce closeness between them,
elude aggregation and possibly enable amplification of the
fluorescent signal. Nevertheless, the strongly absorbing and
nonfluorescent properties of these dendrons could serve in
other applications as quenchers for Förster resonance energy
transfer (FRET) experiments.[49]

Experimental Section

Materials and methods for chemical synthesis and full character-
ization of all new compounds are found in the Supporting
Information.

UV-vis and fluorescence spectroscopy: Samples for spectroscopy
were prepared as stock solutions in DMSO and diluted such that
the DMSO concentration did not exceed 1% (v/v). Absorption
spectra were recorded on an Agilent Cary 50 spectrometer.
Fluorescence spectra were recorded on a Shimadzu RF-5301PC
fluorescence spectrometer. All measurements were performed at
ambient temperature using 1 cm path length, 3.5 mL quartz
cuvettes from Hellma Analytics. Absorbance/extinction coefficient
and emission scans are averages (n=3).

Maximum extinction coefficient determination: All reported
maximum extinction coefficients (ɛmax) were calculated by a linear

regression analysis obeying the Beer-Lambert law. Measurements
were carried out using moderately concentrated samples (A<0.8)
to ensure linearity between absorbance and concentration. All
absorbance values are averages (n=3). Plots are found in the
Supporting Information.

Quantum yield determination: All reported fluorescence quantum
yield values (φ) were determined using the comparative method.[50]

Fluorescein (φ=0.91 in 0.1 M aqueous NaOH)[36] and rhodamine 6G
(φ=0.95 in EtOH)[28] were used as references for fluorescein- and
rhodamine-based fluorophores, respectively. Reported refractive
index values were taken for the aqueous solutions and buffers[51,52]

(n=1.33) and EtOH[53] (n=1.36). Measurements were carried out
using dilute samples (A<0.1) to minimize inner filter effects.[54] All
absorbance and integrated fluorescence intensity (fluorescence
area) values are averages (n=3). The slopes of the plots of
fluorescence area vs. absorbance were used in the comparative
method by means of the following equation:

�s ¼ �r �
ms

mr

�

ns
nr

� �2

in which φ= fluorescence quantum yield, m= slope of the plot of
fluorescence area vs. absorbance, n= refractive index and r and s

subscripts refer to the reference and unknown fluorophore,
respectively. Plots are found in the Supporting Information.

EdU cell proliferation assay: The EdU Cell Proliferation Kit for
imaging EdU-Click 555 (baseclick GmbH) was used following the
manufacturer’s instruction with minor modifications. HEK-293T cells
were seeded on No. 1 glass coverslips and grown in DMEM
containing 10% FBS for 24 h before being pulsed for 2 h with
10 μM EdU in the same growth medium. After washing with PBS,
the cells were fixed with4% formaldehyde in PBS for 15 min,
permeabilized for 15 min with 0.1% saponin in PBS containing 1%
BSA and incubated for 30 min in a cocktail containing 2 μM dye-
azide (either RDF2 or the 5-TAMRA-PEG3-Azide provided with the
kit), 1x Reaction buffer, 1x Buffer additive and Catalyst solution.
Coverslips were then washed 3 times for 5 min with PBS containing
0.1% saponin and 1% BSA with inclusion of DAPI (1 : 15 dilution of
NucBlue Fixed Cell ReadyProbes Reagent, Life Technologies) in the
first wash. Finally, the coverslips were mounted with Fluoroshield
mounting medium (Sigma) on glass slides and imaged using an
EVOS FL II fluorescent microscope equipped with an oil immersion
100x Plan Fluorite objective and EVOS LED Cubes RFP (531/40 nm
excitation, 593/40 nm emission) and DAPI (357/44 excitation,
447/60 nm; all from Life Technologies). Identical illumination
intensity and exposure time were used for imaging samples treated
with the two dye-azides. Images were processed using the ImageJ
software.
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4.1 Synthesis and Validation of Clickable Multimeric Mannose 

Ligands for Dendritic Cell Targeting 

 

4.1.1 Prolog: Targeted Delivery of Nucleic Acid Therapeutics 

Specific drug delivery remains as the main hindrance for most therapeutic developments. The 

selective delivery of nucleic-acid-based drugs to cells and tissues of interest is, therefore, a 

sought-after attribute to enhance efficacy and limit side effects of these medicines. 

State-of-the-art advances in nucleic-acid-based therapies show exceptional potential, as diverse 

cutting-edge RNA-based medications start to gain approval or advance to phase III clinical 

trials. Current research and clinical efforts include a wide range of applications, such as protein 

replacement therapies, gene expression regulation, cell therapies, vaccination against cancer 

and infectious diseases and gene editing. Most emerging nucleic-acid-based drugs, however, 

present issues associated to fast degradation by nucleases, suboptimal cell penetration and 

immunogenicity that must be surmounted to fully exhibit their therapeutic properties.[143,144]  

For this purpose, various delivery platforms, including polymer- and lipid-based 

nanoparticles[145–147] and ligand-conjugated systems,[148–151] have been developed. The 

utilization of ligands able to induce uptake by receptor-mediated endocytosis emerges as a 

promising strategy to accomplish accumulation of therapeutic RNAs in desired cells and 

tissues. Peptides,[152,153] antibodies,[154–156] aptamers[157] and biologically-active small 

molecules[158,159] have been employed for the targeting of different tissues.[160] Hitherto, one of 

the most significant advancements in RNA-based drug delivery comprises the recently reported 

hepatocyte-targeting ligand found on the carbohydrate-conjugated RNA drugs Givosiran 

(Alnylam), Lumasiran (Alnylam) and Inclisiran (Novartis). These triantennary 

N-acetylgalactosamine (GalNAc)-siRNA conjugates (Figure 9), currently on the market,[101–

103] are used to treat liver-related illnesses. The rationale behind the delivery and accumulation 

of these siRNAs into the liver is based on the specific binding of the GalNAc-based ligand to 

asialoglycoprotein receptors (ASGPR) of hepatocytes.[161] Notwithstanding the considerable 

amount of potential ligands for specific cell-targeting, achieving favorable in vivo delivery to 

extrahepatic tissues persists as a main hurdle and additional research is essential.[162] 
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Figure 9. General structure of the commercially available triantennary GalNAc-siRNA conjugates. 

 
In the context of cancer immunotherapy[163] and vaccination,[164] aiming at professional 

antigen-presenting cells (APCs), like dendritic cells (DCs) and macrophages (Mφs), is of prime 

concern to activate the immune system. APCs internalize and process cellular debris, cancer 

cells, and pathogens and present the generated antigens on their surface through MHC proteins 

to adaptive immune system cells.[165,166] Several extensively expressed C-type lectins (CTLs) 

are present in DCs and Mφs. These CTLs bind to a number of carbohydrate structures, which 

are generally situated on pathogen surfaces and play a pivotal role in endocytic processes 

(Figure 10).[167–169] 

An established methodology to produce synthetic CTL-targeting ligands relies on 

functionalization of polymeric constructs with various units of monosaccharides.[170,171] In this 

 

 

Figure 10. Endocytosis in DCs and Mφs of pathogens (left) and potential targeted delivery of RNA-based drugs, 
such as mRNA-LNPs, containing targeting ligands (right). The activation of the adaptive immune system is 
induced by antigen presentation on these cells. LNP = lipid nanoparticle. 
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thesis chapter, consequently, we aim to synthesize APC-targeting molecules and to evaluate 

their targeting properties for potential therapeutic applications in the field of vaccination and 

cancer immunotherapy. 

 

4.1.2 Results and Discussion 

Several relevant CTLs, including Dectin-2, mannose receptor (MR) and dendritic cell-specific 

intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) play an essential role in 

endocytic processes upon binding to high-mannose structures.[168] We envisioned, therefore, 

the synthesis of diantennary and tetraantennary mannose-presenting targeting ligands. With 

this in mind, we decided to use alkyne-functionalized 2,2-bis(methylol)propionic acid 

(bis-MPA) polyester dendrons as our structural scaffold. The selection of these polyester-based 

constructs relied on their biodegradable, functional and low-cytotoxic properties together with 

their facile click chemistry-functionalization.[172] Considering the polyester nature of the 

utilized bis-MPA dendrons, we anticipated a protecting group exchange in our azide-presenting 

mannose precursor — 2,3,4,6-tetra-O-acetyl-α-D-mannopyranosyl azide (60) — where esters 

were replaced by silyl ether protecting groups (Scheme 7). In this manner, we ensured 

functional group orthogonality in the following synthetic steps and, due to the size increment 

of the products, purification by size exclusion chromatography was remarkably facilitated. 

Following our approach, mannose derivative 60 was subjected to deprotection by using 

NaOMe in MeOH to afford α-D-mannopyranosyl azide (61). Further treatment of compound 

61 with tert-butyldiphenylsilyl chloride (TBDPSCl) along with imidazole in DMF gave rise to 

compound 63 in very good yields (83%) after two steps. The expected fully protected product 

62, nonetheless, was not produced. This probably occurred as a result of the steric hinderance 

 

 

Scheme 7. Protecting group exchange of azide-presenting mannose precursor 60. i) NaOMe, MeOH, RT, 3 h. 
ii) TBDPSCl, imidazole, DMF, RT, overnight, 83 % after 2 steps. TBDPS = tert-butyldiphenylsilyl. 
DMF = N,N-dimethylformamide. 
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related to the bulky silyl ethers formed via protection of the other three hydroxyl groups. The 

free hydroxyl group position in 63 was elucidated in accordance with the coupling constant 

values of the geminal proton relative to the hydroxyl group (H-3). The values of J = 10.1, 8.8 

and 3.3 Hz are in agreement with the coupling between H-3 and the hydroxyl group proton, 

vicinal axial proton, and vicinal equatorial proton, respectively. 

The synthesis of diantennary targeting ligand 68 (Scheme 8) commenced with the mannose-

functionalization of dendron 64 via CuAAC with mannose derivative 63 to afford compound 

65 in good yields (70%). In order to perform a selective cleavage of the tert-butyloxycarbonyl 

(Boc) group of 65 in the presence of tert-butyldiphenylsilyl ether groups, we followed the 

deprotection methodology developed by Cavelier and Enjalbal.[173] To this end, compound 65 

was subjected to HCl 1.0 M in ethyl acetate to afford, in quantitative yield, the deprotected 

product 66. Subsequent coupling between 66 and a DBCO-containing N-hydroxysuccinimide 

(NHS) ester gave rise to compound 67 in very good yield (84%). To conclude the synthesis, 

 

 

Scheme 8. Synthesis of mannose-based diantennary (68) and tetraantennary targeting ligands (73). i) 63, CuBr, 
PMDTA, DMF, 45 ºC, overnight, 70 % (65), 69 % (70). ii) HCl 1 M in EtOAc, RT, 2 h, 95 % (63), 98 % (71). 
iii) DBCO-PEG5-NHS, Et3N, DMF, RT, 1h, 84 % (67), 93 % (72). iv) Et3N·3HF, Et3N, THF, 60 ºC, 24 h, 93 % 
(68), 91 % (73). DBCO-PEG5-NHS = Dibenzoazacyclooctyne-penta(ethylene glycol)-propanoic acid 
succinimidyl ester. DMF = N,N-dimethylformamide. TBDPS = tert-butyldiphenylsilyl. PMDTA = 
pentamethyldiethylenetriamine. THF = tetrahydrofuran. 



4 UNPUBLISHED WORK 

31 

an alkaline buffered solution of Et3N·3HF and Et3N in THF was employed to achieve the global 

deprotection of the carbohydrate moieties. A buffered basic medium was crucial in this step 

due to the relative acid-sensitivity of the DBCO group. After this last synthetic step, 

diantennary targeting ligand 68 was successfully obtained in excellent yield (93%). 

Owing to the structural similarities, synthesis of tetraantennary targeting ligand 73 (Scheme 8) 

was accomplished analogously to that of targeting ligand 68. In this respect, the introduction 

of silylated mannose 63 into dendritic scaffold 69, by means of CuAAC, provided 70 in a 69% 

yield. Selective acidic deprotection of the N-Boc group (98% yield) and subsequent coupling 

between 71 and DBCO-presenting NHS ester delivered 72 in excellent yield (93%). As for the 

final basic deprotection of silyl groups, treatment of 72 with a buffered solution of Et3N·3HF 

and Et3N yielded tetraantennary targeting ligand 73 (91%). 

Dendritic cell immunoreceptor (DCIR), another significant CTL receptor, is reported by Bloem 

et al.[174] to bind mannotriose structures. Taking this into consideration, we synthesized a 

clickable mannotriose-based ligand (Scheme 9) in an uncomplicated manner by means of an 

aniline mannotriose derivative (74) and a DBCO-functionalized NHS ester linker. The 

resulting mannotriose targeting ligand 75 was afforded in 34% yield after RP-HPLC 

purification. 

 

 

Scheme 9. Synthesis of mannotriose- (a) and triantennary GalNAc-based (b) targeting ligands. i) DBCO-PEG5-
NHS, Et3N, DMF, RT, 1 h, 34%. ii) NH3(aq), EtOH, 55 ºC, 5 h, quantitative yield. 

 
Moreover, and for cellular uptake comparative purposes, we generated a clickable version of 

the already successful triantennary GalNAc ligand, which is recognized by the macrophage 

galactose/N-acetylgalactosamine specific C-type lectin (MGL),[175] in addition to ASGPR. 

Similarly to DCIR, Dectin-2, DC- SIGN and MR, MGL is expressed in subsets of DCs and 
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Mφs. For such purpose, peracetylated compound 76 was subjected to deprotection with 

aqueous ammonia and ethanol at 55ºC for 5 h to quantitatively provide traintennary GalNAc 

targeting ligand 77 (Scheme 9).  

In order to perform the subsequent cellular internalization assessment, mannose-based 

targeting ligands 68, 73 and 75 as well as triantennary GalNAc ligand 77 were clicked to 

fluorescein azide 78 (Figure 11). 

 

 
Figure 11. a) Conjugation of targeting ligands 68, 72, 75 and 77 with fluorescein azide 78. b) Schematic 
representation of the postulated receptor-mediated endocytosis of 79-82 into DCs. i) 68, 73 or 75, DMSO, RT, 
overnight, quantitative yield. ii) 70, Cu0 pellets, TBTA, DMSO, 600 rpm, 45 °C, 2h, quantitative yield. DMSO = 
dimethyl sulfoxide. TBTA = tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine. 

 

Given that these click reactions were conducted at a micromolar level, the resulting yields were 

evaluated using HPLC chromatography. Both fluorescein azide (78) and targeting ligands 68, 

73, 75 and 77 were added in equimolar amounts in each reaction. The yields were determined, 

therefore, by the presence or absence of the peak corresponding to fluorescein azide (78). 

Figure 12 illustrates that no peak matching the free fluorophore was detected in the HPL 

chromatograms for conjugates 79-82, and less than 5% of free fluorescein was observed in the 

HPL chromatogram of GalNAc-containing conjugate 82. Thereby, we concluded that the 

reactions afforded the expected click products in nearly quantitative yields. 
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Figure 12. HPL chromatograms of a) dianntenary mannose-fluorescein conjugate 79, b) mannotriose-fluorescein 
conjugate 80, c) tetraanntenary mannose-fluorescein conjugate 81, d) trianntenary GalNAc-fluorescein 
conjugate 82. λabs = 497 nm. Conditions: 1.5 mL/min, 40 °C, buffer B 0-30% v/v 0  4 min, then 30-85% v/v 
4  10 min. The dotted, yellow peak represents the retention time of free fluorescein azide (71).  

 
These conjugates were added to cultures of THP-1 monocytic leukemia cell line, previously 

exposed to growth factors IL-4 and GM-CSF for five days. Under the applied conditions, 

THP-1 cells undergo differentiation into immature DCs, which exhibit typical expression of 

C-type lectin receptors, including MR,[176] and effectively internalize antigens by 

receptor-mediated endocytosis and macropinocytosis. Besides these conjugates, 

non-conjugated fluorescein azide 78 and FITC-labeled high molecular weight dextran, a 

genuine ligand for MR,[177] were also employed as controls for cellular uptake evaluation 

(Figure 13 and Figure 14). 

As expected for receptor-mediated endocytosis, FITC-labeled dextran was internalized in a 

highly compartmentalized pattern.[177] In contrast, fluorophore 78 showed a diffused 

cytoplasmic signal in the majority of cells, consistent with macropinocytosis. Among the 

synthesized fluorescent conjugates (79-82), diantennary mannose conjugate 79 exhibited a 

mostly diffuse cytoplasmic uptake distribution with some discrete compartments. As for 

mannotriose conjugate 80 and tetraantennary mannose conjugate 81, these ligands displayed a 

progressively increased degree of compartmentalization upon higher branching degree and 

number of mannose units. Ultimately, triantennary GalNAc conjugate 82 showed a comparable 

proportion of cells with diffuse versus compartmentalized fluorescent signal to that of 

mannotriose conjugate 80.  
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Figure 13. Fluorescent ligand uptake assays in THP-1 derived DCs. The indicated compounds and DAPI were 
added to the culture medium, and cells were imaged live after washing. Green signals show the distribution of 
fluorescein/FITC-labeled compound/conjugates as indicated. DAPI staining was used to assay cell viability 
(living cells are not permeable to DAPI and remain unstained). Scale bars represent 100 µm. 

 
Despite the similar uptake results between 80 and 82, additional studies with triantennary 

GalNAc ligand were discouraged due to its known major uptake by hepatocytes.[161] From a 

perspective of binding affinity, the majority of CTLs possess various monosaccharide binding 

domains (CTLDs), where each of these domains bind to a single sugar unit. Not all CTLDs, 

however, exhibit monosaccharide binding activity. For instance, MR displays 8 CTLDs, of 

which only two domains (CTLD4 and CTLD5) bind mannose, GalNAc or fucose, the others 
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Figure 14. Magnified insets of merged green fluorescence and bright field images. Arrowheads point to signals 
confined to discrete compartments. Scale bars represent 20 µm. 

 
seem to have other functions, and CTLD5 shows weak sugar binding. Based on topological 

effects, MR dimerization is only known to occur in non-immune cell types and even impairs 

monosaccharide binding in favor of other functions.[178] We, thereby, tentatively hypothesize 

that fluorescent tetraantennary conjugate 81 is internalized more efficiently than fluorescent 

diantennary conjugate 79 as a result of a bridging effect, arising from the farther apart branches 

of the former between CTLDs. We also speculate that a diantennary ligand may not provide 

significant advantages over a monomeric one because of its short ‘span’, whereas a higher 

branching degree may potentially provide better binding. For other CTLs, this may vary 

depending on the adjacency of the monosaccharide-binding CTLDs.  

To conclude, this study demonstrates efficient internalization into immature DCs prompted by 

the use of our synthesized high mannose branched structures. In line with previous work,[179,180] 

our findings qualitatively indicate a positive correlation between the number of mannose units 

and endocytic internalization, presumably via receptor-mediated uptake. Interestingly, the 

comparable proclivity of tetrantennary and mannotriose ligands for higher compartmentalized 

uptake than the diantennary ligand implies that the structural arrangement of mannose units 

may influence their internalization modality in CTL-rich immature DCs. 
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Building upon our findings, this thesis chapter has served as a steppingstone towards the 

realization of cell-targeted therapeutics. The insights gained from this research contribute to 

expanding the field of click chemistry and paves the way for future investigations into the 

development of cutting-edge cell-specific drug delivery systems. In light of the success 

achieved in this chapter, aligned with the aims of the thesis, the next objective entails the 

application of these targeting ligands to a nucleic acid payload. 

  



4 UNPUBLISHED WORK 

37 

4.2 Application of Multimeric Mannose Targeting Ligands in an 

mRNA-Based SARS-CoV-2 Vaccine Candidate 

 

4.2.1 Prolog: The COVID-19 Pandemic 

The coronavirus disease 2019 (COVID-19) is caused by a viral infection with the severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2).[181] SARS-CoV-2 was first identified in 

December 2019 after clusters of pneumonia of unknown cause were reported in Wuhan 

(China).[182] The rapid and global spread of the virus led the World Health Organization (WHO) 

to declare the outbreak of COVID-19 as a pandemic on March 11, 2020.[183] COVID-19 

symptoms range from asymptomatic or mild disease, such as fever, cough, dyspnea, smell- and 

loss of taste to eventually severe pneumonia and acute respiratory distress syndrome (ARDS), 

leading to multiorgan failure and death.[184,185] As of December 27, 2022, the pandemic has 

globally caused over 651 million COVID-19 cases and more than 6.6 million deaths.[186] 

Consequently, the COVID-19 pandemic has developed into an unparalleled challenge to 

worldwide healthcare and food systems, economies and humankind.[181,187] 

SARS-CoV-2 is an enveloped, positive-sense, single stranded RNA virus, sharing over 70% of 

its sequence with the severe acute respiratory syndrome coronavirus (SARS-CoV-1), and circa 

50% with the Middle East respiratory syndrome-related coronavirus (MERS-CoV).[188] Each 

 

 

Figure 15. Structural proteins of SARS-CoV-2. S glycoprotein is responsible for enabling the virus to enter the 
host cell by attaching and fusing with the cell membrane.[189] E protein is a multifunctional protein with structural, 
viral assembly and pathogenesis roles, among others.[190–192] M protein assembles the virus through protein-protein 
interactions.[193] N protein is believed to have multiple functions, such as forming a helical ribonucleoprotein 
(RNP) complex to pack and protect the RNA genome, protein-protein interactions and manipulating the cell cycle 
of the host cell.[194–196]  
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viral unit is 60-140 nm in diameter[197,198] and, like other coronaviruses, SARS-CoV-2 has 4 

structural proteins, namely the spike (S), envelope (E), membrane (M) and nucleocapsid (N) 

proteins (Figure 15). 

To prevent the spread of this virus and control the pandemic, numerous vaccine candidates 

have been developed since 2020.[199,200] Vaccines are used to safely induce an immune response 

that confers protection against a specific pathogen. To achieve this, vaccines contain or express 

antigens that represent such a pathogen, which are usually proteins that induce immune 

responses.[201] After vaccination or first pathogen exposure, a primary immune response occurs 

via proliferation and activation of pathogen-specific B and T cells (or lymphocytes). B cells 

are responsible for antibody production (humoral response) whereas T cells eliminate infected 

cells and activate more B and T lymphocytes (cell-mediated response). Once the pathogen or 

antigen is eradicated, B and T cell populations produced during the first immune response 

decline and long-term immunity is acquired by the presence of memory B and T cells in the 

body. Upon pathogen re-exposure, a more rapid and robust immune response is mounted 

 

 

Figure 16. Schematic representation of primary and secondary immune responses. In the primary immune 
response, naïve B- and T cells differentiate into effector B- and T cells after antigen or pathogen exposure. During 
the secondary immune response, previously formed memory B- and T- cells differentiate into effector B- and T 
cells more rapidly and efficiently than their naïve counterparts, leading to a magnified immune response.  
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through these memory B and T cells, leading to mild or asymptomatic reinfection and 

generation of more memory cells after pathogen clearance (Figure 16). This secondary 

immune response after vaccination or pathogen infection is due to the so-called immune 

memory, which constitutes the rationale of vaccination.[201,202] 

As of December 2022, 11 different vaccine products, based on four distinct platforms, have 

been approved by the WHO for global use[200] (Table 1). Most of these vaccines express the 

S protein as an antigen since its use in vaccine development against viruses of the same family 

has shown successful B and T cell responses as well as immune memory.[203] 

Due to the emergency situation caused by the COVID-19 pandemic, baseclick GmbH 

committed in early 2020 to the development of a novel mRNA-based SARS-CoV-2 vaccine 

candidate. For such purpose, and encouraged by the results in dendritic cell uptake in the 

previous chapter, we envisaged the use of our branched mannose-based ligands and baseclick’s 

technology[204] to form a mannose-mRNA conjugate. 

 
Table 1. COVID-19 vaccines granted with emergency approval by the WHO as of December 2022. 

Platform Manufacturer Vaccine Name Approvals[a] 

Inactivated 
virus 

Sinopharm Covilo (BBIP-CorV) 93 

Sinovac CoronaVac (PiCoVacc) 56 

Bharat Biotech Covaxin (BBV-152) 14 

mRNA 
Pfizer/BioNTech Comirnaty (BNT162b2) 149 

Moderna Spikevax (mRNA-1273) 88 

Viral vector 

Oxford/AstraZeneca Vaxzevria (ChAdOx1) 149 

Janssen (Johnson & 
Johnson) 

JCovden (Ad26.COV2.S) 113 

Serum Institute of India Covishield (ChAdOx1) 49 

CanSino Convidecia (AD5-nCOV) 10 

Protein 
subunit 

Novavax Nuvaxovid (NVX-CoV2373) 40 

Serum Institute of India Covovax (NVX-CoV2373) 6 

[a] Number of countries that have approved each vaccine. 
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4.2.2 Results and Discussion 

Baseclick’s vaccine candidate, named BCV-193N, is based on an in vitro transcribed mRNA 

encoding for the SARS-CoV-2 N protein and linked to mannotriose targeting ligand 68 via 

click chemistry (Figure 17). In contrast to the mRNA-based vaccines Comirnaty 

(Pfizer/Biontech) and Spikevax (Moderna), which express the S protein, BCV-193N was 

designed to induce translation of the N protein as the antigen due to its ostensibly lower 

incidence of non-synonymous mutations, large quantity of expressed protein during infection, 

and high relative immunogenicity.[205,206] Moreover, BCV-193N avoids the use of lipid 

nanoparticles (LNPs), which have been associated with innate inflammatory side effects;[207] 

instead replacing them by a mannose-based targeting ligand for specific delivery in dendritic 

cells (DCs). 

 

  

Figure 17. Synthesis of BCV-193N. The two constitutive units of the vaccine candidate (the targeting ligand and 
the 3’-azide mRNA) are straightforwardly conjugated via SPAAC to yield BCV-193N. 

 
As shown in Figure 18, BCV-193N is hypothesized to interact with DCs through its targeting 

moiety, which should induce receptor-mediated endocytosis after interacting with C-type 

lectins (CTLs). Once the cell machinery has transcribed the mRNA coding sequence, N protein 
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units can be synthesized, processed, and presented on the surface of DCs, inducing strong 

cellular and humoral immune responses. This antigen presentation produces a primary immune 

response which, in turn, leads to the development of immune memory. 

 

 

Figure 18. Postulated BCV-193N mechanism of action for immune response induction. 

 
4.2.2.1 Synthesis of BCV-193N 

BCV-193N synthesis (Scheme 10) begins with the linearization of a plasmid DNA (pDNA) 

template via BspQ1 restriction enzyme. This pDNA contains the coding sequence for the 

nucleocapsid protein (N) of SARS-CoV-2 virus and a poly(A) tail coding sequence. Thereafter, 

T7 RNA polymerase along with the corresponding nucleoside triphosphates (NTPs): ATP, 

CTP, GTP, UTP and ΨTP (pseudouridine triphosphate), were employed for the in vitro 

transcription of mRNA. ΨTP was used in order to enhance mRNA translation while reducing 

immunogenicity.[208] In addition, a 5’-cap structure was co-transcriptionally introduced by 

T7 RNA polymerase using an Anti-Reverse Cap Analog (ARCA) to enhance mRNA stability 

and translation efficiency.[209] Therefore, the transcription resulted in a stable mRNA including 

a 5’-cap structure and a poly(A) tail, ready for efficient expression in eukaryotic cells (refer 

Experimental Section’s Scheme 11 for more details). After digestion of the DNA template, 

the synthesis continued through the introduction of an azide modification at the end of the 
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poly(A) tail. To this aim, 3’-azido-2’,3’-dideoxyadenosine triphosphate (AzddATP, 32) and 

yeast poly(A) polymerase were used to incorporate such modification at the 3’-end of the in 

vitro transcribed (IVT) mRNA. Ultimately, the 3’-azide-modified mRNA was conjugated to 

mannotriose targeting ligand 75 via Cu-free click chemistry to yield BCV-193N as our 

SAR-CoV-2 vaccine candidate. 

 

 

Scheme 10. In vitro synthesis of 3’-end-modified mRNA coding for the N protein and subsequent conjugation to 
the targeting ligand to yield BCV-193N. 

 
Prior to conjugating our azide-containing IVT mRNA with mannotriose targeting ligand 75, 

we assessed the efficiency of the SPAAC reaction using a model system. For this evaluation, 

we utilized a short RNA oligonucleotide (31-mer) containing a 3’-azide. The RNA 31-mer 

(1 nmol) and mannotriose targeting ligand 75 (10 nmol, 10 eq) were combined in a total 

reaction volume of 20 µL (H2O) and incubated at room temperature for 2 h. Subsequently, the 

reaction mixture was analyzed by HPLC, as depicted in Figure 19. The conversion of the 

3’-azide-containing oligonucleotide into the clicked product was determined to be over 90% at 

the time of analysis. Therefore, to ensure complete conversion when employing our 

3’-azide-containing IVT mRNA substrate, we performed the reaction using a 100-fold excess 
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of mannotriose targeting ligand 75 in a total reaction volume of 20 µL (H2O) and incubated at 

room temperature for 2 h. 

 

 

Figure 19. HPL chromatograms of a) click product after incubation at room temperature for 2 h 
(λabs = 260 nm), > 90% conversion; b) azide-modified mRNA (λabs = 260 nm), < 5% of unmodified mRNA is also 
present; and c) mannotriose targeting ligand 75 (λabs = 290 nm). 

 
4.2.2.2 BCV-193N In Vitro Studies 

A series of in vitro investigations, carried out in collaboration with Mikrogen GmbH, were 

performed to ensure efficient expression of BCV-193N in eukaryotic cells as well as 

recognition of the N protein by the human immune system. To such an end, HEK293T cells 

were transfected with our vaccine candidate, and the expression of the N protein was 

successfully determined by western blotting (Figure 20). 

 

 

Figure 20. Western blot of HEK293T cell lysate transfected with BCV-193N. Lane 1: size standard (45 kD marker 
indicated). Lane 2: empty lane. Lane 3: cell lysate of cells transfected with BCV-193N. Lane 4: cell lysate of 
non-transfected cells. Detection with mouse monoclonal antibody from Mikrogen GmbH (Germany, Neuried). 
N-Protein (46.02 kD) is indicated.  
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To verify that the N protein is recognized by the human immune system, cell lysates of 

transfected and non-transfected HEK293T cells were subjected to western blotting and 

incubated with serum from healthy probands and recovered COVID-19 patients. In all 

COVID-19 recovered patients’ sera, regardless of the disease severity, antibodies against the 

N protein were detected indicating a general immune response (Figure 21). This data supports 

the selection of the N protein as a suitable antigen to activate the human immune system against 

COVID-19. 

 

 
Figure 21. Western blot of HEK293T cell lysates transfected with BCV-193N. The lysates were incubated with 
serum of symptomatic COVID-19 patients. Left blot shows the molecular size standard. Blots 1-3 are incubated 
with serum of symptomatic COVID-19 patients. Blots 4-6 are incubated with serum of healthy probands. 
Lane 1: size standard. Lane 2: empty lane. Lane 3: cell lysate of (BCV-193N)-transfected cells. Lane 4: Cell lysate 
of non-transfected cells. Cell lysates were analyzed on 8% SDS-PAGE, blotted, and treated with a secondary 
antibody according to manufacturer’s recommendation (Bio-Rad). 

 
Although the comprehensive investigation of the pharmacokinetics and pharmacodynamics of 

our mRNA vaccine candidate is currently underway, it is important to acknowledge the 

limitations of the current stage and the absence of additional data at this time. These data would 

entail in vivo pre-clinical studies in mice — involving toxicity evaluation, assessment of 

mRNA immunogenicity, evaluation of cellular and humoral immune responses and 

investigation into the vaccine’s biodistribution — followed by first-in-human studies. 

Nevertheless, the ultimate goal of this doctoral work, which is to apply the synthesized 

targeting ligands to a nucleic acid payload, has been accomplished, and promising initial in 

vitro results instill optimism about the vaccine uptake into DCs. 
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5 CONCLUSIONS AND OUTLOOK 

 

Divergent Synthesis of Ultrabright and Dendritic Xanthenes for Enhanced 

Click-Chemistry-Based Bioimaging 

In dye-based 5-ethynyl-2’-deoxyuridine (EdU) cell proliferation assays, high signal-to-noise 

ratios of labeled DNA allow reliable detection of a lower count of proliferating cells, entailing 

an overall enhancement in the sensitivity and quality of the method. In this thesis’ published 

work, we report the successful development of a straightforward, divergent pathway for the 

synthesis of ready-to-click rhodamine dyes. The afforded fluorophores — RDH2, RDm and 

RDF2 — showed excellent photophysical properties, low pH-dependence, and remarkable 

potential as fluorescent probes for imaging experiments. Remarkably, the new 

3,3-difluoroazetidine rhodamine azide (RDF2) proved to be a superior alternative in EdU cell 

proliferation assays in comparison to commercially available 5-TAMRA-azide.  

Additionally, with the aim to synthesize brighter fluorescent probes, we envisaged the synthesis 

of dendritic structures carrying multiple dye units. To such an end, a set of three bis-MPA 

dendrons — each containing 2, 4, and 8 alkyne functionalities — were functionalized via 

CuAAC with fluorescein azide as the standard fluorophore. The photophysical properties of 

the resulting dendritic dyes — FD2, FD4 and FD8 — were found to be highly pH-dependent. 

Furthermore, we observed an extinction coefficient increase with the number of dye units but, 

in contrast, we also observed a decrease in the quantum yield as the number of fluorescein 

moieties increased. This behavior led to an overall decay in fluorescence intensity. We decided 

then to use our model rhodamine dye RDF2 to afford RDF2D4. This rhodamine-based 

multivalent dendron exhibited lower values of both extinction coefficient and quantum yield 

when compared to RDF2, leading to a decay of the fluorescence intensity. Ultimately, we 

evaluated the impact of temperature on the fluorescence intensity of the dendritic fluorophores, 

which resulted in fluorescence decrease upon temperature rise. This observation implied that, 

as the temperature increases, collisional quenching prevails over aggregate dissociation. 

Although the observed fluorescence self-quenching was not sought-after in this study, it 

provided valuable insights into the behavior of dye-functionalized dendrons. Further 

optimization, however, is necessary for the development of highly bright dendritic 

fluorophores. An effective approach to consider beyond the scope of this doctoral thesis would 

involve incorporating water-soluble functionalities into the chromophore units. This 
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would result in decreased proximity between the units, preventing their aggregation and 

potentially enhancing the intensity of the fluorescent signal. Nonetheless, the strongly 

absorbing and nonfluorescent properties of these dendrons could be useful in other 

applications, such as quenchers for FRET experiments.[210] 

 
Synthesis and Validation of Clickable Multimeric Mannose Ligands for 

Dendritic Cell Targeting 

Targeted delivery of drugs to specific cells and tissues has the potential to enhance their 

effectiveness while minimizing their adverse effects. In this chapter, we aimed to develop 

immunocompetent cell-targeting ligands for potential therapeutic applications in the field of 

vaccination and cancer immunotherapies. Thereby, we directed our attention towards the 

development of a family of clickable carbohydrate-based ligands. These sugar-based structures 

were aimed to target CTLs found on the surface of DCs for receptor-mediated uptake. To this 

end, three distinct multimeric mannose-functionalized constructs — containing up to 4 

mannose units — were synthesized and further functionalized with a DBCO group to enable 

their conjugation to the cargo of interest through Cu-free click chemistry. The synthesis of 

dianntenary (75) and tetraantenary (80) targeting ligands was successfully accomplished by 

branching click chemistry (CuAAC) of bis-MPA dendron scaffolds containing 2 and 4 alkyne 

groups, respectively. The utilization of silylated mannose derivatives played a pivotal role in 

ensuring the orthogonality of functional groups and facilitating the purification of subsequent 

reaction steps. As for the synthesis of the mannotriose targeting ligand (75), a straightforward 

approach was adopted through the application of NHS chemistry. Moreover, and for cellular 

uptake comparative purposes, we generated a clickable version of a triantennary GalNAc 

ligand (77). 

We qualitatively confirmed the uptake of these carbohydrate-containing ligands utilizing a 

dendritic cell model and observed — by fluorescence microscopy — compartmentalized 

internalization that highly resembles endocytosis of well-established surface receptor ligands. 

In order to perform such assessment, fluorescent conjugates 79-82 were prepared via click 

chemistry. Fluorescein-diantennary mannose conjugate 79 exhibited a cytoplasmic distribution 

that was diffused with some discrete compartments. As for fluorescein-mannotriose conjugate 

80 and fluorescein-tetraantennary mannose conjugate 81, these ligands displayed an increased 

degree of compartmentalization with increasing number of mannose units. Lastly, 
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fluorescein-triantennary GalNAc conjugate 82 showed similar uptake results in comparison to 

fluorescein-mannotriose conjugate 80. Further studies with 82, however, were discouraged due 

to potential off-targeted delivery into the liver. 

The results of this study indicate, therefore, that there is a qualitative direct relationship 

between the degree of branching in mannose-based ligands and their uptake into DCs via the 

endocytic pathway. These findings, consequently, support the application of click chemistry in 

the synthesis and conjugation of promising ligands for the delivery of drug and vaccine 

delivery. 

 
Application of Multimeric Mannose Targeting Ligands in an mRNA-Based 

SARS-CoV-2 Vaccine Candidate 

The COVID-19 pandemic prompted baseclick GmbH to take the commitment of developing a 

SARS-CoV-2 vaccine candidate, following an innovative approach based on click chemistry 

conjugation. For such purpose, and encouraged by the previous results in DC uptake, we 

envisioned the utilization of our mannose-based branched targeting ligands and baseclick’s 

mRNA labeling technology[204] to form a mannose-mRNA conjugate. In comparison to other 

mRNA-based vaccines, our candidate BCV-193N does not rely on LNPs as delivery carrier, 

expresses the N protein — a less-prone-to-mutate SARS-CoV-2 protein — and contains a 

targeting ligand for preferential delivery to DCs. 

In the course of the project, in vitro synthesis of N-coding mRNA and subsequent 3’-end azide 

modification were achieved. This chemical modification enabled mRNA bioconjugation with 

mannotriose targeting ligand 75 to give rise to BCV-193N. Efficient in vitro expression of 

N protein in HEK293T cells transfected with BCV-193N was achieved. Furthermore, when 

incubating lysates of the transfected cells with sera from recovered COVID-19 patients, 

antibodies against this protein were detected, indicating that the N protein is a suitable antigen 

for immune system activation.  

The initial findings presented in this study highlight the potential of click chemistry as a potent 

synthetic tool for advancing the development of nucleic acid therapeutics that specifically 

target cells. While the extensive investigation of the pharmacokinetics and pharmacodynamics 

of our mRNA vaccine candidate is currently ongoing, it is essential to acknowledge the 

limitations of the current stage and the absence of additional data at this time. Nonetheless, the 

encouraging results observed in the preliminary in vitro assessments inspire confidence in the 
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potential effectiveness of the vaccine. Looking ahead, aligned with the overarching aim of this 

doctoral thesis, we anticipate that our findings will yield valuable insights and serve as a 

foundation for future investigations in the field of cell-targeted nucleic acid therapeutics, 

leveraging the application of click-chemistry-based targeting ligands. 
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6 EXPERIMENTAL SECTION FOR UNPUBLISHED 

WORK 

 

6.1 General Experimental Methods and Materials 

Materials and Methods. Chemicals for organic synthesis and salts for buffers were purchased 

from Sigma-Aldrich, TCI, Fluka, ABCR, Acros Organics, Alfa Aesar, VWR, Polymer Factory, 

Synthose, Click Chemistry Tools, Sapala Organics, Carl Roth or baseclick GmbH and were 

used without further purification. Solvents were acquired in septum-sealed bottles stored under 

an inert atmosphere. All reactions were magnetically stirred under a positive pressure of Argon 

(Ar) unless otherwise stated. Reactions and chromatography fractions were monitored by 

qualitative thin-layer chromatography (TLC) on silica gel F254 TLC plates from Merck KGaA, 

visualized by UV illumination or developed with ninhydrin, ceric ammonium molybdate or 

KMnO4 stains. Flash column chromatography was performed using silica gel (40-63 μm) from 

Merck KGaA. Size exclusion chromatography was performed using Sephadex® G-10 (40-120 

μm), Sephadex® G-15 (40-120 μm) or Sephadex® LH-20 (18-111 μm) from Merck KGaA. 

Chemicals for the synthesis of IVT mRNA were acquired as follows: Anti-reverse cap analogue 

(ARCA), pseudouridine 5’-triphosphate (ΨUTP), EUTP, EATP, AzddATP and all unmodified 

nucleotides were provided by baseclick GmbH. T7 RNA polymerase, yeast poly(A) 

polymerase and DNase I were obtained from Thermo Fischer Scientific. E. coli poly(A) 

polymerase and BspQI were purchased from NEB. RNase free water (Ultra pure distilled water, 

DNase & RNase free) was purchased from Invitrogen. Qiaquick PCR purification and plasmid 

plus midi purification kits were ordered from Qiagen. 

Nuclear Magnetic Resonance (NMR). NMR spectra were recorded on a Bruker Avance III 

HD 400 (400 MHz), Varian NMR-System 600 (600 MHz) and Bruker Avance III HD with 

Cryo-Kopf 800 (800 MHz) spectrometers. 1H chemical shifts were internally calibrated to the 

residual protons of the deuterated solvent: CHCl3 (7.26 ppm), DMSO-d5 (2.50 ppm), CD2HOD 

(3.31 ppm) and HDO (4.79 ppm). 13C NMR shifts were internally calibrated to the solvent 

signals: CDCl3 (77.16 ppm), DMSO-d6 (39.52 ppm), CD3OD (49.00 ppm). Data for 1H NMR 

spectra are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t 

= triplet, q = quartet, p = pentuplet, dd = doublet of doublets, ddd = doublet of doublets of 

doublets, m = multiplet, br = broad), coupling constant (Hz), integration. Data for 
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proton-decoupled 13C spectra are reported by chemical shift (δ ppm). All NMR spectra were 

analyzed using the software MestreNova 14.1.1 from Mestrelab Research S. L. 

Infrared (IR) Spectroscopy. IR spectra were recorded on a PerkinElmer Spectrum BX II 

FT-IR system. All substances were directly applied as solids or on the ATR unit.  

Mass Spectrometry (MS). High resolution mass spectra (ESI-MS) were recorded by the 

analytical section of the Department of Chemistry of the Ludwigs-Maximilians-Universität 

München on a spectrometer MAT 90 (ESI) from Thermo Finnigan GmbH. Matrix-assisted 

laser desorption/ionization-time-of-flight (MALDI-TOF) mass spectra were recorded on a 

Bruker Autoflex II. The instrument was calibrated using SpheriCal™ calibrants. Samples were 

prepared by mixing 5 µL of 1 mg/mL analyte solution in EtOAc or MeOH, 5 µL of a 1 mg/mL 

counterion solution of sodium trifluoroacetate (NaTFA) in tetrahydrofuran (THF) and 20 µL 

of a 10 mg/mL matrix solution. trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-

malononitrile (DCTB) and 2,5-dihydroxybenzoic acid (DHB) in THF were used as matrices 

for non-polar and polar compounds, respectively. 1 µL of the final mixture was applied to a 

stainless-steel sample plate using the dried droplet method. The obtained spectra were analyzed 

with FlexAnalysis version 2.2 from Bruker Daltonics. 

Analytical and preparative HPLC. Analytical RP-HPLC was performed on a Waters 

Alliance (e2695 Separation Module, 2998 Photodiode Array Detector) instrument equipped 

with an XBridge™ OST C18 column (2.5 µm, 4.6 mm x 50 mm) using a flow of 1.5 mL/min 

at 40° column temperature. A linear gradient of buffer B 0-30% v/v from 0  4 min and then 

30-85% v/v from 4  10 min was applied. Buffer A: 0.1 M triethylammonium acetate in H2O. 

Buffer B: 0.1 M triethylammonium acetate in MeCN/H2O 8:2 v/v. Preparative RP-HPLC was 

performed on a Waters Breeze (2487 Dual λ Array Detector, 1525 Binary HPLC Pump) 

instrument equipped with the column VP 250/32 C18 from Macherey Nagel using a flow of 

5 mL/min at room temperature. Compounds were detected at the wavelength of maximum 

absorption (λmax) of the corresponding molecule. The employed gradients for the subsequent 

purifications are specified in the Synthetic Procedures section. 

Fluorescent Conjugates Uptake Assays. THP-1 monocytic leukaemia cells were maintained 

in DMEM/F12 (Sigma) supplemented with 10% FBS (Life Technologies) and differentiated 

into immature DCs as previously described[176] with minor modifications. Briefly, THP-1 cells 

were cultured in the same medium as above additionally supplemented with recombinant 

human IL-4 and GM-CSF (both from PeproTech) at 3000 and 1500 IU/ml, respectively, for 
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5-6 days before assaying ligand uptake. For the latter, cultures were supplemented with either 

500 kDa FITC-Dextran (1 mg/ml; Sigma), Fluorescein-conjugated branched sugar constructs 

or fluorescein azide (baseclick GmbH; 80 µM) and DAPI (1:15 dilution of NucBlue Fixed Cell 

ReadyProbes Reagent, Life Technologies) in culture medium and incubated for 1 h at 37°C in 

5% CO2. After washing twice with culture medium, cells were resuspended in Hank’s balanced 

salt solution without Ca2+, Mg2+ and phenol-red (Sigma) and imaged with an EVOS FL II 

microscope equipped with a 40x achromat objective (Life Technologies). Images were 

processed with ImageJ v.1.4.3.67. 

Agarose gel electrophoresis: 1.5 % agarose gels (10 x 15 cm) were prepared in 0.5 x TAE 

buffer (10 mM TRIS, 5 mM acetic acid, 0.25 mM EDTA, pH 8.5). 1.12 g agarose (CARL 

ROTH GmbH, Roti®agarose) was dissolved in 75 g 0.5x TAE buffer in a 250 mL Erlenmeyer 

flask by alternating microwave heating and manual mixing. Loss of water during heating was 

controlled by weighing and replaced, if necessary, with dH2O. The warm mixture was poured 

into a planned gel cast equipped with either a 15 or 20 sample comb. Samples were prepared 

with 20 % purple loading dye (NEB), 1 kb Plus DNA Ladder (NEB N3200S) and ssRNA 

Ladder (NEB N0362S). Gels were run in 0.5x TAE buffer applying constant power (10 W, 

max. 500 V, max. 100 mA) for 60 min. Then, gels were incubated in a freshly prepared 1:10000 

ethidium bromide dilution for 15 min and then destained in dH2O for 15 min. For visualization 

a Gel Doc EZ Imager (BIO RAD) was used. 
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6.2 Chemical Synthesis 

6.2.1 Synthesis of TBDPS-Protected Mannose Derivative (63) 

 

 

Compound 63. A magnetically stirred solution containing 2,3,4,6-tetra-O-acetyl-α-D-

mannopyranosyl azide (60) (1.00 g, 2.68 mmol, 1 eq) in MeOH (25 mL) was treated with 

NaOMe (25 wt% in MeOH, 110 µL, 0.480 mmol). The reaction mixture was stirred at room 

temperature for 3 h, neutralized with Amberlite® CG50 (Type I) hydrogen form ion-exchange 

resin, filtered and concentrated in vacuo. The crude product was dissolved in anhydrous DMF 

(7 mL) followed by addition of imidazole (3.28 g, 48.2 mmol, 18 eq) and tert-

butyl(chloro)diphenylsilane (TBDPSCl) (6.3 mL, 24 mmol, 9 eq) and the resulting mixture was 

stirred at room temperature overnight. After addition of water (50 mL) to the crude product, 

the mixture was extracted with ether (3 x 50 mL). The combined organic extracts were dried 

over MgSO4, filtered, and concentrated in vacuo. Purification by silica gel flash 

chromatography (isohexane/diethyl ether, 9:1) afforded compound 63 (2.05 g, 2.23 mmol, 

83%) as a white solid.  

Rf (SiO2; iHex/Et2O, 9:1): 0.6. 1H NMR (800 MHz, CDCl3) δ 7.79 – 7.71 (m, 6H, Ar), 7.70 – 

7.66 (m, 2H, Ar), 7.64 – 7.61 (m, 2H, Ar), 7.55 – 7.50 (m, 2H, Ar), 7.46 – 7.27 (m, 18H, Ar), 

4.98 (d, J = 1.9 Hz, 1H, H-1), 4.12 (d, J = 8.9 Hz, 1H, H-6), 4.04 (t, J = 9.0 Hz, 1H, H-4), 3.94 

– 3.91 (m, 2H, H-6’ and H-5), 3.69 (ddd, J = 10.1, 8.8, 3.3 Hz, 1H, H-3), 3.66 (dd, J = 3.4, 1.9 

Hz, 1H, H-2), 1.42 (d, J = 10.2 Hz, 1H, OH), 1.08 (s, 9H, C(CH3)3), 0.92 (s, 9H, C(CH3)3), 

0.82 (s, 9H, C(CH3)3). 13C NMR (201 MHz, CDCl3) δ 136.1, 136.0 (×2), 135.9, 135.8, 135.6, 

134.3, 133.8 (×2), 133.5 (×2), 131.6, 130.3, 130.1, 129.8, 129.7, 129.6, 128.1, 127.9 (×2), 127.8 

(×2), 127.7 (×2) (24 × Ar), 89.2 (C-1), 76.3 (C-5), 72.8 (C-2), 71.8 (C-3), 70.2 (C-4), 63.5 (C-

6), 27.1, 27.0, 26.9 (3 × (CH3)3C), 19.9, 19.4 (×2) (3 × (CH3)3C). IR (ATR): ν̃ (cm-1) = 3570 

(w), 3071 (w), 3042 (w), 2928 (m), 2855 (m), 2109 (s), 1589 (m), 1471 (m), 1462 (m), 1426 

(s), 1391 (m), 1361 (m), 1239 (m), 1104 (vs), 998 (m), 935 (s), 873 (s), 821 (s), 787 (w), 757 
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(w), 737 (s), 699 (vs). HRMS (ESI): m/z calcd for C54H67N3O6Si3+ [M+H2O]+: 937.4338, 

found: 937.4562. m/z calcd for C54H64N3O5Si3 [M-H]-: 918.4159, found: 918.4164. 

 

6.2.2 Synthesis of Diantennary-Mannose Targeting Ligand (68) 

 

 

Compound 65. A Schlenk tube was charged with bis-MPA Acetylene Dendron, Generation 1 

(64) (150 mg, 0.198 mmol, 1 eq), silylated mannose azide 63 (547 mg, 0.594 mmol, 3 eq), 

anhydrous DMF (2 mL) and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDTA) (165 µL, 

0.792 mmol, 4 eq). After three cycles of freeze-pump-thaw, CuBr (114 mg, 0.792 mmol, 4 eq) 

was added and the mixture was stirred overnight under a positive pressure of Ar at 45ºC. Water 

(20 mL) was added to the reaction mixture and the crude product was extracted with EtOAc (3 

x 20 mL). The combined organic extracts were dried over MgSO4, filtered, and concentrated 

in vacuo. The crude product was dissolved in DMF (1.5 mL) and purified by size exclusion 

chromatography (Sephadex G-15, DMF). After solvent removal, the crude was further washed 

with isohexane to afford compound 65 (358 mg, 0.138 mmol, 70%) as a white solid. 

Rf (19:1 CH2Cl2/MeOH) = 0.6. 1H NMR (800 MHz, CDCl3) δ 7.84 – 7.20 (m, 58H), 7.18 (t, J 

= 7.6 Hz, 2H), 7.03 (t, J = 7.5 Hz, 2H), 5.97 (dd, J = 9.2, 2.0 Hz, 1H), 5.66 (d, J = 4.3 Hz, 1H), 

5.27 (d, J = 3.7 Hz, 2H), 5.13 (d, J = 2.3 Hz, 2H), 5.12 – 5.10 (m, 1H), 4.75 (t, J = 3.8 Hz, 1H), 

4.45 – 4.39 (m, 1H), 4.39 – 4.36 (m, 1H), 4.29 – 4.19 (m, 8H), 4.15 – 3.98 (m, 3H), 3.94 – 3.77 

(m, 3H), 3.72 – 3.58 (m, 14H), 3.41 – 3.36 (m, 2H), 3.08 (dd, J = 11.8, 3.5 Hz, 1H), 2.68 – 

2.57 (m, 8H), 2.54 (t, J = 6.2 Hz, 2H), 1.90 (d, J = 7.2 Hz, 1H), 1.43 (s, 9H), 1.24 (s, 3H), 0.99 

(s, 9H), 0.96 (s, 9H), 0.92 (s, 18H), 0.87 (s, 9H), 0.82 (s, 9H). 13C NMR (201 MHz, CDCl3) δ 

172.7, 172.5, 172.0 (×2), 171.7 (×2), 155.9, 142.8, 142.6, 136.2 (×2), 136.0, 135.9, 135.8 (×2), 

135.7 (×4), 135.6 (×2), 133.4 (×2), 133.3 (×2), 133.2, 133.1, 132.9, 132.7 (×2), 132.1 (×2), 
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132.0, 130.4, 130.2 (×2), 130.1 (×2), 130.0, 129.9, 129.8 (×2), 129.7, 128.1, 128.0, 127.9, 127.8 

(×3), 122.9, 122.6, 85.1, 82.7 (×2), 82.4, 79.4, 78.4, 73.5, 72.3, 71.2, 70.7 (×2), 70.6, 70.2, 

69.1, 69.0, 68.8, 68.7, 65.6, 64.3, 63.8, 62.9, 61.3 (×2), 58.0, 57.8, 46.4, 36.2, 34.8, 29.0, 28.9, 

28.5, 27.1 (×2), 27.0, 26.9 (×2), 26.8, 19.6 (×2), 19.3 (×3), 19.2, 19.1, 18.9, 17.9. IR (ATR): ν̃ 

(cm-1) = 2930 (m), 2855 (m), 2112 (w), 1737 (s), 1589 (w), 1471 (m), 1426 (s), 1390 (m), 1362 

(m), 1245 (m), 1144 (s), 1111 (vs), 998 (m), 939 (m), 872 (w), 822 (s), 740 (s), 700 (vs). MS 

(MALDI-ToF): m/z calcd for C143H181N7NaO27Si6
+ [M+Na]+: 2619.1513 (monoisotopic 

mass), 2621.5428 (molecular weight), found: 2619.5. 

 

 

Compound 66. Compound 65 (274 mg, 0.105 mmol, 1 eq) was suspended in 3 mL HCl, 1 M 

solution in EtOAc and the resulting mixture was maintained at room temperature for 2 h with 

vigorous stirring. The solvent was removed in vacuo to afford compound 66 (253 mg, 0.0998 

mmol, 95%) as a white solid.  

Rf = 0.3 (19:1 CH2Cl2/MeOH). 1H NMR (800 MHz, CDCl3) δ 7.80 – 7.12 (m, 60H), 7.02 (t, J 

= 7.4 Hz, 2H), 5.98 (d, J = 9.1 Hz, 1H), 5.67 (d, J = 4.2 Hz, 1H), 5.27 (s, 2H), 5.13 (s, 2H), 

4.80 – 4.71 (m, 1H), 4.52 – 4.40 (m, 1H), 4.40 – 4.37 (m, 1H), 4.35 – 4.19 (m, 8H), 4.15 – 3.97 

(m, 3H), 3.94 – 3.79 (m, 3H), 3.79 – 3.56 (m, 14H), 3.35 – 3.32 (m, 2H), 3.09 – 3.02 (m, 1H), 

2.63 (m, 10H), 1.26 (s, 3H), 0.99 (s, 9H), 0.96 (s, 9H), 0.92 (s, 9H), 0.91 (s, 9H), 0.86 (s, 9H), 

0.82 (s, 9H). 13C NMR (201 MHz, CDCl3) δ 172.9, 172.1, 172.0, 171.8, 136.2, 136.0 (×2), 

135.9, 135.8, 135.7, 135.6 (×2), 135.3, 134.9, 134.1, 133.6, 133.4, 133.3, 133.2, 133.1, 132.8, 

132.7, 132.6, 132.1, 132.0, 130.4, 130.3, 130.1 (×3), 130.0, 129.9 (×2), 129.8 (×3), 129.7 (×2), 

129.6, 128.1, 128.0, 127.9, 127.8 (×2), 127.7, 123.0, 85.1, 82.9, 82.4, 78.5, 73.6, 72.3, 71.1, 

70.6, 70.2, 68.7, 65.8, 65.7, 63.8, 62.9, 61.3, 58.1, 58.0, 46.5, 32.1, 29.1, 29.0, 27.1, 27.0, 26.9 

(×2), 26.8 (×2), 26.6, 19.6, 19.3 (×2), 19.1 (×2), 18.0. IR (ATR): ν̃ (cm-1) = 3073 (w), 3044 
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(w), 2931 (m), 2857 (m), 2112 (w), 1737 (s), 1589 (w), 1471 (m), 1428 (s), 1391 (m), 1362 

(w), 1235 (m), 1111 (vs), 998 (m), 939 (m), 870 (w), 822 (s), 739 (s), 700 (vs). MS (MALDI-

ToF): m/z calcd for C138H173N7NaO25Si6+ [M-HCl+Na]+: 2519.0989 (monoisotopic mass), 

2521.4258 (molecular weight), found: 2520.6. 

 

 

Compound 67. A magnetically stirred solution containing compound 66 (151 mg, 59.6 µmol, 

1 eq) in 0.5 mL DMF was treated with DBCO-PEG5-NHS (83 mg, 0.12 mmol, 2 eq) and 

triethylamine (25 µL, 0.18 mmol, 3 eq), and the resulting mixture was maintained at room 

temperature for 2h. After this time, the solvent was removed in vacuo, the reaction crude 

redissolved in the minimum amount of DMF and purified by size exclusion chromatography 

(Sephadex LH-20, DMF) to afford compound 67 as a pale, brown solid (154 mg, 50.0 µmol, 

84%). 

Rf = 0.5 (9:1 CH2Cl2/MeOH). 1H NMR (800 MHz, CDCl3) δ 7.88 – 6.92 (m, 70H), 5.96 (d, J 

= 9.1 Hz, 1H), 5.66 (d, J = 4.2 Hz, 1H), 5.31 – 5.23 (m, 2H), 5.17 – 5.12 (m, 2H), 5.11 (br, 

1H), 4.81 – 4.68 (m, 1H), 4.45 – 4.39 (m, 1H), 4.39 – 4.34 (m, 1H), 4.30 – 4.17 (m, 8H), 4.13 

– 3.98 (m, 3H), 3.90 – 3.77 (m, 3H), 3.75 – 3.45 (m, 39H), 3.11 – 3.01 (m, 1H), 2.72 – 2.47 

(m, 16H), 1.24 (s, 3H), 0.99 (s, 9H), 0.96 (s, 9H), 0.92 (s, 18H), 0.87 (s, 9H), 0.82 (s, 9H). 13C 

NMR (101 MHz, CDCl3) δ 172.5, 172.1, 172.0, 171.9, 171.7, 171.6, 171.2, 142.8, 142.6, 

136.2, 136.1, 136.0, 135.9, 135.8, 135.7 (×2), 135.6 (×3), 133.4, 133.3, 133.2, 133.1, 132.8, 

132.2, 132.1, 131.9, 130.4, 130.2, 130.1 (×3), 130.0, 129.9 (×2), 129.8 (×2), 129.7, 129.2 (×2), 

128.8, 128.5, 128.4, 128.3, 128.1, 128.0, 127.9, 127.8, 125.4, 123.1, 122.9, 122.6, 85.1, 82.7, 

82.4, 78.4, 73.5, 72.2, 71.1, 70.7 – 70.2 (multiple peaks), 69.1, 69.0, 68.7, 67.3, 67.2, 65.6, 

64.3, 63.8, 62.9, 61.3, 58.0, 57.8, 55.6, 46.4, 37.0, 35.0, 34.2, 32.1, 29.0, 28.9, 27.2, 27.1, 26.9 

(×3), 26.8, 19.9, 19.6, 19.3, 19.1 (×2), 17.9. MS (MALDI-ToF): m/z calcd for 
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C170H211N9NaO33Si6
+ [M+Na]+: 3097.3617 (monoisotopic mass), 3100.0878 (molecular 

weight), found: 3096.8. m/z calcd for C170H215N9NaO35Si6+ [M+2H2O+Na]+: 3133.3828 

(monoisotopic mass), 3136.1178 (molecular weight), found: 3133.3. 

 

 

Compound 68. A plastic container was charged with triethylamine trihydrofluoride (32 µL, 

0.20 mmol), anhydrous THF (200 µL) and triethylamine (59 µL, 0.42 mmol). The mixture was 

added to a Falcon tube containing compound 67 (20 mg, 6.5 µmol, 1 eq). The resulting reaction 

mixture was magnetically stirred at 55 ºC for 24 h. After this time, the reaction crude was 

quenched by dropwise addition of methoxytrimethylsilane (160 µL) and stirred at room 

temperature for 1 h. The crude was concentrated in vacuo, DMF (2 mL) was added, and the 

dissolved fraction was purified by size exclusion chromatography (Sephadex G-10, DMF) to 

afford dianntenary-mannose targeting ligand 68 (10 mg, 6.1 µmol, 93%) as a pale, brown solid. 

Rt = 6.74 (Analytical RP-HPLC; 1.5 mL/min, 40°, buffer B 0-30% v/v 0  4 min, then 30-

85% v/v 4  10 min). 1H NMR (800 MHz, CD3OD) δ 8.20 (s, 2H), 7.67 (d, J = 7.5 Hz, 1H), 

7.52 – 7.48 (m, 1H), 7.48 – 7.44 (m, 3H), 7.40 – 7.36 (m, 1H), 7.36 – 7.32 (m, 1H), 7.27 (dd, 

J = 7.5, 1.4 Hz, 1H), 6.03 (d, J = 2.8 Hz, 2H), 5.27 – 5.20 (m, 4H), 5.15 (d, J = 14.2 Hz, 1H), 

4.67 (t, J = 3.1 Hz, 2H), 4.27 – 4.19 (m, 8H), 4.07 (dd, J = 8.4, 3.5 Hz, 2H), 3.84 – 3.47 (m, 

39H), 3.44 (t, J = 6.7 Hz, 2H), 3.33 (overlapped by solvent, 1H), 3.26 (overlapped by solvent, 

2H), 3.18 – 3.12 (m, 1H), 2.64 (s, 8H), 2.55 (t, J = 6.7 Hz, 2H), 2.52 (dt, J = 16.0, 6.5 Hz, 1H), 

2.42 (t, J = 6.2 Hz, 2H), 2.31 – 2.26 (m, 2H), 2.06 (dt, J = 16.0, 6.5 Hz, 1H), 1.23 (s, 3H). 13C 

NMR (201 MHz, CD3OD) δ 174.2, 174.1, 173.9, 173.6, 173.4, 173.3, 173.2, 152.6, 149.5, 

144.3, 133.5, 130.6, 130.0, 129.7, 129.3, 129.0, 128.2, 126.6, 125.9, 124.4, 123.7, 115.6, 108.9, 

88.4, 78.7, 72.6, 71.6, 71.6 – 71.5 (multiple peaks), 71.4 (×3), 71.3, 70.1 (×2), 69.9, 68.6, 68.2, 

68.1, 66.7, 65.5, 64.8, 62.5, 58.5, 56.6, 47.6, 37.6, 37.5, 36.7, 36.5, 36.3, 35.5, 34.9, 29.8 (×2), 
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18.2. IR (ATR): ν̃ (cm-1) = 3343 (br), 2925 (s), 2876 (s), 1735 (vs), 1656 (s), 1555 (m), 1454 

(m), 1400 (s), 1357 (m), 1248 (s), 1150 (vs), 1113 (vs), 1044 (s), 827 (w), 706 (m). MS 

(MALDI-ToF): m/z calcd for C74H103N9NaO33
+ [M+Na]+: 1668.6556 (monoisotopic mass), 

1669.6578 (molecular weight), found: 1668.9. 

 

6.2.3 Synthesis of Tetraantennary-Mannose Targeting Ligand (73) 

 

 

Compound 70. A Schlenk tube was charged with bis-MPA Acetylene Dendron, Generation 2 

(69) (130 mg, 0.115 mmol, 1 eq), silylated mannose azide 63 (633 mg, 0.688 mmol, 6 eq), 

anhydrous DMF (2.5 mL) and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDTA) (192 

µL, 0.919 mmol, 8 eq). After three cycles of freeze-pump-thaw, CuBr (132 mg, 0.920 mmol, 

8 eq) was added and the mixture was stirred overnight under a positive pressure of Ar at 45ºC. 

Water (20 mL) was added to the reaction mixture and the crude was extracted with EtOAc (3 

x 20 mL). The combined organic extracts were dried over MgSO4, filtered, and concentrated 

in vacuo. The crude product was dissolved in 1.5 mL DMF and purified by size exclusion 

chromatography (Sephadex LH-20, DMF) to afford compound 70 (383 mg, 79.5 µmol, 69%) 

as an off-white solid. 

Rf (CH2Cl2/MeOH, 19:1): 0.2. 1H NMR (800 MHz, CDCl3) δ 7.82 (d, J = 2.4 Hz, 2H), 7.63 

(d, J = 7.4 Hz, 4H), 7.61 – 7.57 (m, 8H), 7.57 – 7.55 (m, 8H), 7.52 – 7.46 (m, 8H), 7.46 – 7.19 

(m, 86H), 7.17 (t, J = 7.6 Hz, 4H), 7.02 (t, J = 7.5 Hz, 4H), 5.96 (d, J = 9.1 Hz, 2H), 5.65 (d, J 

= 4.2 Hz, 2H), 5.25 (d, J = 5.1 Hz, 4H), 5.12 (t, J = 1.9 Hz, 4H), 5.10 (br, 1H), 4.74 (t, J = 3.8 

Hz, 2H), 4.45 – 4.40 (m, 2H), 4.40 – 4.35 (m, 2H), 4.30 – 4.18 (m, 16H), 4.11 – 4.06 (m, 2H), 
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4.06 – 4.01 (m, 4H), 3.90 – 3.83 (m, 4H), 3.83 – 3.79 (m, 2H), 3.71 – 3.58 (m, 16H), 3.40 – 

3.35 (m, 2H), 3.07 (dd, J = 11.9, 3.4 Hz, 2H), 2.68 – 2.62 (m, 8H), 2.63 – 2.57 (m, 8H), 2.53 

(t, J = 6.0 Hz, 2H), 1.90 (d, J = 7.3 Hz, 2H), 1.42 (s, 9H), 1.26 (s, 3H), 1.22 (s, 6H), 0.99 (s, 

18H), 0.95 (s, 18H), 0.91 (s, 36H), 0.86 (s, 18H), 0.81 (d, J = 1.9 Hz, 18H). 13C NMR (201 

MHz, CDCl3) δ 172.5, 172.2, 172.1 (×2), 172.0 (×2), 171.8, 155.9, 142.8, 142.6, 136.2, 136.0, 

135.9, 135.8 (×3), 135.7 (×3), 133.6 (×2), 133.4 (×2), 133.3 (×2), 133.2, 133.1, 132.9, 132.8, 

132.7, 132.1 (×2), 132.0, 130.4, 130.2 (×2), 130.1 (×3), 130.0, 129.9 (×2), 129.8 (×2), 129.7, 

128.1, 128.0, 127.9 (×2), 127.8 (×3), 122.9, 122.6, 85.1, 82.7 (×2), 82.4, 79.4, 78.4, 73.6, 73.5, 

72.3, 71.2, 70.7, 70.6 (×2), 70.2, 69.1, 68.9, 68.7 (×2), 65.9, 65.5, 64.5, 63.8, 62.9, 61.3, 58.0, 

57.8, 46.8, 46.5, 36.2, 34.8, 29.0, 28.9 (×3), 28.8 (×2), 28.6, 27.1 (×2), 27.0, 26.9 (×2), 26.8, 

19.6, 19.3 (×3), 19.2, 19.1, 17.9 (×2), 17.7. IR (ATR): ν̃ (cm-1) = 2954 (w), 2928 (w), 2889 

(w), 2853 (w), 1736 (s), 1589 (w), 1472 (w), 1426 (m), 1391 (w), 1361 (w), 1241 (w), 1104 

(s), 997 (m), 937 (m), 821 (s), 739 (s), 700 (vs). MS (MALDI-ToF): m/z calcd for 

C275H339N13NaO49Si12
+ [M+Na]+: 4966.1564 (monoisotopic mass), 4970.7888 (molecular 

weight), found: 4966.0. 

 

 

Compound 71. Compound 70 (100 mg, 20.2 µmol, 1 eq) was suspended in 1.5 mL HCl, 1 M 

solution in EtOAc and the resulting mixture was maintained at room temperature for 2 h with 

vigorous stirring. The solvent was removed in vacuo to afford compound 71 (97 mg, 20 µmol, 

98%) as a white solid. 

Rf (CH2Cl2/MeOH, 9:1): 0.5. 1H NMR (800 MHz, CDCl3) δ 7.89 – 7.14 (m, 120H), 7.01 (t, J 

= 7.4 Hz, 4H), 5.97 (d, J = 7.4 Hz, 2H), 5.66 (d, J = 3.8 Hz, 2H), 5.28 – 5.24 (m, 4H), 5.18 – 
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5.05 (m, 4H), 4.74 (d, J = 4.2 Hz, 2H), 4.47 – 4.16 (m, 20H), 4.12 – 4.06 (m, 2H), 4.02 (m, 

4H), 3.90 – 3.78 (m, 6H), 3.76 – 3.54 (m, 16H), 3.45 – 3.23 (m, 2H), 3.12 – 2.97 (m, 2H), 2.78 

– 2.50 (m, 18H), 1.91 (br, 2H), 1.26 (s, 3H), 1.22 (s, 6H), 0.99 (s, 18H), 0.96 (s, 18H), 0.91 (s, 

18H), 0.90 (s, 18H), 0.87 (s, 18H), 0.81 (s, 18H). 13C NMR (201 MHz, CDCl3) δ 172.5, 172.1, 

172.0, 171.8, 142.7, 142.6, 136.3, 136.0, 135.9, 135.8, 135.8, 135.7, 135.7, 135.6, 135.3, 134.9, 

133.6, 133.4, 133.4, 133.3, 133.2, 132.9, 132.8, 132.6, 132.2, 132.0, 130.4 (×2), 130.3, 130.2, 

130.1 (×2), 130.0, 129.9, 129.8 (×3), 128.1 (×2), 128.0 (×2), 127.9 (×2), 127.8 (×2), 123.0, 

122.9, 85.1, 83.0, 82.4 (×2), 78.4, 73.6, 72.3, 71.2, 70.7, 70.6, 70.2, 68.6, 65.6, 65.4, 62.9, 61.4, 

58.0, 57.9, 46.8, 46.6, 38.9, 37.2, 32.1, 29.1, 28.9, 28.8 (×2), 27.1, 27.0 (×2), 26.9, 26.8, 26.6, 

19.6, 19.3 (×2), 19.2, 19.1, 18.0, 17.9. IR (ATR): ν̃ (cm-1) = 3072 (w), 3048 (w), 2958 (m), 

2929 (m), 2895 (m), 2857 (m), 1738 (s), 1590 (w), 1472 (m), 1462 (m), 1428 (m), 1391 (w), 

1362 (w), 1261 (m), 1104 (vs), 939 (m), 873 (w), 821 (s), 802 (s), 739 (s), 700 (vs). MS 

(MALDI-ToF): m/z calcd for C270H331N13NaO47Si12
+ [M-HCl+Na]+: 4866.1039 

(monoisotopic mass), 4870.6718 (molecular weight), found: 4865.6. 

 

 

Compound 72. A magnetically stirred solution containing compound 71 (63 mg, 13 µmol, 1 

eq) in 0.25 mL DMF was treated with DBCO-PEG5-NHS (18 mg, 26 µmol, 2 eq) and 

triethylamine (5.4 µL, 39 µmol, 3 eq), and the resulting mixture was maintained at room 

temperature for 2h. After this time, the solvent was removed in vacuo, the reaction crude 

redissolved in the minimum amount of DMF and purified by size exclusion chromatography 

(Sephadex LH-20, DMF) to afford compound 72 (65 mg, 12 µmol, 93%) as a pale, brown solid. 

Rf (CH2Cl2/MeOH, 19:1): 0.2. 1H NMR (800 MHz, CDCl3) δ 7.84 – 7.79 (m, 2H), 7.75 – 7.12 

(m, 126H), 7.01 (t, J = 7.4 Hz, 4H), 5.96 (d, J = 8.8 Hz, 2H), 5.65 (d, J = 4.2 Hz, 2H), 5.29 – 
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5.20 (m, 4H), 5.15 – 5.10 (m, 5H), 5.09 (br, 1H), 4.74 (t, J = 3.7 Hz, 2H), 4.51 – 4.40 (m, 2H), 

4.41 – 4.34 (m, 2H), 4.29 – 4.16 (m, 16H), 4.14 – 4.06 (m, 2H), 4.06 – 4.00 (m, 4H), 3.89 – 

3.84 (m, 4H), 3.83 – 3.79 (m, 2H), 3.75 – 3.42 (m, 41H), 3.07 (d, J = 12.9 Hz, 2H), 2.71 – 2.40 

(m, 24H), 1.90 (d, J = 7.1 Hz, 2H), 1.26 (s, 3H), 1.22 (s, 6H), 0.99 (s, 18H), 0.95 (s, 18H), 0.91 

(s, 36H), 0.86 (s, 18H), 0.81 (s, 18H). 13C NMR (201 MHz, CDCl3) δ 172.5, 172.2, 172.1 (×2), 

172.0 (×2), 171.8, 142.8, 142.6, 136.2, 136.0, 135.9, 135.8 (×3), 135.7 (×3), 135.6, 133.6, 133.4 

(×2), 133.3 (×2), 133.2, 133.1, 132.9, 132.8, 132.7, 132.1, 132.0, 130.4, 130.3, 130.2, 130.1 

(×2), 130.0, 129.9, 129.8 (×2), 129.7, 128.1, 128.0, 127.9 (×2), 127.8 (×3), 127.2, 123.7, 122.9, 

122.6, 121.8, 121.6, 121.1, 119.8, 109.4, 91.4, 85.1, 82.8, 82.4, 78.4, 73.6, 72.3, 71.2, 70.7 – 

70.3 (multiple peaks), 70.2, 69.1, 68.9, 68.7, 67.5, 67.3, 65.9, 65.5, 64.5, 63.8, 62.9, 61.3, 58.0, 

57.8, 48.6 (×2), 46.5, 37.0, 36.9, 35.1, 35.0, 34.3, 34.1, 32.1, 29.0, 28.9, 28.8 (×2), 27.1 (×2), 

27.0, 26.9 (×2), 26.8, 19.6, 19.3 (×3), 19.2, 19.1, 17.9, 17.7. IR (ATR): ν̃ (cm-1) = 3073 (w), 

3050 (w), 2954 (m), 2928 (m), 2892 (m), 2857 (m), 2350 (m), 1738 (s), 1659 (m), 1590 (w), 

1471 (m), 1427 (s), 1391 (m), 1360 (m), 1240 (m), 1111 (vs), 998 (s), 938 (m), 875 (w), 822 

(s), 740 (s), 701 (vs). MS (MALDI-ToF): m/z calcd for C302H369N15NaO55Si12
+ [M+Na]+: 

5444.3667 (monoisotopic mass), 5449.3338 (molecular weight), found: 5447.2. 

 

 

Compound 73. A plastic container was charged with triethylamine trihydrofluoride (54 µL, 

330 µmol), anhydrous THF (1.8 mL) and triethylamine (100 µL, 717 µmol). This mixture was 

added to a Falcon tube containing compound 72 (30 mg, 5.5 µmol, 1 eq). The resulting reaction 

mixture was magnetically stirred at 55ºC for 24 h. After this time, the reaction crude was 

quenched by dropwise addition of methoxytrimethylsilane (480 µL) and stirred at room 

temperature for 1 h. The crude was concentrated in vacuo, DMF (2 mL) was added, and the 
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dissolved fraction was purified by size exclusion chromatography (Sephadex G-10, DMF) to 

afford tetraantennary-mannose targeting ligand 73 (13 mg, 5.1 µmol, 91%) as a pale, brown 

solid. 

Rt = 6.34 min (Analytical RP-HPLC; 1.5 mL/min, 40°, buffer B 0-30% v/v 0  4 min, then 

30-85% v/v 4  10 min). 1H NMR (800 MHz, CD3OD) δ 8.20 (s, 4H), 7.67 (d, J = 7.6 Hz, 

1H), 7.51 – 7.49 (m, 1H), 7.48 – 7.44 (m, 3H), 7.41 – 7.36 (m, 1H), 7.36 – 7.32 (m, 1H), 7.27 

(dd, J = 7.5, 1.4 Hz, 1H), 6.04 (d, J = 2.8 Hz, 4H), 5.27 – 5.20 (m, 8H), 5.15 (d, J = 14.2 Hz, 

1H), 4.67 (t, J = 3.1 Hz, 4H), 4.34 – 4.18 (m, 16H), 4.07 (dd, J = 8.5, 3.5 Hz, 4H), 3.87 – 3.47 

(m, 45H), 3.44 (t, J = 6.7 Hz, 2H), 3.33 (overlapped by solvent, 4H), 3.28 (overlapped by 

solvent, 1H), 3.18 – 3.12 (m, 1H), 2.65 (s, 16H), 2.55 (t, J = 6.7 Hz, 2H), 2.52 (dt, J = 16.1, 6.5 

Hz, 1H), 2.42 (t, J = 6.2 Hz, 2H), 2.31 – 2.27 (m, 2H), 2.06 (dt, J = 16.1, 6.5 Hz, 1H), 1.29 (s, 

3H), 1.23 (s, 6H).13C NMR (201 MHz, CD3OD) δ 174.1, 174.0, 173.9, 173.6 (×2), 173.4, 

173.3, 173.2, 152.6, 149.5, 144.3, 133.5, 130.6, 130.1, 129.7, 129.3, 129.0, 128.2, 126.6, 125.9, 

124.4, 123.7, 115.7, 108.9, 88.4, 78.7, 72.6, 71.6 – 71.5 (multiple peaks), 71.4 (×3), 71.3, 70.1 

(×2), 69.9, 68.6, 68.2, 68.1, 66.9, 66.8, 65.7, 64.8, 62.5, 58.5, 56.6, 47.9, 47.8, 40.4, 37.6, 37.5, 

36.7, 36.5, 36.3, 35.5, 34.9, 33.1, 29.9, 29.8, 18.2, 18.1. IR (ATR): ν̃ (cm-1) = 3348 (br), 2957 

(s), 2922 (vs), 2870 (s), 2854 (s), 1732 (vs), 1652 (s), 1556 (m), 1458 (s), 1404 (m), 1378 (m), 

1260 (m), 1073 (vs), 1044 (vs), 818 (m), 755 (w), 704 (w). MS (MALDI-ToF): m/z calcd for 

C110H153N15NaO55
+ [M+Na]+: 2586.9529 (monoisotopic mass), 2588.4491 (molecular weight), 

found: 2588.1. 

 

6.2.4 Synthesis of Mannotriose Targeting Ligand (75) 

 

 

Compound 75. A magnetically stirred solution containing 4-aminophenyl-3,6-di-O-(α-D-

mannopyranosyl)-α-D-mannopyranoside (74) (15 mg, 25 µmol, 1 eq) in DMF (150 µL) was 

treated with DBCO-PEG5-NHS (35 mg, 50 µmol, 2 eq) and triethylamine (10.5 µL, 75.6 µmol, 
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3 eq) and the resulting mixture was maintained at room temperature for 1 h. Purification by 

RP-HPLC (30-50% v/v buffer B in 45 min, 5 mL/min, room temperature) and consequent 

lyophilization afforded mannotriose targeting ligand 75 (10 mg, 8.5 µmol, 34%) as a pale, 

yellow solid.  

Rt = 9.52 min (Analytical RP-HPLC; 1.5 mL/min, 40°, buffer B 0-30% v/v 0  8 min, then 

30-85% v/v 8  10 min). 1H NMR (400 MHz, D2O) δ 7.57 (d, J = 7.4 Hz, 1H), 7.51 – 7.25 

(m, 8H), 7.26 – 7.18 (m, 1H), 7.00 (d, J = 8.2 Hz, 2H), 5.43 (d, J = 1.9 Hz, 1H), 5.11 (s, 1H), 

4.94 (d, J = 14.3 Hz, 1H), 4.66 (t, J = 1.7 Hz, 1H), 4.28 – 4.12 (m, 1H), 4.09 – 4.01 (m, 2H), 

3.93 – 3.42 (m, 36H), 3.14 – 3.05 (m, 1H), 3.06 – 2.97 (m, 1H), 2.59 (t, J = 5.9 Hz, 2H), 2.36 

– 2.26 (m, 1H), 2.25 (t, J = 6.4 Hz, 2H), 2.11 (ddd, J = 15.2, 8.6, 6.1 Hz, 1H). 13C NMR (151 

MHz, D2O) δ 173.6, 173.5, 172.5, 152.3, 150.5, 131.9, 131.8, 129.1, 129.0, 128.9, 128.5, 128.1, 

127.1, 125.8, 123.2, 122.3, 121.5, 117.3, 114.2, 113.4, 107.8, 102.4, 98.8, 97.9, 78.1, 73.3, 

72.5, 71.3, 70.5, 70.3, 70.0, 69.8, 69.6-69.4 (multiple peaks), 66.7-66.5 (multiple peaks), 65.8, 

65.0 (×2), 60.9 (×2), 55.3, 36.6, 35.8, 35.7, 33.6. IR (ATR): ν̃ (cm-1) = 3303 (br), 2916 (m), 

1648 (s), 1547 (s), 1508 (s), 1404 (s), 1348 (m), 1218 (s), 1065 (vs), 1022 (vs), 980 (s), 881 

(w), 836 (m), 755 (m). MS (MALDI-ToF): m/z calcd for C56H75N3NaO24
+ [M+Na]+: 

1196.4633 (monoisotopic mass), 1197.2028 (molecular weight), found: 1197.1 [M+Na]+. 

 

6.2.5 Synthesis of Triantennary-GalNac Targeting Ligand (77) 

 

 

Compound 77. A magnetically stirred solution containing peracetylated Trebler GalNAc 

alkyne (76) (10 mg, 4.9 µmol, 1 eq) in 2.5 mL of NH3(aq)/EtOH (3:1, v/v solution) was heated 

at 55 ºC for 5 h. After this time, solvents were evaporated in vacuo to afford 

trianntenary-GalNac targeting ligand 77 (8 mg, 4.9 µmol, quantitative yield) as a white solid. 
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Rf (MeOH): 0.4. 1H NMR (800 MHz, CD3OD) δ 4.36 (d, J = 8.4 Hz, 3H), 3.95 – 3.89 (m, 6H), 

3.84 (dd, J = 3.3, 1.1 Hz, 3H), 3.79 – 3.72 (m, 6H), 3.68 – 3.66 (m, 12H), 3.59 (dd, J = 10.7, 

3.3 Hz, 3H), 3.53 – 3.47 (m, 6H), 3.25 – 3.17 (m, 12H), 2.58 (t, J = 2.5 Hz, 1H), 2.43 (t, J = 

6.1 Hz, 6H), 2.24 – 2.15 (m, 10H), 1.99 (s, 9H), 1.74 – 1.53 (m, 24H), 1.31 (br, 12H). 13C 

NMR (201 MHz, CD3OD) δ 176.4, 176.1, 175.9, 174.1, 174.0, 103.1, 80.8, 76.7, 73.3, 72.1, 

70.1, 69.7, 68.7, 62.6, 61.4, 54.3, 37.9, 37.8, 37.7 (×2), 36.8, 36.7, 30.6, 30.5, 30.4 (×2), 30.3, 

30.2, 30.0, 29.4, 27.1, 26.9, 23.9, 23.2. IR (ATR): ν̃ (cm-1) = 3287 (br), 3091 (m), 2927 (m), 

2859 (m), 1634 (vs), 1547 (vs), 1434 (s), 1372 (s), 1266 (s), 1100 (vs), 1051 (vs), 981 (m), 893 

(w), 730 (vs), 699 (vs). MS (MALDI-ToF): m/z calcd for C76H133N11NaO29
+ [M+Na]+: 

1686.9163 (monoisotopic mass), 1687.9153 (molecular weight), found: 1688.1. 
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6.2.6 General Procedure for Click-Chemistry-Conjugation of Targeting 

Ligands with Fluorescein Azide 

 

 

General procedure for Cu-free click ligation (SPAAC). In a 2 mL Eppendorf, 32 µL of a 1 

mM solution of targeting ligand 68, 73 and 75 (32 nmol, 1 eq) in DMSO were mixed with 3.2 

µL of a 10 mM solution of fluorescein azide (32 nmol, 1 eq) in DMSO. The reaction mixture 

was allowed to stand overnight. After this time, the reaction crude was diluted in H2O (1 mL) 

and lyophilized to obtain fluorescein conjugates 79, 80 and 82 as a yellow solid in quantitative 

yields.  

 

 

General procedure for Cu-catalyzed click ligation (CuAAC). In a 2 mL Eppendorf, 2 copper 

pellets were added together with 3.2 µL of a 10 mM solution of targeting agent 77 (32 nmol, 

1 eq) in DMSO, 3.2 µL of a 10 mM solution of fluorescein azide (32 nmol, 1 eq) in DMSO, 

7 µL of an 8 mM solution of tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) in 

DMSO and 21.6 µL DMSO. The reaction mixture was then stirred in the thermomixer at 

600 rpm at 45 °C for 2 h. After this time, the reaction crude was diluted with DI H2O (1 mL) 

and extracted with ethyl acetate (3 x 500 µL). The aqueous fraction was then lyophilized to 

obtain fluorescein conjugate 82 as a yellow solid in quantitative yields. 
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6.3 Minimum Energy Geometry Optimization of Fluorescent 

Conjugates 

 

Optimized minimum energy geometry calculations (MM2 force field) were carried out for 

compounds 72, 73 and 74 utilizing the software package Chem3D 21.0.0, and with the default 

parameters enabled. As shown in Figure 22, the carbohydrate moieties are distant from, and 

thus unincumbered by the DBCO and fluorescein substituents. The effects on 

CTL-carbohydrate interactions should thus be minimal. 

 

 

Figure 22. Optimized minimum energy geometries of fluorescein conjugates a) 72, b) 73, and c) 74. Color coding: 
Orange: mannose; Green: DBCO group; Yellow: fluorescein. Images were obtained using the molecular 
visualization software UCSF ChimeraX.[211] We have assumed that the geometries at gas and condensed phase 
are significantly similar. 
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6.4 Solution Stability Study of Fluorescent Conjugates 

Chemical stability is an essential factor that determines the in vivo fate of a prospective 

therapeutic agent. To address this issue, the following solution stability study was conducted 

on conjugates 79-82. Solutions at a concentration of 0.3 mM were prepared in a standard cell 

culture medium buffered with a carbonate system to maintain close-to-neutral pH at 5% CO2. 

The pCO2 level in cell culture incubators was set to mimic typical conditions in peripheral 

tissues. Following sample preparation and HPLC measurements, the samples were 

immediately stored a temperature of -20 °C for 1 year. After this period, samples were 

measured and allowed to stand under ambient conditions for 7 days, at room temperature and 

shielded from light, after which they were measured again. Figure 23 shows that all conjugates 

are in optimal conditions immediately after sample preparation. After 1 year at -20 °C, the 

polyester-based samples (79-82) exhibited significant signs of degradation. In contrast, 

mannotriose-fluorescein conjugate (80) and triantennary GalNAc-fluorescein conjugate (82) 

showed no decomposition, either after 1 year at -20 °C or further 7 days at room temperature. 

Upon handling the samples in atmospheric conditions (pCO2 ~0.04%), the culture medium 

became mildly alkaline, which exposed the conjugates to such conditions. It is evident that the 

polyester scaffolds, being more sensitive to basic conditions, underwent decomposition 

through cleavage of the different ester groups. Overall, samples were stable after being freshly 

prepared and were used immediately for cell experiments. 

 
Figure 23. Solution stability of a) diantennary mannose-fluorescein conjugate 79, b) tetraantennary 
mannose-fluorescein conjugate 81, c) mannotriose-fluorescein conjugate 80 and d) triantennary 
GalNAc-fluorescein conjugate 82. HPLC run conditions: 1.5 mL/min, 40 °C, buffer B 0-30 % v/v 0 → 4 min, 
then 30-85% v/v 4 → 10 min.  
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6.5 Synthesis of IVT mRNA 

Plasmid description and preparation. The plasmid used for the mRNA production, 

pSTI-A120-N2, contains an expression cassette composed by 5 differentiated parts (Scheme 

11 and Figure 24): i) T7 RNA polymerase promoter, ii) 5’ UTR consisting of a ribosome 

binding site (RBS), iii) nucleocapsid open reading frame from SARS-CoV-2 (NCBI GenBank: 

MN908947.3, Severe acute respiratory syndrome coronavirus 2 isolate Wuhan-Hu-1, complete 

genome https://www.ncbi.nlm.nih.gov/nuccore/MN908947), iv) 3’ UTR consisting of two 

repetitive sequences of the human β-globulin 3’UTR and v) a Poly(A) tail. The plasmid is 

propagated in NEB 5-alpha E. coli cells (a derivative of DH5α), grown in standard LB medium 

containing 50 µg/mL Kanamycin for selection, and isolated using the Plasmid Plus Midi Kit 

(Qiagen) according to manufacturer’s instructions. 

Plasmid linearization. 10 µg of plasmid are linearized by incubating with 20 U of BspQ1 

restriction enzyme in NEBuffer 3.1 at 50°C for 2 hours. This results in a linear DNA template 

with the 3’-end relative to the sense strand of the ORF located directly after the poly(A) tail 

sequence. The extent of digestion is assessed by gel electrophoresis on a 1.5% agarose gel in 

0.5x Tris-Acetate-EDTA (TAE) buffer. The linearized plasmid is then purified using a silica-

based spin column kit (QIAquick PCR Purification Kit) and purity as well as concentration are 

assessed by nanophotometer measurement. 

In vitro transcription and plasmid digestion. 50 µL reactions each containing 1 µg of linear 

template DNA, 20 units of T7 RNA polymerase and several nucleotides (ARCA, 4.00 mM; 

ATP, 1.50 mM; CTP, 1.25 mM; GTP, 1.00 mM; UTP, 1.25 mM; ΨTP, 1.25 mM) are combined 

in transcription buffer (40 mM Tris-HCl, pH 7.9, 6 mM MgCl2, 4 mM spermidine, 10 mM 

DTT) and incubated at 37°C for 2 hours. After this time, 2 U of RNase-free DNase I are added 

to each 50 µl reaction aliquot and incubation is continued for 15 minutes at 37°C. The transcript 

is then purified with the QIAquick PCR Purification Kit using one column for each IVT 

reaction aliquot. Columns are eluted with 32 µl of water and eluates (~30 µl/column) are 

pooled. The transcript concentration is measured by fluorometry (Qubit assay) and its integrity 

is assessed by electrophoresis on a 1.5% agarose/0.5x TAE gel (Figure 25). 

3’-end azide labeling. 25 µL reactions each containing up to 10 µg of mRNA, 0.5 mM 

3’-Azido-2’,3’-ddATP and 600 units of yeast poly(A) polymerase are combined in reaction 

buffer (20 mM Tris-HCl, pH 7.0, 0.6 mM MnCl2, 20 µM EDTA, 200 µM DTT, 10 µg/mL 
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acetylated BSA, 10 % glycerol) and incubated for 2 h at 37 °C. The mRNA is purified (up to 7 

µg RNA/column) and measured by fluorometry (Qubit assay). The integrity of the mRNA is 

assessed by agarose gel electrophoresis. 

mRNA bioconjugation via SPAAC. 10 µg (~18 pmol) of purified azide-labeled mRNA and 

2 nmol of mannotriose targeting ligand 75 are combined in a total reaction volume of 30 µL. 

The reaction mixture is incubated at room temperature for 3 h and the material is then purified 

by loading onto two columns of the QIAquick PCR Purification Kit. The integrity of the mRNA 

is assessed by agarose gel electrophoresis. 

 

 

Scheme 11. In vitro synthesis scheme of 3’-end-conjugated mRNA coding for SARS-CoV-2 N protein. 
UTR = untranslated region; ORF = open reading frame.  
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Figure 24: Map of the pSTI-A120-N2 plasmid used to produce mRNA coding for the N protein of SARS-CoV-2. 
Expression cassette: T7 RNA polymerase promoter (RBS, red), 5’ UTR (orange), N ORF (violet), 3’ UTR (dark 
green) and Poly(A) tail (black). Plasmid map was obtained using the SnapGene® software (from Dotmatics; 
available at snapgene.com). 

 

 
Figure 25. Agarose gel electrophoresis (1.5% agarose/0.5x TAE gel) for the analysis of linearized pSTI-A120-N2 
plasmid and its respective mRNA generated by in vitro transcription.
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1. General Experimental Methods

Materials and methods. Chemicals were purchased from Sigma-Aldrich, TCI, Fluka, ABCR, Acros 

Organics, VWR, Polymer Factory or Sapala Organics and were used without further purification. 

Solvents were purchased in septum-sealed bottles stored under an inert atmosphere. All reactions were 

magnetically stirred under a positive pressure of Argon (Ar) unless otherwise stated. Reactions and 

chromatography fractions were monitored by qualitative thin-layer chromatography (TLC) on silica gel 

F254 TLC plates from Merck KGaA, visualised by UV illumination or developed with ninhydrin, ceric 

ammonium molybdate or KMnO4 stains. Flash column chromatography was performed using silica gel 

(40-63 μm) or basic alumina (~150 mesh) from Merck KGaA. Size exclusion chromatography was 

performed on Sephadex® LH-20 (18-111 μm) from Merck KGaA. Dialysis membranes Spectra/Por® 6 

MWCO 1 KDa (18 mm flat width) and Spectra/Por® 6 MWCO 3.5 KDa (18 mm flat width) were purchased 

from Repligen and used as received. 

Nuclear Magnetic Resonance (NMR). Spectra were recorded on a Bruker Avance III HD 400 (400 

MHz), Varian NMR-System 600 (600 MHz) and Bruker Avance III HD with Cryo-Kopf 800 (800 MHz) 

spectrometers. 1H chemical shifts were internally calibrated to the residual protons of the deuterated 

solvent: DMSO-d5 (2.50 ppm) and CD2HOD (3.31 ppm). 13C NMR shifts were calibrated to the residual 

solvent: DMSO-d6 (39.52 ppm), CD3OD (49.00 ppm). 19F chemical shifts (δ) were referenced to an 

external reference: CFCl3 (0.00 ppm) or CF3COOH (-76.55 ppm). Data for 1H NMR spectra are reported 

as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = pentuplet, 

dd = doublet of doublets, m = multiplet, br = broad), coupling constant (Hz), integration. Data for proton-

decoupled 13C and 19F NMR spectra are reported by chemical shift (δ ppm) and, where necessary, 

multiplicity (s = singlet, t = triplet, q = quartet). All NMR spectra were analysed using the software 

MestreNova 14.1.1 from Mestrelab Research S. L. Broadening of aromatic signals was observed in the 

1H and 13C NMR spectra of the synthesised dendritic dyes, most likely due to strong π-π stacking 

between the dye moieties, as previously reported by Parenti et al.[1] 

IR spectroscopy. IR spectra were recorded on a PerkinElmer Spectrum BX II FT-IR system. All 

substances were directly applied as solids or on the ATR unit.  

Mass Spectrometry (MS). High resolution mass spectra (ESI-MS) were recorded by the analytical 

section of the Department of Chemistry of the Ludwig-Maximilians-Universität München on a 

spectrometer MAT 90 (ESI) from Thermo Finnigan GmbH. Raw data was extracted using OpenChrome 

Lablicate Edition version 1.5.0, and spectra were processed in Origin 2018. Theoretical spectra were 

calculated using the Isotope Distributor Calculator and Mass Spec Plotter by Adaptas Solutions 

(https://www.sisweb.com/mstools/isotope.htm) and processed in Origin 2018. Matrix-assisted laser 



SUPPORTING INFORMATION 

3 

desorption/ionization-time-of-flight (MALDI-TOF) mass spectra were recorded on a Bruker Autoflex II. 

The instrument was calibrated using SpheriCal™ calibrants. Samples were prepared by mixing 5 µL of 

1 mg/mL analyte solution in EtOAc or MeOH, 5 µL of a 1 mg/mL counterion solution of sodium 

trifluoroacetate (NaTFA) in tetrahydrofuran (THF) and 20 µL of a 10 mg/mL trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene]-malononitrile (DCTB) solution in THF. 1 µL of the final mixture 

was applied to a stainless-steel sample plate using the dried droplet method. The obtained spectra were 

analysed with FlexAnalysis version 2.2 from Bruker Daltonics and processed in Origin 2018.  

Analytical and preparative HPLC. Analytical RP-HPLC was performed on a Waters Alliance (e2695 

Separation Module, 2998 Photodiode Array Detector) instrument equipped with an XBridge™ OST C18 

column (2.5µm, 4.6mm x 50mm) using a flow of 1.5 mL/min at 40 °C column temperature. A linear 

gradient of buffer B 0-30 % v/v from 0 → 4 min and then 30-85 % v/v from 4 → 10 min was applied. 

Buffer A: 0.1 M triethylammonium acetate in H2O. Buffer B: 0.1 M triethylammonium acetate in 

MeCN/H2O 8:2 v/v. Preparative RP-HPLC was performed on a Waters Breeze (2487 Dual λ Array 

Detector, 1525 Binary HPLC Pump) instrument equipped with the column VP 250/32 C18 from Macherey 

Nagel using a flow of 5 mL/min at room temperature. Compounds were detected at the wavelength of 

maximum absorption (λmax) of the corresponding dyes. The employed gradients for the subsequent 

purifications are specified in the Synthetic Procedures section. 

Purification of dendrons by dialysis. High molecular weight dendrons were unsuitable for conventional 

flash chromatography and were instead purified according to the following procedure. A solution 

containing a particular dendron and other reaction components in DMSO (1 mL) was transferred to a 

dialysis membrane (ca. 10 cm of tubing) and carefully sealed at each end with a conventional clamp. 

The filled membrane was subsequently placed a beaker containing 1.0 L of DMSO and gently stirred for 

the reported time. The outer dialysate was replaced with fresh DMSO 2-3 times throughout the specified 

time course. The dialysis bag was then placed in a beaker containing 1.0 L H2O for the specified time to 

remove the majority DMSO from the inner compartment by diffusion. 

Visualisation of spectroscopic data in Origin. Absorption spectra, emission spectra, calibration 

curves, and their regression line equations were plotted and calculated using the software package 

Origin 2018 according to the developers’ instructions. 

Photostability measurements. A VFL-P-532 and a VFL-P-560 lasers from MPB communications were 

utilised to irradiate the samples at 532 nm and 560 nm, respectively. An iBEAM SMART 488 laser from 

TOPTICA was utilised to irradiate the samples at 488 nm. 
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The relationship between relative fluorescence intensity and irradiation time satisfies Equation 1: ln ( II0) =  −𝑘 · t         (Equation 1) 

Where I = fluorescence intensity at a time t, I0 = initial fluorescence intensity, k = photobleaching rate 

constant and t = irradiation time. The slope’s absolute value of the linear fitting between 𝑙𝑛 ( 𝐼𝐼0) and t 

corresponds to the photobleaching rate constant (k). The fluorescence half-life time (t1/2), therefore, was 

obtained following Equation 2: t1/2 = ln 2𝑘           (Equation 2) 

 

Calculation of pKa values with Marvin. The software package Marvin (version 21.17.0, ChemAxon) 

was used for calculating the pKa values of RDH2, RDm and RDF2 (https://www.chemaxon.com). 

 

Nomenclature of synthesised fluorophores. Rhodamine dyes are named following the structure RDX, 

where RD stands for rhodamine dye and X the substituent of the azetidine moiety (e.g. RDF2 corresponds 

to the rhodamine dye containing 4,4-difluoroazetidine groups). Fluorescein-based dendrons are 

abbreviated as FDn, being FD fluorescein dendron and n the number of fluorescein substituents present 

in the dendritic scaffold (e.g. FD4 corresponds to the dendron containing 4 fluorescein units). 

Rhodamine-based dendrons are named following the structure (RDx)Dn, where RDx is the type of 

rhodamine dye found in the scaffold, D stands for dendron, and n is the number of dye copies (e.g. 

RDF2D4 corresponds to the dendron containing 4 units of RDF2).  
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2. Synthetic Procedures 

 

 

Fluorescein azide (8). A magnetically-stirred solution containing 6-carboxyfluorescein (1) (200 mg, 0.53 

mmol, 1 eq) and N,N'-disuccinimidyl carbonate (DSC) (300 mg, 1.17 mmol, 2.2 eq) in DMF (8 mL) was 

treated with triethylamine (0.45 mL, 3.19 mmol, 6 eq) and then 4-dimethylaminopyiridine (DMAP) (6.49 

mg, 0.053 mmol, 0.1 eq), and the resulting mixture was maintained at room temperature for 1 h while 

shielded from light. After this time, 3-azidopropan-1-amine (133 mg, 1.33 mmol, 2.5 eq) was added and 

the reaction stirred an additional 2 h at room temperature. The crude product was subsequently 

concentrated in vacuo, dissolved in EtOAc (20 mL), and washed with aqueous KHSO4 (1 M, 2 x 10 mL) 

and brine (10 mL). The combined organic extracts were dried over Na2SO4, filtered, and concentrated in 

vacuo. Purification by silica gel flash chromatography (9:1 CH2Cl2/MeOH v/v) afforded compound 8 (171 

mg, 0.37 mmol, 70 %) as an orange solid. 

Rf = 0.4 (SiO2; CH2Cl2/MeOH, 9:1). 1H NMR (600 MHz, DMSO-d6) δ 10.17 (br, 2H), 8.74 (t, J = 5.6 Hz, 

1H), 8.17 (dd, J = 8.0, 1.4 Hz, 1H), 8.08 (d, J = 8.0 Hz, 1H), 7.67 (d, J = 1.3 Hz, 1H), 6.71 (d, J = 2.2 Hz, 

2H), 6.59 (d, J = 8.7 Hz, 2H), 6.56 (dd, J = 8.7, 2.3 Hz, 2H), 3.35 (t, J = 6.7 Hz, 2H), 3.26 (app. q, J = 6.5 

Hz, 2H), 1.72 (app. p, J = 6.8 Hz, 2H). 13C NMR (151 MHz, DMSO-d6) δ 168.2, 164.7, 159.8, 152.7, 

151.9, 140.7, 129.5, 129.4, 128.3, 125.0, 122.3, 112.9, 109.2, 102.3, 83.6, 48.5, 36.9, 28.2. IR (ATR): ν ̃

(cm-1) = 3326 (br), 3148 (br), 2100 (s), 1704 (vs), 1644 (m), 1631 (m), 1612 (s) 1588 (s), 1554 (s), 1505 

(s), 1463 (s), 1363 (m), 1342 (m), 1318 (w), 1292 (w), 1273 (m), 1248 (vs), 1232 (vs), 1191 (vs), 1176 

(s), 1149 (s), 1108 (s), 1014 (w), 998 (m), 977 (w), 950 (w), 925 (w), 852 (s), 838 (s), 797 (m), 753 (m), 

717 (w), 691 (m), 672 (m). HRMS (ESI): m/z calcd for C24H19N4O6
+ [M+H]+: 459.1305, found: 459.1299. 
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Fluorescein azide ditriflate (9). Fluorescein azide (8) (1.00 g, 2.18 mmol, 1 eq) was suspended in 

CH2Cl2 (12.5 mL) and cooled to 0 °C under a positive pressure of Ar. Pyridine (2.6 mL, 32.7 mmol, 15 

eq) and trifluoromethanesulfonic anhydride (2.75 mL, 16.4 mmol, 7.5 eq) were added, the ice bath 

removed, and the reaction stirred at room temperature overnight. The crude mixture was subsequently 

diluted with H2O (75 mL) and extracted with CH2Cl2 (3 x 75 mL). The combined organic extracts were 

washed with CuSO4 (100 mL of a sat. aq. solution) and brine (100 mL), dried with MgSO4, filtered, and 

concentrated in vacuo. Purification by silica gel flash chromatography (CH2Cl2:MeOH 197:3 → 195:5) 

afforded compound 9 (1.28 g, 1.77 mmol, 81 %) as a pale-yellow powder. 

Rf = 0.4 (SiO2; CH2Cl2/MeOH, 98:2). 1H NMR (400 MHz, CD3OD) δ 8.16 (dd, J = 8.1, 1.4 Hz, 1H), 8.13 

(d, J = 8.1 Hz, 1H), 7.67 (s, 1H), 7.52 (d, J = 2.5 Hz, 2H), 7.17 (dd, J = 8.9, 2.5 Hz, 2H), 7.10 (d, J = 8.8 

Hz, 2H), 3.35 (t, J = 6.8 Hz, 2H), 3.30 (t, J = 5.7 Hz, 2H), 1.76 (app. p, J = 6.8 Hz, 2H). 13C NMR (101 

MHz, CD3OD) δ 169.3, 168.0, 154.0, 152.7, 151.9, 143.0, 131.7, 131.2, 129.2, 126.8, 123.8, 120.4, 120.1 

(q, 1JCF = 319.9 Hz), 119.1, 112.1, 81.7, 50.1, 38.6, 29.5. 19F NMR (377 MHz, CD3OD) δ -73.1 (s). IR 

(ATR): ν ̃(cm-1) = 3318 (br), 3076 (w), 2925 (w), 2095 (s), 1772 (s), 1645 (m), 1607 (m), 1539 (m), 1487 

(m), 1419 (vs), 1207 (vs) 1136 (vs), 1104 (vs), 985 (vs) 939 (s) 851 (vs), 826 (s), 745 (w), 718 (m). HRMS 

(ESI): m/z calcd for C26H17F6N4O10S2
+ [M+H]+: 723.0290, found: 723.0289. 
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Rhodamine dye RDH2 (10). A heavy-walled sealable pressure tube was charged with fluorescein azide 

ditriflate (9) (100 mg, 0.138 mmol, 1 eq), azetidine hydrochloride (130 mg, 1.39 mmol, 10 eq), Pd2(dba)3 

(25 mg, 27.3 µmol, 0.2 eq), XPhos (40 mg, 84.0 µmol, 0.6 eq), and Cs2CO3 (902 mg, 2.77 mmol, 20 eq). 

The reaction vessel was sealed, evacuated, and backfilled with Ar (x3). Dioxane (3 mL) was added, and 

the reaction was magnetically stirred at 100 °C for 4 h. The crude mixture was subsequently filtered, and 

the residue washed with dioxane (20 mL). After concentration of the filtrate in vacuo, the crude product 

was precipitated via dissolution in the minimum volume of CH2Cl2, followed by dropwise addition of the 

mixture to ihexane/MeOH (100 mL of a 95 % v/v solution) and storage at 4 ºC overnight. The supernatant 

was removed by centrifugation, and the precipitate dried in vacuo. The crude material was subjected to 

further rounds of precipitation (x2) according to the same procedure, without storage at 4 ºC. Purification 

of the solid by basic alumina flash chromatography (CH2Cl2/MeOH 1:0 → 93:7 v/v) afforded RDH2 (10) 

(31 mg, 0.058 mmol, 42 %) as a dark, purple solid. A small quantity of the chromatographed material (15 

mg) was further subjected to RP-HPLC (30–80 % v/v MeCN/H2O in 1 h, 5 mL/min, room temperature) to 

obtain an analytically pure sample for photophysical characterisation. 

Rf = 0.4 (SiO2; CH2Cl2/MeOH, 85:15). 1H NMR (800 MHz, CD3OD) δ 8.11 (dd, J = 8.2, 0.5 Hz, 1H), 8.06 

(dd, J = 8.1, 1.8 Hz, 1H), 7.67 (dd, J = 1.8, 0.5 Hz, 1H), 7.17 (d, J = 9.2 Hz, 2H), 6.56 (dd, J = 9.2, 2.2 

Hz, 2H), 6.49 (d, J = 2.2 Hz, 2H), 4.27 (t, J = 7.5 Hz, 8H), 3.45 (t, J = 6.8 Hz, 2H), 3.40 (t, J = 6.7 Hz, 

2H), 2.54 (p, J = 7.4 Hz, 4H), 1.86 (app. p, J = 6.7 Hz, 2H). 13C NMR (201 MHz, CD3OD) δ 172.5, 168.7, 

161.8, 158.9, 158.0, 144.5, 136.3, 134.1, 132.9, 131.0, 129.6, 129.3, 115.0, 113.1, 95.0, 52.7, 50.2, 38.6, 

29.7, 16.8. IR (ATR): ν ̃(cm-1) = 3260 (br), 2928 (s), 2857 (s), 2094 (s), 1751 (w), 1592 (vs), 1550 (s), 

1532 (s), 1467 (s), 1408 (s), 1377 (vs), 1343 (s), 1296 (s), 1255 (vs), 1221 (s), 1181 (s), 1137 (s), 1113 

(s), 1068 (s), 1029 (vs), 971 (w), 928 (w), 818 (s), 754 (w), 697 (w). HRMS (ESI): m/z calcd for 

C30H29N6O4
+ [M+H]+: 537.2250, found: 537.2248. 
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Rhodamine dye RDm (11). A heavy-walled sealable pressure tube was charged with fluorescein ditriflate 

(9) (100 mg, 0.138 mmol, 1 eq), 4-(azetidin-3-yl)morpholine hydrochloride (247 mg, 1.38 mmol, 10 eq), 

Pd2(dba)3 (25 mg, 27.3 µmol, 0.2 eq), XPhos (40 mg, 84.0 µmol, 0.6 eq) and Cs2CO3 (902 mg, 2.77 

mmol, 20 eq). The reaction vessel was sealed, evacuated, and backfilled with Ar (x3). Dioxane (3 mL) 

was added, and the reaction was then stirred at 100 °C for 4 h. The crude mixture was subsequently 

filtered, and the residue washed with dioxane (20 mL). After concentration of the filtrate in vacuo, the 

crude product was precipitated via dissolution in the minimum volume of CH2Cl2, followed by dropwise 

addition of the mixture to ihexane/MeOH (100 mL of a 95 % v/v solution) and storage at 4 ºC overnight. 

The supernatant was removed by centrifugation, and the precipitate dried in vacuo. The crude material 

was subjected to further rounds of precipitation (x2) according to the same procedure, without storage 

at 4 ºC. Purification of the solid by basic alumina flash chromatography (CH2Cl2:MeOH 1:0 → 9:1 v/v) 

afforded RDm (11) (59 mg, 0.083 mmol, 60 %) as a purple solid. A small quantity of the chromatographed 

material (15 mg) was further subjected to RP-HPLC (0-80 % v/v MeCN/H2O in 30 min, 5 mL/min, room 

temperature) to obtain an analytically pure sample for photophysical characterisation. 

Rf = 0.4 (SiO2; CH2Cl2/MeOH, 95:5). 1H NMR (800 MHz, CD3OD) δ 8.13 (d, J = 8.2 Hz, 1H), 8.07 (dd, J 

= 8.2, 1.8 Hz, 1H), 7.67 (d, J = 1.8 Hz, 1H), 7.19 (d, J = 9.2 Hz, 2H), 6.62 (dd, J = 9.2, 2.2 Hz, 2H), 6.57 

(d, J = 2.2 Hz, 2H), 4.34 – 4.24 (m, 4H), 4.15 – 4.08 (m, 4H), 3.46 (t, J = 6.8 Hz, 2H), 3.40 (t, J = 6.6 Hz, 

2H), 2.50 (br, 8H), 1.87 (app. p, J = 6.7 Hz, 2H). 13C NMR (201 MHz, CD3OD) δ 172.3, 168.7, 159.5, 

158.7, 157.8, 143.9, 136.6, 134.5, 133.0, 130.9, 129.4, 129.3, 115.1, 113.3, 95.6, 67.5, 56.1, 55.7, 51.1, 

50.2, 38.6, 29.7. IR (ATR): ν ̃(cm-1) = 3304 (br), 2923 (s) , 2851 (s), 2095 (s), 1754 (s), 1632 (w), 1594 

(vs), 1552 (w), 1513 (w), 1481 (w), 1450 (w), 1428 (w), 1407 (w), 1377 (s), 1341 (w), 1320 (w), 1293 (s), 

1270 (w), 1245 (w), 1215 (w), 1185 (s), 1139 (w), 1111 (vs), 1067 (w), 965 (w), 926 (w), 888 (w), 864 

(w), 820 (s), 750 (w), 716 (w), 691 (w). HRMS (ESI): m/z calcd for C38H43N8O6
+ [M+H]+: 707.3306, found: 

707.3301. 
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Rhodamine dye RDF2 (12). A heavy-walled sealable pressure tube was charged with fluorescein 

ditriflate (9) (100 mg, 0.138 mmol, 1 eq), 4,4-difluoroazetidine hydrochloride (179 mg, 1.38 mmol, 10 eq), 

Pd2(dba)3 (25 mg, 0.027 mmol, 0.2 eq), XPhos (40 mg, 0.084 mmol, 0.6 eq) and Cs2CO3 (902 mg, 2.77 

mmol, 20 eq). The reaction vessel was sealed, evacuated, and backfilled with Ar (x3). Dioxane (3 mL) 

was added, and the reaction was then stirred at 100 °C for 4 h. The crude mixture was subsequently 

filtered, and the residue washed with dioxane (20 mL). After concentration of the filtrate in vacuo, the 

crude product was precipitated via dissolution in the minimum volume of CH2Cl2, followed by dropwise 

addition of the mixture to ihexane/MeOH (100 mL of a 95 % v/v solution) and storage at 4 ºC overnight. 

The supernatant was removed by centrifugation, and the precipitate dried in vacuo. The crude material 

was subjected to further rounds of precipitation (x2) according to the same procedure, without storage 

at 4 ºC, to afford RDF2 (12) (62 mg, 0.10 mmol, 74 %) as a purple solid. A small quantity of the 

chromatographed material (15 mg) was further subjected to RP-HPLC (30–80 % v/v MeCN/H2O in 1 h, 

5 mL/min, room temperature) to obtain an analytically pure sample for photophysical characterisation. 

Rf = 0.5 (SiO2; CH2Cl2/MeOH, 8:2). 1H NMR (800 MHz, CD3OD) δ 8.11 (dd, J = 8.1, 1.4 Hz, 1H), 8.08 (d, 

J = 8.1 Hz, 1H), 7.59 (d, J = 1.7 Hz, 1H), 6.71 (d, J = 8.6 Hz, 2H), 6.46 (d, J = 2.4 Hz, 2H), 6.36 (dd, J = 

8.7, 2.4 Hz, 2H), 4.31 (t, J = 11.5 Hz, 8H), 3.38 (t, J = 6.8 Hz, 2H), 3.34 (t, J = 6.6 Hz, 2H), 1.80 (app. p, 

J = 6.8 Hz, 2H). 13C NMR (201 MHz, CD3OD) δ 170.8, 168.3, 154.5, 153.9, 152.2, 141.5, 132.2, 130.5, 

130.2, 126.8, 124.7, 117.3 (t, 1JCF = 272.7 Hz), 110.9, 110.7, 100.0, 96.8, 64.2 (t, 2JCF = 26.6 Hz), 50.2, 

38.6, 29.6. 19F NMR (377 MHz, CD3OD) δ -100.1 (p, 3JFH = 11.8 Hz). IR (ATR): ν ̃(cm-1) = 3321 (br), 2928 

(w), 2862 (w), 2095 (s), 1754 (s), 1632 (m), 1610 (s), 1553 (m), 1511 (s), 1462 (m), 1429 (s), 1370 (s), 

1352 (m), 1318 (s), 1295 (m), 1270 (m), 1222 (vs), 1124 (s), 1086 (s), 960 (w), 906 (s), 857 (w), 821 (w), 

810 (w), 750 (w), 725 (s), 664 (s), 664 (s). HRMS (ESI): m/z calcd for C30H25F4N6O4
+ [M+H]+: 609.1873, 

found: 609.1877. 
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Dendritic dye FD2 (13). A Schlenk tube was charged with bis-MPA Acetylene Dendron, NH-Boc Core, 

Generation 1 (50 mg, 0.066 mmol, 1 eq), fluorescein azide (8) (121 mg, 0.264 mmol, 4 eq), CuBr (9 mg, 

0.06 mmol, 0.9 eq) and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDTA) (27.8 µL, 0.132 mmol, 2 

eq) under a positive pressure of Ar. Anhydrous DMSO (0.5 mL) was added, and the reaction mixture 

was stirred for 2 h at 50 ºC. After cooling to room temperature, the crude reaction mixture was subjected 

to dialysis (1 KDa MWCO) against DMSO for 72 h and then against DI H2O for 24 h according to the 

procedure specified in the General Experimental Methods section. Concentration of the dialysed solution 

in vacuo afforded FD2 (7) (67 mg, 0.040 mmol, 61 %) as an orange solid. 

Rt = 5.94 min (Analytical RP-HPLC; 1.5 mL/min, 40 °C, buffer B 0-30 % v/v 0 → 4 min, then 30-85 % v/v 

4 → 10 min). 1H NMR (800 MHz, DMSO-d6) δ 10.36 (br, 4H), 8.75 (s, 2H), 8.14 (br, 6H), 7.69 (br, 2H), 

6.82 (t, J = 5.6 Hz, 1H), 6.77 – 6.17 (m, 12H), 5.08 (s, 4H), 4.37 (s, 4H), 4.21 – 4.06 (m, 8H), 3.60 – 3.55 

(m, 4H), 3.52 – 3.47 (m, 8H), 3.23 (br, 4H), 3.14 (app. q, J = 6.5 Hz, 2H), 2.56 (s, 8H), 2.42 (t, J = 7.1 

Hz, 2H), 2.03 (br, 4H), 1.35 (s, 9H), 1.13 (s, 3H). 13C NMR (201 MHz, DMSO-d6) δ 172.2, 171.7, 171.4, 

171.2, 164.8, 155.4, 141.6, 129.2, 124.8, 111.6, 102.4, 77.7, 69.7, 68.2, 68.1, 65.1, 64.0, 63.2, 57.4, 

47.4, 45.9, 36.7, 36.1, 34.1, 29.6, 28.5, 28.4, 28.2, 17.1. IR (ATR): ν ̃(cm-1) = 3279 (br), 2962 (w), 1737 

(vs), 1640 (m), 1591 (s), 1506 (m), 1461 (s), 1385 (m), 1316 (m), 1250 (vs), 1209 (s), 1174 (vs), 1108 

(vs), 1027 (m), 851 (s), 808 (s), 759 (w), 662 (w). MS (MALDI-ToF): m/z calcd for C83H87N9NaO29
+ 

[M+Na]+: 1696.5502 (monoisotopic mass), 1697.6322 (molecular weight), found: 1697.9. 
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Dendritic dye FD4 (14). A Schlenk tube was charged with bis-MPA Acetylene Dendron, NH-Boc Core, 

Generation 2 (50 mg, 0.040 mmol, 1 eq), fluorescein azide (8) (145 mg, 0.316 mmol, 8 eq), CuBr (11 

mg, 0.077 mmol, 1.9 eq) and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDTA) (33.0 µL, 0.158 

mmol, 4 eq) under a positive pressure of Ar. Anhydrous DMSO (0.5 mL) was added, and the reaction 

mixture was stirred for 2 h at 50 ºC. After cooling to room temperature, the crude reaction mixture was 

subjected to dialysis (1 KDa MWCO) against DMSO for 72 h and then against DI H2O for 24 h according 

to the procedure specified in the General Experimental Methods section. Concentration of the dialysed 

solution in vacuo afforded FD4 (14) (82 mg, 0.026 mmol, 67 %) as an orange solid. 

Rt = 5.88 min (Analytical RP-HPLC; buffer B 0-30 % v/v 0 → 4 min, then 30-85 % v/v 4 → 10 min). 

1H NMR (800 MHz, DMSO-d6) δ 10.50 (s, 8H), 8.77 (s, 4H), 8.60 – 7.88 (m, 12H), 7.85 – 7.40 (m, 4H), 

6.81 (t, J = 5.6 Hz, 1H), 6.78 – 6.27 (m, 24H), 5.07 (s, 8H), 4.36 (t, J = 6.9 Hz, 8H), 4.25 – 4.04 (m, 16H), 

3.58 (t, J = 4.9 Hz, 2H), 3.56 (t, J = 4.8 Hz, 2H), 3.53 – 3.44 (m, 8H), 3.27 – 3.18 (m, 8H), 3.13 (q, J = 

6.7 Hz, 2H), 2.54 (s, 16H), 2.41 (t, J = 7.0 Hz, 2H), 2.02 (app. p, J = 7.4 Hz, 8H), 1.34 (s, 9H), 1.18 (s, 

3H), 1.11 (s, 6H). 13C NMR (201 MHz, DMSO-d6) δ 172.0, 171.7, 171.6, 171.4, 171.2, 164.9, 155.4, 

152.5, 141.5, 139.6, 129.3 (br, x2), 124.8, 123.1, 114.1, 109.5, 102.4, 77.7, 69.7, 68.2, 68.0, 65.5, 65.1, 

64.1, 63.2, 57.4, 47.4, 46.1, 46.0, 36.7, 36.1, 34.1, 29.6, 28.4, 28.3, 28.2, 17.0, 16.9. IR (ATR): ν ̃(cm-1) 

= 3289 (br), 2927 (w), 1737 (vs), 1639 (m), 1591 (vs), 1506 (s), 1462 (vs), 1383 (s), 1318 (s), 1248 (vs), 

1208 (vs), 1157 (vs), 1108 (vs), 1053 (w), 1028 (w), 995 (w), 968 (w), 921 (w), 850 (s), 808 (w), 758 (m), 

717 (w), 663 (w). MS (MALDI-ToF): m/z calcd for C155H151N17NaO53
+ [M+Na]+: 3120.9535 (monoisotopic 

mass), 3122.9682 (molecular weight), found: 3121.9.  
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Dendritic dye FD8 (15). A Schlenk tube was charged with bis-MPA Acetylene Dendron, NH-Boc Core, 

Generation 3 (47 mg, 0.021 mmol, 1 eq), fluorescein azide (8) (154 mg, 0.336 mmol, 16 eq), CuBr (12 

mg, 0.084 mmol, 4 eq) and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDTA) (34.2 µL, 0.164 mmol, 

8 eq) under a positive pressure of Ar. Anhydrous DMSO (0.5 mL) was added, and the reaction mixture 

was stirred for 2 h at 50 ºC. After cooling to room temperature, the crude reaction mixture was subjected 

to dialysis (3.5 KDa MWCO) against DMSO for 24 h and then against DI H2O for 24 h according to the 

procedure specified in the General Experimental Methods section. Concentration of the dialysed solution 

in vacuo afforded FD8 (15) (50 mg, 8.4 µmol, 40 %) as a yellow solid. 

Rt = 5.64 min (Analytical RP-HPLC; 1.5 mL/min, 40 °C, buffer B 0-30 % v/v 0 → 4 min, then 30-85 % v/v 

4 → 10 min). 1H NMR (800 MHz, DMSO-d6) δ 10.17 (s, 16H), 8.75 (t, J = 5.6 Hz, 8H), 8.15 (dd, J = 8.1, 

1.4 Hz, 8H), 8.10 (s, 8H), 8.06 (d, J = 8.1 Hz, 8H), 7.67 (s, 8H), 6.77 (t, J = 5.7 Hz, 1H), 6.68 (d, J = 2.4 

Hz, 16H), 6.58 (d, J = 8.6 Hz, 16H), 6.54 (dd, J = 8.7, 2.4 Hz, 16H), 5.05 (s, 16H), 4.34 (t, J = 7.1 Hz, 

16H), 4.26 – 4.03 (m, 32H), 3.60 – 3.56 (m, 2H), 3.55 – 3.52 (m, 2H), 3.51 – 3.42 (m, 8H), 3.20 (app. q, 

J = 6.5 Hz, 16H), 3.12 (q, J = 6.7 Hz, 2H), 2.52 (s, 32H), 2.39 (t, J = 7.0 Hz, 2H), 2.00 (app. p, J = 7.0 

Hz, 16H), 1.31 (s, 9H), 1.20 (s, 3H), 1.17 (s, 6H), 1.10 (s, 12H). 13C NMR (201 MHz, DMSO-d6) δ 171.9, 

171.7, 171.6, 171.4, 171.2, 168.0, 164.7, 159.8, 155.4, 152.4, 151.9, 141.5, 140.5, 129.4, 129.3, 128.5, 

124.9, 124.8, 122.3, 112.9, 109.2, 102.3, 77.7, 69.7, 69.6, 68.2, 68.0, 65.1, 65.0, 64.1, 63.2, 57.3, 47.4, 

46.2, 46.1, 46.0, 36.8, 36.0, 34.1, 29.6, 28.3, 28.3, 28.1, 17.0, 16.9, 16.8. IR (ATR): ν ̃(cm-1) = 3260 (br), 

2922 (s), 2852 (m), 1734 (vs), 1635 (m), 1610 (s), 1543 (m), 1506 (m), 1450 (s), 1368 (m), 1315 (m), 

1239 (s), 1175 (vs), 1152 (vs), 1110 (vs), 994 (s), 949 (w), 847 (s), 822 (m), 752 (m), 688 (m). 

MS (MALDI-ToF): m/z calcd for C299H279N33NaO101
+ [M+Na]+: 5969.7602 (monoisotopic mass), 

5973.6402 (molecular weight), found: 5970.0. m/z calcd for C299H278N33Na2O101
+ [M-H+2Na]+: 5991.7427 

(monoisotopic mass), 5995.6225 (molecular weight), found: 5991.5.  
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Dendritic dye 15b. Dendritic dye FD8 (15) (15 mg, 2.5 µmol) was suspended in neat trifluoroacetic acid 

(18 µL) and the resulting mixture was maintained at room temperature for 2 h with vigorous stirring. After 

this time, the reaction mixture was subjected to successive strip cycles (x3) by addition and evaporation 

of methanol in vacuo to afford 15b (15 mg, 2.5 µmol, quant.) as a yellow solid. 

Rt = 5.23 min (Analytical RP-HPLC; 1.5 mL/min, 40 °C, buffer B 0-30 % v/v 0 → 4 min, then 30-85 % v/v 

4 → 10 min). 1H NMR (800 MHz, DMSO-d6) δ 10.16 (s, 16H), 8.75 (t, J = 5.5 Hz, 8H), 8.15 (dd, J = 8.1, 

1.4 Hz, 8H), 8.11 (s, 8H), 8.06 (d, J = 8.2 Hz, 8H), 7.71 (br, 3H), 7.66 (s, 8H), 6.69 (d, J = 2.4 Hz, 16H), 

6.58 (d, J = 8.7 Hz, 16H), 6.54 (dd, J = 8.7, 2.4 Hz, 16H), 5.05 (s, 16H), 4.34 (t, J = 7.1 Hz, 16H), 4.25 – 

4.02 (m, 32H), 3.60 – 3.54 (m, 4H), 3.52 – 3.42 (m, 8H), 3.20 (app. q, J = 6.4 Hz, 16H), 3.02 (app. h, J 

= 6.3 Hz, 2H), 2.64 (t, J = 6.9 Hz, 2H), 2.54 – 2.51 (m, 32H), 2.00 (app. p, J = 7.0 Hz, 16H), 1.23 (s, 3H), 

1.17 (d, J = 5.2 Hz, 6H), 1.10 (s, 12H).13C NMR (201 MHz, DMSO-d6) δ 171.7, 171.6, 171.4, 170.4, 

168.0, 164.7, 159.6, 157.9, 152.7, 151.8, 141.5, 140.6, 129.4, 129.3, 128.2, 124.8, 124.8, 122.3, 112.7, 

109.1, 102.2, 83.3, 69.6, 68.1, 68.0, 65.1, 65.0, 63.8, 57.3, 47.4, 46.2, 46.1, 46.0, 36.8, 34.7, 31.3, 29.6, 

28.3, 28.3, 17.0, 16.9, 16.8. IR (ATR): ν̃ (cm-1) = 3430 (br), 3186 (br), 2924 (s), 2850 (m), 2158 (w), 1731 

(s), 1652 (s), 1606 (s), 1505 (w), 1453 (m), 1378 (w), 1314 (w), 1240 (m), 1177 (vs), 1128 (vs), 992 (m), 

841 (m), 803 (m), 759 (w), 749 (w), 720 (m), 685 (w). MS (MALDI-ToF): m/z calcd for C294H271N33NaO99
+ 

[M-H+Na]+: 5869.7083 (monoisotopic mass), 5873.5238 (molecular weight), found: 5870.1. m/z calcd for 

C294H270N33Na2O99
+ [M-2H+2Na]+: 5891.6897 (monoisotopic mass), 5895.5050 (molecular weight), 

found: 5891.4. 
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Dendritic dye FD8-N3 (16). Dendritic dye 15b (10 mg, 1.7 µmol, 1 eq) was dissolved in DMF (100 µL). 

Triethylamine (1.2 µL, 8.4 µmmol, 5 eq) and azido-PEG4-NHS ester (1.3 mg, 3.4 µmol, 2 eq) were added 

and the resulting mixture was maintained at room temperature for 1 h with vigorous stirring. After this 

time, the crude reaction mixture was concentrated in vacuo, dissolved in the minimum amount of DMSO 

and subjected to dialysis (3.5 KDa MWCO) against DI H2O for 48 h according to the procedure specified 

in the General Experimental Methods section. Concentration of the dialysed solution in vacuo afforded 

FD8-N3 (16) (7 mg, 1 µmol, 67 %) as an orange solid. 

Rt = 5.55 min (Analytical RP-HPLC; 1.5 mL/min, 40 °C, buffer B 0-30 % v/v 0 → 4 min, then 30-85 % v/v 

4 → 10 min). 1H NMR (800 MHz, DMSO-d6) δ 10.18 (s, 16H), 8.74 (t, J = 5.6 Hz, 8H), 8.14 (dd, J = 8.0, 

1.4 Hz, 8H), 8.09 (s, 8H), 8.05 (d, J = 8.1 Hz, 8H), 7.88 (t, J = 5.7 Hz, 1H), 7.66 (s, 8H), 6.68 (d, J = 2.4 

Hz, 16H), 6.58 (d, J = 8.6 Hz, 16H), 6.54 (dd, J = 8.6, 2.5 Hz, 16H), 5.04 (s, 16H), 4.33 (t, J = 6.8 Hz, 

16H), 4.25 – 3.98 (m, 32H), 3.64 – 3.31 (m, 30H), 3.23 (app. q, J = 6.7 Hz, 2H), 3.20 (q, J = 6.5 Hz, 16H), 

2.54 – 2.46 (m, 34H), 2.25 (t, J = 6.5 Hz, 2H), 2.00 (app. p, J = 7.0 Hz, 16H), 1.19 (s, 3H), 1.16 (s, 6H), 

1.09 (s, 12H). 13C NMR (201 MHz, DMSO-d6) δ 171.8, 171.7, 171.5, 171.4, 170.3, 168.1, 164.8, 159.7, 

152.7, 151.9, 141.6, 140.7, 129.7, 129.5, 129.3, 128.3, 124.9, 124.8, 122.3, 112.8, 109.2, 102.3, 83.4, 

69.8 (x2), 69.8, 69.7 (x2), 69.6, 69.3, 68.2, 68.0, 66.8, 65.2, 65.0, 63.3, 57.4, 50.0, 47.4, 46.2 (x2), 46.1, 

36.8, 29.6, 28.4 (x2), 17.1, 17.0, 16.9. IR (ATR): ν ̃(cm-1) = 3130 (br), 2923 (m), 2853 (w), 2357 (w), 2251 

(w), 2110 (w), 1734 (vs), 1634 (m), 1610 (s), 1545 (m), 1507 (m) 1451 (s), 1368 (w), 1242 (s), 1177 (vs), 

1150 (vs), 1110 (vs), 1084 (m), 1045 (m), 1023 (s), 993 (vs), 848 (m), 818 (s), 757 (m), 688 (w), 674 (w), 

688 (w). MS (MALDI-ToF): m/z calcd for C305H290N36NaO104
+ [M+Na]+: 6142.8403 (monoisotopic mass), 

6146.8122 (molecular weight), found: 6145.6. m/z calcd for C305H289N36Na2O104
+ [M-H+2Na]+: 6164.8222 

(monoisotopic mass), 6148.7940 (molecular weight), found: 6167.1. 
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Dendritic dye RDF2D4 (17). A vial was charged with bis-MPA Acetylene Dendron, Generation 2 (5 mg, 

4 µmol, 1 eq), dye RDF2 (12) (14 mg, 23 µmol, 5.8 eq), CuBr (1.1 mg, 7.9 µmol, 2 eq) and N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDTA) (3.3 µL, 15.8 µmol, 4 eq) under Ar atmosphere. After 

dissolution with 300 µL of anhydrous DMF, the reaction mixture was stirred for 2 h at 50 ºC. The crude 

was then purified by size exclusion chromatography (Sephadex LH-20, DMF) to yield RDF2D4 (17) (12 

mg, 3.2 µmol, 85 %) as a pink solid. 

Rf = 0.6 (SiO2; EtOAc/MeOH, 8:2). 1H NMR (600 MHz, DMSO-d6) δ 8.76 (s, 4H), 8.16 (d, J = 6.6 Hz, 

4H), 8.11 (s, 4H), 8.08 (d, J = 8.1 Hz, 4H), 7.62 (s, 4H), 6.80 (s, 1H), 6.62 (dd, J = 8.6, 2.3 Hz, 8H), 6.46 

(s, 8H), 6.31 (d, J = 8.6, 8H), 5.07 (s, 8H), 4.40 – 4.27 (m, 40H), 4.22 – 4.06 (m, 16H), 3.64 – 3.53 (m, 

4H), 3.49 (t, J = 9.0 Hz, 8H), 3.23 – 3.20 (m, 8H), 3.16 – 3.11 (m, 2H), 2.54 (s, 16H), 2.42 (t, J = 7.0 Hz, 

2H), 2.01 (t, J = 7.0 Hz, 8H), 1.34 (s, 9H), 1.18 (s, 3H), 1.12 (s, 6H). 13C NMR (151 MHz, DMSO-d6) δ 

172.0, 171.7, 171.6, 171.4, 171.2, 168.1, 164.7, 155.4, 152.7, 151.6, 141.5, 140.5, 128.9, 128.3, 124.9, 

124.8, 122.2, 116.5 (t, 1JCF = 273.1 Hz), 109.6, 108.3, 99.2, 83.5, 77.7, 69.7, 68.2, 68.0, 65.1, 64.1, 63.2, 

62.9 (t, 2JCF = 25.3 Hz), 57.3, 47.3, 46.1, 36.7, 36.0, 34.1, 29.6, 28.3, 28.2, 17.0, 16.9. 19F NMR (377 

MHz, DMSO-d6) δ -101.6 (p, 3JFH = 12.9 Hz). IR (ATR): ν ̃(cm-1) = 3353 (br), 2954 (s), 2921 (vs), 2851 

(vs), 2364 (w), 1738 (s), 1634 (w), 1613 (s), 1514 (m), 1463 (s), 1429 (w), 1377 (s), 1320 (w), 1270 (m), 

1230 (s), 1087 (w), 965 (w), 910 (m), 830 (w), 727 (m). MS (MALDI-ToF): m/z calcd for C179H175N25O45
+ 

[M+H]+: 3699.1991 (monoisotopic mass), 3701.4809 (molecular weight), found: 3702.7; m/z calcd for 

C179H175N25NaO45
+ [M+Na]+: 3721.1811 (monoisotopic mass), 3723.4627 (molecular weight), found: 

3724.7. 
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3. Photophysical Properties of the Synthesised Fluorophores 

 
Figure S1. Photophysical properties of fluorescein azide (8) in 10 mM HEPES, pH 7.3 buffer at room temperature. a) Absorption and emission spectra. Solutions 
in the photographs correspond to fluorescein azide at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber 
law. All absorbance values are averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and 
fluorescence area values are averages (n = 3).  

 

 
Figure S2. Photophysical properties of fluorescein azide (8) in 10 mM sodium borate, pH 9.1 buffer at room temperature. a) Absorption and emission spectra. 
Solutions in the photographs correspond to fluorescein azide at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the 
Beer-Lamber law. All absorbance values are averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance 

and fluorescence area values are averages (n = 3). 
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Figure S3. Photophysical properties of RDH2 (10) in 10 mM HEPES, pH 7.3 buffer at room temperature. a) Absorption and emission spectra. Solutions in the 
photographs correspond to RDH2 at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All absorbance 
values are averages (n = 3). c) Fluorescence area vs. absorbance plot for quantum yield comparative method. All absorbance and fluorescence area values are 
averages (n = 3). 

 

 
Figure S4. Photophysical properties of RDH2 (10) in aqueous TFA (0.1 % v/v) at room temperatures. a) Absorption and emission spectra. Solutions in the 
photographs correspond to RDH2 at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All absorbance 
values are averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and fluorescence area values 
are averages (n = 3). 
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Figure S5. Photophysical properties of RDm (11) in 10 mM HEPES, pH 7.3 buffer at room temperature. a) Absorption and emission spectra. Solutions in the 
photographs correspond to RDm at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All absorbance 
values are averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and fluorescence area values 
are averages (n = 3). 

 

 
Figure S6. Photophysical properties of RDm (11) in aqueous TFA (0.1 % v/v) at room temperature. a) Absorption and emission spectra. Solutions in the photographs 
correspond to RDm at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All absorbance values are 
averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and fluorescence area values are averages 
(n = 3). 
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Figure S7. Photophysical properties of RDF2 (12) in 10 mM HEPES, pH 7.3 buffer at room temperature. a) Absorption and emission spectra. Solutions in the 
photographs correspond to RDF2 at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All absorbance 
values are averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and fluorescence area values 
are averages (n = 3). 

 

 
Figure S8. Photophysical properties of RDF2 (12) in aqueous TFA (0.1 % v/v) at room temperature. a) Absorption and emission spectra. Solutions in the photographs 
correspond to RDF2 at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All absorbance values are 
averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and fluorescence area values are averages 
(n = 3). 
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Figure S9. Photophysical properties of FD2 (13) in 10 mM HEPES, pH 7.3 buffer at room temperature. a) Absorption and emission spectra. Solutions in the 
photographs correspond to FD2 at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All absorbance 
values are averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and fluorescence area values 
are averages (n = 3). 

 

 
Figure S10. Photophysical properties of FD2 (13) in 10 mM sodium borate, pH 9.1 buffer at room temperature. a) Absorption and emission spectra. Solutions in 
the photographs correspond to FD2 at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All 
absorbance values are averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and fluorescence 
area values are averages (n = 3). 

pH 7.3
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ϕ = 0.13

a)

c)b)

a)

c)b)

pH 9.1

λabs / λem = 498 / 520 nm 

εmax = 123000 L·mol-1·cm-1

ϕ = 0.26
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Figure S11. Photophysical properties of FD4 (14) in 10 mM HEPES, pH 7.3 buffer at room temperature. a) Absorption and emission spectra. Solutions in the 
photographs correspond to FD4 at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All absorbance 
values are averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and fluorescence area values 
are averages (n = 3). 

 

 
Figure S12. Photophysical properties of FD4 (14) in 10 mM sodium borate, pH 9.1 buffer at room temperature. a) Absorption and emission spectra. Solutions in 
the photographs correspond to FD4 at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All 
absorbance values are averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and fluorescence 
area values are averages (n = 3). 
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a)
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b)

a)
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Figure S13. Photophysical properties of FD8 (15) in 10 mM HEPES, pH 7.3 buffer at room temperature. a) Absorption and emission spectra. Solutions in the 
photographs correspond to FD8 at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All absorbance 
values are averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and fluorescence area values 
are averages (n = 3). 

 

 
Figure S14. Photophysical properties of FD8 (15) in 10 mM sodium borate, pH 9.1 buffer at room temperature. a) Absorption and emission spectra. Solutions in 
the photographs correspond to FD8 at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All 
absorbance values are averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and fluorescence 
area values are averages (n = 3). 

pH 7.3

λabs / λem = 492 / 519 nm 
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b) c)

a)

pH 9.1
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b) c)

a)



SUPPORTING INFORMATION          

23 
 

 
Figure S15. Photophysical properties of RDF2D4 (17) in 10 mM HEPES, pH 7.3 buffer at room temperature. a) Absorption and emission spectra. Solutions in the 
photographs correspond to RDF2D4 at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All 
absorbance values are averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and fluorescence 
area values are averages (n = 3).  

 

 
Figure S16. Photophysical properties of RDF2D4 (17) in aqueous TFA (0.1 % v/v) at room temperature. a) Absorption and emission spectra. Solutions in the 
photographs correspond to RDF2D4 at 2 µM (absorbance; left) and 0.2 µM (emission; right). b) Linear regression analysis obeying the Beer-Lamber law. All 
absorbance values are averages (n = 3). c) Fluorescence area vs. absorbance plot for the quantum yield comparative method. All absorbance and fluorescence 
area values are averages (n = 3). 

pH 7.3

λabs / λem = 532 / 555 nm 
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c)b)

a)
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c)b)

a)
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Figure S17. Fluorescence area vs. absorbance plots of the references used for the quantum yield comparative method. a) Fluorescein in aqueous 0.1 M NaOH. 
b) Rhodamine 6G in ethanol. All absorbance and fluorescence area values are averages (n = 3) and the measurements were taken at room temperature. 

  

b)a)
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4. Photostability Studies of RDH2, RDm and RDF2 

 

The photobleaching rate constant values (k) and fluorescence half-life time values (t1/2) of RDH2, RDm, 

and RDF2 were evaluated to characterise the photostability of these new dyes. As described in the 

General Experimental Methods section, ln (
II0) was plotted against the irradiation time (t) (Equation 1) to 

obtain the photobleaching constant rate as the absolute value of the slope’s linear fitting (see Table S1 

and Figure S18). Fluorescence half-life time values were calculated, therefore, based on the 

photobleaching constant rates (Equation 2). The photostability of TAMRA-PEG3-azide and fluorescein 

azide was also evaluated for comparative reasons. As shown in Table S1, the newly synthesised 

rhodamine dyes exhibit similar fluorescence half-life times to that of TAMRA-PEG3-azide, demonstrating 

the photostability of the new dyes is comparable to that of a commercially available rhodamine dye. The 

half-life time of fluorescein azide was also calculated to show, as already reported,[2,3] the exceptional 

photostability of rhodamine dyes in comparison to fluorescein. 

 

Table S1. Photobleaching rate constants (k) and fluorescence half-life times (t1/2) of RDH2, RDm, 
RDF2, TAMRA-PEG3-azide and fluorescein azide. 

Fluorophore k (min-1) t1/2 (min) 

RDH2
[a] 2.15 x 10-2 32.3 

RDm
[b] 4.89 x 10-2 14.2 

RDF2
[b] 2.75 x 10-2 25.2 

TAMRA-PEG3-azide[a] 2.39 x 10-2 29.0 

Fluorescein azide[c] 8.60 x 10-2 8.1 

[a] 0.2 µM sample irradiated using a 560 nm laser at a power density of 550 mW/cm2. [b] 0.2 µM 
sample irradiated using a 531 nm laser at a power density of 550 mW/cm2. [c] 0.2 µM sample 
irradiated using a 488 nm laser at a power density of 13 mW/cm2. TAMRA-PEG3-azide and 
fluorescence azide were used as references for comparison. 
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Figure S18. ln(I0/I) plotted against irradiation time (t) of a) RDH2, b) RDm, c) RDF2, d) TAMRA-PEG3-azide and e) fluorescein azide. The absolute value of the 
linear fitting’s slope corresponds to the photobleaching rate constant (k). I0 = initial intensity. I = intensity at time t. All ln(I0/I) values are averages (n = 3). 

  



SUPPORTING INFORMATION          

27 
 

5. pKa Values Calculation of RDH2, RDm and RDF2 

 

Figure S19. Calculation of the different pKa values of RDH2 at 25 °C. a) Distribution of the different species in solution as a function of pH. b) Structure of the different 
protonated and unprotonated forms of RDH2. At pH 7.3 the main species found in solution is the deprotonated form of RDH2, whereas the doubly protonated form of 
RDH2 is the prevailing one at pH 1.9. 

 

 

Figure S20. Calculation of the different pKa values of RDF2 at 25 °C. a) Distribution of the different species in solution as a function of pH. b) Structure of the different 
protonated and unprotonated forms of RDF2. At pH 7.3 the main species found in solution is unprotonated form of RDF2, whereas the doubly protonated form of RDF2 
is the prevailing one at pH 1.9. 
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Figure S21. Calculation of the different pKa values of RDm at 25 °C. a) Distribution of the different species in solution as a function of pH. b) Structure of the different 
protonated and unprotonated forms of RDm. At pH 7.3 the main species found in solution are the unprotonated and monoprotonated form of RDm, whereas the 
tetraprotonated form of RDm is the prevailing one at pH 1.9. 
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6. Solution Stability Studies 

A solution stability study was performed for fluorescein azide, FD2, FD4, FD8, RDH2, RDm, RDF2 and 

RDF2D4. In order to carry out this experiment, buffered pH 7.3 aqueous solutions (HEPES, 10 mM) of 

the fluorophores were prepared at a concentration of 2.0 µM. The samples were allowed to stand under 

ambient conditions for 7 days, at room temperature and shielded from sunlight. Aliquots were taken and 

measured by HPLC at three time points, shown below. For solubility reasons, analyses of RDF2D4 by 

HPLC were not possible and, consequently, MALDI-ToF measurements were performed. Overall, all 

fluorophores are stable after 1 week in solution under these conditions. 

 

 

 

Figure S22. Solution stability study of a) fluorescein azide, b) FD2, c) FD4, d) FD8, e) RDH2, f) RDm, g) RDF2 and h) RDF2D4.,HPLC run conditions: a-f) 1.5 mL/min, 
40 °C, buffer B 0-30 % v/v 0 → 4 min, then 30-85 % v/v 4 → 10 min. g) 1.5 mL/min, 40 °C, buffer B 0-30 % v/v 0 → 4 min, then 30-85 % v/v 4 → 6 min and 85 % 
v/v 6 → 10 min. MALDI-ToF conditions: h) positive ionization mode, DCTB (matrix), NaTFA (cationization agent). 
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7. Mass Spectra of the Synthesised Compounds 

 
7.1 ESI spectra 
 
 

 
Figure S23. a) Experimental and b) theoretical isotopic distributions of [M+H]+ for fluorescein azide. 

 

 
Figure S24. a) Experimental and b) theoretical isotopic distributions of [M+H]+ for fluorescein ditriflate. 

 

 
Figure S25. a) Experimental and b) theoretical isotopic distributions of [M+H]+ for RDH2. 
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Figure S26. Experimental and b) theoretical isotopic distributions of [M+H]+ for RDm. 

 

 
Figure S27. Experimental and b) theoretical isotopic distributions of [M+H]+ for RDF2. 
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7.2 MALDI-ToF spectra 
 
 
 

 
Figure S28. MALDI-ToF spectra of a) FD2, b) FD4, c) FD8, d) FD8-NH3, e) FD8-N3 and f) RDF2D4. 
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8. NMR Spectra of the Synthesised Compounds 
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NOTE: The resonance at -101.1 ppm was tentatively assigned as soluble ionic fluoride (F-).[4,5] 
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