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Abstract 

Recent research has begun to explore the synergy between the two powerful concepts of bioorthogonal 

chemistry and nanotechnology. The bioorthogonal inverse electron-demand Diels–Alder (iEDDA) 

reaction reaction offers rapid, selective conjugation under physiological conditions, enabling two-step 

targeting approaches that enhance specificity and minimize off-target effects. When combined with the 

unique properties of nanoparticles (NPs), such as multimodal imaging capabilities and multifunctional 

drug delivery, this synergy unlocks new opportunities for advanced imaging, targeted drug release, and, 

in combination, theranostics. Recent advances highlight the promise of iEDDA-functionalized NPs in 

pretargeted PET imaging and click-to-release prodrug activation. However, in the future, the two 

concepts must be considered increasingly in conjunction investigating how functionalizing NPs with 

iEDDA motifs affects the stability and biodistribution of the particles, and conversely, how attaching 

iEDDA motifs to NPs influences their reactivity and stability in biological environments. This review 

discusses in detail the current state of the literature on concepts for the effective interplay between the 

iEDDA reaction and NPs and identifies key aspects that require closer examination. Future directions 

for exploiting the full potential of iEDDA-based NP platforms are outlined, paving the way for next-

generation, personalized diagnostic and therapeutic applications. 
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Graphical Abstract 

 

Visualization of key concepts linking bioorthogonal iEDDA reaction chemistry with nanoparticle-based 

applications in next-generation medicine. 
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1. Introduction 

The development of bioorthogonal reactions has fundamentally transformed the way chemists 

manipulate biomolecules within living systems. Whereas the formation of covalent bonds was 

previously restricted to controlled conditions in vitro, bioorthogonal chemistry now enables selective 

chemical transformations within living organisms without interfering with natural biochemical 

processes. [1] The significance of this field was highlighted by the awarding of the Nobel Prize in 

Chemistry in 2022 to Carolyn Bertozzi, Morten Meldal, and K. Barry Sharpless, bringing click 

chemistry and bioorthogonal reactions into the broader public spotlight. [2] Among the various 

bioorthogonal reactions developed to date, the inverse electron-demand Diels–Alder (iEDDA) reaction 

between tetrazines and strained alkenes or alkynes stands out. It offers exceptional reaction kinetics 

combined with excellent biocompatibility, making it possible to form covalent bonds even at low 

reactant concentrations and on timescales relevant for in vivo applications. [3] While bioorthogonal 

chemistry has already demonstrated immense potential in chemical biology and molecular imaging, 

recent research has begun to explore its synergy with nanotechnology. [4] Nanoparticles (NPs) possess 

unique physicochemical properties that have been intensively explored in biomedicine over the past 

decades in the search for advanced diagnostic and therapeutic tools. [5] The combination of 

bioorthogonal iEDDA chemistry with NPs represents a promising strategy to overcome several 

limitations of conventional NP-based approaches, particularly in the context of targeted drug delivery 

and precision diagnostics. The iEDDA reaction enables two-step targeting concepts, in which one 

component is first used to identify the target and then another component is administered to enable 

imaging or to deliver drugs. [6] The iEDDA reaction allows rapid and selective coupling of the two 

components in vivo alongside a variety of other functional groups. Importantly, the NP can serve as 

either the first or the second component in the two-step strategy, resulting in different requirements and 

possibilities. If the NP is administered as the first component, the enhanced permeability and retention 

(EPR) effect of the particles in the tumor tissue is often exploited. [7] The interaction of the NPs with 

the biological environment plays a decisive role here. If the NP is used as the second component, the 

target labeling usually takes place beforehand using antibodies or iEDDA motifs are artificially installed 

on the target cells. In this case, the intrinsic properties of NPs are leveraged, such as the possibility of 

integrating several imaging modalities or therapeutic substances into them, enabling multifunctional 

applications. [8] 

In this work, we explore the potential of combining the iEDDA reaction with NPs for advanced 

diagnostic and therapeutic applications. We begin with a brief introduction to the field of bioorthogonal 

chemistry, followed by a more detailed overview of the two key components: the bioorthogonal iEDDA 

reaction and NPs. The main part of this review focuses on how the synergy between the bioorthogonal 

iEDDA reaction and NPs can be leveraged to improve biomedical applications. Subsequently critical 
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factors for the successful interplay of these two concepts are identified and discussed in depth. By 

summarizing recent developments, highlighting knowledge gaps, and outlining key opportunities, we 

aim to contribute to the ongoing development of innovative nanomedicine strategies that fully exploit 

the potential of bioorthogonal chemistry. 

 

 

2. A brief introduction to bioorthogonal reactions 

The history of bioorthogonal reactions began with the rediscovery of the Staudinger reaction [9] and its 

subsequent development into the Staudinger ligation, which utilizes azides as chemical reporters in 

combination with phosphines. [10] In its initial form, the organophosphorus compound remains 

incorporated into the final product. However, in 2000, Raines et al. [11] and Bertozzi et al. [12] 

independently introduced the so-called traceless Staudinger ligation. In this variant, an amide bond is 

formed, while the organophosphorus moiety dissociates, yielding a phosphorus-free conjugate (see 

Figure 1). This click reaction demonstrates sufficient biocompatibility for applications in living 

systems; however, its use is limited by slow reaction kinetics and the oxidation of phosphines. [13] 

Bertozzi was also the first to coin the term bioorthogonal reaction and played a pivotal role in advancing 

the development of such reactions. [14] Azide groups remained at the center of attention due to their 

absence in biological environments, making them ideal candidates for bioorthogonal chemistry. [1] 

Among the classical click reactions the Cu(I)-catalyzed [3+2] azide–alkyne cycloaddition (CuAAC) is 

particularly well known. [15] This reaction is based on the azide–alkyne cycloaddition originally 

described by Huisgen in 1963, which, however, requires elevated temperatures and produces a mixture 

of 1,4- and 1,5-disubstituted adducts. [16] In 2002, Sharpless et al. [17] and Meldal et al. [18] 

independently discovered that the reaction could be catalyzed by Cu(I), allowing it to proceed at room 

temperature with the exclusive formation of a 1,4-disubstituted 1,2,3-triazole product (see Figure 1). 

The CuAAC reaction has been widely applied to biomolecules and bioconjugates, including nucleic 

acids [19], proteins [20], and glycans [21]. However, its use in living systems is limited by the toxicity 

of copper. [22] Efforts have been made to enhance the biocompatibility of CuAAC by employing water-

soluble Cu(I) ligands to stabilize the oxidation state of the metal. This strategy aims to reduce the 

presence of free copper ions, which are responsible for generating cytotoxic reactive oxygen species. 

[23, 24] While some of these approaches have proven highly effective, they ultimately represent 

attempts to mitigate rather than eliminate the intrinsic toxicity of Cu(I). A fundamentally different and 

highly promising approach was introduced by Bertozzi et al. in 2004. [25] They demonstrated that ring 

strain could be exploited to drive the reaction without requiring a copper catalyst. 
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In the strain-promoted and thus copper-free azide–alkyne [3+2] cycloaddition (SPAAC), the alkyne is 

incorporated within an eight-membered ring (see Figure 1). This structural constraint induces a ring 

strain of approximately 18 kcal/mol, which enables the reaction to proceed without a copper catalyst - 

something that would be unfeasible for linear alkynes. [25] Compared to the CuAAC reaction, the initial 

reaction rates observed for SPAAC with simple cyclooctynes were relatively slow, with second-order 

rate constants in the range of 10-3 M-1 s-1, similar to those of the Staudinger ligation. [26] Consequently, 

various strategies were explored to enhance the reactivity of the alkyne component and increase the 

reaction rate. Since the reaction is presumed to occur between the lowest unoccupied molecular orbital 

(LUMO) of the alkyne and the highest occupied molecular orbital (HOMO) of the azide, efforts were 

made to withdraw electron density from the alkyne through strongly electronegative substituents, 

particularly fluorine, thereby lowering its LUMO energy level. [27] The introduction of two fluorine 

atoms into the cyclooctyne ring resulted in a 60-fold increase in the reaction rate constant. [28] Another 

strategy to accelerate the reaction involved further increasing ring strain. This was achieved by 

incorporating additional structural constraints, such as the introduction of a cyclopropane ring opposite 

to the triple bond, leading to the bicyclo[6.1.0]non-4-yne (BCN) scaffold [29], as well as the 

development of fused azadibenzocyclooctyne (ADIBO or DBCO) derivatives. [30, 31] The most 

significant enhancement in reaction rate was achieved with the biarylazacyclooctynone (BARAC) 

derivative, which exhibited a ~400-fold increase in reactivity compared to the parent compound, with a 

second-order rate constant of k = 0.96 M-1 s-1. [32] However, it is important to note that higher reaction 

rates are often accompanied by significantly reduced stability and shelf life of the alkyne reagent. For 

instance, BARAC requires storage at 0°C, protected from light and oxygen, to maintain its reactivity. 

[32] Additionally, the synthesis of cyclooctyne derivatives is often labor-intensive and characterized by 

low yields. [29] Therefore, for practical applications, a balance must be struck between achieving a high 

reaction rate, ensuring sufficient stability of the reactants, and maintaining a feasible synthetic route for 

the cyclooctyne component. 
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Figure 1. Overview of the most important bioorthogonal reactions. Schematic reactions and general comments 

about their utility and challenges. (Adapted from Scinto, Bilodeau et al. [1] and Oliveira, Guo et al. [3]) 

 

 

3. Meeting the candidates 

3.1 Inverse electron-demand Diels–Alder (iEDDA) reaction 

The iEDDA reaction can be regarded as a major breakthrough in the field of bioorthogonal chemistry. 

Discovered in 2008 by the groups of Fox [33] and Weissleder [34], it offers a significantly enhanced 

reaction rate, with kinetics reaching up to 106 M-1 s-1 compared to approximately 1 M-1 s-1 for SPAAC. 

[3] This high reaction rate enables the direct observation and manipulation of biological processes, as 

the iEDDA reaction remains sufficiently fast even at the low concentrations typical of biologically 

relevant molecules. [35] The iEDDA reaction currently best fulfills the criteria for bioorthogonality, 

including selectivity, biocompatibility, and rapid kinetics. In contrast to the conventional Diels–Alder 



Chapter 1 

 

8 

reaction, the iEDDA reaction involves an electron-deficient diene and an electron-rich dienophile (see 

Figure 2 A). [3] The diene is almost exclusively tetrazine, which is why this reaction is sometimes 

referred to in the literature as the tetrazine ligation. The most commonly used dienophile is trans-

cyclooctene (TCO) [36]; however, norbornene derivatives [37] and other dienophiles, such as 

cyclopropene [38] and cyclooctyne derivatives (e.g., BCN, DBCO) [39], are also employed (see Figure 

2 B). Unlike the conventional Diels–Alder reaction, the iEDDA reaction is irreversible. In the initial 

step, a 1,4-addition occurs between the –C=N–N=C– diene system of the tetrazine and the alkene. The 

resulting highly strained bicyclic intermediate undergoes a retro-Diels-Alder reaction, leading to the 

release of one equivalent of nitrogen and the formation of the corresponding 4,5-dihydropyridazine. 

This 4,5-dihydropyridazine then isomerizes to its 1,4-dihydro-isomers and is subsequently oxidized to 

form a pyridazine. [40] When an alkyne, such as BCN, is used instead of an alkene, the reaction directly 

yields an aromatic pyridazine without the need for an oxidation step. The primary drawback of this 

highly reactive and widely applicable bioorthogonal reaction is the stability of its reaction partners, 

tetrazine and TCO. Trans-cyclooctene can isomerize to its nearly unreactive cis form [41], and tetrazine 

is also known to degrade in biological environments. [42] Consequently, efforts have been made to 

develop more stable and reactive partners for the iEDDA reaction. 

Tetrazines are typically synthesized by reacting aromatic or aliphatic nitriles or imidoesters with 

hydrazine. The first synthesis of tetrazines via imidoesters was reported by Pinner in 1893. [43] Under 

Pinner conditions, an amidrazone intermediate is initially formed, which subsequently reacts with 

additional hydrazine to yield the dihydrotetrazine. Currently, the more commonly employed synthetic 

approach involves the reaction of nitriles with hydrazine. [3] This reaction can be catalyzed by sulfur 

[44], thiols [45], or Lewis acids. [46] As in the imidoester-based synthesis, dihydrotetrazines are initially 

formed and must be oxidized to yield the final tetrazine product. Nitrous gas, generated by the reaction 

of sodium nitrate with an acid, is commonly used for this oxidation; however, alternative oxidants have 

been tested with varying success. [47] Additionally, methods have been developed to introduce 

preformed tetrazine moieties onto target structures under mild conditions using palladium-catalyzed 

coupling reactions of aryl halides or aryl boronic acids. [48, 49] The second reaction partner in the 

iEDDA reaction, TCO, is produced via photoisomerization. The corresponding cis-cyclooctene is first 

synthesized and then subjected to a closed-loop flow system in which it is repeatedly exposed to a light 

source (254 nm) to induce photoisomerization. AgNO3-impregnated silica selectively enriches the 

desired TCO component within this cycle. [50] Thus, while sufficient synthetic methodologies exist for 

both iEDDA reaction partners, specialized laboratory equipment is particularly required for TCO 

production. 
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Figure 2. Mechanism of the iEDDA reaction. (A) Schematic representation of the reaction between tetrazine 

and a dienophile. (B) Illustration of typical dienophiles, foremost trans-cyclooctene (TCO). BCN stands for 

bicyclo[6.1.0]nonyne; DBCO for dibenzocyclooctyne. (Adapted from Scinto, Bilodeau et al. [1] and Oliveira, Guo 

et al. [3]) 

Beyond its application in the modification of NPs for improved therapeutic and diagnostic applications, 

the iEDDA reaction has been utilized in numerous other fields due to its advantageous properties. [3] 

Its exceptionally rapid reaction kinetics make it particularly well suited for tracking and imaging fast 

biological processes. [51] Additional applications include fluorescent labeling of low-abundance 

proteins within living cells for super-resolution imaging [52], identification of the targets of bioactive 

small molecules and proteins in living cells [53], protein profiling in living systems [54], and sequence-

specific detection of DNA and mRNA. [55] Owing to its high specificity, biocompatibility, and 

versatility, the iEDDA reaction is poised to play an important role in the development of biorthogonal 

technologies for both fundamental research and clinical applications. 

 

3.2 Nanoparticles for biomedical applications 

NPs have been developed over recent decades as advanced tools for the diagnosis and therapy of various 

diseases. [56] One of the earliest biomedical applications of NPs was the development of liposomal drug 

delivery systems in the 1970s. A key milestone in this context was the approval of Doxil®, a PEGylated 

liposomal formulation of the anticancer drug doxorubicin, by the FDA in 1995. [57] This paved the way 

for the development of further nanotherapeutic approaches. As particles typically ranging in size from 

a few to several hundred nanometers, they exhibit unique physicochemical properties, including a high 

surface-to-volume ratio, tunable surface chemistry, and especially in the case of inorganic NPs size-

dependent optical, magnetic, or electronic effects that clearly distinguish them from their macroscopic 

counterparts. [58] To provide an overview of the relatively broad range of NPs available for biomedical 
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applications today, NPs can be classified based on their composition (see Figure 3 A). [59] The group 

of organic NPs includes, lipid-based NPs and polymeric NPs. These are generally well biocompatible 

and often biodegradable, whereas this is typically not the case for inorganic NPs. However, inorganic 

NPs, such as gold NPs, iron oxide NPs, silica NPs, and quantum dots, offer robust structural properties 

and high functional versatility. They can be employed for biosensing [60], photodynamic therapy [61], 

magnetic and optical hyperthermia [62], or as contrast agents in magnetic resonance [63], photoacoustic 

[64], or photoluminescence [65] imaging. Organic NPs, in contrast, are particularly suitable as 

nanocarriers for the controlled delivery of therapeutic molecules. [66] Compared to conventional 

systemic drug delivery, NP-mediated drug administration offers several advantages. Since the active 

pharmaceutical ingredient is not freely distributed throughout the body but instead accumulates at the 

target site via the NP-based delivery system, the overall burden on healthy tissues is reduced. As a result, 

NPs are associated with lower systemic toxicity. Additionally, their high drug loading capacity, 

protection of therapeutic cargo, and the improved bioavailability of the drug are particularly 

advantageous. [4] Moreover, NPs can be engineered to respond to specific biological stimuli (e.g., pH 

value, redox conditions), enabling precise and site-specific drug release. [67] By combining suitable NP 

materials, it is often possible to integrate diagnostic and therapeutic functions into a single 

multifunctional nanoplatform, a concept known as “theranostics”. [68] 

 

Figure 3. Overview of NP classes and biological barriers encountered by intravenously administered NPs. 

(A) Classification of NPs by composition into organic NPs including polymeric, lipid-based and protein-based 

particles and inorganic NPs. (Adapted from Mitchell, Billingsley et al. [69]) (B) Obstacles of intravenously 

administered NPs on the way to the target site. (Adapted from Blanco, Shen et al. [70]) 
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NPs are applied in numerous medical fields, with cancer therapy and diagnostics representing a 

particular focus. [71] Due to increased vascular permeability and dysfunctional lymphatic drainage in 

tumor tissues, NPs passively accumulate in tumors via the so-called enhanced permeability and retention 

(EPR) effect. [7] Beyond oncology, NPs are also being explored as carriers for antiviral agents or RNA-

based therapeutics in the treatment of infectious diseases. [72] Certain NPs are also capable of crossing 

the blood-brain barrier (BBB), making them promising candidates for the treatment of neurological 

disorders such as Alzheimer’s and Parkinson’s disease, where conventional drug delivery systems are 

often inadequate. [73] Additionally, NPs are utilized in the treatment of cardiovascular diseases, where 

they enable targeted delivery of anti-inflammatory or antithrombotic agents, as well as real-time imaging 

of vascular inflammation. [74] Despite their significant potential, several challenges remain for the 

successful application of NPs as advanced diagnostic and therapeutic tools. Following intravenous 

administration, NPs encounter a multitude of biological barriers (see Figure 3 B). [70] Initially, a protein 

corona forms around the NPs, and they must evade recognition and clearance by the immune system. 

[75] Further challenges arise during site-specific extravasation and tissue accumulation. Upon reaching 

the target cell, additional barriers hinder effective drug delivery. Unlike small hydrophobic molecules, 

NPs require active cellular uptake mechanisms. [76] Once internalized, NPs are typically sequestered in 

endosomes, from which either the NP or at least the therapeutic payload must be released. [77] 

Throughout the entire journey from administration to the target site, NP properties such as size, shape, 

charge, and surface coating play a crucial role. [5] Due to this complexity, predicting the in vivo fate of 

NPs remains challenging, and unexpected effects may occur. Moreover, certain inorganic NPs, 

especially those containing heavy metals such as cadmium (e.g., in some quantum dots), raise concerns 

regarding long-term safety and bioaccumulation. [78] 

When moving from research to large-scale applications, it is important to note that the reproducible 

mass production of NPs with consistent quality remains technically challenging. [79] In addition, there 

are significant regulatory hurdles. As nanomedicine often ventures into uncharted territory, approval 

processes can be lengthy and complex. [80] Nevertheless, NPs offer intriguing opportunities, and the 

integration of NPs with other innovative technologies, such as CRISPR gene editing [81], 

immunotherapy [82], or personalized medicine [69], opens up new horizons. Overall, developments 

from the first liposomal drugs to current advances demonstrate that NP research is both highly promising 

and exceedingly complex. With a growing understanding of nano–bio interactions and through 

interdisciplinary collaboration between the material and life sciences, NPs have the potential to usher in 

a new era, fundamentally transforming the ways in which diseases are diagnosed, monitored, and treated. 
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4. Concepts for the combination of iEDDA reaction and NPs and 

resulting advanced biomedical applications 

This section illustrates how the bioorthogonal iEDDA reaction can be synergistically combined with 

NPs to improve biomedical applications. The iEDDA reaction can be employed at two stages: during 

NP preparation and modification or post-synthetically during the application in biological environments, 

such as cell culture or in vivo systems. In the NP fabrication process, the iEDDA reaction is frequently 

utilized to conjugate antibodies or other complex biomolecules to the NP surface [83–85] or to introduce 

radioactive labels for imaging purposes. [86–88] For example, Han, Niemeyer et al. used the iEDDA 

reaction to covalently attach antibodies to quantum dots, facilitating straightforward bioconjugation. 

[85] Using these QD/antibody conjugates, the authors were able to target a rare cell population in bone 

marrow at the single-cell level in live animals. Van Onzen, Rossin et al. demonstrated the use of the 

iEDDA reaction between a tetrazine-tagged radiolabel and a TCO-tagged fluorescent small molecule 

building block as an efficient radiolabeling strategy. [86] Here, the rapid kinetics of the iEDDA reaction 

are particularly advantageous, enabling swift and efficient generation of radiolabeled NPs. While the 

application of the iEDDA reaction in NP modification during synthesis is well-established and justified, 

it is generally not considered to yield highly innovative concepts. Therefore, the focus of this work is 

on the post-synthetic application of the iEDDA reaction in biological environments. In this context, the 

iEDDA reaction enables two-step targeting strategies. Initially, one component is administered to 

identify and bind the biological target, followed by a second component that facilitates imaging or 

delivers therapeutic agents. This approach fully exploits the iEDDA reaction’s potential, allowing for 

rapid and selective in vivo coupling of two components in the presence of a myriad of other functional 

groups. The synergy between bioorthogonal chemistry and NPs thus offers significant promise for the 

development of advanced diagnostic and therapeutic modalities in biomedicine. [89] To systematically 

review the literature on iEDDA chemistry in conjunction with NPs for pretargeted strategies, studies 

were categorized based on whether the NP serves as the primary or secondary component within the 

respective conceptual framework. 
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4.1 Conjugation of NPs to pre-identified targets 

 

Figure 4. Schematic representation and literature references for pretargeted strategies with NPs and 

bioorthogonal iEDDA reaction in which the NP is the secondary component. (A) Strategies in which the target 

is labeled by a corresponding antibody. (B) Strategies in which iEDDA motifs are directly installed on the target 

cell. 

 

4.1.1 Target identification by antibodies 

The combination of iEDDA chemistry with NPs was first implemented by the Weissleder group in 2010. 

[90] They modified antibodies targeting biomarkers of interest with TCO and subsequently conjugated 

tetrazine-functionalized magneto-fluorescent NPs (MFNPs) to these antibodies. The authors referred to 

this technique as ‘bioorthogonal nanoparticle detection’ (BOND). In an approach termed BOND-1, a 

NP was pre-conjugated with a TCO-modified antibody prior to use, whereas in the BOND-2 approach, 

the antibody was first used for target cell recognition and only then were tetrazine-functionalized NPs 

added. The authors were able to demonstrate that the BOND-2 strategy led to higher NP binding to 

mammalian cells compared to other standard techniques. Due to the large number of TCO moieties 

attached to the antibody and the relatively small size of the NPs, a multitude of NPs could bind to a 

single antibody scaffold, thereby significantly amplifying the signal per marker. In contrast, in direct 

NP immuno-conjugates, typically only one NP binds per antibody. BOND-2 also generated a 

substantially higher signal than a similar two-step targeting strategy utilizing avidin/biotin. Because of 
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the size of avidin, fewer avidin molecules could be attached per NP. Furthermore, biotin must associate 

within a deep cleft inside the avidin protein, which may physically or spatially constrain certain binding 

configurations. In contrast, tetrazine as a small molecule can react with TCOs on the antibody without 

significant steric hindrance. Haun, Devaraj et al. concluded that the increased detection sensitivity 

resulting from amplification, together with the modular nature of the BOND-2 technique, make it ideally 

suited for clinically oriented molecular profiling applications. [90] 

Pellico, Fernández-Barahona et al. also used a two-step approach with an antibody in their study, which 

focused on the unambiguous detection of atherosclerosis. [91] Initially, a TCO-modified antibody 

targeting oxidized LDL was administered. Subsequently, a tetrazine (Tz)-functionalized iron oxide 

nano-radiomaterial doped with gallium-68 (68Ga-NRM-Tz) was injected, which selectively binds to the 

antibody. This innovative method combines positron emission tomography (PET) and T1-weighted 

magnetic resonance imaging (T1-MRI, with positive contrast) to simultaneously provide both structural 

and functional information about atherosclerotic plaques. Among other advantages, the authors point 

out that their approach allows the use of short half-life radioisotopes, as the NPs are administered only 

after the antibodies have localized the target, thereby reducing radiation exposure to healthy tissue. The 

synergistic combination of NPs and iEDDA reaction expanded for the first time the range of applications 

of pretargeted imaging to cardiovascular diseases. [91] A follow-up study by the same research group 

describes the development of "Thrombo-tag," an in vivo-generated nanotracer for the rapid detection of 

thrombi using pretargeted molecular imaging. [92] Based on bioorthogonal chemistry, the system 

utilizes a combination of a TCO-modified anti-CD41 antibody, which targets the integrin alpha-chain 

IIb on the platelet membrane of thrombocytes accumulating in thrombi, together with, as in the previous 

study, a tetrazine (Tz)-functionalized 68Ga-doped iron oxide NP. Whereas previous studies on 

pretargeted strategies employed a waiting period between antibody administration and radiotracer 

injection, here the two components are administered simultaneously, allowing the reaction to occur 

directly in the bloodstream. This enabled rapid and specific labeling of thrombi, which could be 

visualized by PET imaging within minutes. The presented Thrombo-tag specifically detected thrombi 

in mouse models of acute lung injury and myocardial infarction, thus demonstrating potential for clinical 

application in emergency situations. [92] 

The concepts outlined here share the common feature of a two-step approach, in which the target is first 

identified by an antibody, after which NPs are covalently bound to these TCO-modified antibodies via 

the bioorthogonal iEDDA reaction. NPs are particularly advantageous in this context because multiple 

imaging modalities can be integrated into them. The combination of two imaging techniques, such as 

hybrid PET/MRI, could allow the complementary strengths of both modalities to be harnessed. [93] In 

contrast, it is generally more challenging to incorporate multiple imaging modalities into small 

molecular probes. Furthermore, NPs could be equipped with additional therapeutic molecules, 

facilitating future applications in theranostic approaches. [94] It should be noted, however, that the 
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advantages of NPs come at the cost of losing the rapid excretion due to the size of the material. 

Nevertheless, in some applications, the overall benefits of NPs may outweigh these drawbacks. The 

main advantage of the iEDDA reaction lies in enabling the pretargeted strategy by ensuring that NPs are 

rapidly and selectively bound to the TCO-modified antibodies. [6] 

 

 

Figure 5. Schematic representation of the click reaction assisted immune cell targeting (CRAIT) strategy to 

enhance tumor penetration of drug-loaded NPs. (A) In the orthotopic 4T1 tumor mouse model, CD11b 

antibodies functionalized with TCO and NIR dye are intravenously administered to label CD11b⁺ cells in blood 

vessels and the tumor microenvironment. Subsequently, mesoporous silica NPs functionalized with tetrazines 

(MSNs-Tz) are injected and selectively bind to these cells via iEDDA click chemistry. (B) The tumor 

microenvironment consists of heterogeneous CD11b⁺ inflammatory cells such as immature myeloid cells (iMCs), 

tumor-associated macrophages (TAMs), and neutrophils; many tumor regions are poorly vascularized and thus 

difficult to access. (C) The labeled CD11b⁺ cells transport the chemotherapeutic agent-loaded MSNs deep into 

avascular tumor regions, thereby improving drug penetration. (Adapted from Lee, Park et al. [98]) 

 

When moving from diagnostic to therapeutic applications of this concept, it becomes evident that it is 

employed almost exclusively for cancer treatment. The general procedure remains largely unchanged. 

[95–97] An antibody targeting a specific cancer marker is modified with TCO and administered first. 

Subsequently, a tetrazine-functionalized, drug-loaded NP is injected. These NPs react via the iEDDA 
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reaction with the TCO-modified antibodies directly on the target cell. Each antibody typically presents 

multiple TCO groups, allowing several NPs to bind per antibody. Hapuarachchige, Kato et al. discussed 

that cross-linking can also occur when a NP reacts with two adjacent antibodies. [96] The authors 

reported that nanoclusters can form on the cell surface, which enables more efficient internalization. 

Studies in this area mainly differ with respect to the choice of antibody, NP material, and therapeutic 

agent. While most previous studies have focused primarily on the direct targeting of tumor cells, Lee, 

Park et al. utilized immune cells as carrier vehicles to achieve deeper tumor penetration. In general, the 

penetration of NPs into tumors is typically limited. Thus, this approach represents an interesting new 

strategy to achieve better distribution of therapeutics within the tumor. CD11b-positive immune cells 

were labeled with TCO-modified antibodies, after which tetrazine-functionalized mesoporous silica NPs 

loaded with doxorubicin were administered. [98] The labeled immune cells infiltrated the tumor tissue 

and transported the drug carriers deep into avascular tumor regions (see Figure 5). The "Trojan horse" 

approach resulted in a significant reduction in tumor burden, whereas free doxorubicin and doxorubicin-

loaded MSNs alone were ineffective. 

In general, these concepts raise the question of what advantages they offer over conventional antibody-

drug conjugates. One possible benefit may be that nanoparticles are capable of transporting larger 

amounts of therapeutic agents. The two-step approach described here, also allows for the binding of 

multiple NPs per antibody as well as potential cross-linking events, resulting in the formation of 

nanoclusters on the target cell surface. Another potential advantage of the two-component strategy lies 

in the ability to combine different therapeutic agents with the same antibody, without the need to 

optimize a new antibody-drug conjugate for each combination. This may allow for more rapid adaptation 

to different cancer types or the emergence of drug resistance. 

 

4.1.2 Installation of an iEDDA motif 

In addition to the possibility of identifying the target through an antibody, another approach is to directly 

attach one of the iEDDA reaction partners to the target structure. The NP, administered as the second 

component, can then covalently bind to the target. A straightforward strategy to install an iEDDA motif 

on the target cell would be metabolic glycoengineering. [99] This approach is relatively simple and 

widely implemented for azides as bioorthogonal motifs. [100] Through the use of azido sugars, a large 

number of azide groups can be introduced as artificial low molecular weight cell surface receptors with 

a reported minimal influence on cellular functionality. [101] Azides primarily enable the reaction with 

strained cycloalkynes as complementary reaction partners in the strain-promoted azide-alkyne 

cycloaddition (SPAAC) reaction. [25] However, the SPAAC reaction is significantly slower than the 

iEDDA reaction, thus limiting its applicability. For the iEDDA reaction, either tetrazine or TCO would 

need to be metabolically installed on the target. Both reactants, however, are considerably larger and 
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notably more apolar compared to azides as small bioorthogonal markers, making their metabolic 

installation more challenging. [3] Lamoot, Uvyn et al. therefore proposed a concept that takes advantage 

of the fact that azides are relatively easy to introduce. [102] In their concept, cells were first 

metabolically labeled with azides, followed by reaction with a DBCO-Tz linker via SPAAC. The 

tetrazine thus attached can subsequently react with TCO functionalized NPs in an iEDDA reaction. The 

authors emphasized that, in contrast to the direct attachment of DBCO-NPs via SPAAC, their two-step 

approach enables highly specific cell surface conjugation of the lipid NPs with very low non-specific 

background binding. However, despite the apparent success of the method, it is noted that the 

requirement for two consecutive steps makes the process somewhat cumbersome. 

 

 

Figure 6. Schematic illustration of the two-step tumor targeting strategy using pHLIP-Tz and TCO-HSA-

ICG NPs. (a) Tetrazine (Tz) was conjugated to the pH (low) insertion peptide (pHLIP), enabling selective 

incorporation into various cells within the acidic tumor microenvironment after intravenous injection. (b) 

Indocyanine green (ICG)-loaded, trans-cyclooctene (TCO)-conjugated human serum albumin NPs (TCO-HSA-

ICG NPs, denoted as THI) were prepared as carriers for secondary administration. Subsequent to the EPR effect, 

these particles efficiently bind to the pre-anchored Tz groups via iEDDA click chemistry, enhancing both targeting 

precision and photothermal therapeutic efficacy. (Adapted from Lu, Li et al. [106]) 

 

Another option, besides metabolic labeling, to install a reactive partner for the iEDDA reaction on target 

cells is the use of pH (low) insertion peptides (pHLIP). These are peptides that exclusively adopt an α-
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helical conformation and insert into the cell membrane under acidic conditions. [103] Primarily, this 

takes advantage of the acidic tumor microenvironment, so that corresponding concepts are mainly found 

in cancer detection or therapy. [104] Emmetiere, Irwin et al. utilized this concept for cancer detection 

by covalently binding TCO-functionalized 18F-liposomes to pHLIP-Tz in tumor tissue. As a result, there 

was an accumulation of radioactivity in the tumor, which could be detected by PET. [105] Lu, Li et al. 

focused more on the therapeutic application of the concept. After installing numerous tetrazine moieties 

in the tumor tissue via pHLIP, they administered indocyanine green (ICG)-loaded and TCO-conjugated 

human serum albumin (HSA) NPs (TCO-HSA-ICG NPs). [106] These can react via the iEDDA reaction, 

resulting in a greatly improved targeting performance and photothermal therapeutic effect based on the 

two-step strategy (see Figure 6). In particular, when compared to NPs that accumulated solely via the 

EPR effect but also to NPs modified with folic acid as an example of classical active targeting, a marked 

difference was observed. Since the acidic environment is characteristic of solid tumors, the pHLIP-based 

approach could be a promising option for advanced NP-based antitumor therapy. This approach also 

allows for addressing the problem of tumor heterogeneity, as, in contrast to classical targeting concepts, 

it does not rely on the presence of specific tumor markers. 

The advantage of NPs in this context lies in their ability to transport large amounts of therapeutic agents, 

to protect their cargo, and to accommodate multiple imaging modalities within a single NP for imaging 

purposes. Furthermore, NPs can enable a combination of diagnostic and therapeutic functions, thus 

advancing theranostic applications. The iEDDA reaction allows for rapid and selective conjugation of 

NPs in vivo to the sites marked by pHLIP, making it an indispensable and valuable tool. 
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4.2 Post-accumulation modification of NPs

 

Figure 7. Schematic representation and literature references for pretargeted strategies with NPs and 

bioorthogonal iEDDA reaction in which the NP is the primary component. (A) Strategies in which the NP is 

functionalized via the iEDDA reaction after accumulation. Mainly used for the attachment of short-lived 

radioisotopes for PET imaging. (B) Strategies in which, after NP accumulation, cargo is selectively released via 

click-to-release iEDDA reaction. Mainly used for switchable prodrug activation. 

 

4.2.1 Modification of NPs 

The major advantage of the iEDDA reaction lies in its ability to enable two-step targeting concepts. In 

such strategies, the NP does not have to be the second component conjugating to pre-identified targets. 

Indeed, potentially even more intriguing applications arise when the particle is administered as the first 

component. NPs can accumulate in tumor tissue via the EPR effect. [7] If a radioisotope functionalized 

with the corresponding partner for the iEDDA reaction is subsequently administered, tumors can be 

precisely localized by PET imaging. Several publications have leveraged and further developed this 

concept. For example, Hou, Choi et al. utilized supramolecular chemistry to produce tumor-targeting 

NPs functionalized with TCO. [107] After intravenous administration, these NPs accumulated in tumors 

of living mice via the EPR effect. Owing to the dynamic nature of their supramolecular structure, the 

NPs can partially disassemble to release a TCO-grafted molecular building block. As the second 
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component, a positron-emitting radioisotope (64Cu) modified with tetrazine was injected. Thanks to the 

tetrazine modification, the radioisotope could bind selectively and irreversibly to the TCO. Following 

rapid clearance of the unreacted 64Cu-Tz probe, high-contrast PET images of the tumor could be 

acquired. A similar approach was taken by Goos, Davydova et al., who, instead of supramolecular NPs 

with dynamic structure, used polymeric nanostars for the passive pretargeting of tumor tissue. [108] 

Maximal accumulation of the nanostars in tumor tissue was reached three days post-injection and 18F-

modified tetrazine was then administered. The authors evaluated various strategies to enhance the tumor-

to-background ratio, including the use of masking strategies, comparison of tetrazines with different 

pharmacokinetic properties, and adjustment of the molecular distance between the TCOs and the 

polymer backbone. The work of Stéen, Jørgensen et al. also falls into this category. Here, so-called 

PeptoBrushes, single-molecule polymer NPs, were used as targeting agents, while a 111In-labeled 

tetrazine derivative served as the imaging agent. [109] An important advantage of these concepts is that 

the targeting step can be temporally separated from the imaging step. This allows the use of 

radioisotopes with short half-lives, even though the NPs may accumulate in the tumor tissue only slowly, 

and thereby reduces the overall radiation burden for the patient. Denk, Svatunek et al. demonstrated that 

even a low-molecular-weight tetrazine labeled with the short-lived positron emitter carbon-11 (half-life 

of 11C: 20.4 min) can be successfully employed for pretargeted imaging with NPs. [110] The pretargeting 

concepts with NPs are therefore of particular interest for single-photon emission computed tomography 

(SPECT) or positron emission tomography (PET). Other medical imaging modalities have not been 

extensively explored. Compared to antibody-based pretargeting approaches, the NP-based strategy, by 

exploiting the EPR effect covers a broader spectrum of tumor types. 

It is also interesting when not an already assembled NP accumulates in the target tissue, but rather, NPs 

are generated in situ through specific enzymatic activity. Chen, Chen et al. monitored the activity of an 

enzymatic target, in their case, caspase-3/7 activity. [111] Initially, a small substrate probe was 

employed, which contained a peptide sequence cleavable by caspase-3/7. Upon enzymatic cleavage, a 

reactive aminothiol group was released, which subsequently reacted with an aromatic nitrile group, 

thereby triggering macrocyclization. [112] The resulting molecules then aggregated in situ, driven by 

hydrophobic and π–π interactions, to form NPs. [113] Due to their size and interactions with the local 

environment, these nanoaggregates cannot simply diffuse away and thus remain at the target site, leading 

to local accumulation. In a second step, imaging was enabled by a bioorthogonal labeling. The 

nanoaggregates contained TCO as the reactive site. Injection of a tetrazine-labeled imaging tag, such as 

Tz-BDP for fluorescence or Tz-64Cu for PET, resulted in a rapid and highly selective iEDDA reaction 

between tetrazine and TCO. This led to the formation of a stable imaging complex, allowing for precise 

visualization of enzymatic activity. Since enzymatic activation and imaging are separated in time, the 

probe can first accumulate at the target site before labeling, which improves the signal-to-noise ratio. 

Moreover, the substrate probe can be repeatedly injected to generate more TCO-modified 
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nanoaggregates and further enrich them at the target site. In summary, the authors demonstrated that this 

approach allows for precise and specific visualization of protease activity in both cell cultures and living 

organisms. [111] 

Hu, Zhang et al. also employed a strategy in which NPs are generated in situ through enzymatic activity. 

[114] They used a small-molecule probe with quenched NIR fluorescence and low MRI signal, which 

could penetrate deeply into tumor tissues. Alkaline phosphatase (ALP) on the tumor cell membrane 

could activate the probe, whereupon enzymatic cleavage simultaneously triggered a fluorogenic reaction 

and initiated in situ self-assembly of NPs. This process enhanced both the NIR fluorescence and, via 

aggregation of the nanoaggregates, the MRI signal. [115] In addition, the probe was equipped with TCO 

for a subsequent bioorthogonal iEDDA reaction. As a result, tetrazine-modified radiotracers, such as 

68Ga-Tz, could be administered and bind specifically to the TCOs. This enabled the accumulation of 

radioactivity in the tumor tissue and, besides NIR fluorescence and MR imaging, also advanced PET 

imaging. Thus, pretargeted multimodal imaging resulted in a powerful method for non-invasive imaging 

of ALP-positive tumors with high sensitivity, deep tissue penetration, and excellent spatial resolution. 

[114] A particular advantage compared to the strategy of Chen, Chen et al. is that the formation of 

nanoaggregates can be directly monitored in real time, as it is associated with an increase in fluorescence 

intensity. This also facilitates the determination of the optimal time point for subsequent injection of the 

tetrazine-labeled radioisotope. 

In a subsequent study, Wen, Zeng et al. further expanded the promising concept developed by this 

research group by incorporating a therapeutic approach. [116] They again employed the small-molecule 

probe, which can be similarly activated and converted into NPs via alkaline phosphatase (ALP)-

mediated fluorogenic reaction and in situ self-assembly within tumors. However, instead of conjugating 

a radioisotope for PET imaging through the iEDDA reaction, a photosensitizer for photodynamic 

therapy (PDT) was attached. In addition, a tetrazine-labeled small-molecule carbonic anhydrase (CA) 

inhibitor was co-administered to effectively alleviate the hypoxic tumor microenvironment. The authors 

reported that the iEDDA reaction between the nanoaggregates, the near-infrared (NIR) 

nanophotosensitizer, and the carbonic anhydrase inhibitor led to the formation of nanoclusters, resulting 

in substantially enhanced retention within tumor tissues (see Figure 8). They demonstrated that 

subcutaneous HeLa tumors could be completely eradicated and no tumor recurrence was observed in 

treated mice following irradiation with an 808 nm laser. [116] This two-step strategy, combining 

enzyme-mediated in situ self-assembly of NPs and bioorthogonal conjugation, advances tumor 

photodynamic therapy in living mice with high sensitivity and spatial resolution. 
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Figure 8. Schematic illustration of pretargeted multimodal cancer theranostics via cascade ALP-mediated 

in situ self-assembly and bioorthogonal iEDDA reaction. (a) Mechanism of the two-step pretargeting strategy: 

After intravenous injection, P-FFGd-TCO extravasates into s.c. HeLa tumors, where membrane-bound ALP 

catalyzes its dephosphorylation and in situ self-assembly into fluorescent and magnetic TCO-containing NPs 

(FMNPs-TCO). These FMNPs-TCO on tumor cell membranes serve as artificial antigens to capture subsequently 

injected 775NP-Tz and SA-Tz via rapid iEDDA click chemistry, leading to crosslinking and formation of FMNPs-

775/SA microparticles. FMNPs-775/SA enable prolonged retention in tumor tissue, supporting sustained CA 

inhibition, hypoxia alleviation, and enhanced photodynamic therapy (PDT) efficacy, guided by dual NIR 

fluorescence and MRI signals. (b) Schematic process of ALP-mediated self-assembly and subsequent binding of 

775NP-Tz and SA-Tz to form FMNPs-775/SA. (Adapted from Wen, Zeng et al. [116]) 

 

In contrast to the aforementioned concept, Feng, Wu et al. employed fully assembled NPs relying on 

their accumulation in tumor tissue via the enhanced permeability and retention (EPR) effect combined 

with folic acid-mediated active targeting. [117] They similarly utilized the bioorthogonal inverse 
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electron-demand Diels–Alder (iEDDA) reaction for the rapid and selective conjugation of a 

photosensitizer onto the NPs for photodynamic therapy (PDT). Prior to photosensitizer administration, 

the NPs could be employed solely as contrast agents under near-infrared (NIR) light irradiation for 

imaging purposes. Following the iEDDA reaction, efficient energy transfer occurs between the 

upconversion NPs (UCNPs) and rose bengal as the photosensitizer, enabling PDT with high efficacy. 

Compared to “all-in-one” strategies [118, 119], in which photosensitizers are covalently anchored to the 

UCNPs, the advantage of this approach may lie in the practical benefit of spatially and temporally 

separating imaging and therapeutic functionalities. For example, during surgery, localization of the 

tumor margin via UCNP-mediated imaging may suffice, while PDT can subsequently be applied 

postoperatively to prevent tumor recurrence. 

In summary, NPs as primary targeting vectors present compelling opportunities. When used as 

secondary components, emphasis is mainly placed on the intrinsic NP properties such as multimodal 

imaging capability or high cargo loading capacity. Conversely, when employed as primary components, 

the biological interactions of NPs in vivo assume greater significance. The EPR effect is frequently 

exploited for passive tumor accumulation of NPs, and ligands can be incorporated for active targeting. 

The temporal decoupling of accumulation and imaging enabled by the iEDDA reaction makes the 

combination of bioorthogonal chemistry and NPs particularly attractive for PET imaging, allowing the 

use of short-lived radioisotopes and resulting in reduced radiation exposure for patients alongside 

improved tumor-to-background signal ratios. Moreover, the in-situ generation of NPs via enzymatic 

activity followed by self-assembly of smaller probes into NPs represents an additional promising avenue 

warranting further exploration. 

 

4.2.2 Release of the payload 

While the previous section discussed that NPs can be administered as the primary component and 

subsequently functionalized via the bioorthogonal iEDDA reaction after their accumulation, there is also 

the possibility of employing the iEDDA reaction to deliberately cleave a component from the NP. These 

so-called click-to-release strategies have been applied in a variety of ways in conjunction with NPs. 

Fundamentally, there are two main approaches: A drug substance can be conjugated to the NPs via a 

TCO linker that is cleavable through the iEDDA reaction. In this case, the drug is inactivated and can 

be released upon addition of tetrazine as a trigger. Alternatively, the iEDDA-releasable TCO moiety can 

be attached to the drug molecule itself, thereby generating a prodrug that can be activated by the reaction 

with tetrazine-functionalized NPs to unleash its therapeutic effect. 

Khan, Agris et al. were the first, in 2016, to utilize the click-to-release capability of the iEDDA reaction 

in combination with NPs. [120] They conjugated cleavable TCO to doxorubicin, which led to a 

significant reduction in the potency of the drug. The Dox-TCO prodrug can then react with tetrazine-
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functionalized NPs that have previously accumulated in tumor tissue, releasing the biologically active 

chemotherapeutic doxorubicin form. An advantage of this concept is that the fluorescently-labeled 

magnetic iron oxide NPs (MNPs) enable tracking of accumulation via fluorescence microscopy, thereby 

allowing for image-guided prodrug activation. Suehiro, Fujii et al. also employed Dox-TCO as a 

prodrug. [121] In their case, the release of the active compound doxorubicin occurred in polymer 

micelles equipped with tetrazine. Unlike the NIRF-labeled MNPs, this approach loses the imaging 

capability. However, the authors observed that the iEDDA reaction can be accelerated in the micellar 

system compared to the free tetrazine. Thus, they described their polymer micelles as bioorthogonal 

micellar nanoreactors for in vivo chemotherapeutic prodrug activation. It was demonstrated that this 

concept led to inhibition of tumor growth without significant systemic toxicity. Importantly, the click-

to-release capability of the iEDDA reaction can be utilized not only for therapeutic applications in 

conjunction with NPs, but also for diagnostic purposes. Li, Conde et al. developed a NIR fluorophore 

whose fluorescence could be substantially quenched by conjugating TCO to its amine group. [122] Upon 

reaction with tetrazine-modified single-walled carbon nanotubes (TZ@SWCNTs), which accumulate in 

tumor tissue via the EPR effect, fluorescence is restored upon tetrazine-triggered ligation and liberation 

of the fluorophore. This concept enabled real-time, non-destructive tumor fluorescence imaging with a 

high target-to-background ratio. 

Another interesting approach utilizing the click-to-release concept was presented by Zuo, Ding et al. 

They also employed doxorubicin in the form of a Dox-TCO prodrug, in which doxorubicin is caged by 

a cleavable TCO group. In contrast to previous studies, they encapsulated the prodrug in stimuli-

responsive polymeric micelles. [123] The tetrazine counterpart required for drug release via the iEDDA 

reaction was, in turn, encapsulated in a different type of polymeric micelle. Only within the tumor tissue 

can both nanovehicles dissociate by responding to two distinct tumor microenvironmental stimuli. The 

Dox-TCO prodrug was released from low pH-sensitive polymeric micelles, while tetrazine was liberated 

from matrix metalloproteinase 2 (MMP-2)-sensitive polymeric micelles. Immediate iEDDA reaction 

took place, resulting in the cleavage of the TCO group from doxorubicin. This precisely regulated 

doxorubicin delivery led to reduced side effects compared to the clinical Doxorubicin hydrochloride 

liposomal injection (Doxil), while the antitumor therapeutic efficacy remained potent. It should be noted 

at this point that not only prodrugs inactivated via cleavable TCO have been used. Xie, Li et al. utilized 

an alternative approach in their study, where the drug camptothecin was caged via a vinyl ether. [124] 

The bioorthogonal camptothecin prodrug was further encapsulated within a liposome. Through the 

iEDDA reaction with tetrazine, which was conjugated to gold nanorods, camptothecin could be released 

for chemotherapy. The gold nanorods additionally exhibited high photothermal capability for 

photothermal therapy, and the combination of chemo- and photothermal therapy resulted in greatly 

inhibited tumor growth in mice. 
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As previously discussed, the concept can also be applied in reverse, such that the drug is not administered 

as a prodrug with TCO, but rather is directly attached to the NP. Khan, Seebald et al. conjugated siRNA 

to the surface of iron oxide NPs via the TCO linker that is cleavable through the iEDDA reaction. [125] 

By immobilizing the siRNA on the NP, its activity was completely suppressed. The polydextran coating 

of the NPs appears to prevent the siRNA from accessing the RNA interference specificity complex 

(RISC) and thus from silencing its target gene. As the siRNA was labeled with a NIR fluorophore, the 

cellular uptake of the siRNA-loaded NPs could be monitored by fluorescence microscopy. Once uptake 

was complete and the NPs had accumulated at the target site, tetrazine was added as a cell-permeable 

small molecule chemical trigger to release the siRNA from the NPs. The activated siRNAs, targeting 

GFP and the CDK8 gene as examples, exhibited the expected and desired activity against their respective 

target genes. The siRNA targeting the CDK8 gene was able to silence the oncogene, thereby reducing 

the proliferation of breast cancer cells. In principle, this strategy should be applicable for the activation 

of any siRNA, and thus holds great potential. The same research group further advanced the concept 

and utilized, in a follow-up study, the fact that axially substituted TCO reacts faster than equatorially 

substituted TCO. They conjugated to the same NP one drug via a di-axial fast-release TCO linker and 

another drug via a di-equatorial slow-release TCO linker. [126] However, in this study, they did not use 

siRNA as a drug but, to validate the system, initially employed fluorophores and subsequently the small 

molecule drugs doxorubicin and PAC-1. Upon addition of tetrazine as a biologically inert small 

molecule trigger, the component linked via the fast-reacting TCO linker is released within minutes, 

whereas the component attached via the slow-reacting TCO linker is released over several days. Thus, 

the addition of a single trigger enables controlled and temporally staggered release of two drugs. The 

authors demonstrated that this concept was successfully applied for the treatment of triple-negative BT-

20 breast cancer cells, wherein the NP with fast-releasing PAC-1 and slow-releasing doxorubicin 

showed superior therapeutic efficacy compared to a NP releasing both drugs simultaneously. This 

approach opens new possibilities for various combination therapies where two drugs are intended to be 

released in a temporally controlled manner. 

Kannaka, Sano et al. presented a concept that does not rely on the classical click-to-release iEDDA 

reaction. In their work, no cleavage of covalent bonds occurs as in the previously discussed examples 

in this section. Instead, they employ the iEDDA reaction to transiently and selectively destabilize the 

liposomal membrane, resulting in the release of the drug payload from the liposome. [127] Thus, in a 

broader sense, this also constitutes release of payload via the iEDDA reaction. In the two-step 

therapeutic strategy, the liposomes first accumulate in tumor tissue via the EPR effect. The 

administration of a norbornene derivative initiates the bioorthogonal iEDDA reaction with tetrazine 

embedded in the liposomal membrane (see Figure 9). This leads to increased membrane fluidity and a 

reduction of the repulsive forces between liposomal components, thereby resulting in significant drug 

release. The authors demonstrated that the combination of liposomes encapsulating doxorubicin and 
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tetrazine in the membrane with norbornene suppressed tumor growth more effectively compared to 

conventional doxorubicin-encapsulated liposomes. The iEDDA reaction in the liposomal membrane 

enabled a switchable, accelerated drug release, rendering this concept a promising approach for effective 

cancer therapy. 

 

Figure 9. Schematic illustration of the strategy for cancer therapy using a liposomal formulation and 

accelerated drug release via the iEDDA reaction in the liposomal membrane. (a) In the first step, tetrazine 

(Tz)-bearing liposomes accumulate selectively in the tumor tissue after injection via the enhanced permeability 

and retention (EPR) effect. (b) In the second step, a norbornene derivative is administered, which triggers a 

bioorthogonal iEDDA reaction with Tz in the liposomal membrane. This leads to a transient destabilization of the 

membrane and accelerated release of the encapsulated drug within the tumor. (Adapted from Kannaka, Sano et al. 

[127]) 

 

In general, it can be stated that the click-to-release iEDDA reaction utilizing TCO containing a 

carbamate-linked payload at the allylic position represents a highly valuable tool, particularly for 

therapeutic applications. This strategy enables the targeted activation of prodrugs on NPs or the on-

demand release of drugs bound to NPs. The combination with NPs offers the additional advantage that 

NPs can be employed with appropriate imaging modalities. This allows for monitoring of NP 

accumulation and facilitates image-guided prodrug activation, which can contribute to improved 

therapeutic outcomes. Beyond imaging capabilities, other NP properties can also be exploited, such as 

the potential for photothermal therapy. The click-to-release iEDDA reaction on NPs opens numerous 
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opportunities to develop novel and enhanced therapies, and particularly the synergy between the iEDDA 

reaction and various NP materials provides significant advantages for future developments. 

 

 

5. Key factors for a successful combination of iEDDA reaction 

and NPs 

5.1 Kinetics of the iEDDA reaction on the nanoparticle 

A rapid reaction on the NP surface is particularly important for the in vivo modification of NPs via the 

iEDDA reaction. In living systems, only low concentrations of the two reactants are likely to be present, 

and the iEDDA reaction must proceed sufficiently fast even at these low concentrations. In general, 

electron-withdrawing groups on the tetrazine increase the reaction rate. The electron-withdrawing effect 

lowers the LUMO of the diene and reduces the gap between the LUMO of the diene and the HOMO of 

the dienophile, thereby accelerating the reaction (see Figure 10 A). [39] Furthermore, it should be noted 

that hydrogen-substituted tetrazines result in faster kinetics than would be predicted based on frontier 

molecular orbital (FMO) considerations. For example, hydrogen-substituted tetrazines react 

significantly faster than methyl-substituted tetrazines, suggesting that steric effects may also play an 

important role in the rate of the reaction (see Figure 10 B). [42] These general principles are likely to 

apply to iEDDA reactions on NPs as well. For the combination of NPs with the bioorthogonal iEDDA 

reaction, a variety of tetrazine substitution patterns have been employed to date. Most commonly, 

tetrazines on one side phenyl-substituted and on the other hydrogen-substituted are used, likely due to 

the good balance of stability and fast reaction kinetics reported by Karver, Weissleder et al. [42] 

Phenyl/methyl-substituted tetrazines are also frequently encountered. In contrast, dipyridyl-, 

diisopropyl- or diphenyl-substituted tetrazines are rarely used in studies combining iEDDA reactions 

and NPs. 

As the counterpart to tetrazine in the iEDDA reaction on NPs, the standard TCO is used almost 

exclusively. For click-to-release applications, TCOs containing a carbamate-linked payload at the allylic 

position are also used, enabling the release of the cargo upon the iEDDA reaction. [128] In general, the 

axial isomer of TCO reacts faster than the equatorial isomer. [41] Robertson, Yang et al. exploited this 

property and developed a NP concept in which TCO was substituted both axially and equatorially for 

click-to-release applications. A drug was attached to the axially substituted TCO for rapid release upon 

addition of tetrazine, while a drug attached to the equatorially substituted TCO was intended for slow 

release. [126] Notably, strategies aimed at further increasing the reaction rate of the iEDDA reaction by 

modifying the dienophile TCO have received little attention in combination with NPs. Only Denk, 
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Svatunek et al. have employed s-TCO on their mesoporous silica NPs. [110] The s-TCO was developed 

by Taylor, Blackman et al. to accelerate the iEDDA reaction further by increasing ring strain through 

fusing a cis-cyclopropane onto the cyclooctene moiety. [129] It can be speculated that the use of 

advanced TCO derivatives is limited by their commercial availability. In a few cases, norbornene has 

been used as a dienophile instead of TCO. However, it should be noted that the reaction between 

tetrazine and norbornene is significantly slower (1–10 M⁻¹ s⁻¹). [40] 

It is also of fundamental interest whether the interplay between NPs and the bioorthogonal iEDDA 

reaction leads to unique features regarding reaction kinetics. One might expect that anchoring one of the 

iEDDA reaction partners on the NP surface would result in fewer collisions between the reactants and 

thus a slower reaction rate. Surprisingly, studies employing the iEDDA reaction on NPs have almost 

never investigated the reaction kinetics of the iEDDA reaction on the particle itself. Stéen, Jørgensen et 

al. are among the few groups who compared the reaction rate on NPs with that in solution and obtained 

the remarkable result that the measured reaction rates per TCO on their single-chain polymer NPs far 

exceeded those of a PEG derivative with a short PEG linker. [109] The second-order rate constant was 

increased up to 45-fold on the NP. They attributed this to a hydrophobic effect, discussing that the side 

chains of the polymer could arrange themselves to form hydrophobic TCO patches consisting of 2–3 

TCO moieties, which could serve as high-affinity binding sites for lipophilic tetrazines. Furthermore, 

Steen, Jørgensen et al. demonstrated that more lipophilic tetrazines clearly accelerate the iEDDA 

reaction on their polymer NPs. Similar observations were made by Suehiro, Fujii et al. for their click-

to-release system. [121] They used tetrazine in block copolymer micelles for targeted uncaging of 

doxorubicin-TCO and reported that the reaction in the micellar system proceeded faster than with free 

tetrazine. They postulated that TCO-functionalized prodrugs could diffuse into the interior of the block 

copolymer micelle. The hydrophobic Dox-TCO would accumulate in the hydrophobic core, leading to 

a locally increased concentration of Dox-TCO, which in turn would result in a faster iEDDA reaction 

and thus more rapid cargo release. The authors went so far in their conclusion as to suggest that polymer 

micelles could be used as nanoreactors for prodrug activation. Thus, the literature provides evidence 

that, in particular, polymer NPs can promote significantly faster iEDDA reactions than in solution, 

driven by the hydrophobic effect (see Figure 10 C). This effect has also been observed with carbon 

nanotubes during the uncaging of prodrugs. Li, Conde et al. reported that tetrazine-functionalized carbon 

nanotubes exhibited increased decaging reactivity compared to the small-molecule tetrazine counterpart. 

[122] 
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Figure 10. Kinetics of the iEDDA reaction on nanoparticles. (A) Frontier molecular orbital considerations for 

the iEDDA reaction, which proceeds between the HOMO of the dienophile and the LUMO of the diene. Pairs with 

a smaller energy difference react faster in iEDDA reactions. (Adapted from Oliveira, Guo et al. [3]) (B) Second 

order [4 + 2] cycloaddition rate constants of selected tetrazines with TCO in PBS at 37°C. (Adapted from Karver, 

Weissleder et al. [42]) (C) Comparison of reactivity in solution and on the NP surface. 

 

These findings raise intriguing questions about how other NP materials might influence the rate of the 

iEDDA reaction. To date, the choice of iEDDA reaction partners does not appear to have been 

considered in conjunction with the choice of NP, even though it is likely that the combination itself 

significantly affects reaction kinetics. To facilitate the selection of iEDDA reaction partners and NP 

materials for future applications, a systematic investigation of factors such as NP size, material, linker, 

etc., on reaction rate would be highly beneficial. This would enable the targeted selection of iEDDA and 

NP combinations that promise rapid reactions. Exploiting NP-induced acceleration of the iEDDA 
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reaction could be particularly advantageous, as a fast reaction is generally desirable for in vivo 

applications. 

 

5.2 Stability of iEDDA motifs in biological systems 

In addition to rapid reaction kinetics, sufficient stability of the reaction partners is also crucial for the 

combination of the iEDDA reaction and NPs in in vivo applications. In a way, this is a weak point of the 

otherwise so advantageous iEDDA reaction. Tetrazines can be attacked by nucleophiles, which are 

abundant in biological environments (see Figure 11 A). [130] Electron-withdrawing groups on the 

tetrazine, which accelerate the iEDDA reaction, simultaneously increase the likelihood of nucleophilic 

attack and thus lead to decomposition. [42] For a long time, it was therefore assumed that a suitable 

compromise between rapid reaction and sufficient stability had to be found. [3] Recently, Svatunek, 

Wilkovitsch et al. demonstrated that a solution to this reactivity versus stability dilemma exists. The 

iEDDA reaction can be accelerated not only by electron-withdrawing substituents on the tetrazine, but 

also by intramolecular repulsion, which does not result in increased degradation in biological 

environments. [130] The authors suggest the use of 3,4-dihydro-2H-pyran (DHP) substitution instead of 

2-pyridyl substitution on the tetrazine. To date, such a tetrazine has not been employed in combination 

with NPs and, due to limited commercial availability, its application may be delayed. For the commonly 

used phenyl/hydrogen-substituted tetrazine, Emmetiere, Irwin et al. reported a half-life of approximately 

29 hours in human serum. However, in this study the tetrazine was not conjugated to the NP but was 

free in serum. [105] The half-life of more than one day should provide a sufficient time window for 

biomedical applications. 

The situation appears more challenging on the side of the dienophile TCO. Rossin, van den Bosch et al. 

showed that in fresh mouse serum at 37 °C, the TCO isomerizes to cis-cyclooctene with a half-life of 

approximately 3 hours (3.26 h for equatorially substituted TCO and 3.36 h for axially substituted TCO). 

[41] The resulting cis-cyclooctene is several orders of magnitude less reactive than trans-cyclooctene, 

so this isomerization effectively results in deactivation. The authors attribute the rapid loss of reactivity 

in vivo to interactions with copper-containing proteins (see Figure 11 B). Chen, Chen et al. confirmed 

this finding and reported a half-life of approximately 4 hours in mouse serum for TCO on their molecule, 

which is designed to undergo macrocyclization and in situ self-assembly into NPs. [111] Using HPLC 

and MS analysis, they demonstrated a clean conversion from trans- to cis-cyclooctene. Norbornene, as 

an alternative dienophile, exhibits good stability but is generally too slow for in vivo applications. [34] 
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Figure 11. Stability of iEDDA motifs in biological systems. (A) Considerations on the stability of tetrazine. 

Tetrazines can be attacked by nucleophiles, with electron-withdrawing substituents on the tetrazine accelerating 

degradation. (Adapted from Svatunek, Wilkovitsch et al. [130]) (B) Considerations on the stability of TCO. TCO 

can be deactivated by trans-cis isomerization. Conversion can be monitored by HPLC profiles. (Adapted from 

Rossin, van den Bosch et al. [41] and Chen, Chen et al. [113]) (C) Comparison of stability in solution and on the 

NP. 

 

This raises the question of how TCO, despite its short half-life in serum, could be successfully employed 

in combination with NPs. Rossin, van den Bosch et al. have already demonstrated potential strategies in 

this context. They observed that TCO, when attached to an antibody via a linker, exhibited significantly 

greater stability. The in vivo stability half-life was 2.62 days for equatorially substituted TCO and 1.12 

days for axially substituted TCO, in contrast to the few hours observed for TCO in serum. [41] It appears 

that steric hindrance provided by the antibody reduces the interaction of TCO with serum protein-bound 

copper, thereby suppressing trans–cis isomerization. For TCO-functionalized antibodies, this results in 

a time window of approximately two days due to the increased TCO stability. In approaches where 
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target cells are first identified by an antibody and subsequently tetrazine-functionalized NPs are 

administered to “click” onto the already labeled targets, an interval of 12 or 24 hours between the 

injection of the TCO-antibody and the tetrazine-functionalized NPs has typically been chosen. [96–98] 

Steen, Jørgensen et al. investigated the plasma half-life of TCO moieties in single-chain polymer NPs 

and found it to be approximately 1.9 days, which is comparable to the half-lives observed for TCOs 

attached to antibodies. [109] Thus, NPs, like antibodies, seem to provide steric shielding, making TCO 

less accessible to copper-containing serum proteins (see Figure 11 C). The publication emphasized that, 

compared to free TCO moieties, the plasma half-life on the NP increased approximately 14-fold. 

Therefore, the combination of the iEDDA reaction with NPs can compensate for one of the drawbacks 

of the iEDDA reaction - namely, the sometimes poor stability of the reaction partners in biological 

environments. 

Rossin, van den Bosch et al. also demonstrated with antibodies that shortening or omitting the linker 

between TCO and the antibody can further increase TCO stability. They observed an increase in TCO 

half-life from 2.62 to 6.19 days for equatorially substituted TCO. [41] It is of interest to evaluate whether 

shortening the linker on NPs would also increase TCO stability, and consequently, whether TCO should 

ideally be coupled directly to the NP surface. Goos, Davydova et al. varied the PEG linker length 

between the polymer backbone and TCO on polymer nanostars. [108] They found that in vivo 

radioligand binding at the tumor site was highest when nanostars were directly functionalized with TCO 

without a linker. Since the TCO-functionalized nanostars were administered three days prior to the 

tetrazine radioligand, it can be concluded that the improved TCO stability in the absence of a PEG linker 

may have contributed to the higher efficiency of the iEDDA reaction. Thus, literature evidence suggests 

that, analogous to observations with antibodies, shortening the linker on NPs could further enhance TCO 

stability. For mesoporous silica NPs, Keinänen, Mäkilä et al. observed a reaction with a tetrazine 

radioligand when TCO-functionalized NPs were administered 15 minutes in advance, but not when 

administration occurred 24 hours prior. [131] They speculated that the PEG12 linker used may not have 

provided sufficient steric shielding to mask the TCO group and prevent trans–cis isomerization in vivo. 

Alternatively, it is possible that the NPs were largely internalized after 24 hours, rendering the TCO 

moieties inaccessible to the 18F-tetrazine tracer. 

In summary, current literature suggests that the stability of TCO is increased when it is conjugated to 

NPs. This improved stability is likely due to steric shielding from copper-containing serum proteins, 

which could otherwise promote trans–cis isomerization. There is also evidence indicating that TCO 

stability may benefit from positioning the TCO moiety as close as possible to the NP surface, using a 

very short linker. However, this has not been thoroughly investigated. Overall, more studies are needed 

that specifically examine the stability of TCO on NPs. In particular, a systematic evaluation of linker 

length on different NP materials and its impact on both the stability and reactivity of TCO would be 

highly desirable. Such investigations would enable more rational decisions in the selection process of 
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iEDDA reaction partners and NP materials. Given that the stability of the reaction partners is critical for 

successful in vivo applications, it is important to elucidate how and to what extent NPs enhance TCO 

stability. Notably, the stability of tetrazine on NPs has not yet been investigated, presumably because 

tetrazine is generally considered the less problematic partner in terms of stability. This gap should also 

be addressed in future studies to determine whether and how conjugation of tetrazine to NPs affects its 

stability. 

 

5.3 Functionalization of nanoparticle surfaces 

For the successful combination of the bioorthogonal iEDDA reaction with NPs for advanced biomedical 

applications, the NPs must be adequately functionalized with one partner of the iEDDA reaction. In 

general, the choice of conjugation strategy is dictated by a combination of factors on the NP side, 

including NP material, surface chemistry, and structure, as well as factors determined by the molecule 

to be attached. Here, the nature of the molecule, its size, and the desired utility in the final application 

must be considered. Conjugation can generally proceed either covalently or non-covalently, the latter 

encompassing electrostatic attachment, other forms of adsorption, and encapsulation. [132] Since 

proteins are comparable to NPs in terms of size and protein labeling is well-developed, techniques from 

this field were among the first to be applied for attaching molecules of interest to NPs. The most common 

chemistries here are the formation of amide bonds using NHS and EDC, and maleimide conjugation to 

thiols. [133] Furthermore, reactions from the click chemistry toolbox, such as the copper-catalyzed 

azide-alkyne cycloaddition (CuAAC), are also available for covalent anchoring of molecules to the NP 

surface. [134] Thus, several options exist for the targeted attachment of molecules to the NP surface. In 

the case of the iEDDA motif, non-covalent attachment is generally unsuitable, as it cannot be ensured 

that the motif remains associated with the NP. Covalent binding renders the process more precise and 

manageable. This is also reflected in the fact that all papers considered opted for covalent attachment. 

Specifically, for attaching iEDDA reaction partners, thiol-maleimide conjugation is likely less suitable, 

as both tetrazine and TCO can be adversely affected by high thiol concentrations. [3] 

Regardless of the NP material and any linkers used, in nearly all analyzed papers, the iEDDA reaction 

partner was anchored to the NP via an amide bond. This approach is advantageous because amide bonds 

are highly stable against hydrolysis and can be formed using straightforward and established chemistry 

under mild reaction conditions. [135] When a pre-assembled NP was modified with the iEDDA reaction 

partner in a final step, as is especially common for inorganic and protein-based NPs, the particle was 

typically amine-functionalized. The amine-functionalized NP then reacted with the NHS ester-activated 

carboxylic acid of the iEDDA motif to be attached. Alternative strategies were employed for lipid-based 

and polymeric NPs. In these cases, individual phospholipids or polymers can be modified with an 

iEDDA reaction partner prior to final NP assembly (see Figure 12 A). Both variants are reported in the 
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literature: either the PEGylated phospholipid or polymer is amine-terminated and reacts with an NHS 

ester of the iEDDA motif, or vice versa. Interestingly, only one study in the literature utilized a different 

chemistry for attaching the iEDDA motif. Keinänen, Mäkilä et al. used the SPAAC reaction between 

azide-functionalized mesoporous silica NPs and DBCO-PEG12-TCO, thus utilizing the bioorthogonal 

click chemistry toolbox. [131] The SPAAC reaction is rapid, efficient, and compatible with biological 

systems. However, since NP functionalization with iEDDA motifs is typically performed in advance 

under well-defined conditions, rather than in a biological milieu, the SPAAC reaction offers no 

significant advantages. In fact, the relatively bulky DBCO increases the steric demand of the coupling 

components compared to the more compact amide bond, which could be disadvantageous. Overall, it 

can be concluded that classical peptide coupling chemistry via NHS esters provides sufficient 

possibilities for NP modification by simply attaching ready-synthesized iEDDA motifs. 

In addition to a suitable conjugation chemistry, an appropriate number of iEDDA motifs on the NP is 

also required. Here, a distinction emerges between NPs that are fully assembled and subsequently 

equipped with iEDDA motifs, and those for which the NP-forming lipids or polymers are functionalized 

in advance. In the latter case, there is the elegant possibility of varying the ratio of functionalized to non-

functionalized lipids or polymers during NP preparation. This allows for straightforward adjustment of 

the density of iEDDA reaction partners on the NP. For example, Yoo, Choi et al. used different ratios 

of DSPE-PEG/DSPE-PEG-Tz in the preparation of their lipid NPs. [97] For already fully assembled 

NPs that are subsequently functionalized with the iEDDA reaction partner, the possible number and thus 

the density of iEDDA motifs on the NP is directly determined by the number of pre-existing amine 

groups. For example, Khan, Agris et al. reported 180 amine termini on the surface of their iron oxide 

NPs. [120] In this respect, there are certain limitations. However, a lower degree of NP functionalization 

with the iEDDA motif can still be achieved by using a sub-stoichiometric amount relative to the 

available amines on the NP. The methods used to quantify the attached iEDDA reaction partners vary 

considerably depending on the NP material (see Figure 12 B). For polymeric NPs, 1H NMR 

spectroscopy is commonly employed. For instance, Goos, Davydova et al. estimated the number of 

TCOs per nanostar by analyzing the proton ratio between the methyl group in the RAFT chain transfer 

agent and the alkene moiety of the TCO. [108] Denk, Svatunek et al. determined the number of TCO 

moieties on their mesoporous silica NPs by measuring the decrease in tetrazine concentration due to the 

iEDDA reaction, which they quantified via HPLC. [110] Alternatively, Keinänen, Mäkilä et al. used the 

increase in nitrogen content, determined by elemental analysis, to quantify the number of TCO motifs 

on silica NPs. [131] A widespread approach for quantifying tetrazines on inorganic NPs involves 

reacting the NPs with Cy5-TCO and, following appropriate separation of unreacted material, measuring 

the fluorescence. [92, 98] As diverse as the methods for quantifying iEDDA reaction partners on NPs 

are, so are the ways in which the results are reported. In addition to the number of iEDDA motifs per 

NP, values are also reported as µmol of iEDDA motifs per gram of NP, or as nmol per mmol of iron as 
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the main component of inorganic NPs. For improved comparability and to make the data from individual 

publications more accessible for potential meta-analyses, it would be desirable to report results 

according to a certain standard. In summary, it appears that a sufficient number of iEDDA motifs can 

be attached to various NPs, with the optimal number being largely determined by the intended 

application. Polymeric or lipid-based NPs may offer somewhat greater flexibility in tailoring the number 

of iEDDA reaction partners, as they are typically assembled after functionalization with the iEDDA 

motif. 

 

 

Figure 12. Functionalization of NP surfaces. (A) Different approaches to functionalization: Either the NP is first 

prepared and the iEDDA motifs are directly attached to the ready-made NP (shown here exemplarily for Khan, 

Agris et al. [120]), or individual components that will later be assembled into the NP are pre-functionalized with 

the iEDDA motif and the particle is then assembled in a modular fashion (shown here exemplarily for Yoo, Choi 

et al. [97]). (B) Approaches described in the literature for the quantification of iEDDA motifs per NP. (C) 

Illustration of the influence of linker length. 
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The iEDDA motifs, introduced in sufficient numbers using appropriate chemistry, must also remain 

accessible. Depending on the NP material, the iEDDA motifs were therefore attached to the NP via a 

linker. In most cases, PEG is encountered as the linker due to its water solubility, lack of toxicity, and 

low immunogenicity. [136] The PEG spacer extends the iEDDA reaction partner away from the NP 

surface, potentially improving its accessibility for the reaction. However, this improved accessibility, 

particularly for TCO, can also accelerate deactivation. Nevertheless, simply omitting the linker does not 

appear to be a universal solution. Rahim, Kota et al. demonstrated that, in their case, antibody-bound 

TCOs are not inactivated by trans-cis isomerization. Instead, TCOs are likely masked by hydrophobic 

interactions with the antibody. [137] A similar scenario can be assumed for NPs instead of antibodies. 

Thus, the choice of an appropriate linker length is a balance between sufficient length to minimize 

hydrophobic interactions with the NP and being short enough to prevent excessive exposure of the 

iEDDA motif, which would promote rapid degradation (see Figure 12 C). Approximately half of the 

reviewed publications do not use a linker in their approach. With the corresponding NP materials, 

hydrophobic interactions do not appear to be pronounced enough to interfere with the successful 

interplay between NP and the iEDDA reaction. Keinänen, Mäkilä et al. are among the few who discussed 

their choice of linker length. They used PEG12 as a linker, arguing that this could reduce possible 

deactivation of the TCO on the thermally hydrocarbonized silicon surface and that the TCO moiety 

would be more sterically accessible for the 18F-tetrazine tracer. [131] Overall, there are very few studies 

that discuss the rationale behind their choice of linker length, let alone studies that systematically vary 

the linker length and examine its effects on reactivity and stability. It appears that the choice of linker 

length is often based more on intuition than on rational design criteria, highlighting significant potential 

for improvement. 

 

5.4 Nanoparticle stability in physiological environments 

In the reviewed papers on the combination of NPs with the bioorthogonal iEDDA reaction, a wide range 

of NP materials were utilized. Approximately half of the studies use inorganic NPs, including iron oxide, 

silica, and gold particles. Inorganic NPs are followed by polymeric NPs, whereas lipid-based NPs are 

found less frequently. Protein-based NPs, which are exclusively albumin particles, also constitute a 

minor proportion. Each of these NP materials offers intriguing possibilities for future applications but 

also presents challenges, particularly with respect to colloidal stability. One of the earliest and most 

fundamental approaches for describing colloidal stability is the well-known DLVO theory, named after 

Derjaguin, Landau, Verwey, and Overbeek. [138] It describes the total interaction between colloidal 

particles as the sum of a repulsive electrostatic interaction and an attractive van der Waals interaction. 

NPs with surface charge can be stably dispersed in water because the repulsive electrostatic interaction 

overwhelms the attractive van der Waals interaction. [139] However, since many NPs are neutral or 
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only weakly charged, the classical DLVO theory was later extended by an additional steric stabilization 

contribution. Steric stabilization arises, for example, from polymer shells, as in block or graft 

copolymers, whose hydrophilic segments protrude into the aqueous medium and form a barrier against 

aggregation. [140] Overall, both electrostatic and steric repulsive forces are nowadays regarded as the 

source of colloidal stability in water. However, for the intended biomedical application of the NPs, it is 

not sufficient to consider colloidal stability solely in water. [141] To serve as an effective platform in 

combination with the bioorthogonal iEDDA reaction, NPs must also possess sufficient stability in 

physiological environments (see Figure 13 A). It must be taken into account that high ionic strengths in 

physiological media can shield the electrostatic repulsive forces between particles, leading to 

aggregation and ultimately sedimentation. [142] Furthermore, upon contact with physiological fluids, 

NPs will interface with a wide range of biomacromolecules. Thus, a so-called protein corona is rapidly 

formed around the NPs. This may determine the biological fate of NPs as well as their colloidal 

properties. [143] 

For the NPs used in conjunction with the iEDDA reaction, the same stabilization strategies are employed 

as for other NPs in biomedical applications. [144] Typically, polymers are installed on the particle 

surface, providing a certain steric barrier and increasing biocompatibility. For example, Khan, Seebald 

et al. coated their iron oxide NPs for the click-to-release application of the iEDDA reaction with a 

dextran polymer coating to improve dispersity, bioavailability, and circulation half-life for in vivo 

studies. [125] By far the most commonly used strategy to enhance NP stability in biological 

environments is polyethylene glycol (PEG) functionalization, often referred to as PEGylation. [145] 

Like the installation of other polymers, PEGylation enhances colloidal stability by forming a 

hydrophilic, neutrally charged shell that repels other particles via steric hindrance. In addition, PEG is 

quite effective at reducing protein adsorption and limits recognition by the mononuclear phagocyte 

system (MPS), thereby increasing circulation time. [146] Depending on the NP material, PEG grafting 

was thus applied to the NPs employed in conjunction with the iEDDA reaction. The PEG density and, 

directly related to this, the conformation of PEG on the NP surface plays an important role here (see 

Figure 13 B). The literature discusses two conformations, termed “mushroom” and “brush”. [147] If 

the PEG density on the NP surface is low, the mushroom conformation is predominant. However, for 

higher values of density, PEG chains are closer and acquire a more straight (brush-like) conformation, 

thus forming a thicker hydrophilic barrier. [136] The brush conformation is especially advantageous, as 

it reduces protein adsorption. [148] Focusing on the requirements arising from the combination of 

iEDDA reaction and NPs, the brush conformation is also beneficial here. It can be assumed that iEDDA 

motifs attached to PEG arms in the brush conformation are accessible on the exterior of the NP. 

Backfolding of the rather hydrophobic iEDDA motifs, such as TCO and tetrazine, towards the particle 

core becomes less likely due to the high PEG density of the brush conformation. The PEG coating for 

NP stabilization can also be well integrated with linker strategies. If the accessibility of iEDDA motifs 
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needs to be further improved, longer PEG arms can be utilized, ensuring that the iEDDA reactive groups 

extend further out from the PEG brush on the particle surface. 

Among all types of NPs, lipid-based NPs are particularly noteworthy for their pronounced PEG coating 

and long PEG linkers. In this case, there is another reason for this besides the excellent properties of the 

PEG. If the iEDDA reaction partner were directly attached to the phospholipids, membrane 

destabilization could occur. Kannaka, Sano et al. deliberately utilized this effect by attaching the 

tetrazine without a linker, resulting in its direct incorporation into the liposomal membrane. Due to the 

iEDDA reaction, the physicochemical properties are altered, for example, membrane fluidity is 

increased, which, in turn, promotes drug release. [127] For lipid-based NPs, the linker thus also serves 

the essential function of ensuring an adequate distance from the NP core, preventing any adverse effects 

on the NP itself. The PEG linker is crucial for maintaining lipid membrane integrity. Such an effect is 

generally not relevant for other NP materials. No further specific effects of the iEDDA reaction partners 

on NP stability have been addressed in the literature. However, both iEDDA motifs are relatively 

hydrophobic. If a large number of them are introduced onto the surface of a NP, the overall surface may 

become highly hydrophobic. Colloidal stability could be compromised if such hydrophobic particles 

aggregate to avoid interactions with water. [149] The maximum number of iEDDA motifs that can be 

installed on a single NP needs to be considered in this context, even though this has not yet been 

systematically evaluated. Moreover, it can be assumed that the hydrophobic regions introduced by the 

iEDDA reaction partners on the NP will interact with serum components differently than similar NPs 

without iEDDA functionalities. [150] The presence of iEDDA motifs may induce a different protein 

corona composition through hydrophobic interactions, potentially altering the biological fate of the NPs 

(see Figure 13 C). This aspect has also not been experimentally investigated or discussed in the 

literature. Furthermore, in the examined publications concerning the interplay between bioorthogonal 

iEDDA reactions and NPs, the question of whether the iEDDA motifs remain accessible and reactive 

under the protein corona has received no attention. This is rather surprising, as it determines the 

successful implementation of the concept to a significant extent. At best, it may be inferred from the 

reported results that accessibility of the iEDDA reaction partners was at least partly retained, despite the 

presence of a protein corona. 
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Figure 13. Nanoparticle stability in physiological environments. (A) Impact of the environment on NP stability. 

In water, electrostatic repulsion usually ensures sufficient colloidal stability, whereas at high ionic strength, the 

surface charge can be screened, and in biological environments, protein crosslinking can also occur, leading to 

agglomeration. (Adapted from Nienhaus, Nienhaus [75]) (B) PEG conformation on the NP surface. The 

conformation of bound PEG is determined by the Flory radius RF of the PEG coils (directly dependent on the PEG 

molecular weight) as well as by the distance between anchoring points D (inversely proportional to the grafting 

density). (Adapted from Yang, Jones et al. [148]) (C) Possible change in the composition of the protein corona 

through the introduction of hydrophobic iEDDA motifs. 

 

The NP sizes reported in the analyzed papers vary widely. Some NPs are relatively small, exhibiting 

hydrodynamic diameters around 20 nm, a range in which many inorganic and polymeric NPs are found, 

while others are considerably larger, with hydrodynamic diameters on the order of 200 nm, especially 

in the case of in situ self-assembled NPs. A common feature among these studies is that NP size is 

typically determined only in water or simple buffer solutions. However, as previously discussed, NPs 

encounter a multitude of biological macromolecules in physiological environments, leading to the 
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formation of a corona around the NPs. [75] Consequently, measurements conducted in water have only 

limited relevance. As is the case for other NPs intended for biomedical applications, it is crucial to 

investigate NP size and behaviors, such as aggregation, in biologically relevant environments. [151] 

Only two of the considered studies evaluated NP stability in biological media. Lee, Park et al. utilized 

fluorescence correlation spectroscopy (FCS) for this purpose. [152] They incubated mesoporous silica 

NPs with tetrazine functionalization for 24 hours in 10% FBS cell media or PBS, observing that the 

resulting FCS curves appeared nearly identical, demonstrating excellent colloidal stability. [98] Stéen, 

Jørgensen et al. employed a specialized DLS approach to study the behavior of their PeptoBrush in 

human serum. [153] They observed no aggregation between human serum proteins and PeptoBrush at a 

concentration of 50 mg/L, a typical concentration for pretargeting approaches in vivo. [109] 

In summary, for NPs utilized in combination with the iEDDA reaction, the same strategies are applied 

to ensure sufficient stability in biological environments as for all other NPs intended for biomedical 

applications. The specific consequences of introducing hydrophobic iEDDA motifs for NP stability have 

not been further considered in the literature. Neither the possible limitation in the number of installable 

iEDDA motifs nor the influence of iEDDA motifs on the protein corona has been discussed to date. To 

gain a better understanding of NP applications in biological environments, it is recommended, as is 

increasingly common in the field of NPs for biomedical applications, to also consider NP size and 

behavior in physiological media. 

 

 

6. Challenges and future perspectives 

The preceding discussion has demonstrated that the interplay between bioorthogonal iEDDA reactions 

and NPs can enable a wide range of advanced applications. However, it must be emphasized that this 

combination significantly increases the complexity of drug delivery or imaging strategies. Even 

predicting the in vivo fate of fully functionalized NPs alone is challenging, with numerous hurdles to 

overcome before successful biomedical application can be achieved. [70] The addition of the iEDDA 

reaction introduces yet another dimension of complexity. The component intended to react with the NP 

via the iEDDA reaction must initially be considered separately, before the two building blocks are finally 

joined through the bioorthogonal reaction. Several key factors have been identified for the successful 

integration of bioorthogonal iEDDA reactions with NPs. On the side of the iEDDA reaction, the 

reactivity and stability of the iEDDA motifs are of primary importance. Regarding the NPs, 

functionalization and NP stability under physiological conditions warrant particular attention. While 

both iEDDA reactions and NPs have been extensively studied individually, significant knowledge gaps 

remain regarding their combined use. [3] In the future, the selection of iEDDA reaction partners should 
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be considered in conjunction with the choice of the NP, as the reaction kinetics may differ substantially 

from those observed in solution. Furthermore, a deeper understanding is needed of how NPs may 

enhance the stability of TCO, in order to design NP/TCO combinations with improved stability of the 

iEDDA reaction partner. [109] To fully harness the synergistic potential of NPs and bioorthogonal 

iEDDA reactions, a systematic investigation of factors such as NP size, material, linker length, and their 

effects on iEDDA reaction kinetics and stability is required. Such studies would enable a more rational 

selection process, thereby accelerating and improving the success of projects and advancing the field as 

a whole. 

On the NP side, it would be valuable to determine how many hydrophobic iEDDA motifs can be 

installed on a single NP before colloidal stability becomes compromised, a point that has not yet been 

sufficiently addressed. Additionally, the establishment of standardized methods for quantifying iEDDA 

reaction partners on NPs and for reporting results would be highly beneficial. The influence of 

hydrophobic iEDDA motifs on the protein corona of NPs, as well as the accessibility of these motifs 

within the corona, also remains largely unexplored. As is generally the case in the field of NPs for 

biomedical applications, future studies combining NPs and iEDDA reactions should move beyond 

characterizing NP size solely in water or simple buffers, and instead assess NP size and behavior, such 

as aggregation, in biological media. [75] In conclusion, many aspects of the interplay between iEDDA 

reactions and NPs require further elucidation. The authors encourage others to contribute to the 

fundamental understanding of these systems alongside the development of specific applications. With 

deeper insight, the successful realization of advanced concepts should be within reach, allowing the 

synergistic benefits of NPs and bioorthogonal reactions to be fully exploited. 

Recent publications highlight the considerable potential of this field. The iEDDA reaction enables two-

step strategies, allowing the targeting step to be separated from the imaging or drug delivery step, with 

all the associated advantages. [154] Initial developments involved NPs as the secondary component, 

where the target was marked by an antibody modified with an iEDDA reaction partner. [155] The 

advantage of NPs in this context lies in their ability to integrate multiple imaging modalities, which is 

challenging to achieve with small molecular probes. However, it should be noted that the benefits of 

NPs come at the cost of losing rapid tracer excretion due to the size of the nanomaterial. [91] When 

antibodies modified with an iEDDA reaction partner are used for therapeutic purposes, a potential 

advantage is that cross-linking can occur through the reaction of an NP with two adjacent antibodies. 

This can lead to the formation of nanoclusters on the cell surface, which may facilitate improved 

internalization. [95] In addition to antibody-based targeting, iEDDA motifs could also be introduced 

artificially onto the cell surface via metabolic engineering. Despite recent advances in this field, 

metabolic glycocalyx labeling with bulky unnatural motifs still lags far behind the use of azido sugars, 

which, however, enable only SPAAC but not iEDDA reactions. [102] Advances in metabolic 
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engineering for the introduction of the relatively hydrophobic iEDDA motifs could directly accelerate 

the integration of iEDDA chemistry with NPs. 

More innovative concepts arise when the NP serves as the primary component. The combination of 

bioorthogonal iEDDA reactions and NPs has already been successfully established for imaging within 

pretargeting strategies as well as for the targeted release of therapeutics. The authors expect continued 

fruitful synergy in these areas. For imaging applications, NPs functionalized with one of the iEDDA 

reaction partners are first administered, allowing accumulation in the target tissue. After sufficient 

clearance from the bloodstream, the complementary reaction partner labeled, for example, with a 

radioactive isotope for positron emission tomography (PET) is administered. [109] The high reaction 

rate and selectivity of the iEDDA reaction ensure efficient conjugation exclusively at the target site, 

leading to a significant reduction in nonspecific background signals and thus improving the sensitivity 

and resolution of imaging. [108] Particularly in the context of PET imaging, a further advantage is that 

by decoupling the target detection and imaging steps, radioisotopes with a rather short half-life can be 

used, thus reducing the radiation exposure for the patient. [110] The combination of iEDDA reactions 

and NPs has become established in the field of pretargeted PET imaging and is likely to continue to 

flourish, as evidenced by a growing number of publications in this area. Beyond diagnostic applications, 

iEDDA chemistry in combination with NPs also opens new avenues for targeted drug release. The 

development of inactive prodrugs that are activated only at the target site via a bioorthogonal click-to-

release reaction is a promising concept for reducing systemic side effects. [120] NPs can serve both as 

carriers for the prodrug and as platforms for its activation. In more advanced designs, multiple 

functionalities can be combined on a single nanoplatform, enabling the integration of diagnosis (e.g., 

imaging) and therapy (e.g., chemotherapy, photothermal therapy) in a single system (“theranostics”). 

[124]  In this field, numerous novel concepts are expected to emerge in the coming years. 

If fundamental research succeeds in providing a deeper understanding and thereby managing the 

additional complexity arising from the interplay between iEDDA reactions and NPs, a wide range of 

opportunities will open up. It should be emphasized that the combination of these two promising 

concepts, bioorthogonal chemistry and NPs for biomedical applications, is not inherently a breakthrough 

on its own. Rather, it is the broad spectrum of possibilities that makes this approach particularly 

noteworthy, offering a versatile platform for the successful realization of both diagnostic and therapeutic 

applications. A key challenge lies in exploiting this synergy in a targeted manner for specific 

applications. Overall, the combination of iEDDA-based bioorthogonal reactions with NP systems 

represents a modular and highly adaptable strategy for the development of precise and effective 

approaches, particularly in the context of increasingly personalized medicine. 
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7. Conclusion 

The fusion of bioorthogonal iEDDA chemistry with NP technology has emerged as a powerful and 

versatile platform for both diagnostic and therapeutic applications in biomedicine. On one hand, the 

iEDDA reaction enables rapid and selective conjugation of components to NPs in vivo, thereby 

facilitating two-step targeting strategies. On the other hand, NPs, with their capacity for multimodal 

imaging and multifunctional payloads, further expand the potential of this approach. To date, the 

synergy between iEDDA chemistry and NPs has been particularly prominent in the context of 

pretargeted PET imaging and targeted drug release via click-to-release mechanisms. Despite these 

advances, several challenges must still be addressed. The increased complexity arising from the 

interplay between iEDDA chemistry and NP behavior in biological systems requires a deeper 

mechanistic understanding. Furthermore, issues such as biodistribution, clearance, and potential 

immunogenicity must be resolved to ensure safe and effective clinical translation. Looking forward, the 

modularity and adaptability of iEDDA-based NP systems position them as highly promising tools for 

precision medicine, enabling the integration of diagnostic and therapeutic functions within a single 

platform. Continued interdisciplinary research will be essential to overcome current limitations and to 

fully realize the broad spectrum of opportunities offered by this innovative field. Ultimately, the synergy 

of bioorthogonal chemistry and nanotechnology holds great promise for the realization of next-

generation, patient-tailored medical solutions. 
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Nanoparticles (NPs) have emerged as versatile platforms for biomedical applications over the past two 

decades. [1] Their unique physicochemical properties allow for the encapsulation of therapeutic agents, 

thereby protecting them from degradation, and enable targeted delivery to specific tissues or cells. At 

the same time, NPs can serve as contrast agents in imaging or even as theranostic systems that combine 

diagnosis and therapy within a single platform. The ability to finely tune their size, shape, and surface 

chemistry provides a broad design space. [2] Despite these advantages, NPs face numerous challenges 

within the living organism. Following intravenous administration, they must first withstand the 

dynamics of the bloodstream and rapid clearance by the mononuclear phagocyte system (MPS). 

Subsequently, processes such as extravasation into the target tissue, cellular uptake, and intracellular 

trafficking impose additional barriers. [3] At each of these stages, the physicochemical properties of NPs 

play a decisive role. However, a major challenge lies in the fact that different stages often require 

contradictory properties: while “stealth” characteristics reduce MPS-mediated clearance, they can 

simultaneously impair uptake by target cells. [4] To address these obstacles, the concept of stimuli-

responsive NPs has been developed. These systems are designed to alter their properties in response to 

specific stimuli. [5] Endogenous stimuli such as the acidic pH and hypoxia of tumor tissues [6], elevated 

levels of particular enzymes [7], or reactive oxygen species [8] have been widely employed to induce 

NP transformations in proximity to disease sites. Similarly, exogenous stimuli including light [9], heat 

[10], or ultrasound [11] may be utilized. Stimuli-responsive designs enable modulation of particle size, 

surface charge, and even particle morphology in a controlled manner. 

Moreover, many NP systems are functionalized with ligands that specifically recognize receptors on 

target cells. [12] However, since such receptors are often also expressed on healthy cells, unspecific 

binding can increase side effects and diminish therapeutic efficacy. Stimuli-responsive NP design also 

offers an elegant strategy to overcome this limitation. In so-called ligand-switchable NPs, the ability of 

ligands to bind receptors is activated only at the target site, resulting in improved selectivity and 

temporally controlled cellular uptake. [13] Strategies pursued so far typically rely on reversible covalent 

bonds [14] or electrostatic interactions to block ligands. [15] Alternatively, ligands can be inactivated 

by steric shielding, for example with long polymer chains such as PEG, which can be removed upon 

specific stimulation. [16] Another concept involves ligands on long linker polymers which were initially 

folded towards the particle core. Upon stimulation the polymers extend beyond the PEG brush on the 

NP surface, uncovering the cell uptake-promoting ligand (see Figure 1). [17] While these approaches 

highlight the potential of spatially and temporally controlled ligand exposure, they are often constrained 

by the risk of premature ligand unmasking, limited precision or incomplete switchability. 
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Figure 1. Schematic representation of different strategies to realize ligand-switchable NPs. Mechanisms to 

control ligand exposure include: (i) blocking via reversible physical interactions, (ii) blocking via reversible 

covalent bonding, (iii) subsequent covalent attachment of ligands, (iv) “pop-up” ligands extending beyond 

sterically shielding polymers, and (v) cleavage of polymers to reduce steric hindrance. (Adapted from Li, 

Montague et al. [13]) 

 

In this context, the question arises whether NPs can also be functionalized in a targeted and chemically 

precise manner during their circulation within the organism. Bioorthogonal reactions provide a 

promising pathway towards this goal. These reactions are characterized by the ability to proceed with 

high selectivity in complex biological environments without interfering with endogenous processes. [18] 

Thus, they could provide the foundation for novel strategies in which NPs are not rigidly preconfigured 

but are adaptively modified within the biological context. One of the most powerful bioorthogonal 

reactions is the inverse electron-demand Diels–Alder (iEDDA) reaction. It typically proceeds between 

a strained, electron-rich trans-cyclooctene (TCO) as the dienophile and an electron-deficient tetrazine 

as the diene which is why the iEDDA reaction is sometimes also referred to as tetrazine ligation. [19] 

The iEDDA reaction is characterized by exceptionally high reaction rates, allowing it to occur efficiently 

even at low concentrations and under physiological conditions. [20] In combination with NPs, iEDDA 

chemistry provides outstanding opportunities for innovation, as outlined in Chapter 1. The multivalency 

of NPs, together with the tunability of their surface architecture, allows for the precise spatial 

arrangement of multiple iEDDA-reactive motifs. Moreover, the robustness of the iEDDA chemistry 

ensures that these reactive groups can be effectively addressed in vivo. 
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The aim of this work was to combine the iEDDA reaction with the concept of ligand-switchable NPs. 

Such an approach would allow NPs to circulate initially in a “stealth” mode within the organism, thereby 

evading premature recognition and clearance, and to be selectively activated for target cell recognition 

only when required through a precisely triggered chemical switching reaction. In addition, the use of 

pro-ligands, which can be converted into their active form by biological factors such as enzymes present 

on the target cell surface, offers an additional level of specificity. Taken together, the interplay between 

bioorthogonal iEDDA chemistry and nanoparticulate carrier systems offers a novel strategy for the 

development of highly specific, switchable NPs designed for advanced biomedical applications. These 

concepts directly address the fundamental challenges of NP design: ensuring stability during circulation, 

overcoming biological barriers, and achieving controlled functionality at the target site. In this context, 

the present work pursues the goal of systematically evaluating the applicability of the iEDDA reaction 

for the development of switchable NP systems. 

 

 

Figure 2. Schematic overview of the thesis chapters. Chapter 3 describes the development of NPs with 

switchable fluorescence properties. Chapter 4 focuses on the design and implementation of NPs enabling 

switchable target cell recognition. Chapter 5 evaluates switchable NP uptake. Collectively, these chapters illustrate 

the potential of combining bioorthogonal iEDDA reactions and NPs to design switchable NP systems for advanced 

biomedical applications. 

 

Chapter 3 aimed to evaluate the potential of the iEDDA reaction for the selective and efficient 

functionalization of polymeric NPs in complex biological environments. The NPs were designed with a 

poly(lactic-co-glycolic acid) (PLGA) core and a modularly adjustable surface composition comprising 
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trans‑cyclooctene (TCO)-functionalized and non-functionalized poly(lactide)-poly(ethylene glycol) 

(PLA–PEG) block copolymers, enabling precise control over the density of reactive surface groups. To 

enable real-time monitoring of the iEDDA reaction, a fluorogenic tetrazine–coumarin probe was 

employed, whose fluorescence turn-on directly reflects the progress of the reaction. [21] Within the 

scope of this study, the reaction kinetics on the NP surface were investigated and compared with the 

corresponding reaction in solution. Furthermore, the iEDDA-mediated functionalization in biological 

media as well as the stability of the reaction partners under such conditions were assessed. In addition, 

the potential of the probe for direct visualization of NP functionalization on the membranes of potential 

target cells was explored. The use of this fluorogenic approach enabled the creation of NPs with 

switchable fluorescence and demonstrated that the iEDDA reaction provides a viable and efficient route 

for the functionalization of polymeric NPs, even under challenging biological conditions, thereby 

supporting its suitability for future in vivo applications. 

Chapter 4 built upon these promising results, shifting the focus from fluorescence switching to the 

development of NPs capable of switchable target cell recognition. The goal was to demonstrate that the 

iEDDA reaction can be employed as an external chemical trigger to introduce ligands required for 

receptor interaction onto the NP surface. In this way, initially ligand-free NPs could benefit from a 

pronounced stealth effect before enabling temporally controlled recognition of the desired target cells. 

The concept was further advanced by incorporating an additional activation step. To minimize potential 

biological side effects of the ligand, an inactive proligand was first conjugated to the NP surface via the 

iEDDA reaction. This proligand was then intended to be processed by an ectoenzyme expressed on the 

surface of the target cell, thereby forming the active, receptor-binding ligand. Such a two-step 

recognition process involving the activation by an ectoenzyme and the subsequent interaction with the 

receptor was expected to further enhance specificity for the target cell. The feasibility of this approach 

was investigated in vitro using angiotensin as a model ligand targeting the angiotensin II type 1 (AT1) 

receptor on mesangial cells. [22] Following an initial evaluation of the affinity of free angiotensin for 

the AT1R, tetrazine-functionalized NPs were post-modified with angiotensin I as a proligand via the 

iEDDA reaction. Subsequent enzymatic conversion of NP-bound angiotensin I to angiotensin II by 

angiotensin-converting enzyme (ACE) was assessed, followed by the avidity of the activated NPs 

towards AT1R. This strategy enabled the generation of NPs with switchable avidity towards a target cell 

receptor. 

Chapter 5 then aimed to extend these findings by investigating whether switchable target cell 

recognition also translates into switchable cellular uptake. The concept established in Chapter 4 was 

adopted here, in which angiotensin I was first conjugated to the NP as a proligand via the iEDDA 

reaction and subsequently activated by the ectoenzyme ACE to form angiotensin II, the ligand 

responsible for mediating cellular internalization. NP internalization was assessed by flow cytometry, 

while confocal laser scanning microscopy (CLSM) was employed to evaluate the cellular localization 
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of the NPs and to corroborate the flow cytometry results. By evaluating whether temporally controlled 

ligand presentation not only enables receptor binding but also governs the subsequent internalization of 

NPs, this chapter sought to further validate the potential of bioorthogonal chemistry for engineering 

dynamically controllable NPs suitable for advanced biomedical applications. 
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Abstract 

Bioorthogonal reactions have revolutionized biomedical research by enabling selective chemical 

modifications in complex biological environments. The inverse electron-demand Diels-Alder (iEDDA) 

reaction, characterized by its rapid kinetics and bioorthogonality, is particularly promising for 

nanoparticle (NP) functionalization. In this study, we developed iEDDA-reactive polymer NPs with a 

poly(lactic-co-glycolic acid) (PLGA) core and a tunable surface composition of trans-cyclooctene 

(TCO)-functionalized and unmodified polylactide-polyethylene glycol (PLA-PEG) block copolymers. 

Using a fluorogenic tetrazine-coumarin HELIOS probe, we monitored the functionalization reaction in 

real time. Our kinetic studies revealed an exceptionally rapid iEDDA reaction on NP surfaces, likely 

driven by hydrophobic interactions. Furthermore, the iEDDA reaction was highly efficient in biological 

media, underscoring its potential for in vivo applications. Stability studies of the iEDDA reaction 

partners further demonstrated sufficient robustness under biological conditions, highlighting the 

suitability of this chemistry for the development of switchable NPs for advanced drug delivery and 

imaging applications. 
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Graphical Abstract 

 

 

Schematic illustrating the investigation of the iEDDA reaction in a biological environment with a tetrazine-

coumarin fluorophore. The NPs initially bind to the AT1 receptor on the target cell mediated by EXP3174. 

Additionally added tetrazine coumarin fluorophore HELIOS400Me reacts in the iEDDA reaction with the TCO 

functionalities on the NP and results in a fluorescent NP on the cell membrane. 
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1. Introduction 

Selective chemical reactions in a biological environment are challenging to achieve, but highly 

interesting for targeted intervention in biological processes. [1] Due to their unique ability to proceed in 

living systems alongside a large number of other functional groups, bioorthogonal reactions have 

attracted significant attention since their initial conceptualization by Bertozzi in 2003. [2] Among the 

selection of bioorthogonal reactions available today, the inverse electron-demand Diels-Alder (iEDDA) 

reaction stands out due to its exceptional kinetics. [3] The reaction takes place between an electron-

deficient tetrazine derivative as the diene and a strained, electron-rich trans-cyclooctene (TCO) as the 

dienophile. [4] The rapid reaction rate, even at low concentrations, makes the iEDDA reaction 

particularly suitable for manipulating biological processes on physiologically relevant timescales. [5] 

The iEDDA reaction has therefore been successfully applied in numerous biological and biomedical 

contexts. [6–9] Combining iEDDA chemistry with nanoparticles (NPs) opens up exciting new 

possibilities. By making the most of the unique features of both components - namely, the multivalency 

of NPs, their capability to transport therapeutic agents and function as imaging probes, and the rapid and 

robust nature of the iEDDA reaction even in complex environments - it may be possible to design more 

sensitive bioimaging and detection tools as well as more efficient therapeutic systems. [10] So far, the 

iEDDA reaction has primarily been used for NP functionalization in the manufacturing process. For 

instance, antibodies have been conjugated to NPs via the iEDDA reaction [11], or NPs have been 

modified with radioligands prior to administration. [12] In vivo, iEDDA-based NP functionalization has 

been employed for pre-targeted imaging strategies. In this approach, NPs accumulate in tumor tissue via 

the enhanced permeability and retention (EPR) effect, followed by administration of a radiotracer for 

positron emission tomography (PET) imaging. [13] This strategy enables the use of short-lived isotopes, 

reducing radiation exposure to healthy tissues. [14] Beyond diagnostic applications, the potential of in 

vivo iEDDA-mediated NP functionalization for therapeutic purposes remains to be further explored. 

Feng, Wu et al. took an initial step in this direction by introducing a NP that can be activated via the 

iEDDA reaction for photodynamic therapy of cancer. [15] However, there remains significant potential 

for the development of additional concepts. 

The aim of this study was to evaluate whether the iEDDA reaction is suitable to selectively functionalize 

polymer NPs in a biological environment paving the way towards in vivo switchable NPs for advanced 

drug delivery. To facilitate real-time tracking of the iEDDA reaction on NPs, we employed a fluorogenic 

tetrazine-based probe. Tetrazines absorb light around 520 nm and efficiently quench various 

fluorophores. [16] Undergoing the iEDDA reaction, the tetrazine moiety is converted into a 

dihydropyridazine, leading to the loss of fluorescence quenching and resulting in a turn-on fluorescence 

signal dependent on the fluorophore and its spatial arrangement relative to the tetrazine. [17] In this 

work, we prepared iEDDA-reactive NPs with a modular design. The core of the NPs was composed of 
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poly(lactic-co-glycolic acid) (PLGA), while surface functionalization was achieved using tunable ratios 

of TCO-functionalized and unmodified block copolymers of polylactide-polyethylene glycol (PLA-

PEG). As a fluorogenic probe, we synthesized a tetrazine-coumarin HELIOS probe, reported to exhibit 

an extraordinary turn-on fluorescence enhancement of up to 4000-fold. [18] The fluorescence behavior 

of this probe was analyzed, and an equation was derived to fit the fluorescence intensity over time. 

Kinetic studies of the iEDDA reaction on NPs revealed an exceptionally fast reaction rate, likely 

attributed to the hydrophobic nature of the tetrazine-coumarin probe, which promotes accumulation on 

the NP. Additionally, the functionalization of NPs in biological environments was assessed, as well as 

the stability of the reactants of the iEDDA reaction in biological media. Finally, the fluorogenic probe 

was used to observe NP functionalization via iEDDA reaction directly on the cell membrane of the target 

cell. 

 

 

2. Materials and Methods 

2.1 Materials 

The PEG derivatives HOOC-PEG2k-OH and tBoc-NH-PEG2k-OH were purchased from JenKem 

Technology USA Inc. (Allen, TX, USA). TCO-NHS ester was obtained from Jena Bioscience GmbH 

(Jena, Germany). The losartan metabolite EXP3174 was kindly provided by Kathrin Schorr. [19] 

Cellulose dialysis membranes were sourced from Spectrum Laboratories Inc. (Rancho Dominguez, CA, 

USA). Millipore ultrapure water was generated using a Milli-Q water purification system (Millipore, 

Schwalbach, Germany). Coumarin 102, as the core structure, and 3-cyanophenylboronic acid, required 

for the synthesis of the HELIOS fluorophore, were obtained from TCI Deutschland GmbH (Eschborn, 

Germany). TCO-PEG₄-NHS (axial isomer) was acquired from Sirius Fine Chemicals SiChem GmbH 

(Bremen, Germany). Fetal bovine serum (FBS) of South American origin (0.2 μm sterile filtered, Lot 

No.: P201004) was supplied by PAN Biotech GmbH (Aidenbach, Germany). TAMRA-labeled PLGA 

was generously provided by Melanie Bresinsky. [20] The ratiometric Ca²⁺ indicator Fura-2 AM and the 

nuclear stain DRAQ5™ (fluorescent probe solution 5 mM), used for CLSM experiments, were ordered 

from Thermo Fisher Scientific (Waltham, MA, USA). NP suspensions were concentrated using 

centrifugal filtration devices from Pall Life Sciences (Portsmouth, UK). Rat mesangial cells (rMCs) 

were kindly provided by Professor Dr. Armin Kurtz from the Institute of Physiology at the University 

of Regensburg (Regensburg, Germany). All other chemicals used in this study were of analytical grade 

and obtained from Sigma Aldrich (Taufkirchen, Germany). 
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2.2 Block copolymer synthesis and ligand coupling 

The block copolymers were synthesized following the protocol previously reported by our research 

group [21], based on the method described by Qian, Wohl et al. [22] In brief, cyclic lactide was purified 

via recrystallization in ethyl acetate and subsequently dried under vacuum at 40°C overnight. The PEG 

derivatives, either tBoc-NH-PEG2k-OH or HOOC-PEG2k-OH, were also dried under vacuum at 40°C 

overnight. The ring-opening polymerization of cyclic lactide was initiated using the PEG derivative as 

a macroinitiator in anhydrous DCM, with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as the catalyst. 

After 1 h of stirring at room temperature, the reaction was quenched, and the polymer was precipitated 

into at least tenfold excess of ice-cold diethyl ether. Following centrifugation, the supernatant was 

discarded, and the polymer pellet was dried and redissolved in acetonitrile. The precipitation–

centrifugation–dissolution cycle was repeated to ensure thorough purification. For the amino-terminated 

block copolymer, the tBoc protecting group was subsequently removed. The protected polymer was 

dissolved in DCM and incubated with trifluoroacetic acid (TFA) for 30 min. Purification was performed 

through additional precipitation–centrifugation–dissolution cycles. Finally, the block copolymers were 

dried under vacuum and analyzed by 1H NMR (approximately 10 mg of block copolymer dissolved in 

0.7 mL CDCl3), using a Bruker Avance III HD 400 spectrometer (Bruker BioSpin GmbH, Rheinstetten, 

Germany). The number-average molar mass of the polymers was determined based on the known 

molecular weight of the PEG derivative by integrating the respective signals in the 1H NMR spectrum 

and considering the corresponding ratios. 

While the carboxy-terminated block copolymer PLA10k-PEG2k-COOH was used as a filler polymer in 

NP preparation, the amine-terminated block copolymer PLA10k-PEG2k-NH2 was used for the 

conjugation of carboxyl-functionalized ligands. TCO-NHS ester was added to the amine-terminated 

block copolymer dissolved in DMF with triethylamine (TEA). The reaction mixture was stirred at room 

temperature for 4 h. For the conjugation of EXP3174 to the amine-terminated block copolymer, HBTU 

was used as the coupling reagent. This reaction was also conducted in DMF with TEA and stirred at 

room temperature for 8 h. Purification was performed using multiple precipitation–centrifugation–

dissolution cycles, as previously described for the synthesis of the block copolymers. Finally, the 

polymer solutions were added dropwise into Millipore water, forming polymer micelles, which were 

stirred for 2 h and subsequently dialyzed against 4 L of Millipore water using a regenerated cellulose 

membrane (3.5 kDa MWCO). After freeze-drying using a Christ freeze dryer Alpha 2-4 LSCplus 

(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany), the ligand-conjugated 

block copolymers were obtained, and analyzed by 1H NMR spectroscopy. 
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2.3 NP preparation and characterization 

The polymer NPs were produced using the nanoprecipitation method. [23] Polymers used in each 

formulation were first dissolved in acetonitrile, maintaining a 70:30 mass ratio between PLA-PEG block 

copolymers forming the NP shell and the particle-core-forming PLGA (ester-terminated, 13.4 kDa). The 

proportion of unfunctionalized PLA10k-PEG2k-COOH block copolymer and TCO-functionalized 

PLA10k-PEG2k-TCO block copolymer was varied to achieve different TCO functionalization degrees 

on the NPs. The percentage functionalization (ranging from 0% to 80% TCO) refers to the mass fraction 

of PLA-PEG block copolymer with TCO attached compared to the total shell polymer used for particle 

preparation. A 10 mg/mL polymer solution was added dropwise to a tenfold volume of Millipore water 

under rapid stirring to ensure efficient mixing of acetonitrile and water, leading to the precipitation of 

polymers as nanoparticles. [24] To remove the organic solvent, the suspension was stirred under a fume 

hood at room temperature for 3 h. 

The particle size and polydispersity index (PDI) were measured immediately after preparation, without 

further dilution, using a Malvern Zetasizer Nano ZS (Malvern Instruments GmbH, Kassel, Germany) 

equipped with a 633 nm He−Ne laser and operating at a detection angle of 173°. [25] Measurements 

were conducted at 25°C in semi-micro disposable cuvettes (Brand, Wertheim, Germany). The same 

instrument was used to determine the zeta potential of the NPs in Millipore water using folded capillary 

zeta potential cells (Malvern Instruments GmbH, Kassel, Germany). Data collection and analysis were 

performed using Malvern Zetasizer software version 7.11 (Malvern Instruments, Worcestershire, United 

Kingdom). Additionally, NP size distribution and concentration were assessed via nanoparticle tracking 

analysis (NTA) using a NanoSight NS300 (Malvern Panalytical GmbH, Kassel, Germany) at 25°C. [26] 

Samples were diluted in Millipore water (typically by a factor of 2000 or 4000) to achieve a detection 

range of 20–80 particles per frame. Measurements were performed at a camera level of 16 and a screen 

gain of 4. The analysis was conducted with a threshold setting of 3 in the NTA 3.4 software (Malvern 

Panalytical GmbH, Kassel, Germany). The particle concentration provided by the instrument was 

converted to molar concentration by division by the Avogadro constant. 

For stability studies, NP samples were stored at RT and reanalyzed using the Zetasizer at designated 

time points. To examine NPs after the iEDDA reaction, 10 µL of NP suspension was diluted with 140 

µL of water and mixed with 50 µL of a 40 µM HELIOS fluorophore solution in water. After allowing 

sufficient time for complete iEDDA reaction, the particle size was measured using the Zetasizer. 
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2.4 Quantification of ligands per NP 

The number of TCO ligands per NP was determined by dissolving the NPs in DMSO and reacting them 

with an excess of the HELIOS fluorophore. For this purpose, 10 µL of the NP sample was diluted with 

140 µL of DMSO in a well of a 96-well plate, followed by the addition of 50 µL of a 40 µM HELIOS 

solution in DMSO. For calibration, 10 µL of blank NPs without TCO functionalization were used per 

well, and 140 µL of serially diluted TCO-NHS ester stock solution in DMSO was added. Similar to the 

sample preparation, 50 µL of a 40 µM HELIOS solution in DMSO was added to initiate the iEDDA 

reaction. This ensured at least a 10-fold molar excess of HELIOS relative to TCO. The fluorescence 

intensity over time was measured using a Synergy Neo2 plate reader (Excitation: 400/10 nm, Emission: 

480/10 nm). For further analysis, the fluorescence intensity after 2 hours of reaction was used. The 

fluorescence intensity of a blank sample without TCO was subtracted as background, and a calibration 

curve was generated using the fluorescence intensities of the known TCO concentrations. The 

fluorescence of the NP samples was then converted into TCO concentrations using the calibration curve. 

Finally, the TCO concentration was divided by the NP concentration determined via NTA to calculate 

the number of TCO ligands per NP. Additionally, the NP surface area was calculated based on the NP 

size obtained from NTA measurements. The TCO density was determined by dividing the number of 

TCO ligands per NP by the NP surface area. 

 

2.5 Investigation of iEDDA reaction kinetics 

To study the kinetics of the iEDDA reaction under various conditions, 4 µL of the tetrazine coumarin 

fluorophore (HELIOS400Me) solution in DMSO were initially placed in a white 96-well plate. For the 

iEDDA reaction with free PEG4-TCO, a final HELIOS concentration of 1 µM in a total volume of 200 

µL was selected; for the iEDDA reaction on the NP, a final HELIOS concentration of 0.1 µM was 

chosen. Accordingly, for reactions in free solution, 4 µL of the 50 µM HELIOS solution were added, 

and for NP-based reactions, a 5 µM HELIOS solution (10-fold dilution) was used. Free PEG4-TCO or 

NP-TCO and water were added directly before measurement via the plate reader’s pump system, 

resulting in a TCO excess of 2- to 32-fold relative to HELIOS. The fluorescence intensity (excitation at 

380 nm, emission at 485 nm) was measured immediately on a FLUOstar Omega microplate reader at 

0.3 s intervals (for longer measurement times, intervals were extended). For reactions conducted in 

media other than water, such as DMSO, Leibovitz's L-15 medium with 0.1% BSA, RPMI 1640 cell 

culture medium with 10% FBS supplement, and pure FBS, 150 µL of the respective medium were added 

at the beginning to the HELIOS fluorophore. The change in fluorescence intensity over reaction time 

was fitted using the following equation (see eq. 1). 
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𝐹(𝑡) = 𝐹𝑚𝑎𝑥 + (𝐹0 − 𝐹𝑚𝑎𝑥) ⋅ 𝑒
−𝑘⋅𝑡 (1) 

Where 𝐹0 is the initial fluorescence intensity, 𝐹𝑚𝑎𝑥 the plateau fluorescence intensity, and 𝐹(𝑡) the 

fluorescence intensity at time 𝑡. The observed pseudo-first-order rate constants 𝑘 from three independent 

experiments were averaged, the standard deviation calculated and plotted against the respective TCO 

concentration. The second-order rate constant was determined from the slope of the linear fit. [27] 

 

2.6 HELIOS emission spectra and kinetics of fluorophore accumulation on the 

NP 

TCO-OH and HELIOS were reacted in a 1:1 ratio at a concentration of 2 mM. From this solution, in 

which the fluorophore was no longer quenched, 1 µL was added to a white 96-well plate, followed by 

199 µL of the respective solvent (water, NP solution, or liquid PEG400). Diluting the 2 mM solution by 

a factor of 200 in the well yielded a final concentration of 10 µM (0.5% DMSO content). The emission 

spectrum from 425 to 600 nm was recorded using the Synergy Neo2 plate reader, with excitation at 400 

nm. Spectra were smoothed using the Savitzky-Golay method and subsequently normalized. To study 

the kinetics of fluorophore accumulation on the NP, HELIOS and TCO-OH were first reacted in a 1:1 

ratio at a concentration of 3.3 mM. After a brief incubation period to allow for a complete iEDDA 

reaction, the solution was diluted with DMSO to a final concentration of 5 µM. As with the study of the 

iEDDA reaction kinetics, 4 µL of the fluorophore solution were placed in a white 96-well plate; 

however, in this case, the unquenched fluorophore was used. Unfunctionalized NP-COOH and water 

were added via the plate reader’s pump system, resulting in a concentration of blank particles equivalent 

to the TCO excess concentrations and corresponding NP-TCO concentrations in the study of the iEDDA 

reaction kinetics. Fluorescence intensity, with excitation at 380 nm and emissions at 485 nm and 520 

nm, was measured every second on the FLUOstar Omega microplate reader. The fluorescence ratio at 

485/520 nm served as an indicator of the fluorophore's localization, reflecting a shift to a less polar 

environment. Changes in the fluorescence ratio over time were fitted using Equation 1, and the observed 

rate constant was plotted against the NP concentration. 

 

2.7 Stability assessment of tetrazine and TCO in various media 

To examine the stability of tetrazine on the coumarin fluorophore, the fluorogenic tetrazine-coumarin 

fluorophore (1.5 µM total concentration) was incubated at 37°C in the provided media (DMSO content 
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adjusted for solubility to 25%). Medium + FBS denotes for cell culture medium RPMI 1640 with 10% 

FBS supplement, and Leibovitz + BSA for Leibovitz’s L-15 medium with 0.1% BSA content. The 

increase in fluorescence intensity due to tetrazine decomposition was detected at different time points 

using a Synergy Neo2 plate reader (BioTek, Winooski, Vermont, USA). Excitation was performed at 

400/10 nm, and emission was measured at 480/10 nm (Gain 100, orbital shaking for 15 s prior to 

measurement). For comparison, media without tetrazine-coumarin fluorophore, but also with a 25% 

DMSO content, were measured, and the values were subtracted as blanks. To determine the maximum 

possible fluorescence of 1.5 µM tetrazine-coumarin fluorophore, a 100-fold excess of TCO was added 

so that the tetrazine completely reacted off and no longer quenched the fluorophore. The fluorescence 

intensity at the respective time point was divided by the maximum value, providing the proportion of 

intact tetrazine. The measured values were fitted with an equation for exponential decay (see eq. 2) 

where N(t) is the quantity at time t and 𝑘 is a rate constant. 

N(t) = 100 ⋅ e−𝑘⋅𝑡 (2) 

To investigate the stability of the trans-cycloctene, 60% TCO functionalized NPs were first prepared 

according to the general protocol. After preparation, these were sterile-filtered through a 200 nm syringe 

filter to prevent bacterial growth during long incubation times. 8 µL of the 4 mg/mL NP solution were 

added together with 152 µL medium per well to a white 96 well plate and incubated for different periods 

of time at 37°C and 50 rpm. For the measurement, the plate sealer film was removed, 40 µL of the 

50 µM tetrazine coumarin fluorophore solution were added per well and the fluorescence intensity 

(excitation 380 nm, emission 485 nm) was measured on a FLUOstar Omega microplate reader (TCO 

total concentration approx. 1 µM; tetrazine coumarin fluorophore concentration 10 µM). The 

fluorescence intensity directly after addition of the fluorophore served as an indicator of the intact TCO. 

Corresponding blank values for the fluorophore in the investigated medium without NP-TCO were 

subtracted. The intact trans-cyclooctene after various incubation times was determined by dividing the 

fluorescence intensity at the respective time point by the maximum fluorescence. The measured values 

were also fitted with the equation given above (see eq. 2) to illustrate the exponential decrease and to 

determine the corresponding half-lives. 

 

2.8 Preparation of EXP-functionalized NPs for Ca2+ mobilization assay and 

CLSM experiments 

EXP-functionalized NPs for the Ca2+ mobilization assay and confocal laser scanning microscopy 

(CLSM) experiments were prepared following the general procedure (see section 2.3), with slight 

modifications. Instead of a 10 mg/mL polymer concentration, PLA-PEG block copolymers and PLGA 
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were dissolved at a 70:30 mass ratio to a final concentration of 20 mg/mL in acetonitrile. Upon dropwise 

addition into a tenfold volume of Millipore water, this resulted in a final NP concentration of 2 mg/mL. 

For CLSM experiments, PLGA was replaced with TAMRA-labeled PLGA. The block copolymer 

composition was adjusted such that 25% of the block copolymers were EXP-functionalized (PLA10k-

PEG2k-EXP) and 40% were TCO-functionalized (PLA10k-PEG2k-TCO). Additionally, NPs with only 

25% EXP-functionalized (PLA10k-PEG2k-EXP) block copolymer were prepared for comparison, with 

the remaining fraction consisting of unfunctionalized carboxy-terminated PLA10k-PEG2k-COOH in 

each case. For the Ca²⁺ mobilization assay, particles were concentrated via centrifugation using a 100-

kDa molecular weight cutoff centrifugal device, while for CLSM experiments, NPs were used without 

further concentration. Finally, NP size distribution and concentration were determined by NTA. 

 

2.9 Ratiometric Fura-2 AM-based Ca2+ mobilization assay 

To investigate the avidity of the NPs for the AT1 receptor, a Fura-2 AM Ca2+ assay was performed as 

previously described by our group. [28] For the NPs decorated with the antagonist EXP3174, an inverse 

approach was adopted, with minor modifications made to the procedure. Briefly, AT1R-positive rMCs 

were cultured in a T75 flask until they reached at least 90% confluence. On the day of the experiment, 

the cells were harvested following standard procedures and subsequently resuspended in Fura-2 AM 

loading medium. The loading medium was prepared by dissolving 50 µg of Fura-2 AM in 50 µL DMSO. 

This stock solution was combined with 20 µL of a 20% Pluronic F127 solution and diluted to a final 

volume of 6 mL with Leibovitz's L-15 medium containing 2.5 mM probenecid. The cells were incubated 

with the loading medium for 1 hour at room temperature on a laboratory shaker set to 50 rpm. 

Subsequently, the cell suspension was centrifuged at 200 × g for 5 minutes using a 5702 R centrifuge 

(Eppendorf, Germany). The supernatant was discarded, and the cell pellet was resuspended in 

measurement medium, which consisted of Leibovitz's L-15 medium with 2.5 mM probenecid. During 

resuspension, care was taken to ensure that the cells were gently dissociated and not exposed to excessive 

shear stress. The concentration was adjusted to 1 million rMCs per mL based on counting using a 

Neubauer-improved counting chamber (Marienfeld, Germany). 

Dilution series were prepared for the NPs under investigation (NP-EXP and NP-EXP/TCO). A volume 

of 10 µL of each NP sample was added in triplicate to a white 96-well plate. Subsequently, 90 µL of the 

Fura-2 AM-loaded cell suspension was added and incubated with the NPs for 1 hour. Following 

incubation, 100 µL of a 300 nM Ang-II solution was added via the plate reader's pump system, and 

measurements on the FLUOstar Omega plate reader were initiated immediately upon stimulation with 

Ang-II. Fluorescence intensity was measured for 30 seconds per well, alternating excitation wavelengths 

of 340 nm and 380 nm, with an emission wavelength of 510 nm. The Grynkiewicz equation was applied 
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to determine intracellular Ca2+ concentrations from the maximum recorded ratio between the different 

excitation wavelengths. [29] For calibration, the overall maximum ratio was obtained by lysing Fura-2 

AM-loaded cells in 10 µL of 1% Triton X-100 in PBS. The minimum ratio was measured using 10 µL 

of 1% Triton X-100 in PBS supplemented with 45 mM EGTA in 0.5 M NaOH to chelate all available 

Ca2+. Fluorescence values for 10% PBS were subtracted as a blank from all calculated intracellular 

calcium concentrations. The resulting values were normalized to the highest concentration and fitted 

using a four-parameter nonlinear regression model (see eq. 3) to obtain binding curves and determine 

IC50 values. 

y = A1 +
𝐴2 − 𝐴1

1 + 10(LOGx0−x) p
 

(3) 

Here A1 stands for the bottom asymptote, 𝐴2 for the top asymptote, x0 for the IC50 value and 𝑝 

represents the hill slope describing the steepness of the curves. 

 

2.10 Confocal laser scanning microscopy analysis 

To evaluate the functionalization of NPs directly on target cells, confocal laser scanning microscopy 

(CLSM) was employed. A total of 40,000 cells per well were seeded into an 8-well Ibidi slide (Ibidi, 

Planegg, Germany) and cultured at 37°C with a 5% CO2 atmosphere for 24 h. The cells were washed 

once with 200 µL DPBS and subsequently incubated for 30 min with 200 µL of 300 pM TAMRA-

labeled NP samples in Leibovitz’s L-15 medium (LM). Following this, 50 µL of HELIOS solution was 

added, resulting in a final HELIOS concentration of 1.5 µM (corresponding to an approximate 

TCO/HELIOS ratio of 2:1). The cells were incubated for an additional 10 min and then washed twice 

with 200 µL DPBS. Subsequently, the cells were fixed with 200 µL of 4% PFA in PBS for 10 min at 

room temperature and washed again twice with 200 µL DPBS. Nuclei were stained with DRAQ5 by 

diluting a 5 mM DRAQ5 stock solution in DMSO 1:2000 in DPBS. A volume of 200 µL of the diluted 

solution was added to each well, incubated for 15 min at room temperature, and washed twice with 200 

µL DPBS. The cells were stored covered with DPBS at 4°C until microscopy. CLSM images were 

acquired using a Zeiss LSM 710 (Carl Zeiss, Microscopy GmbH, Jena, Germany) and visualized with 

ZEN 3.10 (ZEN lite) software. 

To estimate the number of NPs per cell, pixels exceeding a defined intensity threshold were counted 

using ImageJ. [30] The fluorescence channel corresponding to the NPs was selected, and a threshold 

was applied to highlight pixels above the defined intensity (threshold set to 20) excluding weak 

background noise. Cells were outlined as regions of interest (ROIs) using the polygon tool, and the 

number of pixels above the threshold within each ROI was counted. Colocalization between the NP and 
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HELIOS channels was evaluated in ImageJ using the JaCoP plugin, with Pearson’s correlation 

coefficient employed as a common measure of colocalization. [31] Further, the mean HELIOS 

fluorescence per cell was quantified by manually outlining cells as ROIs and measuring the mean 

fluorescence intensity. Background intensity was determined from an ROI in a cell-free area and 

subtracted to obtain corrected values. 

 

2.11 Data analysis 

Fits of experimental data were performed in Origin (Version 2020, OriginLab Corporation, 

Northampton, MA, USA). 
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3. Results and Discussion 

3.1 Development and characterization of iEDDA-reactive TCO-functionalized 

NPs 

We developed iEDDA-reactive NPs based on polymer particles consisting of PLA-PEG block 

copolymers and PLGA previously established in our research group. [24] The amphiphilic block 

copolymer is oriented such that the PEG segment faces outward towards the aqueous environment, while 

the more hydrophobic PLA segment, together with PLGA, forms the particle core. A key advantage of 

this modular NP design is the ability to precisely control the degree of ligand functionalization by simply 

adjusting the ratio of functionalized to non-functionalized block copolymer during particle preparation. 

[32] To generate iEDDA-reactive NPs, the PLA-PEG block copolymer was functionalized with trans-

cyclooctene (TCO), a partner in the iEDDA reaction. The ratio of TCO-functionalized block copolymer 

(PLA10k-PEG2k-TCO) to non-functionalized block copolymer (PLA10k-PEG2k-COOH) was 

systematically varied, and the resulting impact on NP properties was evaluated (see Figure 1 A). The 

polymers were dissolved in acetonitrile, and NPs were subsequently prepared via nanoprecipitation in 

water. [33] Blank particles, composed solely of non-functionalized carboxy-terminated block 

copolymers with PLGA in the particle core, exhibited a size of approximately 70 nm. With increasing 

TCO functionalization, a slight increase in particle size was observed, reaching approximately 80 nm at 

80% TCO functionalization (see Figure 1 B). The polydispersity index (PDI) ranged between 0.1 and 

0.15 for all NPs, indicating a narrow size distribution. As TCO functionalization increased, the zeta 

potential of the NPs became less negative, shifting from approximately -40 mV for blank NPs to around 

-34 mV at 80% TCO functionalization (see Figure 1 C). This effect can be explained by the replacement 

of negatively charged carboxy-terminated block copolymers with TCO-functionalized block 

copolymers, which do not contribute additional charge. However, the zeta potential remained 

sufficiently negative to ensure good colloidal stability. During storage at room temperature, no 

significant changes in the hydrodynamic diameter of the NPs were observed (see Figure 1 D). Only at 

low TCO functionalization levels a minimal increase in particle size was detected after eight days. 

Importantly, no NP aggregation was observed over the observation period, confirming their stability. 
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Figure 1. Preparation and characterization of NPs with increasing TCO functionalization. (A) Scheme for 

the production of NPs with varying TCO functionalization. (B) Size and PDI of the NPs determined via DLS on 

the Zetasizer. (C) Zeta potential of the NPs in Millipore water. (D) Change in NP size during storage at room 

temperature. (E) TCO ligands per NP and TCO density on the NP surface. (F) NP size before and after the iEDDA 

reaction with HELIOS400Me. Results in (B), (C) and (E) are presented as mean ± SD of N=4 experiments, whereas 

the results in (D) and (F) are presented as mean ± SD from one experiment (n=3). 

Further quantification of TCO ligands on the NPs revealed a linear increase in the number of TCO units 

per NP with increasing incorporation of TCO-functionalized block copolymer (see SI Figure 4). Given 

the only slight increase in NP size, this also resulted in a higher TCO density on the NP surface with 

increasing TCO functionalization. Specifically, while NPs with 20% TCO functionalization exhibited a 
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surface density of 0.2 TCO per nm², NPs with 80% TCO functionalization reached a density of 

approximately 1.4 TCO per nm² (see Figure 1 E). It can be noted that by using this approach and varying 

the ratio of unfunctionalized to TCO functionalized block copolymer, NPs with tailored number of 

ligands per NP can be prepared. Finally, NP size was assessed after the iEDDA reaction with the 

tetrazine-coumarin fluorophore HELIOS400Me. In all cases, only a minimal increase in particle size 

was observed. Importantly, the iEDDA reaction did not adversely affect NP properties, and no 

aggregation was detected (see Figure 1 F). 

In summary, this approach enables the preparation of iEDDA-reactive TCO-functionalized NPs with 

tunable properties. Even at high TCO functionalization levels, the resulting NPs remained well-defined 

and suitable for further applications. This strategy allowed the production of NPs with precisely tailored 

characteristics for subsequent experiments. 

 

3.2 Understanding the fluorescence behavior of the tetrazine coumarin probe 

After successful synthesis of the tetrazine coumarin fluorophore (HELIOS400Me) (see SI section I), it 

was initially tested with free PEG4-TCO in water. Contrary to the exponential fluorescence increase to 

saturation reported by Meimetis, Carlson et al. [18], we observed a rapid rise in fluorescence intensity 

followed by a decline, particularly evident at high TCO excess (see Figure 2 A). It was expected that 

the tetrazine group on the tetrazine-coumarin fluorophore would initially quench the coumarin 

fluorescence. As the reaction proceeded, tetrazine would be consumed in the iEDDA reaction, leading 

to a reduction in quenching and an increase in fluorescence intensity until saturation was reached, 

corresponding to complete tetrazine consumption. However, the observed decrease in fluorescence 

intensity after reaching a peak suggests that an additional reaction occurs, leading to a structure that 

again quenches the fluorophore. Other research groups also reported similar observations with 

fluorogenic systems during iEDDA reaction with TCO derivatives, where fluorescence intensity initially 

peaks, followed by a continuous decay. [34] Detailed investigations by Hild, Werther et al. revealed that 

the iEDDA reaction rapidly forms a fluorescent 4,5-dihydropyridazine species, which then tautomerizes 

into a weakly fluorescent 1,4-dihydropyridazine. [35] It appears that 1,4-dihydropyridazines can 

significantly quench diverse fluorophores, explaining the drop in fluorescence intensity. [36] On a much 

slower timescale than studied here, fluorescence intensity may recover due to oxidation of the 1,4-

dihydropyridazine species to pyridazine (see Figure 2 B). These underlying reactions likely dictate the 

observed fluorescence behavior in our experiment as well. Assuming two consecutive first-order 

reactions, an equation to describe the fluorescence intensity curves was derived (see SI section III). The 

established equation fits the observed fluorescence curves very well, with a coefficient of determination 

of consistently above 0.96, indicating a high degree of correlation between the model and experimental 
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observations (see SI section IV). The pseudo-first-order rate constant of the first step was then plotted 

against the TCO concentration (see Figure 2 C). From the slope of the linear fit, the second-order rate 

constant for the iEDDA reaction was determined. [27] For free PEG4-TCO in water, the second-order 

rate constant was 7029 ± 191 M-1 s-1. This is remarkably fast for a reaction between TCO and methyl 

substituted tetrazine, which is generally known to react more slowly, but provides good stability in a 

biological environment. [37] With a sound understanding of the observed fluorescence behavior, we 

next sought to investigate whether the iEDDA reaction proceeds as rapidly on the polymer NPs. 

 

Figure 2. Evaluation of the iEDDA reaction between HELIOS400Me and free PEG4-TCO in water. (A) 

Fluorescence intensity with progressing reaction time at different TCO excesses (2 to 32-fold excess). (B) 

Schematic illustrating the underlying reactions. (C) Plot of the pseudo-first order constants vs. the TCO 

concentration to determine the second order rate constant. Results in (C) are presented as mean ± SD (n = 3). 

 

3.3 Acceleration of the iEDDA reaction on polymer NPs 

Testing the iEDDA reaction on NPs (NP-TCO) with 1 µM HELIOS, as performed with free TCO (PEG4-

TCO), it became immediately apparent that the iEDDA reaction on NPs was significantly faster. The 

fluorescence intensity peaked within seconds before gradually declining (see Figure 3 A). The rapid 
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kinetics of the iEDDA reaction on the NP made it challenging to accurately track the fluorescence using 

the plate reader setup (see SI Figure 6 A). To slow down the reaction, the HELIOS concentration was 

reduced from 1 µM to 0.1 µM. Despite this adjustment, the reaction remained remarkably fast, requiring 

the analysis to focus only on the first 12 seconds (see SI Figure 6 B). At lower TCO excesses, reasonably 

resolved curves could be obtained, but at higher TCO concentrations, the reaction speed exceeded the 

detection capabilities of the setup. As a result, the observed pseudo-first-order rate constants no longer 

showed a proportional increase with increasing TCO concentration (see SI Figure 6 D). Therefore, only 

data up to an 8-fold excess of TCO were included in analysis (see Figure 3 B). Further diluting the 

reactants to achieve even slower reactions was not feasible. At 10 nM HELIOS, the fluorescence signal 

was too weak, even with increased gain on the plate reader (see SI Figure 6 C). 

 

Figure 3. Kinetics of the iEDDA reaction of HELIOS400Me with NP-TCO. (A) Comparison between TCO on 

the NP (NP-TCO) and TCO free in solution (PEG4-TCO) in the iEDDA reaction with 1 µM HELIOS in water. (B) 

Fluorescence intensity vs. reaction time for the iEDDA reaction between 0.1 µM HELIOS and TCO on the NP 

(various TCO excesses) in water. (C) Pseudo first-order rate constants determined from the fit, plotted against 

TCO concentration. (D) Comparison of the second-order rate constants on the NP and free in solution, in both 

water and DMSO. Results in (C) and (D) are presented as mean ± SD (n = 3). 
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Plotting the pseudo-first-order rate constants against TCO concentration yielded a second-order rate 

constant for the iEDDA reaction of HELIOS with NP-TCO of (1.4 ± 0.2) × 106 M-1 s-1 (see Figure 3 C). 

This value is several orders of magnitude higher than for HELIOS reacting with PEG4-TCO in solution 

(see Figure 3 D), approaching the rates observed for the fastest known iEDDA reactions. [5] The NP 

appears to significantly accelerate the reaction, which was unexpected, as it was initially assumed that 

anchoring one of the iEDDA partners (in this case, the TCO) on the NP surface would restrict its 

mobility, thereby reducing effective collisions between TCO and tetrazine. This should have resulted in 

a slower reaction on the NP. [38] However, the opposite effect was observed. Notably, Stéen, Jørgensen 

et al. also observed a significantly faster iEDDA reaction on their TCO-functionalized PeptoBrushes, 

which represent unimolecular polymer NPs, compared to a water-soluble PEGylated TCO derivative. 

[39] To explore whether the presence of the NP itself was responsible for the accelerated reaction, the 

NPs were dissolved in DMSO. Here, the NPs should dissociate into individual polymer chains (see SI 

Figure 7). The kinetics of the iEDDA reaction in DMSO were studied (see SI Figure 8 A), and the 

second-order rate constant was determined (see SI Figure 8 B). It was found that the reaction with the 

NPs dissolved in DMSO was significantly slower. Additionally, the reaction of free PEG4-TCO with 

HELIOS in DMSO was examined (see SI Figure 8 C+D). The reaction rates in DMSO were nearly 

similar for both the dissolved NPs and free PEG4-TCO (see Figure 3 D). This suggests that the 

accelerated reaction is specifically associated with the intact polymer NP structure. 

 

3.4 Hydrophobic effect as driving force behind the extraordinarily fast reaction 

on the NP 

To learn about the localization of the fluorophore, emission spectra of the fluorophore were recorded in 

various environments. In water, the emission maximum was around 500 nm, consistent with the findings 

of Meimetis, Carlson, et al. [18] In liquid PEG, however, the emission maximum was only 

approximately 480 nm, as it was for the fluorophore that had reacted on the NP (see Figure 4 A). It is 

well-known in the literature that polar solvents shift the emission maximum of coumarin fluorophores 

to longer wavelengths (red shift). [40–42] The lower emission maximum of the fluorophore on the NP, 

compared to that of the fluorophore in water and similar to that in liquid PEG, can mean that the 

fluorophore, after the iEDDA reaction, is located in the PEG brush on the particle surface. This 

corresponds to a less polar environment for the coumarin, resulting in a less pronounced red shift in its 

emission. A fluorophore that had already reacted with TCO and was added to an NP solution exhibited 

an emission spectrum shifted even further towards shorter wavelengths. This suggests that, when the 

tetrazine-coumarin fluorophore cannot react with TCO on the particle surface and thus remains confined 

within the PEG brush, it seems to embed itself within the hydrophobic core of the particle made of PLA 
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and PLGA. The accumulation of the fluorophore on or within the particle was further investigated based 

on Hansen solubility parameters (see SI section VIII). The tetrazine-coumarin fluorophore can clearly 

be considered hydrophobic. The distance between the fluorophore and water in Hansen space was very 

large, indicating poor solubility/miscibility of these components. Significantly lower distances, 

indicating better compatibility, were observed for the components of the polymer NP. According to the 

estimation based on the Hansen solubility parameters, the fluorophore should preferentially accumulate 

in the PEG brush and PLA component, and somewhat less so in the PLGA (see Figure 4 B). An 

accumulation of the fluorophore at the NP seems reasonable in light of the findings. 

 

Figure 4. Studies on the accelerated reaction on the NP. (A) Emission spectra of the tetrazine coumarin 

fluorophore in different environments (excitation wavelength 400 nm). On the NP describes the fluorescence after 

the iEDDA reaction on the NP. For the other conditions (in NP solution, in water and in PEG400) the fluorophore 

was first reacted with PEG4-TCO to dequench it. (B) Distance between HELIOS400Me and the listed components 

in Hansen's space to describe the preferred accumulation. (C) Fluorescence ratio between the emission at 485 nm 

to 520 nm (excitation wavelength 380 nm) to follow the kinetics of accumulation on the NP. (D) Observed pseudo 

first order rate constants for the iEDDA reaction and the accumulation process on the NP plotted against the NP 

concentration. 

Further investigations focused on elucidating the kinetics of the accumulation process on the NP. For 

this purpose, fluorophore that had already reacted with TCO, was added to NP solutions of varying 

concentrations. The accumulation process was monitored by observing the emission ratio at two distinct 
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wavelengths: one wavelength (485 nm) indicated a less polar, more hydrophobic environment, while 

the other (520 nm) corresponded to a polar environment. The fluorescence ratio 485/520 nm increased 

within only a few seconds, suggesting an exceptionally fast accumulation of the hydrophobic 

fluorophore on the NP (see Figure 4 C). The rate of fluorophore accumulation on the NP was 

approximately as fast as the iEDDA reaction, as demonstrated by comparing observed pseudo-first-

order rate constants at different NP concentrations (see Figure 4 D). This could be interpreted as 

indicating that the rate of accumulation on the NP also dictates the rate of the iEDDA reaction. Likely 

driven by the fluorophore's tendency to avoid interactions with water, it rapidly accumulates on the NP, 

thereby creating a locally increased concentration that accelerates the iEDDA reaction. As a result, the 

tetrazine-coumarin fluorophore presumably reacts with TCO on the NP surface before embedding within 

the particle's hydrophobic core. 

In summary, the hydrophobic effect is likely the primary driving force behind the exceptionally fast 

reaction observed on the NP. Stéen, Jørgensen et al. reached a similar conclusion in their studies, 

demonstrating a strong correlation between the measured reaction rates and the calculated logarithmic 

distribution coefficient at physiological pH (C log D7.4) for all tetrazine derivatives examined. More 

lipophilic tetrazine derivatives appeared to facilitate higher reaction rates. [39] It is important to note 

that ligands designed to promote target cell recognition or uptake are expected to be significantly more 

polar than the highly nonpolar fluorophore used here as a surrogate. Consequently, the iEDDA reaction 

on the NP in such cases is expected to proceed at a slower rate, aligning more closely with the reaction 

kinetics observed in solution. 

 

3.5 iEDDA reaction on NPs in biological media 

The kinetics of the iEDDA reaction on NPs were studied in various biological media (see SI section IX). 

Pseudo-first-order rate constants were plotted against the TCO concentration to determine the second-

order rate constants from the slope of the linear fit (see Figure 5 A). Compared to the reaction in pure 

water, the iEDDA reaction proceeded more slowly in all tested media. In Leibovitz's L-15 medium with 

0.1% BSA (commonly used to dilute NPs for uptake experiments) the second-order rate constant was 

found to be (2.7 ± 0.3) * 105 M-1 s-1. Moving towards potential in vivo applications of the iEDDA 

reaction, the reaction in pure FBS was investigated and exhibited a second-order rate constant of (1.5 ± 

0.1) * 104 M-1 s-1 (see Figure 5 B). The reaction presumably proceeded more slowly due to adsorption 

of the hydrophobic fluorophore onto serum components, primarily albumin present in both Leibovitz's 

L-15 medium with BSA and as a major constituent of FBS. The entry of coumarin fluorophores from 

aqueous solution into the hydrophobic domains of albumin is well-documented in the literature, typically 

manifesting as a blue shift in emission and fluorescence enhancement. [43] Both phenomena were also 
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observed for the tetrazine-coumarin probe prior to the iEDDA reaction (see SI Figure 11). Adsorption 

and desorption processes involving serum components (including not only albumin but also other serum 

proteins, growth factors, hormones, lipids, and lipoproteins) may have hindered the iEDDA reaction in 

pure FBS. Additionally, a potential protein corona forming around the NP surface could have rendered 

the TCO functionalities less accessible. In Leibovitz’s L-15 medium with 0.1% BSA, the presence of 

components for fluorophore adsorption is relatively limited, possibly allowing for a faster reaction 

compared to pure FBS, where numerous components are available for adsorption. Following this logic, 

the reaction rate in RPMI 1640 cell culture medium supplemented with 10% FBS fell in between these 

two. The second order rate constant was (4.9 ± 0.5) * 104 M-1 s-1. In summary, while the iEDDA reaction 

proceeded more slowly in biological media compared to water, it still remained notably rapid. If the 

hydrophobic fluorophore is replaced by ligands intended to support active NP targeting and cell uptake, 

adsorption to serum components should be significantly reduced. Adsorption is likely driven by 

hydrophobic interactions, and thus using polar iEDDA reaction partners should not result in significant 

decreases in reaction speed. The iEDDA reaction appears well suited to functionalize particles in a 

biological environment, opening the potential to modify NPs even in vivo, thereby enabling precise 

tailoring of their properties. 

 

Figure 5. Kinetics of the iEDDA reaction between HELIOS400Me and NP-TCO in different biological 

media. (A) Observed pseudo first order rate constants plotted against TCO concentration. (B) Comparison of the 

second order rate constants in different biological media. In Leibovitz + BSA or LM+BSA for short means reaction 

in Leibovitz's L-15 medium with 0.1% BSA; in Medium + FBS or M+FBS for short means reaction in RPMI 1640 

cell culture medium with 10% FBS supplement. Results are presented as mean ± SD (n = 3). 

 

3.6 Stability of iEDDA reaction partners 

Tetrazine stability was investigated for tetrazine on the tetrazine coumarin fluorophore (HELIOS 

400Me). [18] As the tetrazine decomposes, it no longer quenches the fluorophore and the fluorescence 

intensity increases, providing a straightforward way to monitor the amount of intact tetrazine. The 
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stability in pure fetal bovine serum (FBS) was the lowest with a half-life of 17 ± 3 h. In Leibovitz 

medium with 0.1% BSA supplement, a half-life of 232 ± 7 h was found. In PBS, the tetrazine hardly 

decomposed over the observation period of 9 days (see Figure 6 A). The remarkable stability of the 

tetrazine, e.g. also in FBS, is consistent with literature, as Karver, Weissleder et al. report nearly 95% 

intact tetrazine for a reasonably comparable tetrazine following a 10-hour incubation at 37°C in pure 

FBS. [37] Generally, it can be stated that increased stability of the employed tetrazine often comes at 

the expense of slower kinetics in the iEDDA reaction. This is because electron-withdrawing substituents 

are usually used on tetrazine to increase reactivity, but these also accelerate the attack of nucleophiles 

causing tetrazine degradation (see Figure 6 D). [44] The selection of the methyl-substituted tetrazine in 

this study prioritizes adequate stability within a complex biological milieu. Nevertheless, as 

demonstrated in section 3.5, the reaction remains sufficiently rapid to enable robust in vitro 

functionalization. 

 

Figure 6. Stability of tetrazine and trans-cycooctene in various media. (A) Intact tetrazine on the tetrazine 

coumarin fluorophore with progressing incubation time. (B) Intact trans-cylooctene on the NP with progressing 

incubation time. (C) Half-lives in the different media determined by the exponential decay fit. (D) Structural 

formulas of the investigated components and illustration of deactivation pathways discussed in the literature. [44, 

45] In Medium + FBS or M+FBS for short means incubation in RPMI 1640 cell culture medium with 10% FBS 

supplement; in Leibovitz + BSA or LM+BSA for short means incubation in Leibovitz’s L-15 medium with 0.1% 

BSA. Results are presented as mean ± SD (n = 3). 
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The TCO stability on 60% TCO functionalized NPs was investigated by adding an excess of the 

fluorogenic tetrazine coumarin fluorophore after different incubation times. The extent to which the 

fluorescence intensity was increased by the iEDDA reaction was recorded and serves as a measure of 

how much intact TCO was still present. In contrast to tetrazine, the stability of trans-cyclooctene was 

considerably lower. The half-life in pure FBS was only about 4 hours. This result is consistent with a 

half-life of approximately 3 hours for a related TCO in fresh mouse serum reported by Rossin, van den 

Bosch et al. [45] The authors attribute this phenomenon to the interaction of TCO with copper-

containing proteins, which may lead to the isomerization of trans-cyclooctene to cis-cyclooctene (see 

Figure 6 D), whereby the cis-cyclooctene is several orders of magnitude less reactive. The half-life in 

Leibovitz medium supplemented with 0.1% BSA was 46 ± 10 h. In PBS, the TCO also substantially lost 

its reactivity during the observation period (see Figure 6 B), whereby a half-life of 76 ± 9 h was 

determined by the fit of the exponential decrease. When stored in the refrigerator, approximately 75% 

of intact TCO was still detected on the NP after one month, with the particle size remaining stable (see 

SI section XI). The comparison of the half-lives at 37°C in different media demonstrates the higher 

stability of tetrazine (see Figure 6 C). Therefore, for further projects it seems to be the more promising 

strategy to attach the more stable tetrazine to the NP and the relatively short-lived TCO to the ligand, as 

the particles were expected to remain in a biological environment for an extended duration. Choi, 

Zuckerman et al. reported for example blood circulation for particles that are comparable to the polymer 

NPs used in this study with a half-life in the bloodstream of 13.7 hours. [46] Although the stability of 

TCO in biological environments has been a subject of concern due to its notably short half-life, it can 

be stated that the TCO used still opens a time window of several hours for subsequent NP 

functionalization in biological environments, rendering the NPs switchable. 

 

3.7 EXP3174 functionalized NPs for anchoring to the target cell 

Further investigations explored whether NPs can be functionalized directly on the target cell using the 

iEDDA reaction. For this purpose, a second ligand was integrated into the NP design. EXP3174, the 

active metabolite of the well-known AT1R antagonist losartan, mediates receptor attachment (see 

Figure 7 A). [47] As an antagonist of a G protein-coupled receptor (GPCR), binding to the receptor 

does not result in internalization of the NPs, allowing the particles to initially remain on the cell surface. 

[48] Subsequently, functionalization via the additional ligand using the iEDDA reaction could be 

achieved, enabling, for instance, the attachment of a ligand that promotes cellular uptake. The NPs were 

prepared through nanoprecipitation. Alongside dual-functionalized NPs containing EXP3174 for cell 

surface anchoring and TCO for the iEDDA reaction, NPs functionalized solely with EXP3174 were also 
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prepared for comparison. The dual-functionalized NPs (NP-EXP/TCO) were slightly larger (see Figure 

7 B), with an average hydrodynamic diameter of approximately 83 nm compared to 73 nm for NP-EXP. 

To evaluate the anchoring of the NPs to the target cell, binding curves on the AT1 receptor were 

recorded. These revealed virtually no differences between the two types of particles (see Figure 7 C), 

with IC50 values derived from fitting being nearly identical (see Figure 7 D). This suggests that the 

second ligand, TCO, does not interfere with the binding of the NPs to the AT1 receptor via the primary 

ligand EXP3174. Therefore, dual-functionalized NPs can reliably bind to the target cell allowing 

subsequent NP functionalization directly on the target site. 

 

 

Figure 7. EXP3174 functionalized NPs for anchoring to the target cell. (A) Schematic illustrating the binding 

of EXP functionalized NPs to AT1 receptors on the cell surface of rMCs. (B) Size distribution of EXP-

functionalized particles (NP-EXP) and dual EXP- and TCO-functionalized particles (NP-EXP/TCO) determined 

by NTA. (C) Binding curves to the AT1R determined by Fura-2 AM Ca2+ mobilization assay with rMCs using the 

inverse procedure. (D) LogIC50 values determined by the fit. Results are presented as mean ± SD (n=3). 
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3.8 Functionalization of NPs on target cells using the HELIOS400Me 

fluorogenic probe 

To detect the functionalization of NPs directly on the target cell, the fluorogenic tetrazine coumarin 

probe HELIOS400Me was employed. The primary ligand, EXP3174, was intended to mediate the 

binding of NPs to the AT1 receptor on the target cell. After an incubation period of 30 minutes, the 

fluorogenic probe was added. This probe was designed to react with the TCO-functionalized NPs, 

whereas no reaction would occur with NPs functionalized only with EXP3174. Consequently, if the 

HELIOS fluorophore attaches to the NP following a successful iEDDA reaction, a more pronounced 

colocalization between the NP and HELIOS channel was expected for NP-EXP/TCO compared to NP-

EXP. Furthermore, the average HELIOS fluorescence per cell for NP-EXP/TCO was anticipated to 

increase compared to NP-EXP, as the tetrazine would be consumed in the iEDDA reaction, no longer 

quenching the coumarin fluorophore of the probe. CLSM images clearly confirmed that EXP3174-

functionalized NPs were not directly internalized by the cells but initially remained on the cell 

membrane (see Figure 8 A). This was evidenced by a yellow outline of the cells, indicating NPs 

anchored on the cell surface. When the NPs were additionally functionalized with TCO for the iEDDA 

reaction, the membrane anchoring, and thus the staining observed in the CLSM images, was less distinct 

(see Figure 8 B). Overall, fewer particles per cell were detected for NP-EXP/TCO compared to NP-

EXP (see Figure 8 C). It can be speculated that the second ligand, TCO, might have interfered with the 

multivalent binding of particles to AT1 receptors on the cell surface, contrary to the results suggested 

by Ca2+ mobilization assays (see section 3.7). 
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Figure 8. iEDDA reaction of NPs directly on the cell surface with HELIOS400Me. CLSM Z-stack and images 

of individual channels for EXP3174 functionalized NPs (A) and both EXP3174 and TCO functionalized NPs (B). 

The rMCs were incubated for 30 min with NPs at a concentration of 300 pM, then HELIOS solution (final total 

concentration 1.5 µM) was added and incubated for another 10 min. DRAQ5 cell nuclear staining in red, TAMRA 

labeled NPs in yellow and HELIOS400Me in blue. (C) Box plot of yellow pixels per cell above a certain threshold 

as an estimate of NPs per cell. (D) Pearson's correlation coefficient for the colocalization between yellow (NP) 

and blue (HELIOS) channels. (E) Box plot of mean HELIOS fluorescence per cell. For (C) and (E) at least 12 cells 

from 3 images were included. Results in (D) are presented as mean ± SD from n=3 images. The other images used 

for evaluation can be found in SI section XII. 

 

The colocalization of NP with HELIOS fluorescence was generally low but slightly increased for NP-

EXP/TCO compared to NPs functionalized only with EXP (see Figure 8 D). The cell-permeable 

HELIOS fluorophore primarily accumulated within the cells, while NP-EXP remained on the cell 

membrane. For NPs additionally functionalized with TCO, this pattern changed only marginally. 

HELIOS primarily stained the entire cell blue instead of predominantly marking the cell membrane 

along with the particles. Moreover, the mean HELIOS fluorescence per cell did not increase following 

the iEDDA reaction. On the contrary, a lower mean HELIOS fluorescence intensity was observed for 

NP-EXP/TCO compared to NP-EXP (see Figure 8 E). This result was unexpected, as Meimetis, 

Carlson, et al. successfully visualized EGFR expression on cells incubated with α-EGFR-TCO 
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antibodies. They reported bright, membrane-specific staining upon subsequent addition of a HELIOS 

probe. [18] It should be feasible to replace the TCO labeled antibody with a dual-functionalized NP – 

one ligand for receptor targeting and TCO for the iEDDA reaction. However, the demonstration of 

iEDDA-based NP functionalization directly on target cells failed likely due to a combination of 

suboptimal iEDDA reaction efficiency and the poor turn-on ratio of the fluorogenic probe. The nonpolar, 

cell-permeable fluorophore presumably entered the cells rapidly, potentially reducing its availability for 

the iEDDA reaction on the cell surface. The slightly enhanced colocalization between NP and HELIOS 

fluorescence observed for iEDDA-capable NPs may suggest that part of the probe reacted with TCO-

functionalized NPs on the cell surface during its passage into the cell. However, the turn-on ratio of the 

fluorogenic probe was significantly lower than reported by Meimetis, Carlson, et al. (see SI section 

XIII). The quenched HELIOS fluorophore already exhibited notable fluorescence, making small 

changes in fluorescence intensity challenging to detect. 

In conclusion, while EXP3174-functionalized NPs were successfully anchored on cells as expected, the 

iEDDA reaction likely did not proceed to the desired extent and was difficult to monitor. Using a cell-

uptake-promoting ligand instead of the fluorogenic probe could provide a more polar, non-cell-

permeable alternative. This would potentially improve NP functionalization directly on the target cell. 

Further studies could employ flow cytometry to evaluate whether NP uptake is increased by attaching a 

cell uptake-promoting ligand via iEDDA reaction. This may offer a more robust readout for successful 

NP functionalization than the observation via the fluorogenic probe in CLSM images simultaneously 

paving the way towards the application of the NPs in drug delivery. 

 

 

4. Conclusion 

In this study, well-defined iEDDA-reactive NPs were successfully prepared. The modular design based 

on PLGA and varying ratios of TCO-functionalized and non-functionalized PLA-PEG block 

copolymers, enabled the production of customized NPs. Furthermore, the fluorescence behavior of the 

fluorogenic HELIOS probe was analyzed, allowing the derivation of an equation to accurately model 

the fluorescence intensity kinetics. Unexpectedly, it was observed that the iEDDA reaction of the 

fluorogenic probe proceeded significantly faster on the NP surface compared to its reaction in free 

solution. This phenomenon was attributed to hydrophobic effects, which were identified as the driving 

force behind the exceptionally rapid iEDDA reaction on the NP. Investigation of the iEDDA reaction 

between the fluorogenic probe and TCO-functionalized NPs in various biologically relevant media 

demonstrated that the NPs could undergo rapid functionalization even in the presence of numerous other 

functional groups. These findings suggest that the iEDDA reaction holds great potential for in vivo NP 
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modification. Stability studies of the iEDDA reaction partners confirmed that a sufficient time window 

exists for the intended biological applications. However, an attempt to visualize NP functionalization 

directly at the target cell membrane using the fluorogenic HELIOS probe was not successful. This was 

likely due to incomplete iEDDA reaction and a suboptimal turn-on ratio of the fluorogenic probe. 

Notably, the HELIOS probe, used as a surrogate in this study, does not exhibit properties well-matched 

to the cell-uptake-promoting ligands for future applications. Unlike the highly hydrophobic fluorogenic 

probe, the peptidic ligands for subsequent applications are unlikely to be affected by significant 

hydrophobic effects. Overall, the fluorogenic probe effectively demonstrated a switchable NP 

fluorescence in solution, providing a valuable tool for monitoring NP functionalization. The findings 

indicate that the iEDDA reaction is highly suitable for functionalizing NPs in complex biological 

environments. 
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I. Synthesis of the fluorogenic tetrazine coumarin 

HELIOS400Me 

The synthesis follows the procedure reported by Meimetis, Carlson et al. [1] 

 

Synthesis of bromocoumarin 1 and nitrile coumarin 2 

 

 

 

For bromination, coumarin 102 (127 mg, 0.5 mmol, 1 equiv.) was dissolved in 10 mL acetonitrile and 

N-bromosuccinimide (NBS, 100 mg, 0.55 mmol, 1.1 equiv.) was added. The reaction mixture was 

stirred for 2 h at room temperature protected from light. The solvent was removed using a rotary 

evaporator and the crude product 1 was used for the Suzuki reaction in the next synthesis step without 

further purification. To the bromocoumarin crude product 1 dissolved in 8 mL dioxane:water (3:1) was 

added 3-cyanophenylboronic acid (146.9 mg, 1 mmol, 2 equiv.), the catalyst bis(triphenylphosphine) 

palladium(II) diacetate (18.9 mg, 0.025 mmol, 0.05 equiv.) and potassium carbonate (140 mg, 1 mmol, 

2 equiv.) as base. The reaction mixture was refluxed for 7 hours after which it was concentrated using a 

rotary evaporator. The product was purified by column chromatography (hexanes : ethyl acetate 

gradient, 5:1 to 5:2) and 113 mg (0.32 mmol, 63%) of the desired product nitrile coumarin 2 was 

obtained. 

1H NMR (CDCl3): δ = 7.61−7.46 (m, 4H), 7.04 (s, 1H), 3.28−3.22 (q, 4H), 2.92-2.87 (t, 2H), 2.80-2.76 

(t, 2H), 2.15 (s, 3H), 2.03-1.95 (m, 4H) ppm. 
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SI Figure 1. 1H NMR spectra of bromocoumarin 1 crude product recorded in CDCl3 at 400 MHz. 

 

The conversion of coumarin 102 to bromocoumarin 1 with NBS appears to be complete. The signal of 

the proton, which is replaced by a bromine atom, at approx. 6.3 ppm disappears completely (see marked 

region in SI Figure 1). Since there are hardly any impurities in the NMR spectrum, column 

chromatography appears to be dispensable. The crude product still contains a residue of NBS, but this 

should probably not interfere with the next synthesis step. 
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SI Figure 2. 1H NMR spectra of nitrile coumarin 2 recorded in CDCl3 at 400 MHz. 

 

 

Synthesis of methyltetrazine coumarin 3 

 

 

 

To nitrile coumarin 2 (34.9 mg, 98 µmol, 1 equiv.) zinc triflate (17.9 mg, 49 µmol, 0.5 equiv.) as Lewis 

acid catalyst, acetonitrile (51.4 µL, 0.98 mmol, 10 equiv.), hydrazine monohydrate (N2H4 64-65 %; 237 
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µL, 4.89 mmol, 50 equiv.) and 120 µL dioxane were added under a stream of argon. The microwave 

reaction tube was sealed pressure-tight and stirred for 17 h at 60°C. It was then allowed to cool to room 

temperature and the septum was removed. To the reaction mixture sodium nitrite (135 mg, 1.95 mmol, 

20 equiv.) in 5 mL of water was added followed by 1 M hydrochloric acid until pH = 3 was reached. 

The aqueous phase was extracted three times with 20 mL DCM. The combined organic extracts were 

dried with magnesium sulfate and concentrated using a rotary evaporator. The crude product was 

purified by column chromatography on silica gel (hexanes : ethyl acetate gradient, 5:1 to 3:1) to yield 

the fluorogenic methyltetrazine coumarin 3 HELIOS400Me (5 mg, 12 µmol, 12%) as an orange-brown 

solid. 

1H NMR (CDCl3): δ = 8.61−8.58 (d, 1H), 8.52 (s, 1H), 7.69-7.64 (t, 1H), 7.59-7.56 (d, 1H), 7.14 (s, 1H), 

3.34−3.29 (q, 4H), 3.10 (s, 3H), 3.01-2.97 (t, 2H), 2.89-2.85 (t, 2H), 2.27 (s, 3H), 2.13-2.09 (m, 4H) 

ppm. 

MS (ESI, m/z): Calculated for ([C25H23N5O2]+H)+ ([M+H]+): 426.1978, Found: 426.1927. 

 

 

SI Figure 3. 1H NMR spectra of methyltetrazine coumarin 3 recorded in CDCl3 at 400 MHz. 
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II. Characterization of the TCO functionalized NPs 

In addition to determining NP size via dynamic light scattering (DLS) using the Zetasizer, nanoparticle 

tracking analysis (NTA) was employed as an orthogonal method. The size distribution determined using 

NTA can be found in SI Figure 4 A. The hydrodynamic diameters determined via NTA were generally 

slightly lower than those obtained by DLS. Notably, NTA did not detect the increase in particle size 

from approximately 70 nm to 80 nm with increasing TCO functionalization, making the discrepancy 

between DLS and NTA measurements more apparent at higher TCO functionalization levels (see SI 

Figure 4 B). The observed differences between DLS and NTA measurements may be attributed to the 

underlying principles of these techniques. DLS measures the intensity fluctuations of scattered light 

caused by the Brownian motion of particles and derives an intensity-weighted hydrodynamic diameter, 

which tends to be biased towards larger particles in polydisperse samples. In contrast, NTA tracks 

individual particles and provides a number-weighted size distribution. [2] It can be speculated that NP 
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samples with a high degree of TCO functionalization contain a very small subpopulation of larger 

particles. In DLS measurements, this subpopulation could contribute to an increase in the observed 

hydrodynamic diameter due to the intensity-weighted nature of the technique. In contrast, while these 

larger particles are detected in NTA, their influence on the number-weighted size distribution is 

negligible, explaining the absence of an apparent size increase in the NTA results. 

 

SI Figure 4. Characterization of the TCO functionalized NPs. (A) Size distribution of the NPs determined by 

NTA. (B) Comparison of the hydrodynamic diameters of the NPs determined by DLS on the zetasizer with those 

determined by NTA. (C) Calibration line to determine the TCO ligands per NP. (D) Linear fit between the TCO 

functionalization used and the TCO per NP found. Results in (A) and (D) are presented as mean ± SD from one 

experiment (n=3) and results in (B) and (D) are presented as mean ± SD from N=4 independent experiments. 

 

The calibration curve used to determine the number of TCO ligands per NP, based on free TCO, can be 

found in SI Figure 4 C. A good linear correlation was observed between the amount of TCO-

functionalized PLA-PEG block copolymer used in the formulation and the number of TCO groups per 

NP after preparation (see SI Figure 4 D). However, it should be noted that dissolving the particles in 

DMSO allows for the quantification of all TCO units present. This approach does not provide 

information regarding the actual accessibility of TCO groups for the iEDDA reaction on the NP surface. 
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It is possible that the relatively hydrophobic TCO preferentially resides within the PEG brush of the NP, 

potentially affecting its availability for reaction. 

 

 

III. Derivation of an equation to describe the fluorescence 

intensity 

The reaction between the tetrazine-coumarin fluorophore and TCO was described by a pseudo-first-

order reaction. The subsequent tautomerization of the resulting 4,5-dihydropyridazine intermediate to 

1,4-dihydropyridazine could also be described as a first-order reaction. The further reaction to aromatic 

pyridazine, which forms through oxidation after prolonged times (typically several days), was not 

considered here, as the goal was to establish an equation for fitting the fluorescence intensity during the 

first minutes of the reaction. Therefore, the system can be approximated as a sequence of two 

consecutive first-order reactions: 

𝐴
𝑘𝐵
→ 𝐵

𝑘𝐶
→ 𝐶 

Here, 𝐴 represents the quenched tetrazine-coumarin fluorophore before the iEDDA reaction, 𝐵 is the 

4,5-dihydropyridazine intermediate, and 𝐶 is the 1,4-dihydropyridazine formed after tautomerization. 

Using the rate constants 𝑘𝐵 and 𝑘𝐶 , the following rate equations can be established: 

𝑑[𝐴]

𝑑𝑡
= −𝑘𝐵[𝐴] 

𝑑[𝐵]

𝑑𝑡
= 𝑘𝐵[𝐴] − 𝑘𝐶[𝐵] 

𝑑[𝐶]

𝑑𝑡
= 𝑘𝐶[𝐵] 

Given that none of the products are present at the beginning, the initial conditions are [𝐵]0 = [𝐶]0 = 0. 

The solution for [𝐴] is straightforward: 

[𝐴] = [𝐴]0 ⋅ 𝑒
−𝑘𝐵⋅𝑡 

For [𝐵], the differential equation takes the following form: 

𝑑[𝐵]

𝑑𝑡
+ 𝑘𝐶[𝐵] = 𝑘𝐵[𝐴]0 ⋅ 𝑒

−𝑘𝐵⋅𝑡 

Solving this, we obtain: 



Supplementary Information – Switchable Fluorescence 

 

113 

[𝐵] =
𝑘𝐵[𝐴]0
𝑘𝐶 − 𝑘𝐵

⋅ (𝑒−𝑘𝐵⋅𝑡 − 𝑒−𝑘𝐶⋅𝑡) 

[𝐶] can be determined using the boundary conditions and mass balance [𝐶] = [𝐴]0 − [𝐴] − [𝐵]. 

[𝐶] = [𝐴]0 (1 − 𝑒
−𝑘𝐵⋅𝑡 −

𝑘𝐵
𝑘𝐶 − 𝑘𝐵

⋅ (𝑒−𝑘𝐵⋅𝑡 − 𝑒−𝑘𝐶⋅𝑡)) 

 

The measured fluorescence intensity cannot be described solely by the presence of species 𝐵. Both 𝐴 

and 𝐶 also contribute to the total fluorescence, albeit to a much lesser extent. To calculate the 

fluorescence intensity 𝐹 at any given time, all species and their respective fluorescence 𝑓 must be 

considered: 

𝐹 = 𝑓𝐴 ⋅ [𝐴] + 𝑓𝐵 ⋅ [𝐵] + 𝑓𝐶 ⋅ [𝐶] 

Substituting for [𝐴], [𝐵], and [𝐶], we get: 

𝐹 = 𝑓𝐴 ⋅ [𝐴]0 ⋅ 𝑒
−𝑘𝐵⋅𝑡 + 𝑓𝐵 ⋅

𝑘𝐵[𝐴]0
𝑘𝐶 − 𝑘𝐵

⋅ (𝑒−𝑘𝐵⋅𝑡 − 𝑒−𝑘𝐶⋅𝑡) + 𝑓𝐶 ⋅ [𝐴]0 (1 − 𝑒
−𝑘𝐵⋅𝑡 −

𝑘𝐵
𝑘𝐶 − 𝑘𝐵

⋅ (𝑒−𝑘𝐵⋅𝑡 − 𝑒−𝑘𝐶⋅𝑡)) 

At the beginning of the measurement, only species 𝐴 is present. Therefore, the initial fluorescence is: 

𝐹0 = 𝑓𝐴 ⋅ [𝐴]0      →      𝑓𝐴 =
𝐹0
[𝐴]0

 

At very long times, all of species 𝐴 should have reacted to form species 𝐶, giving the final fluorescence 

as: 

𝐹∞ = 𝑓𝐶 ⋅ [𝐴]0      →      𝑓𝐶 =
𝐹∞
[𝐴]0

 

Thus, the fluorescence intensity can be expressed as: 

𝐹 = 𝐹0 ⋅ 𝑒
−𝑘𝐵⋅𝑡 + 𝑓𝐵 ⋅

𝑘𝐵[𝐴]0
𝑘𝐶 − 𝑘𝐵

⋅ (𝑒−𝑘𝐵⋅𝑡 − 𝑒−𝑘𝐶⋅𝑡) + 𝐹∞ ⋅ (1 − 𝑒
−𝑘𝐵⋅𝑡 −

𝑘𝐵
𝑘𝐶 − 𝑘𝐵

⋅ (𝑒−𝑘𝐵⋅𝑡 − 𝑒−𝑘𝐶⋅𝑡)) 

By defining 𝑓𝐵 ⋅ [𝐴]0 = 𝐹𝐵 and rearranging, the equation becomes: 

𝐹 = 𝐹∞ + (𝐹0 − 𝐹∞) ⋅ 𝑒
−𝑘𝐵⋅𝑡 + (𝐹𝐵 − 𝐹∞) ⋅

𝑘𝐵
𝑘𝐶 − 𝑘𝐵

⋅ (𝑒−𝑘𝐵⋅𝑡 − 𝑒−𝑘𝐶⋅𝑡) 

This equation was used to fit the measured fluorescence intensity over time. 𝐹0 was determined from 

measurements without TCO addition, leaving the parameters 𝐹𝐵, 𝐹∞, 𝑘𝐵 and 𝑘𝐶  for fitting. 𝑘𝐵 represents 

the pseudo-first-order rate constant of the iEDDA reaction, which was subsequently plotted against TCO 

concentration to determine the second-order rate constant. 
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IV. Fitting of the fluorescence intensity curves 

The derived equation described the experimental data well (see SI Figure 5 A), with an R² value 

consistently above 0.96 for all fits performed (see SI Figure 5 B), indicating a high degree of correlation 

between the model and the experimental observations. Alternatively, the fluorescence intensity curves 

could be fitted only up to the maximum (see SI Figure 5 C). The subsequent decline in fluorescence 

intensity is simply truncated. For this approach, an equation for exponential growth to saturation can be 

used, which essentially corresponds to the first part of the previously derived equation. 

𝐹 = 𝐹𝑚𝑎𝑥 + (𝐹0 − 𝐹𝑚𝑎𝑥) ⋅ 𝑒
−𝑘⋅𝑡 

As shown in SI Figure 5 D, the fits for the full curve and for the truncated curve up to the maximum 

yielded nearly identical pseudo first-order rate constants. When plotted against TCO concentration, the 

linear fit showed virtually no difference between the two approaches. Therefore, it is possible to simplify 

the fitting procedure by only fitting up to the maximum, provided the goal is not to describe the entire 

fluorescence intensity curve, but rather to determine the rate constant for the first reaction step. 

 

SI Figure 5. Considerations for fitting the fluorescence intensity curves. (A) Fit of the entire curves with the 

derived equation. (B) Coefficient of determination for the fits with the derived equation. (C) Curves fitted with a 

function for exponential growth to saturation only up to the maximum in the observed fluorescence intensity. The 
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rest of the curve is truncated. (D) Plot of pseudo first order rate constants vs. TCO concentration. Results in (D) 

are presented as mean ± SD (n = 3). 

 

 

V. Slowing down the iEDDA reaction on the NP by diluting 

the reactants 

Since the iEDDA reaction on the NP was considerably faster than free in solution with PEG4-TCO, it 

was necessary to evaluate a suitable concentration at which the second order rate constant of the reaction 

could be determined (see SI Figure 6). 

 

 

SI Figure 6. iEDDA reaction between HELIOS400Me and NP-TCO at different HELIOS concentrations. 

Reaction of 1 µM HELIOS (A), 0.1 µM HELIOS (B), and 0.01 µM HELIOS (C) with various TCO excesses. (D) 

Plot of the pseudo-first-order rate constant, determined from the fit of the data with 0.1 µM HELIOS, against the 

TCO concentration to determine the second-order rate constant. Data not considered in the fits are shaded in gray. 

Results in (D) are presented as mean ± SD (n = 3). 
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VI. Disintegration of the polymer NPs in DMSO 

To illustrate the dissolution of the polymer NPs in DMSO, 50 µL of NP sample was diluted with 150 

µL of DMSO, as in the experiment for the determination of the second order rate constant in DMSO. 

The size distribution of the NPs was measured using DLS on the Zetasizer. The intensity was weighted 

with the derived count rate to take into account that only a small number of scattering species were 

present in DMSO. 

 

SI Figure 7. Dissolution of the polymer NPs in DMSO. (A) Size distribution of NP-TCO in water and in DMSO 

measured on the Zetasizer. (B) Schematic illustrating the disintegration of polymer NPs in DMSO to individual 

dissolved polymer chains. Results in (A) are presented as mean ± SD (n = 3). 

 

As expected, defined particles were observed in water (see SI Figure 7 A). These had a hydrodynamic 

diameter of approx. 64 nm. In DMSO, however, the derived count rate of the Zetasizer was very low 

(approx. 400 instead of 22000 kpcs in water), which confirmed that hardly any scattering species were 

present. Only minor aggregates with a hydrodynamic diameter around 230 nm could be detected. The 

defined polymer NPs disintegrated in DMSO, and individually dissolved polymer chains were present 

(see SI Figure 7 B). 
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VII. Kinetics of the iEDDA reaction in DMSO 

The kinetics of the iEDDA reaction of polymer NPs dissolved in DMSO as well as free PEG4-TCO in 

DMSO were observed. Since the reactions proceed significantly slower than in water, the observation 

time was extended (see SI Figure 8 A+C). Plotting the pseudo first order rate constants against the TCO 

concentration showed a good linear relationship in both cases (see SI Figure 8 B+D). 

 

SI Figure 8. iEDDA reaction of HELIOS400Me with NP-TCO and PEG4-TCO in DMSO. (A) Fluorescence 

intensity vs. time for the iEDDA reaction between HELIOS400Me and NP-TCO dissolved in DMSO. (B) Pseudo 

first order rate constants plotted against the TCO concentration on the dissolved NPs. (C) Fluorescence intensity 

vs. time for the iEDDA reaction between HELIOS400Me and PEG4-TCO in DMSO. (D) Pseudo first order rate 

constants plotted against PEG4-TCO concentration. Results in (B) and (D) are presented as mean ± SD (n = 3). 

 

VIII. Hansen solubility parameters for the tetrazine coumarin 

fluorophore HELIOS400Me 

The Hansen Solubility Parameters (HSP) were developed to estimate the compatibility (solubility, 

miscibility, etc.) of molecules. [3] They can therefore also help in describing the compatibility of the 
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tetrazine coumarin fluorophore with the polymer components of the NP or with simple solvents. Hansen 

took into account in his concept that intermolecular interactions result from different parameters. Thus, 

three distinct solubility parameters were introduced to represent each type of interaction: the dispersion 

parameter 𝛿𝐷 reflecting non-polar, van der Waals interactions between molecules; the polar parameter 

𝛿𝑃 representing dipole-dipole interactions; and the hydrogen bonding parameter 𝛿𝐻 accounting for 

hydrogen bonding interactions. [3] The three parameters can serve as coordinates for a point in a 3D 

space. The nearer two molecules are in this three-dimensional space also known as the Hansen space, 

the more likely they are to dissolve into each other. 

𝐷 = √4(𝛿𝐷2 − 𝛿𝐷1)2 + (𝛿𝑃2 − 𝛿𝑃1)2 + (𝛿𝐻2 − 𝛿𝐻1)2 

The distance 𝐷 between two molecules (e.g., solute and solvent) can be calculated using the presented 

formula, where the subscripts 1 and 2 refer to the two different molecules. The prediction of Hansen 

solubility parameters for HELIOS400Me was performed using group contributions according to the 

Hoftyzer - Van Krevelen method [4] and the molar volume was estimated via group contributions 

according to the method reported by Fedors. [5] The HSP for standard solvents and the polymer 

components of the NP can be found in the literature. [3, 6] The segments of the PLA-PEG block 

copolymer were considered separately. 
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SI Figure 9. Hansen solubility parameters for the tetrazine coumarin fluorophore HELIOS400Me. (A) 

Prediction of Hansen solubility parameters for HELIOS400Me using group contributions according to the 

Hoftyzer - Van Krevelen method. [4] Listing of the individual contributions of the structural groups. Estimation 

of the molar volume of HELIOS400Me via group contributions according to the method reported by Fedors. [5] 

(B) Structural formula of HELIOS400Me and key equations for determining the solubility parameters via group 

contributions. [4] (C) Solubility parameters plotted in 3D Hansen space. (D) Table with the calculated solubility 

parameters for the tetrazine coumarin fluorophore as well as literature values for the NP-forming polymers 

(according to Maslanka Figueroa, Fleischmann et al. [6]) and standard solvents (according to Hansen [3]). 
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IX. Kinetics of the iEDDA reaction between HELIOS400Me 

and NP-TCO in different biological media 

 

SI Figure 10. Kinetics of the iEDDA reaction between HELIOS400Me and NP-TCO in different biological 

media. Fluorescence intensity vs. time for the iEDDA reaction in Leibovitz's L-15 medium with 0.1% BSA (A), 

in RPMI 1640 cell culture medium with 10% FBS supplement (C) and in pure FBS (E). Pseudo first order rate 

constants plotted against the TCO concentration for the iEDDA reaction in Leibovitz's L-15 medium with 0.1% 

BSA (B), in RPMI 1640 cell culture medium with 10% FBS supplement (D) and in pure FBS (F). Results in (B), 

(D) and (F) are presented as mean ± SD (n = 3). 
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X. Adsorption of the tetrazine coumarin fluorophore to 

hydrophobic domains of BSA 

To illustrate the adsorption of the hydrophobic fluorogenic probe to BSA, fluorescence emission spectra 

were recorded in water and Leibovitz's L-15 medium with 0.1% BSA supplement. Initially, 4 µL of a 5 

mM tetrazine-coumarin fluorophore solution (HELIOS400Me) in DMSO was added to a white 96-well 

plate. For the measurement in water, 196 µL of Millipore water was added. For the measurement in 

Leibovitz medium with 0.1% BSA, 46 µL of Millipore water and 150 µL of Leibovitz's L-15 medium 

with 0.1% BSA supplement were added. Emission spectra were recorded at an excitation wavelength of 

400 nm using a Synergy Neo2 plate reader. 

 

SI Figure 11. Fluorescence emission spectra of HELIOS400Me indicating entry to the hydrophobic domains 

of BSA. Comparison of the emission spectrum in water and in Leibovitz's L-15 medium with 0.1% BSA 

supplement. 

 

In water, the emission maximum was observed at 505 nm with relatively weak intensity, whereas in 

Leibovitz's L-15 medium supplemented with 0.1% BSA, the emission maximum shifted to 481 nm, 

accompanied by significantly higher fluorescence intensity (see SI Figure 11). In the presence of BSA, 

a pronounced blue shift (approximately 24 nm) and an enhancement of fluorescence intensity were 

observed (approximately 4.75-fold). A blue shift is generally characteristic of coumarin fluorophores 

when exposed to less polar environments. Typically, such environments also result in increased 

fluorescence intensity. [7] These findings suggest that the tetrazine-functionalized coumarin 

fluorophore, similar to other coumarin dyes, incorporates into the hydrophobic domains of BSA. [8] 

Consequently, the HELIOS fluorophore resides in a less polar microenvironment, which explains the 

observed spectral changes. It should be kept in mind that the HELIOS fluorophore, when embedded in 

the hydrophobic regions of BSA, is not available for an iEDDA reaction. 
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XI. TCO stability on NP-TCO during storage in the 

refrigerator 

The stability of TCO on the particles during storage in the refrigerator was determined using the same 

approach as for incubation at 37°C. The 60% TCO-functionalized NPs were prepared according to the 

general protocol. 240 µL of the 4 mg/mL NP solution were diluted with 4560 µL of water and stored in 

the refrigerator (4°C). At specific time points, 160 µL of the cooled NP sample were added via the plate 

reader's pump system to 40 µL of the 50 µM tetrazine coumarin fluorophore solution in a white 96-well 

plate. The fluorescence intensity (excitation 380 nm, emission 485 nm) was measured on a FLUOstar 

Omega microplate reader (total TCO concentration approx. 1 µM; tetrazine coumarin fluorophore 

concentration 10 µM). The fluorescence intensity immediately after the addition of the diluted NP 

sample served as an indicator of the intact TCO. The corresponding blank value for the fluorophore in 

water without NP-TCO was subtracted. The amount of intact trans-cyclooctene after various incubation 

times was determined by dividing the fluorescence intensity at each respective time point by the 

maximum fluorescence observed at the beginning. Additionally, at each time point, the NP sample was 

also measured with the NanoSight NS300. 

 

 

SI Figure 12. Stability of NP-TCO during storage in the refrigerator. (A) Intact TCO on the NP vs. storage 

time. (B) Hydrodynamic diameter of NPs vs. storage time. Results are presented as mean ± SD (n = 3). 

 

The TCO on the NPs degraded slightly during storage in the refrigerator. After one month, 

approximately 75% of the TCO remained intact (see SI Figure 12 A). During the first week, the decrease 

in intact TCO was negligible. Thus, NP-TCO can be used in experiments for up to one week without 

any concern for reduced reactivity due to inactivated TCO. The hydrodynamic diameter of the NPs, 
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approximately 70 nm, remained stable throughout the observation period, with no aggregation detected 

during storage (see SI Figure 12 B). The colloidal stability of the NP-TCO was maintained. 

 

 

XII. Further CLSM images for NP localization and iEDDA 

reaction with HELIOS 

 

 

 

SI Figure 13. NP localization on target cells and iEDDA reaction with HELIOS analyzed using CLSM. 

TAMRA labeled NPs are shown in yellow, HELIOS400Me in blue and nuclear staining by DRAQ5 in red. Image 

sections are shown here in addition to the Z-stacks in the main part of the chapter. 
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XIII. Fluorogenic turn-on ratio of HELIOS 

To determine the fluorogenic turn-on ratio of the HELIOS fluorophore, data from the experiments of 

the iEDDA reaction kinetics were analyzed. The blank value for pure water was recorded and subtracted 

from all measurements, resulting in the exclusive HELIOS fluorescence. The fluorescence enhancement 

was calculated based on the ratio of the fluorescence intensity of the HELIOS probe following the 

addition of excess TCO to the background fluorescence intensity of the quenched HELIOS fluorophore. 

The data were normalized to set the mean background fluorescence of the quenched HELIOS probe to 

one, as shown in SI Figure 14 A+B for three measurements. The fluorogenic turn-on ratio was 

determined from the fluorescence enhancement observed at the plateau, corresponding to the formation 

of the 1,4-dihydropyridazine product after the iEDDA reaction and subsequent tautomerization. The 

fitted values from the three experimental runs were averaged, and the standard deviation was calculated 

(see SI Figure 14 C). 

 

SI Figure 14. Fluorogenic turn-on ratio of HELIOS. Fluorescence enhancement through the iEDDA reaction 

of HELIOS with free PEG4-TCO (A) and on NP-TCO (B) in water. (C) Overview of the fluorogenic turn-on ratios 

after complete iEDDA reaction. (D) Illustration of possible reasons for the higher turn-on ratio on the NP. Results 

in (C) are presented as mean ± SD (n = 3). 
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For PEG4-TCO in water, a fluorogenic turn-on ratio of approximately 16 was determined, whereas the 

turn-on ratio for the iEDDA reaction with NP-TCO was around 27. The higher turn-on ratio observed 

for the NP may be attributed to the fluorophore being situated in a more hydrophobic environment within 

the PEG brush of the NP. Less polar environments are generally known to enhance the emission intensity 

of coumarin fluorophores. [7] This could also be well reproduced here for the unquenched 

HELIOS400Me fluorophore, with a hypsochromic and pronounced hyperchromic shift when switching 

from water to PEG400 as solvent (see SI Figure 14 D). Furthermore, it is evident that the fluorescence 

decrease due to tautomerization of the 4,5- to the 1,4-dihydropyridazine is less pronounced in the case 

of the NP. This reduced tautomerization might also be explained by the embedding of the fluorophore 

within the PEG brush, which could hinder the tautomerization pathway via the intermediate hemiaminal, 

proceeding through the addition and elimination of a water molecule (see SI Figure 14 D). [9] Overall, 

it should be noted that the turn-on ratios determined in this study were several orders of magnitude lower 

than the value of 4000 reported by Meimetis, Carlson et al. for this fluorophore. [1] Meimetis, Carlson 

et al. utilized a fresh aliquot of the fluorophore collected from an analytical HPLC elution. 

Unfortunately, collecting eluates from analytical HPLC runs before every experiment is highly labor-

intensive and does not allow for higher concentrations of the HELIOS fluorophore. Instead, in our 

approach, the HELIOS fluorophore was purified using preparative HPLC, followed by the preparation 

of a 5 mM stock solution in DMSO, aliquoted, and stored in a freezer until use. Given the good stability 

of the methyl-substituted tetrazine, this approach should still provide sufficiently pure material for the 

experiments. However, even minor fluorescent impurities, which Meimetis, Carlson et al. could reliably 

remove through HPLC purification prior to their experiments, can lead to significantly lower observable 

turn-on ratios. Whether this can fully account for the large discrepancy between the turn-on ratios 

observed in this study and those reported by Meimetis, Carlson et al. remains unclear. Additionally, 

Meimetis, Carlson et al. likely observed higher fluorescence enhancement due to the absence of 

fluorescence quenching through tautomerization of the dihydropyridazine, which, in their case, 

intriguingly did not occur. 
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Abstract 

Nanoparticles (NPs) as drug delivery platforms encounter numerous obstacles on their journey from 

administration to the target site. Often, diametrically opposing particle properties are desirable to 

overcome biological and physical barriers. Therefore, stimuli-responsive NPs have been developed to 

allow for specific particle adaptation. In this work, it was demonstrated that NPs can be rendered 

switchable with respect to their interaction with a receptor through an external chemical stimulus. A 

combination of the inverse electron-demand Diels-Alder (iEDDA) reaction for subsequent NP 

functionalization and ectoenzyme-based ligand activation allowed for specific particle tailoring. 

Building on this, a two-step process for target cell recognition was developed: First, NPs were 

functionalized with Angiotensin-I (Ang-I) as inactive ligand using iEDDA chemistry. At the target site, 

the ligand was enzymatically processed to Angiotensin-II (Ang-II) by cellular ectoenzymes. Ang-II 

binds as active ligand to the angiotensin II type 1 (AT1) receptor on the target cell surface. This 

enzymatic activation aims to minimize the biological effect of the ligand prior to particle binding, while 

the NP target cell specificity is increased by a two-step recognition with enzymatic processing and 

receptor binding. 
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Graphical Abstract 

 

 

Schematic representation of the concept to render NPs switchable regarding their avidity for the AT1 receptor 

through post-functionalization using the iEDDA reaction and ectoenzyme-based ligand activation. 
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1. Introduction 

NPs have gained considerable attention as drug delivery platforms due to their advantageous properties, 

including enhanced stability and solubility of encapsulated payloads, as well as reduced systemic 

toxicity. [1] As a result, research in the field of NP-based drug delivery has seen a steady increase in 

recent years. [2] Typically, NPs retain their size, shape, and surface properties during the journey 

through the organism. However, this rigid design limits the ability of NPs to adapt to the diverse physical 

and biological barriers. [3] Following intravenous administration, NPs face several challenges that can 

impede their delivery, such as blood flow dynamics and clearance by the reticuloendothelial system 

(RES). Upon reaching target tissues, extravasation and cellular internalization present further barriers, 

and even after successful uptake, intracellular trafficking may affect the final delivery of the payload. 

[4] Throughout this journey from administration to the target site, NP properties like size, shape, surface 

charge, and functionalization play pivotal roles. [2] However, different stages of this journey often 

require distinct and sometimes contradictory NP properties. [5] For instance, NPs require stealth 

surfaces to evade RES clearance. Yet, these same stealth properties may hinder the effective 

internalization of NPs once they reach their target cells. [6] 

To address this challenge and tailor NPs to specific situations, stimuli-responsive NPs have been 

developed. [7, 8] In cancer therapy, for instance, one can leverage the acidic and hypoxic environment 

of the tumor and design pH- or hypoxia-responsive NPs. [9] Other endogenous triggers include high 

levels of enzymes [10, 11], reactive oxygen species (ROS) [12, 13], or adenosine triphosphate (ATP) 

[14, 15]. Additionally, exogenous triggers can be used to modify the particles. Essentially, photo- [16], 

thermal- [17], and ultrasound-responsive [18] NPs are considered in this context. These designs allow 

for the modification of key NP properties in response to designated stimuli. [5] Furthermore, cell uptake-

promoting ligands can be activated by a stimulus. Several approaches to achieve this controlled ligand 

activation have been discussed in the literature. [3] Commonly, NPs are fully equipped with all 

functional components at the time of administration. The ligand for active targeting is often concealed 

and revealed through the cleavage of a component in response to a specific stimulus. [19, 20] However, 

such methods may lack temporal precision, potentially exposing targeting ligands prematurely or before 

the NP has reached its target site. 

In contrast, the present study aims to lay the groundwork for an approach where NPs can be modified 

in a controlled, constructive manner near the target site. To achieve this, an in vivo-compatible 

bioorthogonal click reaction was assessed to functionalize the NPs. The [4+2] cycloaddition of tetrazine 

(Tz) and trans-cyclooctene (TCO), known as the inverse electron-demand Diels-Alder (iEDDA) 

reaction, is particularly suitable for this application due to the extremely fast reaction even at low 

concentrations and its selectivity in the multitude of functional groups of the organism. [21] While the 

iEDDA reaction has primarily been employed for in vivo particle functionalization in the context of pre-
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targeted imaging, where radiotracers for positron emission tomography (PET) are attached to NPs post-

accumulation in tumors [22], its potential for use in stimuli-responsive drug delivery systems has yet to 

be fully explored. In this study, we sought to demonstrate that the iEDDA reaction can enable the 

switchable activation of NPs. The delayed addition of a ligand - acting as a chemical stimulus - could 

serve as a novel mechanism to initiate receptor-mediated target cell recognition. This approach would 

offer unique control over the timing of ligand activation rendering the NP delivery process in future 

applications more controllable. 

The feasibility of this approach was investigated in vitro using angiotensin as an exemplary ligand 

targeting the angiotensin II type 1 (AT1) receptor on mesangial cells. [23] Angiotensin-I (Ang-I), 

modified with TCO for the iEDDA reaction, was designed to react with Tz-functionalized NPs. Once 

bound to the NP surface, Ang-I required further activation by the membrane-bound ectoenzyme 

angiotensin-converting enzyme (ACE) to convert into the active form, Angiotensin-II (Ang-II). [24] 

This additional activation step was included to minimize the biological activity of the ligand prior to 

processing. Moreover, the dual requirement of ACE and the AT1 receptor on target cells may further 

increase the specificity of NP targeting. The combination of the iEDDA reaction and ectoenzyme-

mediated ligand activation provided a new strategy for creating NPs with switchable targeting 

properties. This stimuli-responsive design holds promise for future in vivo applications, where non-

functionalized NPs could initially exploit their stealth properties to evade immune recognition, followed 

by temporally controlled ligand activation to promote specific cellular uptake. The presented concept, 

utilizing a two-step activation process, could potentially open new avenues for enhancing target 

specificity and thus therapeutic efficacy in NP-based drug delivery. 

 

 

2. Materials and Methods 

2.1 Materials 

PEG derivatives (COOH-PEG2k-OH, mPEG2k-OH, COOH-PEG5k-OH and tBoc-NH-PEG5k-OH) 

were obtained from JenKem Technology USA Inc. (Allen, TX, USA). Lysine N-modified Ang-I and 

Ang-II (Lys-Ang-I Sequence KDRVYIHPFHL and Lys-Ang-II Sequence KDRVYIHPF) were 

synthesized according to order from Genscript (Piscataway, NJ, USA). The nitrile 3-(4-cyanophenyl)-

propionic acid as starting compound for the synthesis of tetrazine was purchased from abcr GmbH 

(Karlsruhe, Germany). TCO-PEG4-NHS ester (axial isomer) was obtained from Lumiprobe (Hannover, 

Germany). The cellulose dialysis membranes, which were used to purify the polymers after ligand 
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coupling, were purchased from Spectrum Laboratories Inc (Rancho Dominguez, CA, USA). NP 

solutions were concentrated with centrifugal devices (30 or 100 kDa molecular weight cutoff) which 

were purchased from Pall Life Sciences (Portsmouth, UK). QuantiProTM BCA assay kit for angiotensin 

quantification, angiotensin-converting enzyme from rabbit lung (≥2.0 units/mg protein (modified 

Warburg-Christian)) for enzymatic activation and RPMI-1640 medium and hydrocortisone for cell 

culture were obtained from Sigma Aldrich (Taufkirchen, Germany). Fetal bovine serum (FBS, South 

America origin, 0.2 µm sterile filtered, Lot No.: P201004) was sourced from PAN Biotech GmbH 

(Aidenbach, Germany) and insulin-transferrin-selenium was purchased from Life Technologies 

Corporation (Grand Island, NY, USA). Fura-2 AM as ratiometric Ca2+ indicator was ordered from 

Thermo Fisher Scientific (Waltham, MA, USA). All other materials were reagent grade and obtained 

from Merck KGaA (Darmstadt, Germany). Millipore water was generated using a Milli-Q water 

purification system (Millipore, Schwalbach, Germany). 

 

2.2 Polymer synthesis and ligand coupling 

The PLA-PEG block copolymers with diverse functional groups were synthesized using the respective 

carboxylic acid-, amine-, or methoxy-terminated PEG derivatives as macroinitiators, as previously 

reported by our group. [25] The ring-opening polymerization of cyclic lactide, using 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) as a catalyst, yielded copolymers with approximately 10 kDa 

PLA and 2 kDa or 5 kDa PEG chains with the corresponding functional group on the PEG depending 

on the chosen starting material. More detailed information regarding the synthesis of the copolymers 

and 1H NMR spectra for characterization can be found in the SI section I. The ligand coupling was 

performed using peptide chemistry with either hexafluorophosphate benzotriazole tetramethyl uronium 

(HBTU) or 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/ N-hydroxysuccinimide (NHS) as 

coupling reagents and N,N-diisopropylethylamine (DIPEA) as base in dimethylformamide (DMF). 

Tetrazine with carboxy functionality was coupled to the PLA10k-PEG5k-NH2 block copolymer using 

HBTU. For the coupling of the Angiotensin ligands Ang-I and Ang-II, PLA10k-PEG5k-COOH was 

activated with EDC/NHS, excess EDC was quenched with 2-mercapthoethanol, and the Angiotensin 

ligands were subsequently added. Reaction times were sufficiently long to allow for complete coupling. 

The reaction mixtures were then precipitated in a 10-fold volume of ice-cold diethyl ether and 

centrifuged at 4°C. The supernatant was discarded, and the pellet was dried before being dissolved in 

acetonitrile. This precipitation-centrifugation-dissolution cycle was repeated once more. The pellets 

were dissolved in MeCN, the polymer solutions were dropwise added into vigorously stirring Millipore 

water, and the polymer micelles were stirred for approximately 2 hours. Further purification was 

achieved through dialysis (RC, 6-8 kDa MWCO) against 4 L Millipore water. Finally, the ligand-
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functionalized block copolymers were lyophilized for 3 days. For product characterization, a 1H NMR 

in CDCl3 or DMSO-d6 was recorded on a Bruker Avance III HD 400 (Bruker BioSpin GmbH, 

Rheinstetten, Germany). Details regarding ligand coupling, 1H NMR for characterization, and 

determination of coupling efficiency can be found in the SI Section III. 

 

2.3 NP preparation and characterization 

A 10 mg/mL solution with a PEG-PLA block copolymer to particle-core-forming poly(lactic-co-

glycolic acid) (PLGA) mass ratio of 70:30 in acetonitrile was prepared. The copolymer fraction was 

adjusted to ensure that 20% of the PEG-PLA copolymers carried the ligand (PLA10k-PEG5k-Tz, -Ang-

I, or -Ang-II), with PLA10k-PEG2k-COOH serving as the filler polymer. NPs were prepared via bulk 

nanoprecipitation, wherein the polymer solution in acetonitrile (10 mg/mL) was added dropwise to 

vigorously stirred (800 rpm) Millipore water. [26] The NPs were left stirring for 3 h until the organic 

solvent (MeCN) was completely evaporated. The resulting 1 mg/mL NP solution was concentrated 

through centrifugation using a 100-kDa molecular weight cutoff Microsep advance centrifugal device 

(Pall Life Sciences) for 30 minutes at 3000 g. Subsequently, NP size and concentration were determined 

in Millipore water using nanoparticle tracking analysis on a NanoSight NS300 (Malvern Panalytical 

GmbH, Kassel, Germany). [27] The dilution was adjusted so that between 10 and 50 particles per frame 

could be measured and the detection threshold in the evaluation was set to 3. Unless otherwise stated, 

the mode value given by NanoSight NS300 is reported as the hydrodynamic diameter of the particles. 

The polydispersity index (PDI) was calculated from the nanoparticle tracking analysis data according to 

Clayton, Salameh et al. using the following formula. [28] 

𝑃𝐷𝐼 = (
𝜎

𝑑
)
2

 
(1) 

 

The PDI results from the standard deviation 𝜎 of the particle diameter distribution divided by the mean 

particle diameter 𝑑. The molar NP concentration was determined based on the particle concentration 

(particles/mL) output by the instrument using Avogadro's number. The zeta potential of 1 nM NPs was 

measured in 10% PBS at 25°C on a Malvern ZetaSizer Nano ZS (Malvern Instruments GmbH, Kassel, 

Germany). 
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2.4 Quantification of ligands per NP 

For the quantification of tetrazine ligands per NP, 50 µL of the concentrated NP sample was dispensed 

into a transparent 384-well plate (Corning, Corning, NY, USA) and diluted with 50 µL dimethyl 

sulfoxide (DMSO) to initiate NP dissolution. For the calibration curve, 50 µL of free tetrazine diluted 

to different concentrations in DMSO was added to 50 µL of Millipore water (tetrazine total 

concentration in the well 100–500 µM). The absorbance at the absorption maximum of tetrazine at λ 

532 nm was measured on a FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany). 

The tetrazine concentration in the NP sample, determined using the calibration curve, was referenced to 

the NP concentration determined through nanoparticle tracking analysis, thus quantifying the number 

of tetrazine ligands per particle. 

Ang-I or -II ligands per NP were quantified using a BCA assay following the manufacturer's protocol 

for the QuantiProTM BCA Assay Kit. For calibration, free Lys-Ang-I or -II was diluted from a 10 mM 

solution in DMSO to suitable concentrations in Millipore water (15–75 µM Angiotensin). 40 µL of the 

calibration solution or the sample with a 10 nM NP solution was dispensed into a transparent 384-well 

plate. Subsequently, 40 µL of QuantiPro working reagent per well were added, and the solution was 

mixed by pipetting up and down. The plate was sealed with a plate sealer and incubated at 60°C for 

1 hour. The absorption at λ 562 nm was immediately determined using a FLUOstar Omega microplate 

reader. Similar to the tetrazine ligands, the angiotensin concentration calculated via the calibration curve 

was referenced to the NP concentration. 

In both cases, the surface area of the particles was additionally calculated from the hydrodynamic 

diameter of the NPs, assuming a spherical shape. This, along with the number of ligands per NP, was 

used to determine the ligand density. 

 

2.5 Investigation of iEDDA reaction kinetics 

TCO-PEG4-COOH was diluted from a stock solution in DMSO into the wells of a 96-well quartz plate 

(Hellma GmbH, Müllheim, Germany) with water, resulting in 2, 4, 8, 16, and 32-fold excess relative to 

tetrazine. The DMSO content in all wells was adjusted to 4% (v/v). Tetrazine (either free in solution, on 

polymer micelles, or on NPs) was added via the plate reader's pump system to achieve a final tetrazine 

concentration of 10 µM per well. The micelles, like the NPs, were functionalized with 20% tetrazine but 

did not contain core-forming PLGA. Immediately after automated addition, the decrease in tetrazine 

absorbance at λ 276 nm was monitored (0.3 s kinetic interval time; 25°C). Data were fitted with an 

exponential decay, yielding pseudo-first-order rate constants (kobs). The kobs values were plotted against 
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the TCO concentration, and a linear fit was performed. The slope of the line yields the second-order rate 

constant. 

 

2.6 Cell Culture 

Rat mesangial cells (rMCs) were generously provided by Professor Dr. Armin Kurtz (Institute of 

Physiology at the University of Regensburg, Regensburg, Germany). The cell line was selected as the 

target cells due to their stable AT1R expression, as previously demonstrated in studies conducted by our 

research group. [23, 24, 29] The cells were cultured in RPMI 1640 medium supplemented with 10% 

fetal bovine serum, insulin-transferrin-selenium, and 100 nM hydrocortisone and in T-75 cell culture 

flasks (Corning, Corning, NY, USA) at 37 °C with a 5% CO2 atmosphere.  

 

2.7 Fura-2 AM-based Ca2+ mobilization assay 

To investigate the affinity of the ligands, both in their free form and NP-bound, towards the AT1R, a 

ratiometric Fura-2 AM Ca2+ assay as previously reported by our group was used. [29] 50 µg of Fura-2 

AM were dissolved in 50 µL of DMSO. From this stock solution, the Fura-2 AM loading medium was 

prepared by combining the 50 µL stock solution with 20 µL of a 20% Pluronic F127 solution and 

diluting it to a final volume of 6 mL in Leibovitz's medium containing 2.5 mM Probenecid. The rMCs 

at passages 78 or 79 were allowed to grow in a T75 cell culture flask at 37°C in the CO2 incubator until 

they reached at least 90 % confluence. On the day of the experiment, the cells were washed with 10 mL 

of DPBS and harvested by incubation with 0.25% trypsin. Subsequently, 9 mL of serum-containing 

medium was added, and the cells were centrifuged at 200 rcf for 5 minutes using a 5702 R centrifuge 

(Eppendorf, Germany). The supernatant was discarded, and the cell pellet was gently resuspended in the 

Fura-2 AM loading medium. The rMCs were incubated for 1 hour at room temperature on a laboratory 

shaker at 50 rpm, protected from light. The Fura-2 AM-loaded cells were centrifuged using the settings 

mentioned earlier, and the loading medium was removed. The cells were carefully (so as not to expose 

the cells to shear stress) resuspended in a measurement buffer based on Leibovitz's medium containing 

2.5 mM OAT inhibitor Probenecid. The cell number was determined using a Neubauer-improved 

counting chamber (Marienfeld, Germany) and adjusted to 1 million rMCs per mL. 

In the direct procedure to determine EC50 values, the cell suspension was immediately used for 

measurements on the FLUOstar Omega plate reader. 90 µL of Fura-2 AM-loaded cells were added to 

10 µL of the sample (in 10% PBS) via the plate reader's pump system with a low pump speed of 100 

µL/s to minimize mechanical impact/shearing. In the approach described in this paper as the inverse 
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procedure, the ligand for the AT1 receptor was first incubated with the Fura-2 AM-loaded cells. After a 

specified time interval, free Lys-Ang-II was added through the plate reader's pump system to stimulate 

the cells. In this case, the focus is not on examining the calcium influx caused by the binding of the 

ligand to the AT1R but, conversely, assessing the extent to which the Lys-Ang-II signal could be 

reduced. This serves as a measure of AT1R binding by the previously added ligand. In the inverse 

procedure applied to determine IC50 values, 90 µL of the cell suspension were incubated for 1 hour with 

10 µL of the ligands in 10% PBS, either in their free or NP-bound form. Cell stimulation was then 

carried out using 100 µL of a 300 nM Lys-Ang-II solution in 10% PBS. The inverse procedure was also 

used to examine the kinetics of the enzymatic processing and subsequent AT1R interaction of the 

angiotensin ligands on the rMCs. For this purpose, 90 µL of Fura-2-loaded rMCs in suspension were 

incubated with 50 µL of the free ligand TCO-PEG4-Ang-I (10 µM total concentration of free ligand) or 

60 µL of the respective NPs in 10% PBS (2 nM total concentration of NPs) for varying durations at 

37°C under gentle agitation. For measurements, cells were stimulated in this case with 50 µL of the free 

agonist Lys-Ang-II (1 µM solution in 10% PBS). A compilation illustrating the experimental procedure 

for the direct and inverse approach can be found in SI Table 1. 

Both in the direct and in the inverse procedure the fluorescence intensity was measured for 30 seconds 

whereby the sample was alternately excited at λ 340 and λ 380 nm, and emission at λ 510 nm was 

detected. The highest measured ratio 𝑅 between the resulting fluorescence under excitation at λ 340 and 

λ 380 nm was utilized to calculate the intracellular calcium concentration applying the Grynkiewicz 

equation (eq. 2). [30] 

[𝐶𝑎2+] = 𝐾𝑑 (
𝑅 − 𝑅𝑚𝑖𝑛
𝑅𝑚𝑎𝑥 − 𝑅

) (
𝑆𝑓2

𝑆𝑏2
) 

 

(2) 

To determine the maximum ratio 𝑅𝑚𝑎𝑥, 90 µL of Fura-2 AM-loaded cells introduced via the pump 

system were lysed with 10 µL of 1% Triton X-100 in PBS. The minimum ratio 𝑅𝑚𝑖𝑛 was determined 

using 10 µL of 1% Triton X-100 in PBS supplemented with 45 mM EGTA in 0.5 M NaOH to chelate 

the total Ca2+ with EGTA as the chelating agent. 𝑆𝑓2 represents the maximum emission of free Fura-2 

AM (determined after cell lysis and Ca2+ chelation with EGTA) and 𝑆𝑏2 stands for the maximum 

emission of Fura-2 AM with bound Ca2+ (determined after cell lysis, but without chelation of Ca2+), in 

each case at an exication wavelength of λ 380 nm. The value for 10% PBS as blank was subtracted from 

all intracellular calcium concentrations calculated via the Grynkiewicz equation (eq. 2) and the values 

were normalized against the highest concentration. Experimental data were fitted using a four-parameter 

nonlinear regression model (eq. 3) to obtain binding curves and EC50 or IC50 values. For the fit of binding 

curves where the corresponding plateau could not be reached, the bottom asymptote A1 was set to 0 

(Figure 5 A curve for NP-Ang-I and NP-Tz-TCO-Ang-I) or the top asymptote 𝐴2 to 100 (Figure 4 C 
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curve for NP-Tz-TCO-Ang-I and NP-Tz-TCO-Ang-I + ACE). Further, x0 stands for the EC50 or IC50 

value and p represents the hill slope describing the steepness of the curves. 

y = A1 +
𝐴2 − 𝐴1

1 + 10(LOGx0−x) p
 

(3) 

 

In the kinetics experiments, the extent to which the Lys-Ang-II signal could be reduced provides insights 

into the degree of AT1R saturation by the free ligand or NPs, thus allowing assessments of ligand/NP-

cell interactions. The kinetics of AT1R saturation were fitted with equation 4 for an exponential plateau, 

where 𝑦0 stands for the initial value and 𝑦𝑆 for the saturation value and 𝑘 is a rate constant. 

y =  𝑦𝑆 − (𝑦𝑆 − 𝑦0) ⋅ 𝑒
−𝑘𝑥 (4) 

 

 

2.8 Post-Functionalization, enzymatic activation and NP avidity for the AT1R 

To functionalize NP-Tz with Ang-l trough iEDDA reaction, a 20 nM NP-Tz solution was incubated with 

400 µM TCO-PEG4-Ang-I for 1 hour at 37°C, followed by the removal of free TCO-modified Ang-I 

through size-exclusion chromatography (SEC). The SEC was carried out with 4% Agarose Beads 

(Agarose Beads Technologies, Madrid, Spain) using a gravity protocol. NP fraction was detected on the 

Zetasizer (Malvern Panalytical GmbH, Kassel, Germany) and collected accordingly. The NPs were 

concentrated using a 30-kDa molecular weight cutoff Microsep advance centrifugal device for 30 

minutes at 3000 g. To assess the extent of Ang-I removal, a control experiment was conducted using 20 

nM NP-COOH incubated with 400 µM TCO-PEG4-Ang-I, where the absence of tetrazine on the NP 

prevents covalent binding. Free TCO-modified Ang-I was similarly separated via SEC, and the NPs 

were concentrated by centrifugation. The concentrated NPs were measured on the Nanosight NS300 in 

both cases to determine size and NP concentration. The BCA assay for quantifying the Ang-I ligands 

on the NP was performed as described above, using free Lys-Ang-I as a standard for calibration. The 

value for the non-functionalized NPs was subtracted from the functionalized NPs as a blank value. 

The particles functionalized via iEDDA reaction with Ang-I were tested either directly in a Fura-2 AM 

Ca2+ assay or additionally activated with soluble ACE. A 1 nM NP solution was incubated for 4 hours 

at 37°C in DPBS (pH 7.4) with 100 nM soluble ACE. The NPs were concentrated by centrifugation 

using a 30-kDa molecular weight cutoff centrifugal filter. Subsequently, NP size and concentration were 

determined using nanoparticle tracking analysis. For the Fura-2 AM Ca2+ mobilization assay, the 

concentrated NP sample was diluted 1:3 and 1:10. These two solutions were further diluted 1:10 and the 

corresponding dilution series were prepared. 10 µL of the sample were added in triplicate to a white 96-
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well plate, and the Fura-2 AM Ca2+ assay was performed according to the direct procedure as previously 

described. 

To investigate the NP avidity for the AT1R after enzymatic activation not by soluble ACE but by cell 

membrane-bound enzyme, the Fura-2 AM Ca2+ assay was conducted using the inverse procedure. 

Dilution series were prepared again from the tetrazine-functionalized NPs, the post-functionalized NPs, 

as well as from directly Ang-I and Ang-II functionalized NPs for comparison. 10 µL of the sample was 

added in triplicate to a white 96-well plate. The NP solutions were incubated with 90 µL of cell 

suspension for 1 hour at 37°C, followed by the addition of 100 µL of 300 nM Ang-II solution for 

stimulation, as described in Section 2.7. 

 

2.9 Data analysis 

Fit of experimental data and statistical analysis was performed using Origin software (Version 2020, 

OriginLab Corporation, Northampton, MA, USA). One-way ANOVA with a Tukey’s multiple 

comparison test was used for statistical evaluation of significance. The number of performed 

experiments is stated in the figure caption and levels of statistical significance are indicated as *p ≤ 0.05, 

**p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 in the respective figures. 

 

 

3. Results and Discussion 

3.1 Preparation and characterization of PEG-PLA copolymer NPs 

Tetrazine-functionalized NPs were synthesized, capable of undergoing an iEDDA reaction with TCO-

modified Ang-I. Additionally, blank NP-COOH and directly Ang-I as well as Ang-II functionalized NPs 

were prepared for comparison. The PEG-PLA copolymer particles well established in our research group 

with a PLGA-stabilized core served as excellent model for this study. Pre-functionalization of the 

polymer with the desired ligand prior to NP formation allows tailoring of NP properties such as size, 

zeta potential, and particularly ligand density per NP. [31] Functionalization was consistently chosen so 

that 20% of the PEG-PLA copolymers carry the ligand (tetrazine, Ang-I, or Ang-II). To enhance 

flexibility and accessibility of the ligands, they were attached to longer PEG5k chains, whereas the 

spacer chains were designed with PEG2k polymer (see Figure 1 A). The use of COOH-terminated 

spacer chains resulted in a negative zeta potential due to the deprotonation of the acid in aqueous 

solution. The carboxy blank particles exhibited a strongly negative zeta potential of -28 ± 3 mV, whereas 
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tetrazine-functionalized NPs showed a less negative zeta potential of -14.5 ± 0.4 mV due to tetrazine's 

neutral charge contribution (see Figure 1 B and SI Figure 7 A). Particles prepared by nanoprecipitation 

showed a size in the range of about 60 to 80 nm (see Figure 1 C, for the size distribution of the NPs see 

also SI Figure 7 B). The NPs functionalized with Angiotensin were slightly larger than the tetrazine-

functionalized or the carboxy blank particles. The PDI was between 0.1 and 0.2 for all NP types, 

indicating a narrow size distribution. 

 

Figure 1. NP preparation and characterization. (A) Scheme for the preparation of the different NPs. (B) Zeta 

potential of the NPs in 10% PBS. Results are presented as mean ± SD of n = 3 measurements. (C) Size and PDI 

of the NPs measured by nanoparticle tracking analysis. (D) Quantification of ligands per NP and calculated ligand 

density on the NP. Results in C and D are presented as mean ± SD of at least N = 3 experiments. 

 

Both the tetrazine-functionalized and angiotensin-functionalized NPs showed around 4000 ligands per 

particle, corresponding to a ligand density of approximately 0.2 ligands per nm2 (see Figure 1 D and SI 

Figure 8 for details on the quantification of ligands per NP). Since the PEG density on the NP is very 

high and the PEG conformation can be assigned to the “dense brush” regime, a backfolding of the long 

ligand-bearing PEG5k chains towards the particle core is rather unlikely. There should be no room for 

a loop of the PEG chains, so that ligands could hide in the PEG brush of the particle. Thus, virtually all 

ligands should be available for interaction with the target cell (see SI Figure 9 for calculations to 
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estimate the PEG conformation on the particle). In addition, thinking towards the in vivo application 

envisaged in the future, the PEG conformation, being distinctly in the dense brush regime, should be 

ideally suited to avoid uptake by immune cells and prevent clearance of the NPs. [32] To summarize, it 

can be stated that similar zeta potentials, sizes, and ligand densities of the NPs allowed for good 

comparability among the particles and enabled the observation of effects induced solely by the different 

ligands. 

 

3.2 iEDDA reaction kinetics on the NP 

While numerous studies in the literature confirm the fast kinetics for iEDDA reaction in solution [33], 

this study investigated whether the reaction also proceeds robustly on the copolymer NPs (see Figure 2 

A). To follow the reaction kinetics, the decrease in tetrazine absorbance in the UV range was examined 

(considerations regarding this can be found in SI Figure 10). The change in absorbance with increasing 

reaction time was fitted with an exponential decay, obtaining pseudo first-order rate constants kobs. These 

kobs values were plotted against the TCO concentration, with the second-order rate constant derived from 

the slope of the linear fit. After initially investigating the reaction between free tetrazine in solution and 

different TCO excesses, micelles and NPs were prepared with 20% tetrazine functionalization. The 

micelles did not contain core-forming PLGA and were approximately half the size of the NP-Tz (see 

Figure 2 B). The iEDDA reaction was also followed with different TCO excesses. Interestingly, the 

iEDDA reaction proceeded at an accelerated rate on the NP compared to the reaction in solution although 

anchoring the tetrazine on the NP or micelle might typically suggest a reduced collision density between 

tetrazine and TCO (see Figure 2 C). A possible explanation for the faster reaction on the NP could lie 

in the hydrophobic nature of the TCO. It is well known that under aqueous conditions, iEDDA reactions 

are significantly accelerated due to the hydrophobic effect. [33] On the NP, this effect could be 

amplified, as the hydrophobic TCO may preferentially accumulate within the PEG brush of the NP to 

avoid interaction with water. This would result in a locally higher concentration, which could have 

contributed to the observed faster reaction on the NP. In solution, a second-order rate constant of 492 ± 

31 M-1 s-1 at 25°C was determined. This value aligns well with rate constants reported in the literature 

for comparable TCO/tetrazine pairs. [34] For example, Karver et al. found a second-order rate constant 

of 820 ± 70 M-1 s-1 for the reaction of a methyl-substituted tetrazine, which should be comparable to the 

one used in this study, with TCO at 37°C. Given the fact that reaction rates can be assumed to double 

every 10°C [35], this would result in a constant of approximately 400 M-1 s-1 at 25°C. A second order 

rate constant of 550 ± 83 M-1 s-1 was found for the tetrazine on the polymer micelles. This in turn also 

matches well with the rate constant k2 of around 600 M-1 s-1 reported by Kramer et al. for endgroup 

tetrazine-functionalized polymer micelles at 25°C. [36] On the NP surface, a second-order rate constant 
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of 726 ± 85 M-1 s-1 was determined (see Figure 2 D). For instance, for 10 µM tetrazine coupled to the 

NP surface (corresponding to a NP concentration of approximately 2.5 nM) and an 8-fold TCO excess, 

the reaction was almost completed in less than 30 s. In summary, although the trade-off between 

reactivity and stability for the methyl-substituted tetrazine used in this study was more on the side of 

stability, the iEDDA reaction on the NP surface still proceeded rapidly. 

 

 

Figure 2. Investigation of the iEDDA reaction kinetics on the NP. (A) Scheme of the iEDDA reaction between 

tetrazine functionalized NPs and TCO-PEG4-COOH. (B) Hydrodynamic diameter and PDI of the tetrazine 

functionalized micelles (Mi-Tz) and tetrazine functionalized NPs (NP-Tz) determined at the Zetasizer. (C) Plot of 

the pseudo first-order rate constant (kobs) vs. TCO concentration to determine the second-order rate constants. (D) 

Second-order rate constants for the iEDDA reaction between free tetrazine (free), tetrazine on polymer micelles 

(Mi-Tz) and tetrazine on NP (NP-Tz), each with TCO-PEG4-COOH at 25°C. Results are presented as mean ± SD 

of n = 3 measurements. 

 

 

3.3 Affinity of free angiotensin ligands for the AT1R 

After confirming a rapid iEDDA reaction for subsequent NP functionalization, the interaction of free 

TCO-PEG4-Ang-I ligand with the target cell was investigated. TCO-PEG4-Ang-I was incubated with 

rMC cell suspension for varying durations, leading to enzymatic processing of Ang-I to Ang-II by cell 

membrane-bound ACE. The extent of binding to the AT1 receptor following enzymatic activation was 
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determined using an inverse Fura-2 AM Ca2+ mobilization assay. [37] Cells were stimulated with 

additional free Ang-II, and the degree to which calcium influx could be suppressed by receptor saturation 

was measured (for further explanation see SI Figure 11). Initially, as expected, no AT1R binding was 

observed. However, over time, enzymatic processing gradually led to receptor saturation, with a plateau 

reached after approximately 90 minutes (see Figure 3 A). In contrast, the iEDDA reaction of an 

equivalent amount of TCO with tetrazine-functionalized NPs was completed within approximately 5 

minutes. Consequently, it was conceivable that the ligand undergoes the iEDDA reaction with tetrazine 

on the NP prior to experiencing enzymatic activation of Ang-I to Ang-II and subsequent interaction with 

the AT1R. The rapid kinetics of the iEDDA reaction, in conjunction with the slower enzymatic 

processing, could facilitate initial particle functionalization in vitro. 

 

Figure 3. Interaction of free angiotensin ligands with the AT1 receptor. (A) Comparison of the conversion of 

the iEDDA reaction with AT1R inhibition. The kinetics of the iEDDA reaction of 10 µM TCO-PEG4-COOH with 

an equimolar amount of tetrazine on the NP was investigated by monitoring the decrease in tetrazine absorbance 

in the UV range (data presented as mean ± SD n=2); AT1R saturation of 10 µM TCO-PEG4-Ang-I by enzymatic 

processing of Ang-I to -II and subsequent binding to the receptor was examined by inverse Fura-2 AM Ca2+ 

mobilization assay (data presented as mean ± SD n=3). (B) Affinity of free angiotensin ligands for the AT1R after 

1 h incubation with the cells. Binding curves determined via Fura-2 AM Ca2+ mobilization assay by inverse 

stimulation with free Ang-II. Results are presented as mean ± SD of at least n = 3 measurements. (C) logIC50 

values for the free ligands obtained from the fit of the Fura-2 AM Ca2+ assay data. (D) Schematic of the enzymatic 

activation of TCO-PEG4-Ang-I and subsequent binding to the AT1R. 
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Furthermore, the affinity of free angiotensin ligands for the AT1 receptor was examined. Various 

dilutions of ligands were incubated with Fura-2 AM loaded cell suspension for 1 hour. With Lys-Ang-

II, the expected binding curve was observed, yielding an IC50 value of 3.5 ± 0.3 nM, consistent with the 

value reported by Maslanka et al. [37] The binding curves of Lys-Ang-I and TCO-PEG4-Ang-I were 

nearly identical (see Figure 3 B). IC50 values of 0.33 ± 0.06 µM for Lys-Ang-I and 0.22 ± 0.06 µM for 

TCO-PEG4-Ang-I were determined. The affinity for the AT1R was lower than that for Lys-Ang-II 

(compare Figure 3 C), as the ligands first had to be activated by cell membrane-bound ACE (see Figure 

3 D). Comparable IC50 values for Lys-Ang-I and TCO-PEG4-Ang-I suggested that modification of Lys-

Ang-I with TCO as a partner of the iEDDA reaction did not interfere with enzymatic processing or 

receptor binding. SI Figure 12 additionally provides a comparison with N-terminal acetylated 

angiotensin. In summary, due to the rapid iEDDA reaction and slower enzymatic processing, it is 

probable that in vitro NP functionalization occurs initially before free ligand activation. Further, it was 

demonstrated that TCO modification does not adversely affect affinity, with similar affinities found for 

Lys-Ang-I and TCO-PEG4-Ang-I for AT1R. 

 

3.4 Post-functionalization of NP-Tz with angiotensin-I via iEDDA reaction and 

avidity for the AT1R after enzymatic activation 

To render the NPs switchable concerning their interaction with the AT1R, two fundamental steps had 

to be implemented. First, the particle had to undergo post-functionalization through the iEDDA reaction. 

Subsequently, the Ang-I-functionalized NPs had to be enzymatically processed to Ang-II by ACE. The 

NPs functionalized only with tetrazine were incubated with TCO-PEG4-Ang-I for 1 hour to allow 

sufficient time for the iEDDA reaction on the particle. Excess TCO-PEG4-Ang-I was separated by SEC, 

and the Ang-I was then quantified using a BCA assay. Based on the NP concentration, the number of 

Ang-I ligands per NP was determined (see Figure 4 A). With 3442 ± 303 Ang-I ligands per NP, slightly 

fewer than tetrazine ligands before functionalization were present, indicating efficient iEDDA reaction 

on the NP (approx. 86%). Functionalization with Ang-I resulted in minimal size increase of the NPs 

from 60 ± 4 nm for NP-Tz to 67 ± 4 nm for NP-Tz-TCO-Ang-I. Subsequently, the post-functionalized 

NPs were incubated with soluble ACE for 4 hours at 37°C. The particles were then expected to be fully 

activated to Ang-II. [24] Incubation with soluble ACE resulted in further size increase to 84 ± 6 nm, 

with the size distribution also becoming significantly broader (compare Figure 4 B). The NPs were 

examined for their avidity to the AT1R using a Fura-2 AM Ca2+ mobilization assay. The NPs only 

functionalized with tetrazine showed no Ca2+ influx, thus indicating no interaction with the AT1R. In 

contrast, the post-functionalized and subsequently enzymatically activated particles interact with the 

receptor (see Figure 4 C). An EC50 value of 2.0 ± 0.5 nM was determined, illustrating sufficient avidity 
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of the NPs (see Figure 4 D). Surprisingly, the post-functionalized NPs without enzymatic activation 

showed Ca2+ influx at the highest concentrations. This indicates that Ang-I may be converted to Ang-II 

by membrane-bound ACE within the short measurement period, suggesting that ACE on the cell 

membrane alone might be sufficient to activate the particles. 

 

Figure 4. Post-functionalization of NP-Tz with Ang-I via iEDDA reaction and avidity for the AT1R on 

rMCs. (A) Number of ligands per NP and derived ligand density before and after functionalization with Ang-I via 

iEDDA reaction. Tetrazine was quantified using its absorption in the visible range; Ang-I content after 

functionalization was determined using a BCA assay; the ligand concentrations were referred to the NP 

concentrations determined by NTA. (B) Size alteration of the particles by post functionalization and enzymatic 

processing with soluble ACE. Size distribution measured by nanoparticle tracking analysis. (C) Avidity for the 

AT1 receptor of the tetrazine-only functionalized NPs (NP-Tz), the subsequently Ang-I functionalized NPs (NP-

Tz-TCO-Ang-I) and the NPs additionally activated with soluble ACE (NP-Tz-TCO-Ang-I + ACE). Binding curves 

derived from Fura-2 AM Ca2+ mobilization assays using the direct procedure with immediate measurement of Ca2+ 

influx after addition of the cell suspension. (D) Corresponding logEC50 values for the NPs obtained from the fit of 

the Fura-2 AM Ca2+ assay data. Results in Figure A are presented as mean ± SD of N = 3 independent experiments. 

The results in Figures B-D are presented as mean ± SD from a single experiment with n = 3 measurements. 
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3.5 Activation of NPs by cell membrane-bound ACE and kinetics of particle-

AT1R interaction 

Next, it was investigated whether the particles post-functionalized with Ang-I via iEDDA reaction can 

be activated, as required for later application, by membrane-bound ACE. The rMCs used as a model cell 

line exhibit a high ACE activity of approx. 0.35 pmol of hydrolyzed substrate per minute and per μg of 

protein. [24] The NPs were initially incubated with the cell suspension for 1 hour, and subsequently the 

extent to which the influx of Ca2+ triggered by the addition of free Ang-II could be reduced was measured 

(for further explanation see SI Figure 11). While the NPs functionalized only with tetrazine did not bind 

to the AT1 receptor, the particles post-functionalized with Ang-I showed interaction at higher 

concentrations (see Figure 5 A). Here, a sufficient number of Ang-I ligands appeared to have been 

processed to Ang-II by ACE on the cell membrane during incubation. The directly Ang-I functionalized 

NPs behaved similarly and also saturated the receptor at higher concentrations. NP-Ang-II, tested for 

comparison, where all ligands were directly available for receptor binding, showed an IC50 value in the 

picomolar range (see SI Figure 13 for a comparison with NP-Ang-II with acetylation at the N-terminus 

of angiotensin). In contrast, the IC50 value for Ang-I functionalized NPs was in the nanomolar range. 

Comparable values of 2.9 ± 0.5 nM for NPs directly Ang-I functionalized and 1.5 ± 0.2 nM for NPs 

post-functionalized via iEDDA reaction were found. It could be concluded that the attachment of the 

Ang-I ligand through the iEDDA reaction did not hinder enzymatic activation and binding to the AT1R. 

Intracellular calcium measurements were conducted over a 3-hour period to explore the interactions 

between NPs and cells. The degree to which different NPs could reduce calcium signaling triggered by 

the addition of free agonist Ang-II served as an indicator of the extent to which these NPs had bound to 

the AT1 receptors. This approach allowed to observe the kinetics of these interactions. NPs lacking 

ligands for the AT1R, such as NP-Tz, exhibited minimal receptor binding. Conversely, particles 

functionalized with Ang-I through the iEDDA reaction exhibited a slow binding to the AT1 receptor. 

This could be attributed to the requirement for enzymatic processing of Ang-I to Ang-II on the particle 

before the successful interaction between NPs and the AT1 receptors on the target cell surface. [37] 

After approximately 1 hour, saturation was achieved with slightly over 60% AT1R inhibition (see 

Figure 5 B). The NP-Tz incubated with cells and exposed to TCO-PEG4-Ang-I displayed a trend similar 

to the particles functionalized with Ang-I via the iEDDA reaction prior to the experiment, albeit with 

slightly lower AT1R inhibition. In summary, it could be concluded that pre-functionalized NPs, such as 

NP-Tz-TCO-Ang-I, were activated to Ang-II through cell membrane-bound ACE and subsequently 

interact with AT1 receptors (see Figure 5 D). This likely holds true for particles that were functionalized 

in vitro as well. Since NP-Tz did not interact with the AT1R, NPs could be activated by the addition of 

TCO-PEG4-Ang-I and subsequent enzymatic processing, allowing them to bind to the AT1 receptor, 
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potentially leading to internalization. The fundamental requirement for a switchable particle was 

established. 

 

 

Figure 5. Characterizing NP-cell interactions through intracellular calcium measurements. (A) Particle 

avidity for the AT1R after 1 h incubation with the cells. Binding curves determined via Fura-2 AM Ca2+ 

mobilization assay by inverse stimulation with free Ang-II. (B) Investigation of the kinetics of NP-cell interaction 

by determination of AT1R binding over time. The particles investigated included those functionalized only with 

tetrazine (NP-Tz), tetrazine-functionalized NPs that were already incubated with the cells and exposed to TCO-

Ang-I in vitro (NP-Tz + TCO-Ang-I), and particles functionalized with Ang-I post-experimentally (NP-Tz-TCO-

Ang-I). (C) logIC50 values for the NPs obtained from the fit of the Fura-2 AM Ca2+ assay data. (D) Scheme of NP 

cell interaction with enzymatic processing and subsequent binding to the AT1R. Results in Figures A and C are 

presented as mean ± SD of N = 3 independent experiments. Results in Figure B are presented as mean ± SD of n 

= 3 measurements from one experiment. 
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4. Conclusion 

We demonstrated that NPs can be rendered switchable with respect to their interaction with a receptor 

through an external chemical stimulus. The combination of iEDDA reaction for subsequent NP 

functionalization and ectoenzyme-based ligand activation allows for specific particle tailoring. 

Scenarios wherein the stealth effect of non-functionalized NPs is initially leveraged for prolonged 

circulation, followed by temporally controlled identification of target cells, are conceivable. This 

approach may potentially reduce off-target accumulations and enhance the efficacy of NPs for drug 

delivery. The iEDDA reaction, as a rapid and robust bioorthogonal reaction, proved to be well-suited 

for ligand conjugation, facilitating the creation of ligand-switchable particles. The additional processing 

of ligands by an ectoenzyme offers the advantage of minimizing biological effects prior to activation. 

Furthermore, two-step recognition involving ectoenzyme and the receptor to which subsequent binding 

is desired enhances specificity for the target cell. In general, this proof-of-concept study can be regarded 

as an initial step in exploring the potential of the iEDDA reaction for the switchable design of NPs. 
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I. Synthesis of PLA-PEG block copolymers 

General method for the synthesis of block copolymers 

The synthesis of PLA-PEG block copolymers reported by our group [1, 2] is based on the method of 

Qian, Wohl et al. [3] with minor adaptations. Initially, cyclic lactide (3,6-dimethyl-1,4-dioxane-2,5-

dione) was purified by recrystallization from anhydrous ethyl acetate (boiling point 77°C; set oil bath to 

90°C; reflux, gentle stirring, initial solute:solvent ratio 1:2; added to saturation, and cooled with an ice 

slurry, followed by solvent removal with a pipette) and dried under vacuum overnight at 40°C. The PEG 

derivatives, serving as macroinitiators for ring-opening polymerization, were also dried overnight at 

40°C using an oil vacuum pump. The respective PEG was then dissolved in anhydrous DCM, and the 

purified 3,6-dimethyl-1,4-dioxane-2,5-dione was added. Subsequently, 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU) was added as a catalyst for polymerization. After stirring at room temperature for 1 hour, the 

polymerization was quenched with benzoic acid. The reaction mixture was precipitated in at least ten 

times its volume of ice-cold diethyl ether and centrifuged (4°C, 3000 g for 10 minutes). The supernatant 

was discarded, and the pellet was briefly dried before being dissolved in acetonitrile and precipitated 

again. The precipitation-centrifugation-dissolution cycle was repeated twice for further purification. The 

pellets of PLA-PEG block copolymers were finally dried under vacuum and 1H NMR spectra 

(approximately 10 mg block copolymer in 0.7 mL CDCl3) were recorded on a Bruker Avance III HD 

400 (Bruker BioSpin GmbH, Rheinstetten, Germany). 

 

Synthesis of PLA10k-PEG2k-COOH 

 

PLA10k-PEG2k-COOH was synthesized according to the general method using 808 mg (0.40 mmol, 1 

equiv.) COOH-PEG2k-OH, 4608 mg (31.97 mmol, 79.1 equiv.) 3,6-dimethyl-1,4-dioxane-2,5-dione, 

241 µL (1.62 mmol, 4 equiv.) DBU and 494 mg (4.04 mmol, 10 equiv.) benzoic acid to quench the 

reaction. After purification, 4.99 g (0.38 mmol, 94%) of the desired product were obtained (Mn = 13145 

g/mol). 
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Synthesis of PLA10k-PEG2k-OMe 

 

PLA10k-PEG2k-OMe was prepared starting from 250 mg (0.125 mmol, 1 equiv.) of mPEG2k-OH with 

1425 mg (9.89 mmol, 79.1 equiv.) of freshly recrystallized 3,6-dimethyl-1,4-dioxane-2,5-dione 

according to the general method. The catalyst used was 38.8 µL (0.25 mmol, 2 equiv.) DBU. The 

reaction was quenched with 153 mg (1.25 mmol, 10 equiv.) benzoic acid. Finally, 1.42 g (0.11 mmol, 

92%) of PLA10k-PEG2k-MeO (Mn = 12893 g/mol) were obtained. 

 

Synthesis of PLA10k-PEG5k-COOH 

 

To synthesize PLA10k-PEG5k-COOH, 0.80 g (0.16 mmol, 1 equiv.) of COOH-PEG5k-OH was reacted 

with 1.60 g (11.1 mmol, 69.4 equiv.) of 3,6-dimethyl-1,4-dioxane-2,5-dione. The synthesis was carried 

out according to the general method using 96 µL (0.64 mmol, 4 equiv.) DBU as catalyst. The reaction 

was terminated by the addition of 195 mg (1.6 mmol, 10 equiv.) benzoic acid to yield 1.94 g (0.13 mmol, 

81%) of the desired product after purification (Mn = 14932 g/mol). 

 

Synthesis of PLA10k-PEG5k-NH2 

 

PLA10k-PEG5k-NH2 was synthesized according to the general method using 900 mg (0.18 mmol, 1 

equiv.) tBoc-NH-PEG5k-OH, 2052 mg (14.24 mmol, 79.1 equiv.) 3,6-dimethyl-1,4-dioxane-2,5-dione 
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and 56 µL (0.36 mmol, 2 equiv.) DBU. The reaction was quenched with 220 mg (1.8 mmol, 10 equiv.) 

benzoic acid. The still Boc-protected polymer must be further deprotected. For this purpose, tBoc-NH-

PEG5k-PLA10k was dissolved in a minimal amount of DCM (10 mL) and half of this volume of 

trifluoroacetic acid (5 mL) was added. The solution was incubated at room temperature for a maximum 

of 30 minutes and then precipitated in ice-cold diethyl ether (4x 40 mL). To remove trifluoroacetic acid, 

the precipitation-centrifugation-dissolution cycle was repeated three more times. The product was then 

dried under vacuum as in the general method. Finally, 2.05 g (0.13 mmol, 74%) of PLA10k-PEG5k-

NH2 (Mn = 15384 g/mol) were obtained. 

 

Characterization of PLA-PEG block copolymers via 1H NMR 

The number-average molecular weight of PLA–PEG block copolymers was determined by integrating 

the signals in the 1H NMR spectrum using TopSpin Software 4.0.8 (Bruker Corporation, Billerica, MA, 

USA). For commercially acquired PEG derivatives, the molecular weight is known, and using the 

molecular weight of a repeat unit in the PEG chain (44.03 g/mol), the units per PEG chain can be 

calculated. Multiplying by 4 for the four protons per PEG unit (–OCH2CH2–) yields an integral of 

approximately 182 for PEG2kDa and approximately 454 for PEG5kDa. The integrals were set 

accordingly, and the integrals of the PLA signals were evaluated in relation to them. 

 

𝑀(𝑃𝐿𝐴 − 𝑃𝐸𝐺) =  

𝐴𝑃𝐿𝐴 𝐶𝐻3
3

+
𝐴𝑃𝐿𝐴 𝐶𝐻
1

2
⋅ 72.06 

𝑔

𝑚𝑜𝑙
+𝑀(𝑃𝐸𝐺) 

 

(SI 1) 

 

Polylactic acid is responsible for a peak at approximately 1.6 ppm (–CH3) and another at approximately 

5.2 ppm (–CH–). The values for the integrals were divided by the number of protons per unit to 

determine the number of PLA units. The mean was multiplied by the molecular weight of the PLA unit 

(72.06 g/mol) to obtain the number-average molecular weight of the PLA polymer block. Adding the 

known molecular weight of the PEG segment provides the total molecular weight of the block 

copolymer (compare eq. SI 1). 
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SI Figure 1. 1H NMR spectra for the characterization of the synthesized PLA-PEG block copolymers. (A) 
1H NMR of PLA10k-PEG5k-COOH as an example for the assignment of the signals and the determination of the 

molecular weight. 1H NMR (CDCl3): δ = 7.26 (solvent peak), 5.17 (m, 136H, -C(CH3)H-), 3.64 (s, 454H, -

OCH2CH2-), 1.56 (m, 419H, -C(CH3)H-). M(PLA-PEG) = 14 932 g/mol. (B) Overview of all 1H NMR spectra of 

the synthesized copolymers. 
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PLA-PEG block copolymers as a basis for polymer NPs 

The ring-opening polymerization of cyclic lactide with the corresponding PEG derivatives as 

macroinitiators is ideally suited to synthesize the desired PLA-PEG block copolymers. The PLA 

segment was approximately 10kDa as determined by 1H NMR (see SI Figure 2). The PLA-PEG block 

copolymers with different functional groups at the PEG end served as the basis for the polymer NPs. 

While PLA10k-PEG2k-COOH and -MeO with their shorter PEG chains were used as filler polymers, 

the copolymers with the longer PEG chains, PLA10k-PEG5k-COOH and -NH2, were further modified 

with ligands. 

 

SI Figure 2. Molecular weight of all synthesized PLA-PEG block copolymers determined by 1H NMR. 

 

 

II. Synthesis of the tetrazine ligand 

 

 

The synthesis of methyltetrazine phenylpropionic acid was based on the procedure of Meimetis, 

Weissleder et al. [4] with minor modifications. To the nitrile (3-(4-cyanophenyl)-propionic acid; 0.876 
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g, 5 mmol, 1 equiv) under a stream of argon was added zinc triflate (0.911 g, 2.5 mmol, 0,5 equiv) as 

Lewis acid catalyst, acetonitrile (2.6 mL, 50 mmol, 10 equiv), hydrazine monohydrate (N2H4 64-65 %; 

12 mL, 250 mmol, 50 equiv) and 6 mL dioxane. The microwave reaction tube was sealed and stirred at 

60°C for 15 h. It was then allowed to cool, the septum was removed and sodium nitrite (6.906 g, 100 

mmol, 20 equiv) in 10 mL of water was added to the reaction mixture followed by hydrochloric acid 

until pH = 3 was reached. The nitrous gas produced oxidizes the dihydrotetrazine intermediate into the 

corresponding tetrazine, whereby the formation of tetrazine results in a colour change to intense pink. 

The aqueous phase was extracted three times with DCM (250 mL) and subsequently the combined 

organic extracts were dried with magnesium sulfate. The raw mixture was concentrated on the rotary 

evaporator and adsorbed onto silica gel. The product was isolated using column chromatography 

(hexanes : ethyl acetate gradient, 3:1 to 1:3) to yield methyltetrazine phenylpropionic acid (3-(4-(6-

methyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid; 507.1 mg, 2.08 mmol, 42%) as a deep purple solid. 

1H NMR (CDCl3): δ = 8.54−8.52 (d, J = 8.4 Hz, 2H), 7.46−7.44 (d, J = 8.4 Hz, 2H), 3.11−3.07 (m, 5H), 

2.79-2.75 (t, J = 7.7 Hz, 2H). 

MS (ESI, m/z): Calculated for ([C12H12N4O2]+H)+ ([M+H]+): 254.1078, Found: 245.1034. 

 

 

SI Figure 3. 1H NMR spectra of methyltetrazine phenylpropionic acid recorded in CDCl3 at 400 MHz. 
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Tetrazine stability at 37°C in PBS 

The tetrazine solution in PBS was incubated at 37°C in a water bath, and samples were taken at specified 

time intervals. The absorbance of the samples at 520 nm was measured in triplicate in a transparent 96-

well plate. The decrease in absorbance was plotted relative to the initial absorbance, and the data were 

fitted with an exponential decay. 
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SI Figure 4. Tetrazine stability at 37°C in PBS. Data fitted with an exponential decay. Results are presented as 

mean ± SD (n = 3). 

 

The decrease in tetrazine absorption at 520 nm served as a measure of tetrazine decomposition. As 

shown in SI Figure 4, the synthesized methyl-substituted tetrazine is highly stable when incubated at 

37°C in PBS, with a half-life significantly exceeding one year. In general, methyl-substituted tetrazines 

are very stable, which was confirmed for the derivative here. 

 

 

III. Coupling of the ligands to the PLA-PEG block copolymers 

General Method for Purification of the Polymer after Ligand Coupling 

Following an adequate reaction time for the coupling, the reaction mixture was precipitated in ice-cold 

diethyl ether (in 50 mL centrifuge tubes from the -80°C freezer, at least 10 times the volume of the 

reaction mixture) and subsequently centrifuged at 4°C (3000 g, until the supernatant was no longer 

turbid, and a well-defined pellet had formed, typically 10 minutes). The supernatant was discarded, and 

the pellet was dried before being dissolved in acetonitrile. This precipitation-centrifugation-dissolution 

cycle was repeated once more. Finally, the precipitate was dissolved in MeCN, and the solution was 

added dropwise into vigorously stirring Millipore water. The resulting polymeric micelles were stirred 

for 2 hours. The product was further purified through dialysis (RC, 6-8 kDa MWCO) against 4 L 

Millipore water for at least 6 hours with a minimum of 3 water changes. The block copolymer was 

lyophilized for 3 days (typically 48 h primary drying at -20°C and 0.0010 mbar, and 20 h secondary 
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drying at 25°C and 0.0050 mbar) using a Christ freeze dryer Alpha 2-4 LSCplus (Martin Christ 

Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). For product characterization, a 1H 

NMR in CDCl3 or DMSO-d6 was recorded on a Bruker Avance III HD 400 (Bruker BioSpin GmbH, 

Rheinstetten, Germany). The molar mass of the block copolymers post-coupling was determined, as 

described in Section I, based on the known PEG integral. The coupling efficiency was also estimated 

via 1H NMR relative to the PEG integral. The signals were assigned to the protons of the ligands, 

integrated and the integral was divided by the number of expected protons. The mean value was formed 

from all the coupling efficiencies determined in this manner and the standard deviation was calculated. 

 

Synthesis of PLA10k-PEG5k-tetrazine 

 

 

Methyltetrazine phenylpropanoic acid (15.9 mg, 65 µmol, 2.5 equiv.) was dissolved in 6 mL anhydrous 

DMF and DIPEA (44.2 µL, 260 µmol, 10 equiv.) was added. HBTU (49.3 mg, 130 µmol, 5 equiv.) was 

also dissolved in 6 mL DMF and slowly added to the reaction mixture. Finally, the block copolymer 

PLA10k-PEG5k-NH2 (400 mg, 26 µmol, 1 equiv.) was added and the reaction mixture was stirred at 

RT overnight. The product was purified according to the general method for polymer purification after 

ligand coupling (described in Section III), and 364 mg of PLA10k-PEG5k-tetrazine (25 µmol, 96%) 

were obtained as a pink lyophilizate. 

1H NMR (CDCl3): δ = 8.49 (d, J = 8.3 Hz, 1.27H), 7.56 (d, J = 8.2 Hz, 1.20H), 5.16 (m, 128H), 3.64 (s, 

454H), 3.25 (t, 1.76H), 3.08 (s, 2.26H), 3.00 (t, 1.60H), 1.56 (m, 396H). M(PLA10k-PEG5k-tetrazine) 

= 14 594 g/mol. Coupling efficiency determined via 1H NMR 73 ± 12 %. 
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SI Figure 5. 1H NMR spectra of PLA10k-PEG5k-tetrazine recorded in CDCl3 at 400 MHz. 

 

 

Synthesis of PLA10k-PEG5k-Ang-I 
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The block copolymer PLA10k-PEG5k-COOH (287 mg, 19 µmol, 1 equiv.) was activated for 90 min 

with EDC (36.4 mg, 190 µmol, 10 equiv.) and NHS (21.9 mg, 190 µmol, 10 equiv.) in 4 mL anhydrous 

DMF. Then 2-mercapthoethanol (19.9 µL, 285 µmol, 15 equiv.) was added and the reaction mixture 

was stirred at RT for another 15 min. Finally, DIPEA (16.2 µL, 95 µmol, 5 equiv.) was added and Lys-

Ang-I (40.6 mg, 29 µmol, 1.5 equiv.), dissolved in 3 mL anhydrous DMF, was added dropwise to the 

reaction mixture. The reaction was stirred at RT for 48 h and the work-up was carried out according to 

the general method. 220 mg (16.3 µmol, 86%) of the desired product were obtained as a white 

lyophilizate. 

1H NMR (DMSO-d6): δ = 7.24 (m, 4.82H, aromatic protons of phenylalanine), 6.97 (m, 1.23H, aromatic 

protons of tyrosine), 6.64 (m, 0.88H, aromatic protons of tyrosine), 5.18 (m, 117H), 3.49 (s, 454H), 1.45 

(m, 362H). M(PLA10k-PEG5k-Ang-I) = 14 970 g/mol. Coupling efficiency determined via 1H NMR 

67 ± 27 %. 

 

 

Synthesis of PLA10k-PEG5k-Ang-II 

 

 

The block copolymer PLA10k-PEG5k-COOH (200 mg, 13.8 µmol, 1 equiv.), EDC (66 mg, 172.5 µmol, 

12.5 equiv.) and NHS (40 mg, 172.5 µmol, 12.5 equiv.) were dissolved in 1 mL anhydrous DMF and 

stirred for 3 h at RT. 120 µL of 2-mercaptoethanol (862.5 µmol, 62.5 equiv.) were added to quench 

excess EDC. To the reaction mixture 23 µL DIPEA (66.0 µmol, 4.8 equiv.) were added. The lysine-N-

modified angiotensin II (19.6 mg, 16.7 µmol, 1.2 equiv.) was dissolved in 0.5 mL anhydrous DMF and 

added dropwise. The reaction mixture was stirred for 48 h at RT. After purification, 178 mg PLA10k-

PEG5k-Ang-II (11.6 µmol, 84%) were yielded as a white lyophilizate. 
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1H NMR (DMSO-d6): δ = 7.17 (m, 2.19H, aromatic protons of phenylalanine), 7.00 (m, 0.60H, aromatic 

protons of tyrosine), 6.59 (m, 1.17H, aromatic protons of tyrosine), 5.19 (m, 128H), 3.50 (s, 454H), 1.46 

(m, 385H). M(PLA10k-PEG5k-Ang-I) = 15 392 g/mol. Coupling efficiency determined via 1H NMR 

44 ± 14 %. 

 

 

Synthesis of PLA10k-PEG5k-AcAng-II 

 

 

The block copolymer PLA10k-PEG5k-COOH (211.38 mg, 14 µmol, 1 equiv.) and HBTU (5.3 mg, 

14 µmol, 1 equiv.) were dissolved in 4.5 mL anhydrous DMF and then DIPEA (11.9 µL, 70 µmol, 5 

equiv.) was added. The reaction mixture was stirred at RT for 1 h, thereby activating the carboxylic acid 

on the polymer. Finally, AcLys-Ang-II (20.4 mg, 17 µmol, 1.2 equiv.) was added and the reaction was 

stirred at RT for at least 4 more hours. Purification was performed according to the general method 

(described in section III) to yield 169 mg PLA10k-PEG5k-AcAng-II (12.0 µmol, 86%) as a white 

lyophilizate. 

1H NMR (DMSO-d6): δ = 7.14 (m, 3.65H, aromatic protons of phenylalanine), 7.01 (d, J = 8.3 Hz, 

1.28H, aromatic protons of tyrosine), 6.60 (d, J = 8.4 Hz, 1.21H, aromatic protons of tyrosine), 5.18 (m, 

110H), 3.50 (s, 454H), 1.45 (m, 333H). M(PLA10k-PEG5k-AcAng-II) = 14 161 g/mol. Coupling 

efficiency determined via 1H NMR 66 ± 6 %. 
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Determination of Coupling Efficiencies 

The coupling efficiency of tetrazine to PLA10k-PEG5k-NH2 was assessed photometrically by 

measuring the absorption of tetrazine at 540 nm. The purified product, PLA10k-PEG5k-Tz, was 

dissolved in DMSO, and the absorbance of a 2.5 mM solution was measured in a transparent 384-well 

plate using an FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany). Calibration 

was performed using free tetrazine, also dissolved in DMSO (0.5 to 3 mM). The tetrazine concentration 

was determined based on the calibration curve, allowing for the calculation of coupling efficiency 

relative to the polymer concentration. To determine the coupling efficiency of Angiotensin ligands to 

the block copolymer PLA10k-PEG5k-COOH, polymer micelles were prepared. 200 µL of a 20 mg/mL 

solution of the respective polymer in acetonitrile was dropwise added to 2 mL vigorously stirred (800 

rpm) Millipore water. After 90 minutes of stirring, allowing for the evaporation of acetonitrile, a 2 

mg/mL polymer micelle solution was obtained. The polymer micelle solution was used undiluted and 

diluted 1:2 and 1:4 with Millipore water. The Angiotensin content was quantified using a BCA assay 

following the manufacturer's protocol for the QuantiProTM BCA Assay Kit (Sigma-Aldrich, St. Louis, 

MO, USA). For calibration, free Lys-Ang-I, -II, or AcLys-Ang-II (Genscript, Piscataway, NJ, USA) 

was diluted from a 10 mM solution in DMSO to suitable concentrations in Millipore water (15–75 µM 

Angiotensin). After dispensing 40 µL of polymer micelle solution or free Angiotensin in triplicate into 

a transparent 384-well plate, 40 µL of QuantiPro working reagent was added per well. The solution was 

mixed by pipetting up and down. The plate was sealed with a plate sealer and incubated at 60°C for 1 

hour. Subsequently, absorption at 562 nm was measured using a FLUOstar Omega microplate reader 

(BMG Labtech, Ortenberg, Germany). The molar polymer concentration was determined from the mass 

concentration of the polymer micelle solution using the molecular weight obtained via 1H NMR. The 

molar concentration of Angiotensin determined by the calibration curve of the BCA assay was 

referenced to this concentration, allowing for the determination of the coupling efficiency of the 

Angiotensin ligand to the copolymer. 

 

Ligand-modified PLA-PEG block copolymers 

The ligand coupling using classical peptide chemistry with either HBTU or EDC/NHS as coupling 

reagents and DIPEA as a base in DMF was deemed acceptable; however, surprisingly, in most cases, 

coupling efficiency exceeding 90% was not achieved, as anticipated for this chemistry. For the coupling 

of tetrazine with carboxy functionality to PLA10k-PEG5k-NH2 using HBTU, a coupling efficiency of 

slightly above 70% was determined. Evaluation through integration of signals in the 1H NMR spectrum 

and measurement of tetrazine absorbance at 540 nm yielded nearly identical values. The signals of 
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tetrazine in the 1H NMR spectrum of the ligand-modified polymer could be unequivocally assigned, 

while the assignment of signals for Angiotensin ligands proved challenging. Essentially, only the 

aromatic protons could be identified, specifically those of phenylalanine and tyrosine. Since these 

signals are marginally above the background noise, the coupling efficiency determined via 1H NMR is 

to be interpreted more as an estimation. Through the BCA assay, coupling efficiencies of approximately 

70% were determined for PLA10k-PEG5k-Ang-II and its acetylated variant PLA10k-PEG5k-AcAng-

II, aligning well with the coupling efficiency of tetrazine (see SI Figure 6 A). 

 

 

SI Figure 6. Characterization of ligand functionalized PLA-PEG block copolymers. (A) Coupling efficiency 

of the various ligands to the copolymer determined by absorbance (absorbance of the tetrazine at 540 nm or 

absorbance in the BCA assay for the angiotensin ligands at 562 nm) and by integration of the signals in the 1H 

NMR spectrum. (B) Number-average molecular weight of the ligand functionalized PLA-PEG block copolymers 

determined by 1H NMR spectroscopy. 

 

As depicted in SI Figure 6 B, the molar mass of the PLA segment decreased, presumably due to the 

purification of ligand-modified polymers via dialysis. During dialysis, hydrolysis of the PLA segment 

of the PLA-PEG block copolymer occurs, allowing the degradation products of PLA to escape through 

the dialysis membrane. The PLA block no longer has a molar mass of 10 kDa but, depending on the 

dialysis time, ranges between approximately 8 and 9 kDa. Nevertheless, the polymers are referred to as 

PLA10k-PEG5k block copolymers throughout, irrespective of their actual reduced molar mass, to 

account for the starting material and maintain clarity in nomenclature. Together with the attached 

ligands, the ligand-modified polymers still exhibited a molar mass of approximately 15 kDa. When 

referring to independent experiments, it is understood as the preparation, concentration, and 

characterization of NPs on different experimental days. However, the same batch of ligand-modified 

polymer is used for the preparation. 
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A significant advantage of assembling NPs modularly from the specified polymers is the flexibility in 

composition variation. In cases of incomplete functionalization of the polymers, this can be compensated 

by increasing the respective polymer content in the formulation. Consequently, the number of ligands 

per NP can be customized, allowing consistent ligand density on the NPs even with varying coupling 

efficiencies. 

 

IV. Synthesis of TCO-PEG4-Ang-I 

 

 

TCO-PEG4-NHS ester (6.76 mg, 12.4 µmol, 1 equiv) and Lys-Ang-I (21.16 mg, 14.9 µmol, 1.2 equiv) 

were dissolved in 2 mL anhydrous DMF and 12.7 µL DIPEA (74.4 µmol, 5 equiv) were added. The 

yellowish reaction mixture was stirred overnight at room temperature and subsequently diluted with 

3 mL Millipore water. Purification was achieved by preparative HPLC (0 min 10% ACN; 20 min 50% 

ACN; gradient 2%/min, product after approx. 14 min). After freeze-drying the product fraction, 7.58 

mg of desired product TCO-PEG4-Ang-I were obtained as a white solid (4.2 µmol, 34%). 

MS (ESI, m/z): Calculated for ([C88H134N20O22]+3H)3+ ([M+3H]3+): 609.0078, Found: 609.0087; 

Calculated for ([C88H134N20O22]+2H)2+ ([M+2H]2+): 913.0078, Found: 913.0084. 
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V. Synthesis of TCO-AcAng-I 
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AcLys-Ang-I (34.86 mg, 23.9 µmol, 1 equiv) and trans-Cyclooctene-NHS ester (8.25 mg, 29.8 µmol, 

1.25 equiv) were dissolved in 1 mL anhydrous DMF and 20 µL DIPEA (119.3 µmol, 5 equiv) were 

added. The reaction mixture was incubated at room temperature for 4 h and then purified by preparative 

HPLC (0 min 10% ACN; 20 min 50% ACN; gradient 2%/min, product after approx. 15 min). After 

freeze-drying, 22.43 mg of the desired product TCO-AcLys-Ang-I were obtained as a white lyophilizate 

(13.9 µmol, 58%). 

MS (ESI, m/z): Calculated for ([C79H115N19O18]+3H)3+ ([M+3H]3+): 540.2978, Found: 540.2976; 

Calculated for ([C79H115N19O18]+2H)2+ ([M+2H]2+): 809.9428, Found: 809.9419. 
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VI. Preparation and characterization of PEG-PLA copolymer 

NPs 

 

SI Figure 7. Characterization of polymer NPs. (A) Zeta potential of the NPs measured after preparation in water, 

and for comparison, zeta potential of the NPs after concentration and subsequent dilution in 10% PBS to a 1 nM 

particle concentration. The zeta potential in water was determined from at least N = 3 experiments. The dilution 

of the concentrated NPs in 10% PBS was performed only once, and the results are presented here as mean ± SD 

from n = 3 measurements. (B) Size distribution of the NPs determined by nanoparticle tracking analysis. Results 

are presented as mean ± SD from at least N = 3 experiments. 

 

For the zeta potential of the NPs measured after preparation in water, the same trend was observed as 

for the particles that were first concentrated and then diluted in 10% PBS, as expected (see SI Figure 7 

A). The size distribution was similar for all particles, with NPs ranging from approximately 25 to 125 

nm in hydrodynamic diameter (see SI Figure 7 B). In the paper, the mode value reported by the 

NanoSight is presented as the size dh. 
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SI Figure 8. Quantification of ligands per NP. (A) Vis spectrum of 500 µM tetrazine in 50% DMSO and 50% 

water (v/v). (B) Calibration line for determination of tetrazine concentration in the NP sample. (C) Calibration line 

of the BCA assay with Ang-I and Ang-II for determination of angiotensin concentration in the NP samples. (D) 

Schematic representation of the principle of the bicinchoninic acid (BCA) assay. Results in (B) and (C) are 

presented as mean ± SD of an experiment with measurement in triplicate. 

 

The angiotensin concentration in the NP samples was determined using a BCA assay. Cu2+ is reduced 

to monovalent copper ions by proteins, in this case either Ang-I or Ang-II, in an alkaline environment. 

In the presence of bicinchoninic acid (BCA) sodium salt, the copper ions Cu+ form a purple complex 

with BCA (see SI Figure 8 D). This complex can be quantified by photometry at a wavelength of 562 

nm. [5] Particularly, the amino acids cysteine, cystine, tryptophan, and tyrosine contribute to the 

reduction of divalent copper ions. Angiotensin containing tyrosine in the amino acid sequence can 

therefore be well analyzed by a BCA assay. At 60°C, Cu2+ is also reduced by the peptide bonds. [6] 

Presumably, this is why the calibration curve for Ang-I was slightly steeper than for Ang-II, as Ang-I 

consists of two more amino acids and thus also introduces two more peptide bonds. 
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VII. PEG conformation on the particle surface 

Assuming that the PEG segment of the PLA-PEG block copolymer is always oriented outward, forming 

a PEG brush on the NP surface, while the PLA segment is oriented inward, the conformation of PEG on 

the NP can be described through theoretical considerations. [7] Based on the hydrodynamic diameter of 

the particle 𝑑ℎ, the mass of a single NP 𝑚(𝑁𝑃) can be calculated using the density 𝜌 (1.25 g/cm3) [8] 

with the following formula: 

𝑚(𝑁𝑃) =
4

3
𝜋𝜌 (

𝑑ℎ
2
)
3

 

The number of PEG chains in this NP can then be determined by considering only the mass contribution 

from the PEG and dividing by the molar mass of a PEG chain 𝑀𝑃𝐸𝐺. [9] Here, 𝑓 represents the mass 

fraction of PEG in the blend of PLA-PEG block copolymer and PLGA. Multiplying by Avogadro’s 

number 𝑁𝐴 gives the number of PEG chains 𝑛: 

𝑛 =
𝑚(𝑁𝑃) 𝑓 𝑁𝐴
𝑀𝑃𝐸𝐺

 

Next, the surface area 𝐴 that each PEG chain occupies on the hydrophobic particle core formed by 

PLGA and the PLA segments was calculated. To estimate the diameter of the solid particle core, the 

ratio 𝑘 of the TEM-measured diameter of blank particles to their hydrodynamic diameter was used (for 

characterization of blank NPs using TEM images and DLS see Schorr, Chen et al. [10]). The surface 

area of the particle core divided by the number of PEG chains gives the area that each PEG chain 

occupies: 

𝐴 =
𝜋 (𝑑ℎ ⋅ 𝑘)

2

𝑛
 

The conformation of the PEG, which extends from the hydrophobic particle core towards the water, was 

determined following de Gennes’ model. [11] The distance between PEG grafting sites 𝐷, the Flory 

radius 𝑅𝐹, and the thickness of the PEG layer (L) were calculated. The distance between PEG grafting 

sites 𝐷 was determined from the area 𝐴 occupied by each PEG chain assuming that the PEG chain 

occupies a circular footprint on the particle surface. [7] 

𝐷 = 2√
𝐴

𝜋
 

The Flory radius 𝑅𝐹 is determined by the number of monomers per polymer chain 𝑁 and the length of 

a single monomer (𝛼 = 0.35 nm) [12]. The number of monomers in the PEG chain can easily be 
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calculated by dividing the molar mass of the PEG chain by the molar mass of a PEG repeating unit 

(44.03 g/mol). 

𝑅𝐹 = 𝛼𝑁
3/5 

The thickness of the PEG layer was calculated using the following formula: 

𝐿 =
𝑁𝛼5/3

𝐷2/3
 

The PEG on the surface of the particle can adopt two main conformations described by these parameters. 

At low PEG densities (𝑅𝐹/𝐷 ≤ 1), a "mushroom" conformation is observed. At higher PEG densities 

(𝑅𝐹/𝐷 > 1), a "brush" conformation is present. [7] Furthermore, a "dense brush" conformation can be 

defined if the PEG layer thickness exceeds the Flory radius by at least two-fold (𝐿/𝑅𝐹 > 2 equal to 

𝑅𝐹/𝐷 > 2.8). [7, 13, 14] Since the ligands were attached to longer PEG5k arms, while the spacer 

polymers had only PEG2k arms, the average molar mass of PEG was calculated based on the ratio used 

(20% PEG5k for the block copolymers with ligand, 80% PEG2k for the spacer block copolymer). This 

resulted in an average molar mass of 2600 g/mol for PEG on this particle type. 

 

SI Figure 9. PEG conformation on the NP surface. (A) Table with a comparison of distance between PEG grafts 

(D), the Flory Radius (RF), and Length/Thickness of the PEG Layer (L) as well as a conclusion on the PEG 

conformation of the respective NPs. (B) Illustration of the possible conformations and the rather unlikely 

backfolding of the ligands due to the dense brush conformation of the NPs produced. The illustration of the possible 

PEG conformations was based on Yang, Jones et al. [14] 
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The estimation revealed that PEG on all produced NPs exists in the "dense brush" conformation (see SI 

Figure 9 A). This makes the backfolding of ligands attached to the longer PEG5k arms highly unlikely, 

as there should be no space for a loop to form towards the NP core (see SI Figure 9 B). Ligands hidden 

within the PEG brush should therefore, if present at all, be minimal. Thus, the ligands should be 

accessible for interaction with the target cell. Furthermore, it is worth noting that the PEG conformation, 

being distinctly in the dense brush regime, should be ideally suited to avoid uptake by immune cells and 

prevent clearance. As reported by Yang, Jones et al., the transition from the mushroom to the brush 

conformation, often cited as the threshold for achieving effective stealth behavior [15], is insufficient 

for the effective suppression of macrophage uptake. [14] Instead, PEG densities with RF/D values 

exceeding 2.8, indicative of PEG grafting in the dense brush regime, should be employed. This can be 

readily achieved with the polymer NPs used in this study. Based on these estimations, a pronounced 

stealth effect of the NPs can be expected. 

 

VIII. iEDDA Reaction Kinetics 

 

SI Figure 10. Considerations and evaluation of iEDDA reaction kinetics. (A) UV/Vis spectra of tetrazine at 

different concentrations. (B) Comparison of the UV/Vis spectra of tetrazine and TCO-PEG4-COOH as reactants 
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of the iEDDA reaction and the resulting product after the reaction. (C) Decrease in tetrazine absorbance at 276 nm 

as reaction time progresses (2x TCO stands for a twofold excess of TCO-PEG4-COOH relative to tetrazine (10 

µM); 4x TCO analogously for a fourfold excess). (D) Pseudo first order rate constants (kobs) determined from the 

decrease in tetrazine absorbance plotted against the TCO concentration. The second order rate constant results 

from the slope of the linear fit. Results in (C) and (D) are presented as mean ± SD of n = 3 measurements. 

 

An obvious approach to investigate the kinetics of the iEDDA reaction would be to monitor the decrease 

in tetrazine absorbance in the visible range spectrophotometrically. [16] When tetrazine reacts in the 

iEDDA reaction and is thus consumed, there is a rapid fading in the characteristic pink color of tetrazine. 

For the slower reaction between tetrazine and norbornene, the absorbance decrease in the visible range 

can be monitored after addition via the pump system on the plate reader. However, with the significantly 

faster-reacting TCO, the measurement setup clearly reaches its limits. The iEDDA reaction, as the fastest 

bioorthogonal reaction known to date [17], is so rapid that it is not possible to determine the absorbance 

decrease in the visible range on a plate reader. In addition to the absorption maximum in the visible 

range at 532 nm, tetrazine also has another absorption maximum in the UV region at 276 nm. This is 

significantly more intense, so that even for a highly diluted tetrazine solution with a concentration of 10 

µM, an absorbance of approximately 0.2 is measured (see SI Figure 10 A). Unlike the visible range, 

switching to the absorption maximum in the UV range allows for the investigation of significantly more 

diluted solutions. At these low concentrations, the iEDDA reaction proceeds slowly, allowing it to be 

monitored on the plate reader. As seen in SI Figure 10 B, TCO-PEG4-COOH only absorbs minimally 

in the UV range and the iEDDA reaction causes the absorption maximum of tetrazine to vanish, resulting 

in a new shoulder at approximately 330 nm. The absorbance decrease of tetrazine at 276 nm was 

investigated with different excesses of TCO. SI Figure 10 C illustrates the change in absorbance over 

time exemplarily for a two-fold and four-fold TCO excess relative to tetrazine (10 µM free in solution). 

The data were fitted with an exponential decay, yielding pseudo first-order rate constants kobs. These 

were then plotted against the TCO concentration (see SI Figure 10 D exemplarily for tetrazine free in 

solution). Based on kobs=c(TCO) k2, the second-order rate constant was obtained from the slope of the 

linear fit. [18] Similarly, the approach was applied to tetrazine on polymer micelles and NPs. 
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IX. Remarks on the direct and inverse procedure of the Ca2+ 

mobilization assay 

SI Table 1. Comparison of the experimental procedure for the direct and inverse approach of the Ca2+ 

mobilization assay. The volumes given refer to one well in each case, whereby the experiments were carried out 

in white 96-well plates. The addition directly before the measurement was always carried out via the pump system 

of the plate reader. 

Direct procedure Inverse procedure 

Used to record binding 

curves and EC
50

 values 

Used to record binding 

curves and IC
50

 values 
To investigate the kinetics of 

AT1R saturation 

10 µL of the ligand for the 

AT1 receptor, either free or 

NP bound, in 10% PBS at 

various dilutions 

10 µL of the ligand for the 

AT1 receptor, either free or 

NP bound, in 10% PBS at 

various dilutions 

50 µL of the free ligand TCO-

PEG
4
-Ang-I (10 µM total 

concentration of free ligand) 

or 60 µL of the respective NPs 

in 10% PBS (2 nM total 

concentration of NPs) 

90 µL of Fura-2 AM-loaded 

cells 

90 µL of Fura-2 AM-loaded 

cells 

90 µL of Fura-2 AM-loaded 

cells 

Measurement of fluorescence 

intensity for 30 s 
Incubation for 1 h at 37°C 

Incubation for varying 

durations at 37°C under gentle 

agitation 

 
Cell stimulation with 100 µL 

of a 300 nM Lys-Ang-II 

solution in 10% PBS 

Cell stimulation with 50 µL 

of a 1 µM Lys-Ang-II solution 

in 10% PBS 

 Measurement of fluorescence 

intensity for 30 s 

Measurement of fluorescence 

intensity for 30 s 

 

In the approach described in this paper as the direct procedure, the Fura-2 AM-loaded cell suspension 

was added to the ligand for the AT1 receptor, either free or NP bound, and the measurement was started 

immediately. Binding of Ang-II to the AT1 receptor initiates the activation of phospholipase C, 

catalyzing the formation of diacylglycerol (DAG) and inositol trisphosphate (IP3). Inositol trisphosphate 

in turn induces the intracellular release of Ca2+ from the endoplasmic reticulum (ER), allowing for the 

monitoring of ligand interaction with the AT1R through cytosolic calcium measurements. [19] At very 

low ligand concentrations, few receptors were activated, resulting in a correspondingly low Ca2+ influx. 

Conversely, at high concentrations, a pronounced Ca2+ influx was observed, reaching a corresponding 

plateau. Here, many ligands bound to the AT1 receptors, with multivalent binding playing a role for NP-
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bound ligands. The EC50 value could be determined by fitting the binding curve. In the inverse 

procedure, the ligand for the AT1 receptor, either in free form or NP-bound, was first incubated with 

the Fura-2 AM-loaded cell suspension. During the incubation time, the ligands bound to the AT1R. 

After a certain period, free Lys-Ang-II was added via the plate reader's pump system, and fluorescence 

intensity at alternating excitation wavelengths was measured for 30 seconds. At low concentrations of 

the previously added ligand, many AT1 receptors were still available and could be stimulated by the 

additional free Lys-Ang-II, resulting in a pronounced Ca2+ influx and the corresponding plateau. At high 

concentrations of the previously added ligand, many receptors were no longer available, having been 

saturated by the binding of the previously added ligands, with the multivalent binding effect again 

playing a role for NP-bound ligands. Consequently, no Ca2+ influx was observed. From the fit of the 

binding curve, the IC50 value could be determined in this case, despite Ang-II being the receptor's 

agonist. The IC50 value should not be interpreted as half-maximal inhibition but rather as half-maximal 

receptor saturation due to prior agonistic binding. This value provides insights into the affinity of the 

free ligands or NP avidity for the AT1 receptor. The inverse procedure was primarily applied and is of 

particular interest because it allows for the investigation of the interaction of Ang-I with the receptor. 

During the incubation period, Ang-I can be converted to Ang-II by cell membrane-bound ACE. This 

two-step interaction with the target cell, first via the ectoenzyme and second the receptor, can be studied 

under relevant conditions. 
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SI Figure 11. Comparison of direct and inverse procedure of Ca2+ mobilization assay. The binding curves of NP-Ang-II 

for both the direct and the inverse approach are shown here as examples, supplemented by explanatory diagrams of the 

respective situation. Results are presented as mean ± SD of N = 3 experiments. 

 

 

X. Comparison of non-acetylated and acetylated angiotensin 

Initially, angiotensin with N-terminal acetylation was used in this project. Acetylated angiotensin can 

selectively be modified or attached to the polymer through the amino group on lysine, whereas non-

acetylated angiotensin also has the capability to react with the amino group at the N-terminus (compare 

SI Figure 12 A). Consequently, it was assumed that a mixture would be formed with non-acetylated 

angiotensin, which is why acetylated angiotensin was initially favored. However, since the amino group 

on lysine (pKa ≈ 10) is more basic than the N-terminal amino group (pKa ≈ 6–8) [20] and hence more 

nucleophilic in the utilized solvent (DMF), it is presumed that the reaction with non-acetylated 

angiotensin still predominantly occurs as desired, primarily at the lysine ε-amino group. 
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SI Figure 12. Interaction of acetylated angiotensin with the AT1 receptor. (A) Structural formulas of lysine 

N-modified Ang-I and additionally n-terminal acetylated Lys-Ang-I to illustrate the differences in the reactive 

sites. Binding curves of non-acetylated angiotensin (B) and acetylated angiotensin (C) determined by Fura-2 AM 

Ca2+ mobilization assay with rMCs using the direct procedure. (D) LogEC50 values determined for acetylated 

angiotensin and comparison to non-acetylated angiotensin. Results are presented as mean ± SD of at least N = 2 

experiments. 

 

Looking at the affinity of angiotensin with and without acetylation for the AT1R, it is noteworthy that 

the affinity was consistently higher without acetylation (see SI Figure 12 D). However, the differences 

were not too pronounced. Acetylated Ang-II showed an EC50 value of 76 ± 5 nM, whereas the non-

acetylated counterpart showed a value of 31 ± 1 nM. It was continued to modify the acetylated Ang-I 

for binding via iEDDA reaction with TCO (synthesis detailed in Section V). Also, with the TCO 

modification the EC50 values were in a similar range. After enzymatic activation by soluble ACE, values 

of 0.52 ± 0.06 µM were found for the acetylated TCO-AcLys-Ang-I and 0.43 ± 0.02 µM for the non-

acetylated TCO-Lys-Ang-I. 
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XI. Comparison of angiotensin-II functionalized NPs with and 

without acetylation at the N-terminus of angiotensin 

Subsequently, the effect of acetylation at the N-terminus of angiotensin was investigated not only for 

the free ligands, but also for the interaction of the NPs with the AT1R (see SI Figure 13 D). NPs 

functionalized with acetylated Ang-II as well as NPs with Ang-II without acetylation were prepared. In 

addition, methoxy and carboxy terminated PEG was tested as filler. The NPs were all around 70 nm in 

size (see SI Figure 13 A). As expected, the particles with MeO filler showed a slightly less negative 

zeta potential than the particles with carboxy terminated PEG as filler (see SI Figure 13 B). Going from 

non-acetylated Ang-II NPs to NP-AcAng-II, the avidity for the AT1 receptor decreased significantly. 

The EC50 value increased from 0.16 ± 0.04 nM to 2.7 ± 0.4 nM for the NPs with COOH filler (see SI 

Figure 13 F). NPs with MeO filler exhibited a slightly lower affinity for the AT1R in both cases. The 

plateau could no longer be reached with NP-AcAng-II/MeO (see SI Figure 13 C). The lower avidity of 

the particles with MeO filler for the AT1R could be due to the fact that the NPs carry less Ang-II. This 

difference was particularly noticeable for the NPs with acetylated Ang-II. Here, the particles with MeO 

filler were functionalized with approx. 3000 AcAng-II, whereas the NPs with COOH filler carried 

almost 5000 AcAng-II (see SI Figure 13 E). Regardless of the filler used, however, it could be stated 

that the NPs with acetylated Ang-II clearly lose avidity for the AT1 receptor. The N-terminal acetylation 

of angiotensin, contrary to initial expectations, proved to be highly obstructive for AT1 receptor binding. 

Experiments with acetylated angiotensin were terminated at this point and only non-acetylated 

angiotensin was used in the following (see main section). For this purpose, Ang-I without acetylation 

was modified with TCO. To allow more flexibility, a short PEG linker was introduced between TCO 

and Ang-I. Details regarding the synthesis can be found in Section IV. 
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SI Figure 13. Comparison of Ang-II functionalized NPs with and without acetylation at the N-terminus of 

angiotensin and different filler polymers. (A) Size and PDI of the NPs determined by NTA. (B) Zeta potential 

of the NPs in water. (C) Binding curves of the functionalized NPs determined by a Fura-2 AM Ca2+ mobilization 

assay with rMCs. (D) Schematic of the interaction of the different NPs with the AT1R on the rMCs. (E) Number 

of Ang-II ligands per NP determined by BCA assay and calculated ligand density. (F) LogEC50 values for the 

investigated NPs determined by the fit of the Ca2+ mobilization assay binding curves. Results are presented as 

mean ± SD of at least n = 3 measurements. 
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Abstract 

Nanoparticles (NPs) are often functionalized with ligands for active targeting, aiming to bind 

specifically to receptors on target cells. However, these receptors are typically present in multiple cell 

types within the organism. Ligand-switchable NPs have been developed to present the ligand only near 

the target site. Similarly, the ligand can be attached in the vicinity of the target, for which the rapid 

bioorthogonal inverse electron-demand Diels-Alder (iEDDA) reaction is well-suited. Following the 

iEDDA reaction, the pro-ligand can be enzymatically activated, further increasing target cell specificity. 

The active ligand binds to a target cell receptor, whereby NPs with switchable avidity result. This study 

aimed to investigate whether the switchable NP avidity, designed via iEDDA reaction and ectoenzyme-

based ligand activation, also leads to switchable internalization of the NPs into the target cell. NP uptake 

was examined using flow cytometry, and to determine the cellular localization of the NPs, confocal laser 

scanning microscopy (CLSM) was employed. After the expected switchable NP internalization could 

not be observed, the concept was dissected and investigated step by step. It appears that the prerequisite 

of increased uptake by the active ligand may not have been met, which posed challenges for the 

successful implementation of the advanced NP concept. 
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Graphical Abstract 

 

 

Schematic illustrating the concept of a switchable NP uptake into the target cell. NP-Tz are functionalized 

with Ang-I in a time-controlled manner via iEDDA reaction. At the target cell, Ang-I is processed to Ang-II by 

the ectoenzyme ACE, resulting in uptake of the NPs by AT1R-mediated endocytosis. 
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1. Introduction 

Nanoparticles (NPs) for drug delivery applications are frequently functionalized with ligands to target 

specific receptors on diseased cells. [1] However, these receptors are usually present in multiple cell 

types throughout the entire body. Therefore, it may be advantageous to expose a cell uptake-promoting 

ligand only at the target site. These so-called ligand-switchable NPs could achieve increased specificity 

for the target cell and thus enhance the therapeutic efficacy of NP delivery. [2] In this context, several 

concepts have already been developed. For example, ligands can be blocked by reversible covalent 

bonds [3] or electrostatic interactions [4]. A stimulus near the target site can then remove the reversible 

blockade, making the ligand available for interaction with the target cell. Another approach involves 

attaching longer polymers (e.g., PEG) to the NP, which shield the ligands on shorter linkers. The 

sterically shielding polymers can be cleaved by a stimulus, uncovering the cell uptake-promoting ligand. 

[5] Steric shielding was also used for an approach where the ligands on long linker polymers were 

initially folded towards the particle core and hidden under the PEG corona. The stimulus then caused 

the polymers to extend, making the ligand on the NP visible. [6] 

We recently demonstrated that not only fully equipped NPs hiding the ligands until the NP reaches the 

target site can be used. It is also possible to functionalize NPs with the desired ligand in a constructive 

manner near the target site. Through the combination of iEDDA reaction and ectoenzyme-based ligand 

activation, NPs with switchable avidity for the target cell receptor were created (see Chapter 4). This 

study aimed to investigate whether the switchable avidity also translates into switchable internalization 

of the NPs. The angiotensin-II type 1 receptor (AT1R) as the target cell receptor is subject to clathrin-

mediated endocytosis and is located either on flat membrane sections or clathrin-coated pits (CCPs). [7] 

The CCPs are highly dynamic structures that undergo constant morphological changes. After ligand 

binding, the pit rapidly invaginates to form a clathrin-coated vesicle. [8] Membrane pinching is achieved 

through the activity of dynamin. The internalized NPs then travel from early to late endosomes. [9] 

Since clathrin-coated vesicles typically have a diameter of approximately 100 nm, NPs up to this size 

can generally be internalized via this pathway. [8] 

In this work, PLGA/PLA-PEG polymer NPs taking into account the upper size limit were prepared. 

They served as a model platform for investigating the switchable behavior of NPs, using the already 

established concept. The tetrazine functionalized NPs were equipped with the ligand by the iEDDA 

reaction with TCO modified Ang-I. The Ang-I proligand was activated to Ang-II by the angiotensin 

converting enzyme (ACE) on the cell membrane. Finally, the Ang-II decorated NPs could bind to the 

AT1R, leading to clathrin-mediated endocytosis. [10] The processing by the ectoenzyme offers the 

potential to minimize the biological effects of the ligand before coupling and to increase the specificity 

for the target cell through the dual recognition strategy with enzyme processing and receptor binding. 

[11] The desired switchable NP uptake was investigated using flow cytometry. To reveal the cellular 
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localization of the NPs and to support the flow cytometry results, confocal laser scanning microscopy 

(CLSM) was employed. 

 

 

2. Materials and Methods 

2.1 Materials 

TCO-PEG4-NHS ester (axial isomer) and Cyanine-5 amine were purchased from Lumiprobe (Hannover, 

Germany). PLGA (resomer RG 502 H, poly(D,L-lactide-co-glycolide), acid terminated, Mw 7,000-

17,000), HBTU (O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate), 

anhydrous DMF (dimethylformamide) and DIPEA (N,N-diisopropylethylamine, ReagentPlus®) for the 

synthesis of PLGA-Cy5 as well as QuantiProTM BCA assay kit for angiotensin quantification, 

angiotensin-converting enzyme from rabbit lung (≥2.0 units/mg protein (modified Warburg-Christian)) 

for enzymatic activation, ACE inhibitor captopril, bovine serum albumin (lyophilized powder, 

BioReagent), RPMI-1640 medium and hydrocortisone for cell culture were obtained from Sigma 

Aldrich (Taufkirchen, Germany). Lysine N-modified Ang-I and Ang-II (Lys-Ang-I Sequence 

KDRVYIHPFHL and Lys-Ang-II Sequence KDRVYIHPF) were synthesized according to order from 

Genscript (Piscataway, NJ, USA). Centrifugal devices (30 or 100 kDa molecular weight cutoff) from 

Pall Life Sciences (Portsmouth, UK) were used to concentrate the NPs. Folded capillary zeta cells for 

the measurement of the zeta potential were obtained from Malvern Panalytical (Kassel, Germany). Fetal 

bovine serum (FBS, South America origin, 0.2 µm sterile filtered, Lot No.: P201004) was sourced from 

PAN Biotech GmbH (Aidenbach, Germany). Insulin-transferrin-selenium and Leibovitz’s L-15 medium 

were purchased from Life Technologies Corporation (Grand Island, NY, USA). EXP3174 was 

synthesized by oxidation of losartan according to a protocol established in our research group and was 

kindly provided by Kathrin Schorr. [12] 24-well polystyrene cell culture plates for flow cytometry 

experiments were purchased from Corning (Kennebunk, ME, USA). CellTracker™ green (CTG), DAPI 

(4′,6-diamidino-2-phenylindole), and Dulbecco’s phosphate buffered saline (DPBS) were ordered from 

Thermo Fisher Scientific (Waltham, MA, USA). Eight-well ibidi μ-slides for microscopic experiments 

were purchased from ibidi (Gräfelfing, Germany). All other materials were reagent grade and obtained 

from Merck KGaA (Darmstadt, Germany). Millipore water was generated using a Milli-Q water 

purification system (Millipore, Schwalbach, Germany). 
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2.2 Polymer synthesis and ligand coupling 

The synthesis of the PLA-PEG block copolymers and the conjugation of ligands to these were performed 

as described in Chapter 2, following protocols established in our research group. [13] The particle core-

forming PLGA was additionally labeled with the fluorophore Cyanine-5. [14] Cyanine-5 amine, acid-

terminated PLGA, and HBTU as the coupling reagent were dissolved in anhydrous DMF, and N,N-

diisopropylethylamine (DIPEA) was added. The blue reaction mixture was stirred overnight at room 

temperature. The crude product was then precipitated in ice-cold diethyl ether, centrifuged, the 

supernatant discarded, and the polymer pellet dried before being redissolved in acetonitrile. For 

purification, the precipitation-centrifugation-decantation cycle was repeated several times. Detailed 

information on the synthesis and characterization of the PLGA-Cy5 product can be found in the SI 

Section I. 

 

2.3 NP preparation and characterization 

The polymer NPs were produced according to the method established in our research group. [15] Stock 

solutions of PEG-PLA block copolymers and poly(lactic-co-glycolic acid) (PLGA) in acetonitrile were 

combined to result in a 10 mg/mL solution with a 70:30 mass ratio of copolymers to particle-core-

forming PLGA. Cyanine-5 labeled PLGA was used to enable the observation of NPs by means of flow 

cytometry and CLSM. For the preparation of ligand decorated NPs, the copolymer fraction was adjusted 

so that 20% of the PEG-PLA copolymers carried the ligand. Filler polymer (PLA10k-PEG2k-OMe or 

PLA10k-PEG2k-COOH) and functionalized polymer (PLA10k-PEG5k-Tz or PLA10k-PEG5k-Ang-II) 

were mixed accordingly. NPs were prepared via bulk nanoprecipitation. [16] The 10 mg/mL polymer 

solution in acetonitrile was added dropwise into rapidly stirring (800 rpm) Millipore water (final 

concentration 1 mg/mL NP). Particles were stirred for 3 h allowing the organic solvent (MeCN) to 

evaporate and concentrated by centrifugation using a 30-kDa molecular weight cutoff centrifugal device 

for 15 min at 2000 g and 15°C. 

NP size and concentration were determined in Millipore water using nanoparticle tracking analysis 

(NTA) on a NanoSight NS300 (Malvern Panalytical GmbH, Kassel, Germany). [17] The dilution was 

chosen so that between 20 and 30 particles per frame could be measured and the detection threshold in 

the evaluation was set to 3. Based on the concentration in particles/mL output by the instrument, the 

molar NP concentration was determined using the Avogadro number. The widely used polydispersity 

index (PDI) was calculated from the NTA data according to the formula reported by Clayton, Salameh 

et al. [18] Subsequently, the zeta potential was determined on a Malvern ZetaSizer Nano ZS (Malvern 

Panalytical GmbH, Kassel, Germany). NPs were diluted to 1 nM in 10% PBS and measured in a folded 

capillary cell at 25°C. To determine the fluorescence of the NPs, 10 µL NP solution was diluted with 90 
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µL DMSO in a black 96-well plate. The fluorescence intensity was measured using a FLUOstar Omega 

microplate reader (BMG Labtech, Ortenberg, Germany) with an excitation wavelength of 640 nm and 

an emission wavelength of 680 nm. The fluorescence of NP-Tz/MeO was normalized to 100%. The 

fluorescence intensities of the other NP types, initially set to the same NP concentration, were reported 

relative to this value. 

 

2.4 Quantification of ligands per NP 

The tetrazine ligands per NP were determined based on the absorbance of tetrazine at 532 nm. 50 µL of 

the concentrated NP solutions were added to a transparent 384 well plate (Corning, Corning, NY, USA) 

and diluted with 50 µL of DMSO. For the calibration line, free tetrazine diluted in DMSO was added to 

the well plate and to keep the ratio between DMSO and aqueous fraction equal, 50 µL of water was 

added here. The UV/Vis spectra from 300 to 800 nm were recorded on a FLUOstar Omega microplate 

reader. To determine the absorbance resulting from tetrazine alone for NPs labeled also with cyanine-5, 

the equally weighted absorbance spectrum of a cyanine-5 labeled NP without tetrazine was subtracted. 

The concentration of tetrazine in the NP solution was then determined from the difference spectrum at 

532 nm using the calibration line. To calculate the tetrazine ligands per NP, the tetrazine concentration 

was referenced to the NP concentration determined via NTA. 

Ang-II ligands per NP were determined using a BCA assay following the manufacturer's protocol for 

the QuantiProTM BCA Assay Kit (Sigma-aldrich, St Louis, MO, USA). The calibration was prepared 

using free Lys-Ang-II (Genscript, Piscataway, NJ, USA) at appropriate dilutions. To 40 µL of Lys-Ang-

II solution or sample with NP solution (3, 5, and 10 nM) in a transparent 384 well plate, 40 µL of 

QuantiPro working reagent was added, mixed by pipetting up and down, and the plate was covered with 

a plate sealer. The plate was incubated at 60°C for 1 h, after which absorbance was measured at 562 nm 

on a FLUOstar Omega microplate reader. The Ang-II concentration in the NP solution calculated via 

the calibration was referenced to the respective NP concentration. 

The ligand density on the NPs was determined by first calculating the surface area of the particles. The 

hydrodynamic diameter determined via NTA was employed and the surface area was calculated 

assuming a spherical shape. The number of ligands per NP was then related to this. 

 

2.5 Post-functionalization of NP-Tz with Ang-I and activation with soluble ACE 

NP-Tz with both methoxy and carboxy fillers were post-functionalized through iEDDA reaction with 

TCO modified Ang-I. A 30 nM NP solution was incubated with 300 µM TCO-PEG4-Ang-I for 1 hour 

at 37°C. Subsequently, excess TCO-PEG4-Ang-I was removed using a 30-kDa molecular weight cutoff 
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centrifugal device, followed by three washing steps with Millipore water (4 mL each). The concentrated 

NPs were analyzed using nanoparticle tracking analysis to determine NP concentration and size. As a 

control to assess the efficiency of Ang-I removal, 30 nM NP-Tz were incubated with non-TCO 

functionalized Ang-I. Successful functionalization was confirmed through a BCA assay, and the number 

of Ang-I ligands per NP was determined. The BCA assay was performed following the procedure 

described above with a 3 nM NP solution. Free Lys-Ang-I served as standard. The Ang-I concentration 

obtained for NPs incubated with non-TCO functionalized Angiotensin-I was subtracted from the sample 

with functionalized NPs. 

For subsequent investigation of uptake into rMCs, a portion of the NPs was further activated with soluble 

ACE to convert Ang-I to Ang-II functionalized NPs. The 1 nM NP solution was incubated with 100 nM 

ACE at 37°C for 12 hours in DPBS (pH 7.4). Subsequently, the NP solution was reconcentrated using 

the 30-kDa molecular weight cutoff centrifugal filter, and NP concentration and size were determined 

using NanoSight NS300 analysis. 

 

2.6 NP size in complex biological media 

To investigate the NP size in biological media, fluorophore-labeled particles were prepared. The 

preparation was conducted analogously to the standard method, with a 70:30 mass ratio of block 

copolymers to particle-core-forming PLGA-Bodipy TMR. The NPs were sterilized by filtration (0.2 µm 

pore size) under the LAF box. The NPs were diluted 1:2000 in PBS, Leibovitz’s L-15 medium with 

0.1% BSA, or cell culture medium RPMI 1640 with 10% FBS and subsequently incubated at 37°C for 

1 h. The samples were measured in fluorescence mode (excitation by the green laser at 532 nm, filter 

wheel set at 565 nm) using the NanoSight NS300 (Malvern Panalytical GmbH, Kassel, Germany). 

 

2.7 Cell Culture 

Rat mesangial cells (rMCs) were provided by Professor Armin Kurtz from the Institute of Physiology 

(University of Regensburg, Germany). The cells were cultured in T-75 cell culture flasks (Corning, 

Corning, NY, USA) at 37 °C with a 5% CO2 atmosphere. RPMI1640 medium supplemented with 10% 

fetal bovine serum, along with insulin-transferrin-selenium and 100 nM hydrocortisone was used for 

cultivation. The characterization of the rMCs regarding their AT1R and ACE expression was previously 

reported by our research group. [11] 
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2.8 Investigation of NP uptake using flow cytometry 

rMCs (passage 77 or 78) were seeded at a density of 20 000 cells per well in a 24-well plate and 

incubated for approximately 48 h at 37°C. To demonstrate uptake specificity, cells were preincubated 

with 1 mM captopril or 1 mM EXP3174 for 15 min prior to particle addition. The medium was discarded, 

the cells washed with DPBS (0.8 mL), and the cyanine-5 labeled NPs were added. In the experiments 

with direct in vitro functionalization of NPs, the TCO-PEG4-Ang-I solution was added immediately 

after NP addition. rMCs were incubated for 1 h with the NP solutions in Leibovitz’s medium 

supplemented with 0.1% BSA (different concentrations from 1 nM down to 30 or 3 pM). To process the 

cells for the flow cytometry analysis, the NP solutions were first removed, and the cells were washed 

twice with DPBS (first 0.4 mL, then 0.8 mL). The cells were detached by treatment with trypsin (0.25 %, 

0.3 mL; approximately 2 min). FBS-containing medium (0.5 mL) was added and the cell suspension 

was transferred to centrifuge tubes. The cells were centrifuged (200 g, 7 min, 4°C), the supernatant was 

decanted off and the cell pellet was resuspended in 0.4 mL DPBS. Fluorescence of the cells induced by 

NP uptake was examined by flow cytometry on a BD FACSCanto II (BD, Heidelberg, Germany). 

Excitation was at 633 nm and emission was recorded using a 660/20 nm bandpass filter (corresponding 

to APC channel). Data analysis was performed using Flowing software 2.5.1. (Turku Centre for 

Biotechnology), excluding duplicates and gating the population of viable cells. The median was finally 

used as a measure of fluorescent NP uptake. An example evaluation scheme with gates set can be found 

in SI Figure 5. The median fluorescence intensity of 1 nM NP-Tz/MeO was normalized to 1 in each 

experiment and further fluorescence intensities for other particle types and concentrations were reported 

relative to this standard. The binding curves to describe the saturation of the cells with NPs were fitted 

using a simple one-site specific binding model (eq. 1). 

y = 𝐵𝑚𝑎𝑥  ⋅
𝑥

𝐾𝑑 + 𝑥
 

(1) 

Thereby 𝐵𝑚𝑎𝑥  represents maximum binding and 𝐾𝑑 is the equilibrium dissociation constant. 

 

2.9 Confocal laser scanning microscopy analysis 

To analyze the interaction of different NPs with rMCs as target cells, confocal laser scanning microscopy 

(CLSM) was performed using a Zeiss LSM 710 (Carl Zeiss, Microscopy GmbH, Jena, Germany). For 

the first experiment (see Figure 8), the cells were stained with Cell Tracker Green (CTG) before seeding 

into ibidi slides. CTG (50 µg) was dissolved in 11 µL DMSO (resulting in a 10 mM solution) and diluted 

with 11 mL serum-free medium to achieve a final concentration of approximately 10 µM. rMCs at 

passage 77, grown to at least 90% confluency, were washed with 10 mL DPBS and harvested by 

incubation with 0.25% trypsin. After adding 9 mL of serum-containing medium, the cells were 
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centrifuged at 200 rcf for 5 minutes using a 5702 R centrifuge (Eppendorf, Germany). The supernatant 

was discarded, and the cell pellet was resuspended in the CTG staining solution. The cells were 

incubated for 45 min at 37°C on a shaker (50 rpm). The cells were then centrifuged with the 

aforementioned settings, the supernatant was discarded, and the cell pellet was resuspended in 5 mL 

DPBS for washing. After another centrifugation, the cell pellet was resuspended in 5 mL FBS-containing 

medium, and the cell number was determined using a Neubauer-improved counting chamber 

(Marienfeld, Germany). The rMCs were diluted and 15,000 cells per well were seeded into an 8-well 

ibidi slide (Ibidi, Planegg, Germany). For the second experiment (see Figure 9), the cells were not 

stained with CTG but were harvested similarly with passage 77 by incubation with trypsin. After 

counting and appropriate dilution, 20,000 rMCs per well were seeded. For both experiments, the cells 

were incubated for about 24 hours. 

On the day of the experiment, the cells were washed with 200 µL DPBS, with each washing step 

consisting of carefully aspirating the old solution, adding DPBS, and aspirating again before the next 

addition. In the wells pre-incubated with EXP3174, 100 µL of a 1 mM EXP3174 solution in Leibovitz’s 

L-15 medium (LM) supplemented with 0.1% BSA was added. In all other wells, the same volume of 

LM supplemented with 0.1% BSA without EXP3174 was added. After 30 minutes of pre-incubation, 

the different Cy-5 labeled NPs in LM with 0.1% BSA were added (final concentration in the well 300 

pM). For the NP-Tz, which were to react with TCO-PEG4-Ang-I directly in the well, the TCO-modified 

Ang-I (at least 20-fold excess relative to tetrazine units on the NP) was added after the NP addition. 

After one hour of incubation at 37°C, the NP solutions were removed. The cells were washed twice with 

DPBS and fixed with 200 µL of 4% paraformaldehyde in DPBS for 10 minutes at room temperature. 

The cells were washed again twice with DPBS and finally stained with DAPI for nuclear labeling. A 1 

mg/mL DAPI solution was diluted 1:100 with 10% DPBS, and 200 µL of this DAPI staining solution 

were added per well. After a 10-minute incubation, the DAPI solution was removed, and the cells were 

washed twice with DPBS. In the first experiment, the cells were mounted using Dako Faramount 

Mounting Medium, whereas in the second experiment, the cells were simply stored under DPBS. The 

ibidi slides were stored in the fridge (4°C) until microscopy. The images were then visualized using 

ZEN 3.10 (ZEN lite) software. To compare the CLSM results with the flow cytometry findings, the NP-

derived cell-associated fluorescence was estimated from the image sections. Red pixels above a 

threshold (set at 40) were counted in ImageJ [19] and related to the number of cells. 

 

2.10 Data analysis 

All fittings of experimental data were conducted using Origin software (Version 2020, OriginLab 

Corporation, Northampton, MA, USA). Statistical significance in flow cytometry experiments was 

assessed via two-way ANOVA with subsequent Tukey’s multiple comparison test. The number of 
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performed experiments is stated in the figure caption and levels of statistical significance are indicated 

as *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 in the respective figures. 
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3. Results and Discussion 

3.1 PLGA/PLA-PEG polymer NPs as a model platform for investigating the 

switchable behavior of NPs 

 

 

Figure 1. NP preparation and characterization. (A) Scheme for the preparation of the different NPs. (B) Size 

and PDI of the NPs measured by nanoparticle tracking analysis. (C) Zeta potential of the NPs in 10% PBS analyzed 
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using the Zetasizer. (D) Relative fluorescence of the NPs. (E) Quantification of ligands per NP and calculated 

ligand density on the NP. Results are presented as mean ± SD (n = 3). 

 

In this study, PEG-PLA copolymer nanoparticles with PLGA stabilized core were used as a model 

platform to explore the switchable properties of NPs. To enable post-functionalization via iEDDA 

reaction, thus altering the NP characteristics to enhance their cellular uptake, one component of the 

iEDDA reaction, tetrazine, was attached to the particles. For later comparison, blank NPs and NPs with 

Ang-II functionalization were also prepared. Functionalization was kept at 20% ligand-functionalized 

PEG-PLA block copolymer. The ligands, tetrazine or Ang-II, were positioned on longer PEG5k arms to 

ensure accessibility and flexibility of the ligands. [10] PLA10k-PEG2k-OMe and -COOH were 

employed as fillers. The filler polymers do not carry any ligands and were blended in to counteract 

ligand overloading of the NPs. To observe the NPs in subsequent flow cytometry and CLSM 

experiments, particle core-forming PLGA labeled with a fluorophore was used. [14] NPs were prepared 

by bulk nanoprecipitation of the polymers dissolved in acetonitrile (see Figure 1 A). The resulting 

particles had a size ranging from approximately 70 to 80 nm, a size range suitable for Clathrin-mediated 

endocytosis, considering an upper size limit of around 100 nm for this uptake pathway. [9] A relatively 

narrow size distribution of the NPs was indicated by the polydispersity index of approximately 0.1 (see 

Figure 1 B). Different zeta potentials were observed for the NPs due to the use of different fillers. 

PLA10k-PEG2k-OMe imparts no charge, resulting in a zeta potential of approximately -5 mV for NP-

Tz/MeO, while carboxy-terminated PEG-PLA copolymer as a filler contributes to a more negative zeta 

potential of approximately -13 mV for NP-Tz/COOH (see Figure 1 C). Since the NPs exhibited 

approximately the same size, they also contained nearly the same amount of fluorophore-labeled PLGA 

in the particle core. Therefore, the fluorescence per NP was approximately the same for all particle types 

(see Figure 1 D). The cell-associated fluorescence determined in flow cytometry experiments thus 

directly indicates the number of cell-associated NPs. A further advantage of the particle design used 

here is that the prior synthesis of the ligand-functionalized PEG-PLA copolymers allows later on fine 

tuning of the number of ligands per NP during particle preparation. The NPs produced consistently 

carried between 2000 und 3000 ligands per nanoparticle, corresponding to a ligand density of just over 

0.1 ligand/nm2 and enabling a robust comparability of the NPs with each other (see Figure 1 E). 

 

3.2 Switchable NPs via iEDDA functionalization with Ang-I 

It was demonstrated that the NPs can be rendered switchable by subsequently functionalizing the NPs 

using the iEDDA reaction (see Figure 2 A). Tetrazine-functionalized NPs with methoxy or carboxy 

fillers were incubated with an excess of TCO-PEG4-Ang-I. After the removal of excess reagents, a BCA 

assay was employed to quantify approximately 2400 Ang-I ligands per NP for NP-Tz-TCO-PEG4-Ang-
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I/COOH. This corresponds to a complete iEDDA reaction on the particle. For the NPs with methoxy 

filler, only about 900 Ang-I ligands per NP were found. The iEDDA reaction proceeded with a yield of 

approximately 33% (see Figure 2 B). It is possible that some tetrazine functionalities may not be readily 

accessible, possibly due to folding of tetrazine towards the hydrophobic NP core along the extended 

PEG5k arms. Subsequent functionalization of NPs with carboxy fillers induced only minor alterations 

in particle size. Notably, following incubation with TCO-PEG4-Ang-I, NPs with well-defined 

characteristics, adequately functionalized with Ang-I, were obtained as anticipated. A subset of NP-Tz-

TCO-PEG4-Ang-I was further incubated overnight at 37°C with soluble ACE. The enzyme was expected 

to process Ang-I on the NPs to Ang-II. This incubation with ACE led to a substantial increase in particle 

size whereby the size distribution also became significantly broader (see Figure 2 C). The change in 

size was probably due to bound or adsorbed ACE on the particle. 

 

 

Figure 2. iEDDA reaction between NP-Tz and TCO-PEG4-Ang-I followed by enzymatic processing to Ang-

II. (A) Scheme for Ang-I functionalization of NPs by iEDDA reaction followed by enzymatic activation to Ang-

II. (B) Comparison of the number of tetrazine ligands before the iEDDA reaction with attached Ang-I ligands after 

the iEDDA reaction. (C) Change in size of NPs after iEDDA reaction and subsequent enzymatic processing studied 

by nanoparticle tracking analysis. Results are presented as mean ± SD (n = 3). 
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3.3 Assessing NP size in complex biological media using fluorescence-mode 

NTA 

In NP studies, particle size is often measured exclusively in water or PBS, which provides limited insight 

into the actual size under biological conditions. [20] The observed size increase during incubation with 

ACE raised the question of whether the polymer NPs used in this study would maintain defined sizes in 

more complex environments. To investigate the NPs in biologically relevant media containing numerous 

species in the size range of the particles, the NPs were labeled with a fluorophore and analyzed using 

nanoparticle tracking analysis in fluorescence mode. [21] In this mode, only the fluorescence signal of 

the particles is detected, while scattered light is excluded by an appropriate filter. The difference between 

scatter and fluorescence modes is particularly pronounced in cell culture media containing 10% FBS. In 

scatter mode, NPs cannot be detected due to overwhelming interference from scattering species, while 

fluorescence mode enables meaningful measurements (see SI Figure 3). The NPs were measured 

immediately after preparation in water and after a one-hour incubation at 37°C in various media. For 

both blank particles, either methoxy- or carboxy-functionalized, and their corresponding iEDDA-

reactive tetrazine-functionalized counterparts, no significant changes in size distribution were observed 

(see Figure 3). Notably, no aggregation of NPs occurred during incubation in biological media. In 

Leibovitz’s L-15 medium with 0.1% BSA and RPMI 1640 cell culture medium supplemented with 10% 

FBS, the formation of a protein corona around the NPs is to be expected. However, the minimal increase 

in size that would result from this was not detectable. It can be concluded that during the incubation of 

NPs diluted in Leibovitz’s L-15 medium with 0.1% BSA with the cells for flow cytometry or confocal 

microscopy experiments, no changes in NP size are to be expected. The NP size should correspond to 

the size initially determined in water. 
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Figure 3. NP size distribution in biological media. Size distribution in various biological media determined via 

NTA for NP-OMe (A), NP-Tz/OMe (B), NP-COOH (C) and NP-Tz/COOH (D). The measurement in water was 

carried out directly after production. In PBS, Leibovitz’s L-15 medium with 0.1% BSA and RPMI 1640 cell culture 

medium with 10% FBS supplement, the NPs were first incubated for 1 h at 37°C. Results are presented as mean ± 

SD (n = 3). 

 

 

3.4 Flow cytometry to investigate switchable NP uptake 

To demonstrate the concept of a switchable NP, TCO-PEG4-Ang-I was added to NP-Tz incubating with 

the cells. TCO as the one partner of the iEDDA reaction should react with tetrazine on the NP within a 

short time, thus functionalizing the NP with Ang-I in vitro. Ang-I can be enzymatically activated to 

Ang-II by the ectoenzyme ACE, which should finally lead to AT1 receptor-mediated uptake of the NP 

into the cell. Since blank NPs with pure methoxy functionalization generally show lower uptake than 

with carboxy, the experiments were performed with MeO filler polymer. Unfortunately, NP uptake was 

not significantly increased by the addition of TCO-PEG4-Ang-I compared to the tetrazine-only 

functionalized NPs (see Figure 4 A and C). Even a significant excess of TCO-PEG4-Ang-I relative to 

the tetrazine units present on the NP did not produce the desired result (see Figure 4 B and D). 
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Preincubation of the cells with captopril as an ACE inhibitor or EXP3174 as an AT1R inhibitor did not 

significantly alter NP uptake. It would have been expected that the NPs that reacted with TCO-PEG4-

Ang-I would be better taken up than NP-Tz. If the increased uptake was indeed due to AT1R-mediated 

endocytosis, the uptake should return to the level of NP-Tz upon addition of the inhibitors. It was 

speculated that expectations were not met because NP functionalization was not successful. In LM 

supplemented with 0.1% BSA, in which the NPs were diluted for incubation with the cells, a protein 

corona presumably forms relatively quickly around the particle. It might be that this causes the tetrazine 

units on the NP to become less accessible and the functionalization fails. It may therefore be worthwhile 

to take a step back and perform the subsequent functionalization not in biological environment, but 

beforehand in water without the possibly interfering factor of the protein corona. 

 

Figure 4. Cellular internalization of NP-Tz with and without TCO-PEG4-Ang-I to functionalize them in 

vitro with Ang-I analyzed by flow cytometry. Uptake of NPs at different concentrations (3 to 1000 pM) in rMCs 

as target cell at 1:1 ratio between expected tetrazine units on the NP-Tz and TCO-PEG4-Ang-I (A) and 20-fold 

excess of TCO-PEG4-Ang-I (B). Bar charts with evaluation of statistical significance for 1:1 ratio (C) and 1:20 

ratio (D) and in each case uptake inhibition by captopril or EXP3174 to confirm uptake specificity. The NPs 

employed in this experiment were 20% functionalized with tetrazine on longer PEG5k arms and the remaining 

80% were methoxy terminated PLA10k-PEG2k block copolymer as filler. The incubation time of the NP solutions 

in LM supplemented with 0.1% BSA with the cells was 1 h before processing for flow cytometry analysis. Results 

are presented as mean ± SD (n = 3). 
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3.5 Uptake of NPs previously functionalized with Ang-I via iEDDA reaction 

While in the previous paragraph the NPs were modified with Ang-I in the presence of the cells, in this 

experiment the particles were already fully functionalized before they were added to the cells. The NPs 

functionalized with Ang-I using the iEDDA reaction were compared with respect to their uptake in 

rMCs with NP-Tz. No increase in cell uptake was observed despite clear Ang-I functionalization of the 

NPs (see Figure 2 B). Instead, the opposite effect of reduced association with target cells due to Ang-I 

functionalization was observed (see Figure 5 A). Pre-incubation of the cells with EXP3174, an AT1R 

inhibitor, did not change the cellular association of the NPs, indicating no specific AT1R-mediated 

uptake. After incubation of the Ang-I functionalized NPs with soluble ACE, an increase in cell-

associated fluorescence was observed. For particles with MeO filler, the difference from the solely 

tetrazine-functionalized NPs was statistically significant at higher concentrations (see Figure 5 C). More 

NPs were either taken up by the cells or adsorbed onto the cell surface. It could be concluded that 

incubation with ACE activated the Ang-I functionalized NPs to Ang-II, resulting in pronounced 

receptor-mediated endocytosis through AT1R binding. However, cells pre-incubated with EXP3174 did 

not show reduced uptake. This suggests that the increased internalization was not due to the enzymatic 

conversion of angiotensin. Incubation with ACE resulted in an increase in size of the NPs, so it is more 

likely that this increase, possibly combined with ACE coating of the NPs and potentially different uptake 

pathways, was responsible for the increased number of cell-associated NPs. Since the expected effects 

were not observed with the NPs containing methoxy filler polymer, and previous experiments generally 

used carboxy filler, the series of experiments was repeated with COOH filler polymer. 
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Figure 5. Association with the target cells of NPs pre-functionalized with Ang-I via iEDDA reaction analyzed 

by flow cytometry. NP-derived cell-associated fluorescence for tetrazine functionalized NPs (NP-Tz), via iEDDA 

reaction Ang-I functionalized NPs (NP-Tz-TCO-PEG4-Ang-I) and NPs additionally incubated with soluble ACE 

(NP-Tz-TCO-PEG4-Ang-I + ACE) with MeO filler polymer shown as (A) binding curve to illustrate the saturation 

of the cells with NPs and (C) bar chart to evaluate statistical significance. (B) and (D) show the same for the 

particles with COOH filler polymer. +EXP3174 indicates pre-incubation of the cells with the AT1R inhibitor 

EXP3174. The NPs were incubated in Leibovitz’s medium supplemented with 0.1% BSA for 1h with rMCs as 

target cells. Results are presented as mean ± SD of at least n=2 measurements. 

 

With carboxy filler, the results were almost identical (compare Figure 5 A and B). The NPs 

subsequently functionalized with Ang-I using the iEDDA reaction were once again not better taken up 

than the NPs functionalized only with tetrazine. A statistically significant decrease in cell-associated 

fluorescence was observed at most concentrations (see Figure 5 D). After incubation with ACE, a 

significant increase in uptake was observed, which, however, was not AT1R specific and presumably 

resulted from altered particle properties. Since no increased uptake of the Ang-I functionalized NPs 

through receptor-mediated endocytosis could be observed, the concept was subsequently simplified. The 

iEDDA reaction for post-functionalization of the particles and the enzymatic processing by the 

ectoenzyme were omitted. The cell association of directly Ang-II functionalized NPs was investigated 

and the extent to which AT1R-mediated uptake plays a role was evaluated. Notably, AT1R-mediated 



Chapter 5 

 

208 

uptake is an indispensable prerequisite for the successful establishment of NPs with switchable 

internalization into target cells within this concept. 

 

3.6 Uptake of directly Ang-II functionalized NPs 

 

Figure 6. Association with the target cells of blank NPs, only tetrazine functionalized NPs and directly Ang-

II functionalized NPs analyzed by flow cytometry. NP-derived cell-associated fluorescence for the particles 

with MeO filler polymer shown as (A) binding curve to illustrate the saturation of cells with NPs and (C) bar graph 

to evaluate statistical significance. (B) and (D) show the same for the particles with COOH filler polymer. The 

NPs were incubated for 1h with the rMCs as target cells. Results are presented as mean ± SD of n=3 measurements. 

 

Based on previous results, it was assumed that NP-Ang-II would bind to the AT1R and that receptor-

mediated endocytosis would occur. This should increase NP uptake in AT1R-bearing rMCs and create 

a difference to blank NPs, which are taken up only nonspecifically. [10] However, the blank NPs, both 

methoxy-terminated (see Figure 6 A) and carboxy-terminated (see Figure 6 B), were always taken up 

the most. With tetrazine functionalization, fewer cell-associated NPs were observed. Functionalization 

of the NPs with Ang-II led to a further decrease in cell-associated NPs (see Figure 6 C and D). When 

the cells were pre-incubated with EXP3174 and NP-Ang-II were added, no significant difference in cell-
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associated fluorescence was observed. Despite the high avidity of NP-Ang-II for the AT1 receptors on 

the rMCs shown in Chapter 4 via Ca2+ mobilization assays, the NPs did not appear to be internalized 

via receptor-mediated uptake under the conditions investigated. The advanced concept of activating the 

NPs for targeted uptake via iEDDA reaction and ectoenzyme-based ligand processing cannot be 

successfully implemented in this context. 

 

3.7 Comparison of blank NPs and reduced uptake due to functionalization 

 

Figure 7. Comparison of the blank NPs and the decrease in uptake due to the NP functionalizations. NP-

derived cell-associated fluorescence for the blank NPs shown as (A) binding curve to illustrate the saturation of 

cells with NPs and (B) bar graph to evaluate statistical significance. Results in (A) and (B) are presented as mean 

± SD of n=3 measurements. Decrease in NP-derived cell-associated fluorescence due to functionalization 

compared to the respective blank NPs for (C) particles with MeO filler polymer and (D) particles with COOH 

filler polymer. Results in (C) and (D) are presented as mean ± SD of at least n=2 measurements. 

 

Comparing the methoxy and carboxy blank NPs, it is noticeable that the COOH blank NPs were taken 

up to a significantly higher amount (see Figure 7 A). With tetrazine functionalization, the cell-associated 

fluorescence decreased markedly in both cases. It was found to be in a similar range for particles with 
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MeO filler and COOH filler polymer, although tetrazine-functionalized NPs with carboxy filler were 

still taken up slightly better (see Figure 7 B). The NP-derived cell-associated fluorescence decreased 

even further compared to the blank NPs for particles with angiotensin functionalization. Interestingly, 

the decrease was almost the same for directly Ang-II functionalized NPs and Ang-I functionalized NPs 

via iEDDA reaction. This was observed for both particles with MeO filler polymer and particles with 

COOH filler polymer (see Figure 7 C and D). The NPs functionalized via iEDDA reaction, which then 

would also need to be enzymatically activated from Ang-I to Ang-II, appeared to behave similarly in 

terms of interaction with the target cell as directly Ang-II functionalized NPs. However, as previously 

discussed, the expected increase was not observed, but rather a selective and consistent decrease in cell-

associated NPs caused by the functionalization with angiotensin. 

 

3.8 CLSM images to reveal the cellular localization of the NPs 

The uptake of NPs was further investigated using confocal laser scanning microscopy (CLSM). Carboxy 

blank NPs exhibited a relatively strong interaction with the target cells, showing both adsorption to the 

cell surface and significant internalization (see Figure 8). As these carboxy blank particles did not carry 

ligands for specific receptor-mediated interactions with the target cell, the pronounced uptake was likely 

due to nonspecific mechanisms. Tetrazine-functionalized NPs displayed a similar distribution between 

adsorption on the cell surface and strong internalization but with slightly weaker NP-derived cell-

associated fluorescence compared to pure carboxy blank particles. The 20% tetrazine functionalization, 

with the remainder also being carboxy-terminated filler polymer, appeared to reduce uptake slightly. 

This effect could actually benefit the concept, as NP-Tz should initially not interact with the target cells. 

Only the subsequent attachment of Ang-I via iEDDA reaction should lead to an interaction with the 

target cell by enzymatically activating the Ang-I functionalized NPs to AT1R-binding Ang-II. 
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Figure 8. Cellular localization of various NPs in rMCs analyzed by CLSM. Cell nuclei were stained with DAPI 

(blue), the whole cell itself was localized by cell tracker green (green) and NPs were core-labeled with Cy-5 dye 

(red). All NPs were incubated with rMCs as target cells at a final concentration of 300 pM in Leibovitz’s medium 

with 0.1% BSA for 1 hour. 

 

However, examining the internalization of directly Ang-II functionalized NPs revealed that these are 

taken up even less efficiently than NP-Tz (compare Figure 8). The cell-associated fluorescence was 

significantly lower than that of NP-COOH and somewhat lower than that of NP-Tz. Additionally, there 

was no substantial difference when cells were pre-incubated with EXP3174, an AT1R inhibitor (for 
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additional images, see SI Figure 10). In this case, all AT1 receptors would be expected to be blocked, 

making receptor-mediated endocytosis unlikely. However, the distribution of NPs was nearly identical 

with and without the inhibitor, with a comparable number of cell-associated NPs present. Either the pre-

incubation with the AT1R inhibitor losartan carboxylic acid (EXP3174) did not lead to the anticipated 

receptor blockade, or, more likely under the given conditions, the NP-Ang-II were not endocytosed via 

receptor mediation. This undermines a fundamental aspect of the intended concept of switchable NP 

uptake through the attachment of an angiotensin ligand. Nonetheless, NPs functionalized with Ang-I via 

the iEDDA reaction prior to incubation were also investigated. Surprisingly, almost no cell-associated 

NPs were found in this case, not even at a lower level like with NP-Ang-II (see NP-Tz-TCO-PEG4-Ang-

I Figure 8). 

 

3.9 Z-stacks to substantiate the findings 

To substantiate the surprising result of an exceedingly low uptake of NPs functionalized via iEDDA 

reaction with Ang-I, an additional experiment with a series of CLSM images was conducted. The uptake 

study of NP-COOH performed as a control showed a NP-derived cell-associated fluorescence consistent 

with the previous experiment (see NP-COOH Figure 9). NP-Tz also demonstrated the expected pattern 

of particle uptake. For the NPs already functionalized via iEDDA reaction with Ang-I before incubation 

with the cells (see NP-Tz-TCO-PEG4-Ang-I Figure 9), again virtually neither uptake nor adsorption to 

the target cell was observed. Consequently, experimental errors such as missed addition of the NP 

solution, incorrect processing or inadequate microscopy settings can be ruled out. If TCO-PEG4-Ang-I 

is added to the tetrazine-functionalized NPs directly in the well of the ibidi slide for in vitro 

functionalization of the particles, it can be observed that the NPs were then no longer taken up (see NP-

Tz/COOH + TCO-PEG4-Ang-I Figure 9). This is in sharp contrast to the initially solely tetrazine-

functionalized NPs, for which a relatively high degree of internalization was observed. Pre-incubation 

of the cells with EXP3174 did not result in any difference in NP uptake and cell adsorption, as no 

particles appeared to interact with the cell after the iEDDA reaction with TCO-PEG4-Ang-I anyway. 

Rather than the desired switchable NP uptake, these results suggest a switchable suppression of 

interaction with the target cell. Consistent with the flow cytometry results, it was observed in these 

CLSM images that NPs functionalized via the iEDDA reaction with Ang-I and incubated with ACE 

were taken up to a higher extent (see NP-Tz-TCO-PEG4-Ang-I + ACE Figure 9). 
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Figure 9. Uptake of different particles analyzed by CLSM. Cy-5 labeled NPs in red and DAPI cell nuclear 

staining in blue. The large image represents a typical Z-stack, and the three smaller images show additional 

sections. NP-Tz/COOH represents 20% tetrazine-functionalized particles, with carboxy-terminated polymer as 

filler; NP-Tz/COOH + TCO-PEG4-Ang-I refers to the aforementioned NPs to which TCO-modified Ang-I was 

directly added on the cells in the ibidi slide (approximately 20-fold excess of TCO-PEG4-Ang-I relative to tetrazine 

units on the NPs); NP-Tz/COOH + TCO-PEG4-Ang-I + EXP3174 additionally involved a 30-minute pre-

incubation of the cells with 1 mM EXP3174 in Leibovitz’s medium with 0.1% BSA; NP-Tz-TCO-PEG4-Ang-

I/COOH denotes 20% tetrazine-functionalized particles with carboxy filler polymer, which were functionalized 

with Ang-I via iEDDA reaction before being applied to the cells; NP-Tz-TCO-PEG4-Ang-I/COOH + ACE refers 
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to particles that were incubated with soluble ACE for 4 hours at 37°C after the iEDDA reaction (approximately 

one hundredth the amount of ACE relative to the expected Ang-I concentration on the NPs). All NPs were 

incubated with rMCs as target cells at a final concentration of 300 pM in Leibovitz’s medium with 0.1% BSA for 

1 hour. 

 

3.10 Comparison of CLSM and flow cytometry results 

As shown in Figure 10, similar trends were observed for CLSM and flow cytometry. Pure carboxy 

blank NPs adhered to or were internalized by the cells more than the 20% tetrazine-functionalized 

particles, which also contain carboxy-terminated polymer as a filler. Apparently, the tetrazine 

functionalization resulted in reduced interaction with the cells. According to flow cytometry results, the 

uptake of directly Ang-II functionalized NPs was slightly lower than the one of the tetrazine-

functionalized NPs. This trend was also supported by CLSM, with even fewer NP-Ang-II adhering to 

or being internalized by the cells compared to flow cytometry. Both methods consistently showed no 

significant difference with and without pre-incubation of cells with EXP3174. This suggests that the 

particles were not endocytosed via AT1 receptor mediation. While the uptake of NPs functionalized 

with Ang-I via iEDDA reaction was comparable to that of directly Ang-II functionalized NPs according 

to flow cytometry, the CLSM images showed that NP-Tz-TCO-PEG4-Ang-I were practically neither 

taken up nor adsorbed onto the cells. Incubation of the particles with ACE consistently led to a strong 

increase in interaction with the target cells for both methods. Generally, pure carboxy blank NPs seem 

to be taken up most efficiently, while additional functionalization tends to hinder uptake. It can be 

concluded that the CLSM images and the estimated number of cell-associated NPs support the results 

of the flow cytometry experiments. 

 

Figure 10. Comparison of CLSM and flow cytometry results. For CLSM, the red pixels per cell served as an 

estimate of the cell-associated NPs; for flow cytometry, the median fluorescence of the population of viable cells 

was used as a measure. In both cases, the respective NPs were incubated with rMCs as target cells for 1 hour. The 

CLSM experiments were conducted at a concentration of 300 pM. Accordingly, the flow cytometry results of 300 

pM particles were compared. The cell-associated NPs for both cases were normalized to 1 for NP-Tz. For CLSM 
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analysis, at least three image sections containing a minimum of 8 cells in total were used. The data are presented 

as mean ± SD of at least n=3 image sections. The flow cytometry results are given as mean ± SD of n=3 

measurements. 

 

 

4. Conclusion 

A stepwise analysis of the proposed concept revealed that the underlying assumption could not be 

properly confirmed. Under the conditions investigated, there was no increased uptake of Ang-II 

functionalized NPs via AT1R-mediated endocytosis. Instead, flow cytometry studies showed contrary 

to expectation that blank NPs appeared to be taken up the most efficiently, while additional 

functionalization led to reduce cell association of the NPs. Notably, the uptake of NPs functionalized 

with Ang-I via the iEDDA reaction or NPs functionalized directly with Ang-II decreased to a similar 

extent. CLSM images seemed to support the flow cytometry results, showing essentially the same trends 

in cell association of the NPs. No notable differences in cellular localization of the NPs due to different 

functionalizations were observed, with a similar ratio of adsorption on the cell surfaces and 

internalization for all particle types. Given that an increase in uptake through clathrin-mediated 

endocytosis was not apparent, the advanced NP concept with switchable uptake through the iEDDA 

reaction and ectoenzyme-based ligand activation could not be realized. To get a more comprehensive 

picture of the situation, further control experiments should be performed. An alternative method for 

determining the NP concentration could be used. Furthermore, the influence of factors such as 

incubation time, medium composition and cell density could be evaluated. 
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I. Synthesis of fluorophore labeled PLGA 

Synthesis of cyanine-5 labeled PLGA 

 

 

 

Cyanine-5 amine (14.63 mg, 22 µmol, 1 equiv), PLGA (resomer RG 502 H, poly(D,L-lactide-co-

glycolide), acid terminated, Mw 7,000-17,000; 2625 mg, 219 µmol, 10 equiv) and HBTU (O-

(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate; 165.8 mg, 437 µmol, 20 

equiv) were dissolved in 12 mL anhydrous DMF and 152 µL DIPEA (N,N-diisopropylethylamine; 875 

µmol, 40 equiv) were added. The blue reaction mixture was stirred overnight at room temperature. The 

crude product was then precipitated in four Falcon tubes with 45 mL of ice-cold diethyl ether each, 

centrifuged for 15 min at 3000 g and 4°C, the supernatant decanted off and the polymer pellet dried 

before being redissolved in acetonitrile. This precipitation-centrifugation-decantation cycle was 
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repeated four times as described. Finally, the pellets were dried overnight on the oil vacuum pump and 

2569 mg PLGA-Cy5 (203 µmol, 93%) were obtained. 

1H NMR (CDCl3): δ = 5.30−5.13 (m, 1H), 4.91−4.59 (m, 2H), 1.61−1.53 (m, 3H). 

 

 

 

In the 1H NMR spectrum, no signals in the aromatic region corresponding to the fluorophore Cyanine-

5 were observed. Presumably, there are too few protons on the fluorophore in relation to PLGA, making 

them challenging to detect in 1H NMR. Despite this, the functionalization appeared successful, as 

evident from the intense blue coloration of the product. The 1H NMR confirmed the appropriate ratio of 

PLGA integrals to each other. 
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Synthesis of bodipy tmr labeled PLGA 

 

 

Bodipy TMR-amine (1,3-dimethyl-2(6-aminohexylaminocarbonyl)-4,4-difluoro-5-(4-methoxyphenyl) 

borondipyrromethene, 1.0 mg, 1.88 µmol, 1 equiv), PLGA (Poly(D,L-lactide-co-glycolide, resomer RG 

502 H, acid terminated; 127 mg, 9.38 µmol, 5 equiv) and HBTU (O-(benzotriazol-1-yl)-N,N,N′,N′-

tetramethyluronium hexafluorophosphate, 14.2 mg, 37.5 µmol, 20 equiv.) were dissolved in 3.0 mL 

anhydrous DMF. 13.1 µL of DIPEA (N,N-diisopropyl ethylamine, 75.1 µmol, 40 equiv.) were added. 

The reaction mixture was stirred overnight at RT. Subsequently, the mixture was precipitated in 10-fold 

excess of ice-cold diethyl ether. Centrifugation was performed for 15 min at 6000 rcf and 4°C, the 

supernatant was discarded, the pellet was allowed to dry briefly and then dissolved in acetonitrile. The 

precipitation-centrifugation-dissolution cycle was repeated two more times as described. Finally, the 

pellets were dried on the oil vacuum pump and 108.6 mg PLGA-Bodipy TMR (7.75 µmol, 83%) were 

obtained. 

1H NMR (CDCl3): δ = 5.30−5.13 (m, 1H), 4.91−4.59 (m, 2H), 1.61−1.53 (m, 3H). 
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II. Characterization of PLGA/PLA-PEG polymer NPs 

To measure the zeta potential at varying PBS concentrations (see SI Figure 1 C), the NPs were diluted 

with water and the desired amount of PBS to a concentration of 1 nM. For PBS concentrations of 20% 

and higher, measurements were conducted using the diffusion barrier technique to protect the electrodes. 

[1] The measurement cell was filled with 2.5% PBS, and then 100 µL of the respective sample was 

carefully injected at the bottom bend of the cuvette using a long needle. The fluorescence spectra (see 

SI Figure 1 D) were measured using a Cary Eclipse fluorescence spectrophotometer (Agilent 

Technologies, Waldbronn, Germany). NP-Tz/MeO were diluted with Millipore water to 10 nM in a 

black 96-well plate. For recording the excitation spectrum, the emission wavelength was set to 668 nm, 

and the range from 400 to 660 nm was scanned. For the emission spectrum, an excitation wavelength of 

646 nm was chosen, and 655 to 900 nm were recorded. 
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SI Figure 1. Characterization of the polymer NPs. Size distribution of NPs with MeO filler polymer (A) and 

with COOH filler polymer (B) determined by nanoparticle tracking analysis. (C) Zeta potential of the tetrazine 

functionalized NPs with MeO and COOH filler polymer at varying PBS content. (D) Fluorescence spectra of the 

Cy-5 labeled NPs. Results in (A), (B) and (C) are presented as mean ± SD (n=3). 

 

As SI Figure 1 A + B shows, the size distribution was similar for all particles, with NPs ranging from 

approximately 25 to 125 nm in hydrodynamic diameter. The use of methoxy or carboxy filler polymer 

had no effect on the particle size. In the paper, the mode value reported by the NanoSight is presented 

as the size dh. The zeta potential of the NPs decreases with increasing electrolyte concentration in the 

solution (see SI Figure 1 C), as the ions in the solution shield the charge on the surface of the NPs. This 

reduction in zeta potential corresponds to a decrease in electrostatic repulsion between the particles. [2] 

Since NP-Tz with a methoxy-terminated filler inherently carry minimal charges, the zeta potential 

approaches zero with increasing PBS content. This poses challenges regarding colloidal stability. 

Elevated temperatures, such as incubation at 37°C over extended periods, and centrifugation, as 

employed during NP concentration at 3000 g, can overcome the energy barrier generated by electrostatic 

repulsion, leading to NP aggregation. In general, carboxy-terminated PEG-PLA copolymers as fillers 

appear more suitable, as their charge reliably ensures colloidal stability. SI Figure 1 D further shows 

the fluorescence spectra for Cy-5 labeled NPs. As expected, the excitation and emission spectra closely 
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correspond to those of the free Cyanine-5 fluorophore. The excitation maximum was at 653 nm, and the 

emission maximum could be determined at 668 nm. 

 

III. Quantification of ligands per NP 

 

SI Figure 2. Quantification of ligands per NP. (A) Calibration line for determination of tetrazine concentration 

in NP sample. (B) UV/Vis spectrum of cyanine-5 labeled NP-Tz/COOH and particles without tetrazine, namely 

NP-Ang-II/COOH. (C) Difference spectrum between equally weighted spectra of NP-Tz/COOH and NP-Ang-

II/COOH and UV/Vis spectrum of tetrazine. (D) Calibration line for BCA assay to determine angiotensin-II 

concentration in NP sample. 

 

The quantification of tetrazine units per NP was accomplished through the measurement of tetrazine's 

absorption. UV/Vis spectra were acquired to subtract the absorbance of Cyanine-5 (Cy-5) in order to 

obtain the pure absorbance of tetrazine. As tetrazine no longer absorbs at 670 nm, whereas Cy-5, used 

to label the PLGA core of the NPs, does, a weighting factor was determined at this wavelength. The 

spectra of NPs without tetrazine (NP-Ang-II/MeO or NP-Ang-II/COOH) were multiplied by this factor 

and subsequently subtracted from the spectra of NPs with tetrazine. SI Figure 2 B displays the spectra 



Chapter 5 – Supplementary Information 

 

226 

of NPs with and without tetrazine, equally weighted. Aside from the strong absorption of Cy-5, it is 

evident that the absorption with tetrazine is slightly higher in the range of 500 to approximately 550 nm. 

The difference spectrum corresponds to a typical tetrazine spectrum; however, the absorbance is very 

low (see SI Figure 2 C). Tetrazine concentration was then determined using the calibration curve at the 

absorption maximum of tetrazine at 532 nm (see SI Figure 2 A). SI Figure 2 D shows the calibration 

curve for the BCA assay, which was employed for Angiotensin-II quantification. 

 

IV. Comparison of NTA scatter and fluorescence mode 

In the commonly used scatter mode, the NPs are detectable in PBS, whereas this becomes more 

challenging in Leibovitz medium with BSA. In cell culture medium with 10% FBS, the particles cannot 

be localized (see SI Figure 3). FBS as a complex mixture of biomolecules including plasma proteins, 

growth factors, fats, and hormones [3], contains numerous components with hydrodynamic diameters 

within the size range captured by nanoparticle tracking analysis. Hence, with 10% FBS addition, the 

image captured by the camera in scatter mode is overloaded by scattering species and appears very 

bright. No meaningful measurement is possible here. BSA was added to the Leibovitz medium at only 

0.1%. With a hydrodynamic diameter of approximately 7.8 nm [4], it minimally interferes with the 

measurement of the ~60 nm NP-COOH, but may contribute to a slightly brighter background, making 

it more difficult to capture individual NPs. BSA aggregates could also be included in a measurement 

and lead to biased results. 

 

SI Figure 3. Comparison of scatter and fluorescence mode for bodipy TMR-labeled carboxy blank particles NP-

COOH in different media. Image excerpts from the NanoSight video (Screen Gain 4, Camera Level 16). 
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To measure the particles in complex biological environments such as those with FBS addition, the 

fluorophore bodipy TMR with suitable excitation and emission maxima for the fluorescence mode of 

the NanoSight300 was covalently attached to particle core-forming PLGA (see section I). Since the 

scattered light is blocked in fluorescence mode by the corresponding filter, only the fluorescence signal 

of the particles is displayed. This is often quite dim [5], as is the case for the NPs produced here from 

bodipy TMR labeled PLGA. However, the signal is still sufficient for the particles to be observed 

regardless of the medium used. In summary, labeling the NPs with a suitable fluorophore and observing 

them in NTA fluorescence mode enables the measurement of NPs in complex biological media with 

numerous interfering species. [6] 

 

V. ACE Activity Assay 

Since the increased uptake after incubation with soluble ACE was not mediated by AT1R, it was 

investigated whether the enzyme was intact and capable of processing Ang-I to AT1R-binding Ang-II. 

A fluorogenic ACE substrate (o-aminobenzoic acid-phenylalanyl-arginine-lysine (2,4-dinitrophenyl)-

proline) was added into a black 96-well plate and diluted with water or buffers. The assay buffer 

according to Carmona, Schwager et al. was prepared by dissolving 12.1 g Tris-base, 2.92 g NaCl and 

1.4 mg ZnCl2 in 1 L Millipore water. The pH was adjusted to 7 with 6 M HCl. [7] Immediately before 

measurement, ACE was added from a stock solution. The variation of fluorescence intensity over time 

was recorded using a BioTek Synergy Neo2 Hybrid Multimode Reader (Agilent Technologies, 

Waldbronn, Germany) with an excitation wavelength of 320 nm and an emission wavelength of 420 nm 

at an incubation temperature of 37°C (measurement every minute with 20 s slow orbital shaking before 

each measurement). The final substrate concentration in the well was 10 µM (corresponding to 2 nmol 

of fluorogenic ACE substrate in a volume of 200 µL per well). The ACE concentration was determined 

using a BCA assay following the manufacturer's protocol for the QuantiProTM BCA Assay Kit with 

bovine serum albumin (BSA) as the standard. [8] The concentration was found to be 3.2 µg/mL 

(equivalent to 0.65 µg ACE). The ACE activity determined from the conversion of 10 µM fluorogenic 

substrate was related to the ACE amount measured by the BCA assay. 
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SI Figure 4. ACE activity test. Plot of fluorescence intensity with increasing incubation time for ACE stored for 

6 months (A) and ACE stored for 12 months (B) in the freezer. Enzymatic processing was tested in water, 10% 

PBS, PBS and assay buffer consisting of 0.1 M Tris buffer with 50 mM NaCl and 10 μM ZnCl2 at pH 7. As a 

control, the change in fluorescence intensity of the fluorogenic substrate without enzyme was examined. Linear fit 

of the data from the first 5 minutes to determine the rate of enzymatic conversion for ACE after six months of 

storage (C) and ACE after twelve months of storage (D). The slope indicates the conversion rate in nmol of 

substrate per minute. (E) ACE activity after different storage durations in the freezer, expressed as nmol of 

converted substrate per minute per mg of ACE. (F) Calibration curve of a BCA assay with BSA as standard used 

to determine the ACE concentration. 
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Intact ACE cleaves the internally quenched peptide substrate, o-aminobenzoic acid-phenylalanyl-

arginine-lysine (2,4-dinitrophenyl)-proline (Abz-FRK(Dnp)-P), resulting in an increase in fluorescence 

intensity. [9] For the enzyme in 10% PBS, undiluted PBS, and assay buffer, there was a rapid increase 

in fluorescence intensity. In water, a significantly slower increase was observed (see SI Figure 4 A+B). 

Therefore, buffered solutions should always be used. The type of buffer does not appear to have a 

significant impact. It seems that the special assay buffer is not necessarily required, as a standard PBS 

buffer also appeared to be effective. As a control, the substrate was tested in the absence of the enzyme. 

The substrate remained quenched, the resulting background fluorescence was minimal, and no 

nonspecific cleavage of the peptide occurred over time (see SI Figure 4 A+B). In buffered media, the 

fluorescence intensity reached a plateau after approximately 15 minutes. It can be concluded that all 

available substrate had been converted by this time, preventing any further increase in fluorescence 

intensity. This clearly indicates intact enzyme activity. The fluorescence at the plateau is proportional 

to the amount of cleaved substrate Abz-FR-OH, allowing the conversion of arbitrary fluorescence units 

into nanomoles of processed peptide. [7] To determine ACE activity after six months and twelve months 

of storage in the freezer, the values from the first 5 minutes were plotted (see SI Figure 4 C+D). No 

significant difference was observed for the different storage durations. The slope of the linear fit 

indicates the conversion rate in nmol of substrate per minute. This rate was related to the amount of 

ACE present, resulting in an ACE activity of approximately 500 nmol of substrate per minute per mg of 

ACE, regardless of the buffer used or storage duration (see SI Figure 4 E). A direct comparison with 

the manufacturer's activity specification was not possible, as they used a protocol with a different 

substrate, buffer, and quantification method. [10] Overall, it can be concluded that the enzyme remains 

active for over a year when stored as a 0.1 mg/mL solution in water in the freezer. Therefore, the NPs 

functionalized with Ang-I via the iEDDA reaction should be converted to Ang-II through incubation 

with this soluble ACE. 

 

 

VI. Flow cytometry data evaluation 

In order to exclude cell aggregates, in particular doublets, from the analysis, the width (FSC-W) was 

first plotted against the height (FSC-H) of the forward scattered light signals. Cell doublets can be 

discriminated particularly well via the width signal, as the signal is significantly larger than that of a 

single cell. However, it can be noted that cell aggregates were hardly present in the collected data. Next, 

the side scattered light (SSC-A) was plotted against the forward scattered light (FSC-A). The FSC results 

mainly from the light diffraction around the cell and the intensity is usually proportional to the diameter 

of the cell. The FSC signal can thus be used to separate cells by size. SSC, on the other hand, is from 



Chapter 5 – Supplementary Information 

 

230 

the light refracted or reflected at the interface between the laser and intracellular structures, such as 

granules and nucleus. Hence, SSC provides information about the internal complexity (i.e. granularity) 

of a cell. Since only one cell type was analyzed, a cloud resulted in the dot plot due to comparable size 

and granularity of rMCs as target cells. Events outside this cloud, mostly at low FSC and SSC, were 

excluded by gating, as these events are mostly debris and cell fragments. They only occurred to a very 

small extent in the recorded data. Based on the population of viable cells, the fluorescence (APC-A) was 

plotted against the forward scattered light (FCS-A). The median of the fluorescence served as the 

measure of cell association of fluorescently labeled NPs. It is important to note that flow cytometry 

cannot distinguish between NP uptake or adsorption of NPs on the cell surface. It was therefore generally 

referred to as cell association of NPs, which includes both uptake and adsorption. [11] 

 

 

SI Figure 5. Evaluation scheme of the flow cytometry data. Exemplary excerpt from the flowing software. 

 

 

VII. Background fluorescence of cells without NP addition 

With the chosen settings, the background fluorescence of the cells without NP addition was very low. 

This allowed for the investigation of low NP concentrations, starting from 3 pM. However, the 

difference between background fluorescence and NP-derived cell-associated fluorescence was 

statistically significant only at concentrations of 30 pM and above. Therefore, 30 pM was used as the 

lowest concentration for further experiments, and unless otherwise stated, the concentration range from 

30 pM to 1000 pM was examined. 
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SI Figure 6. Background fluorescence of cells without NP addition. (A) Saturation curve of tetrazine 

functionalized NPs with MeO filler (NP-Tz/MeO) at low concentrations. The background fluorescence emanating 

from the cells without NP addition is colored yellow. (B) Comparison of cells without NPs with and without 

EXP3174 pre-incubation with the cells exposed to low NP concentrations (3 to 100 pM) shown as a bar chart for 

evaluation of statistical significance. Results are presented as mean ± SD of at least n=3 measurements. 

 

 

VIII. Variation of the incubation time 

Incubation time is a crucial factor influencing the extent of NP uptake. In the presented experiments, the 

incubation time of NPs with the cells was consistently set at 1 hour. This incubation period was chosen 

because kinetic measurements of NP-Ang-I interaction with the AT1R showed receptor saturation after 

approximately one hour. Subsequently, the incubation time was varied over a small range. When 

incubating for only 45 minutes instead of one hour, fewer NPs were taken up. However, the trend of 

better uptake of blank particles compared to the corresponding functionalized ones remained the same. 

The same observation was made when the incubation time was extended to 75 minutes. The trends in 

NP cell association remained unchanged. Overall, more NPs were taken up due to the longer incubation 

time (see SI Figure 7 B). As discussed by Aberg [12], the increase in cell-associated NPs over time 

seems to lie between a linear and a quadratic trend (see SI Figure 7 A). However, a broader data basis 

with values at additional incubation times would be required for a fit and more substantial conclusions. 

It can be noted that slightly shorter and longer incubation times than 1 hour did not change the surprising 

finding of low cell association of Ang-II functionalized NPs. 
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SI Figure 7. Variation of the incubation time. (A) Time course of NP-derived cell-associated fluorescence for 

various particle types. (B) Column diagrams of the cell association of the NPs at different incubation times. The 

values at an NP concentration of 1000 pM were shown here as an example; the other concentrations were also 

examined showing essentially the same trends. 

 

 

IX. Comparison of different EXP3174 treatments of the cells 

Since it was not evident from previous protocols whether EXP3174 was present only during the pre-

incubation or also during the incubation with the NPs, both treatments were compared. NP-Ang-II were 

consistently taken up to a higher extent in EXP-pretreated cells than in untreated rMCs. This result is 

somewhat surprising, as EXP3174, being an AT1R antagonist, should block AT1 receptor-mediated 

endocytosis, leading to lower uptake of Ang-II functionalized NPs. As discussed in the main part of the 

paper, NP-Ang-II likely do not undergo receptor-mediated uptake. Therefore, the uptake should be the 

same with and without EXP3174 pre-incubation. When EXP3174 was present not only during the pre-

incubation but also during the incubation of the NPs with the cells, an increased uptake of NP-Ang-II 

was also observed. The increase in uptake compared to untreated cells was even more pronounced in 

this case (see SI Figure 8). It seems that EXP3174 facilitates NP uptake, with a more pronounced effect 

when it remains on the cells for a longer duration. Overall, no significant differences between the two 

treatments could be identified, which is probably due to the fact that the particles are not internalized 

via AT1R. 
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SI Figure 8. Comparison of cell association of NP-Ang-II with only pre-incubation with EXP3174 or pre-

incubation and additional NP incubation with EXP3174. NP-derived cell-associated fluorescence for the 

particles with COOH filler polymer shown as (A) binding curve and (B) bar graph. The NPs were incubated for 

1h with the rMCs as target cells before being processed for flow cytometry measurement. Results are presented as 

mean ± SD of n=3 measurements. 
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X. Appropriate concentration for investigating NP uptake 

using CLSM 

 

 

 

SI Figure 9. NP uptake for a dilution series of NP-Ang-II analyzed using CLSM. Cy-5 labeled NPs are shown 

in red and DAPI cell nuclear staining in blue. The large image represents a typical Z-stack, while the two smaller 

images show additional sections. NP-Ang-II were functionalized with 20% Ang-II on extended PEG5k arms, with 

carboxy-terminated PLA10k-PEG2k-COOH serving as the filler polymer. All NPs (final concentrations ranging 

from 1000 pM diluted down to 30 pM) were incubated with rMCs as target cells in Leibovitz medium with 0.1% 

BSA for 1 hour. 

 

To determine an appropriate concentration for investigating NP uptake using CLSM, a dilution series 

of Ang-II functionalized NPs was imaged. The particles were expected to exhibit specific receptor-

mediated internalization due to the immediate availability of Angiotensin-II for binding to the AT1 

receptor. Consequently, in addition to particles adsorbed on the cell membrane or bound to the AT1 

receptor within the membrane, punctate fluorescence corresponding to NPs trapped in endosomes or 

lysosomes should also be observed within the cells. At 1000 pM NP-Ang-II, the NP-derived 

fluorescence in and on the cells is relatively pronounced, and punctate fluorescence can be observed 

within the cells. At 300 pM, slightly reduced fluorescence of the Cy-5 labeled NPs is observed, whereas 
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at 100 pM and 30 pM, the fluorescence is very weak, and only a few NPs can be detected. Since at 300 

pM the distribution of NPs on or within the cells can be clearly observed without the cells appearing 

overloaded with particles, 300 pM was chosen as an appropriate concentration for further investigations. 

 

 

XI. Uptake of NP-Ang-II with and without EXP3174 as an 

inhibitor of the AT1 receptor 
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SI Figure 10. Comparison of the cellular localization of NP-Ang-II with and without pre-incubation of rMCs 

with EXP3174 as inhibitor analyzed by CLSM. Cell nuclei were stained with DAPI (blue), the whole cell itself 

was localized by cell tracker green (green) and NPs were core-labeled with Cy-5 dye (red). The NPs were incubated 

at a final concentration of 300 pM in Leibovitz medium with 0.1% BSA for 1 hour. 

 

The uptake of NP-Ang-II with and without pre-incubation of rMCs with EXP3174, an AT1 receptor 

inhibitor, was investigated. The Ang-II functionalized NPs were expected to bind to the AT1 receptors 

on the target cells, leading to receptor-mediated endocytosis of the NPs through agonistic binding. [13] 

After pre-incubation of rMCs with the AT1R antagonist, losartan carboxylic acid (EXP3174), the NP-

Ang-II should no longer bind to the target receptor, and only nonspecific uptake should be observed. 

However, as shown in SI Figure 10, there was no apparent difference with and without EXP3174. The 

cell-associated fluorescence from the NPs was more or less the same in both cases, and no different 

localization of the particles on or within the cells could be identified. This leads to the following 

conclusions: either NP-Ang-II were not endocytosed via receptor mediation as expected, or the pre-

incubation with EXP3174 did not result in the anticipated receptor blockade. 
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Summary 

In modern pharmaceutical research, numerous drug candidates with high therapeutic potential have been 

identified. Nevertheless, the clinical efficacy of many compounds falls short of expectations, frequently 

due to unfavorable biodistribution that prevents the establishment of therapeutically relevant 

concentrations at the target site. In this context, nanoparticles (NPs) have attracted considerable 

attention. [1] By encapsulating pharmacologically active agents, NPs can protect them from enzymatic 

degradation and enable targeted delivery to specific tissues or cell types. In particular, the possibility of 

equipping NPs with ligands for active targeting raised high hopes of overcoming the limitations of 

conventional drug delivery. In theory, this strategy allows for enhanced accumulation at the site of 

action, reduced systemic side effects, and improved therapeutic efficacy. [2] However, in practice, NPs 

encounter a multitude of biological barriers. The spontaneous formation of a protein corona upon 

administration can obscure intended targeting properties, while the mononuclear phagocyte system 

(MPS) leads to rapid clearance from circulation. Further hurdles arise from processes such as 

extravasation, cellular internalization, and subsequent intracellular trafficking, each imposing distinct 

and often conflicting requirements on particle design. [3] To address these challenges, increasingly 

complex stimuli-responsive NPs have been developed that adapt their properties in response to 

endogenous or exogenous triggers. Most of these concepts rely on preconfigured architectures, where 

adaptability results from cleavage or rearrangement of existing functional moieties. [4] 

A complementary approach would be the additive functionalization of NPs within the biological 

environment, equipping particles with functional moieties only upon demand. Such a strategy poses 

challenges, since NP and reactive moiety must first meet each other in vivo, and the subsequent coupling 

reaction must proceed selectively in the presence of a multitude of competing functional groups. Here, 

bioorthogonal chemistry provides a promising solution. In particular, the inverse electron-demand 

Diels–Alder (iEDDA) reaction combines exceptional selectivity with fast kinetics under physiological 

conditions, enabling efficient coupling even at low concentrations. [5] In Chapter 3, the principal 

suitability of the iEDDA reaction for the functionalization of polymeric NPs was investigated. NPs with 

variable TCO densities were prepared from core-forming PLGA and PLA-PEG block copolymers. A 

fluorogenic tetrazine-coumarin probe enabled real-time monitoring of iEDDA kinetics, revealing that 

the reaction proceeded significantly faster on NP surfaces than in solution, likely due to hydrophobic 

effects. Importantly, the reaction remained efficient in complex biological media, and stability studies 

confirmed sufficient robustness of the reactive partners, thereby laying the foundation for potential in 

vivo applications. 

Building on this, Chapter 4 established a concept for switchable target cell recognition. Unlike 

established approaches for ligand-switchable NPs such as temporary ligand blocking by covalent bonds 

or electrostatic interactions, the strategy pursued here relied on the de novo installation of ligands in the 
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biological environment. This design enables NPs to initially circulate in a “stealth” state and become 

activated only upon demand through a precisely triggered chemical reaction. As a proof of concept, 

angiotensin I (Ang-I) was conjugated to NPs via iEDDA as an inactive pro-ligand. Enzymatic 

conversion by angiotensin-converting enzyme (ACE) subsequently generated the active Ang-II ligand 

on the NP, capable of binding the AT1 receptor on mesangial cells. This enabled the establishment of a 

two-stage activation system consisting of chemical activation by iEDDA and biological activation by an 

ectoenzyme. At the same time, this two-stage activation system also corresponds to a two-stage 

recognition system. The target cell is checked for the presence of ectoenzyme ACE as well as the AT1 

receptor, thereby conferring an additional level of specificity. Overall, the combination of bioorthogonal 

iEDDA chemistry with ectoenzyme-mediated ligand processing enabled the creation of NPs with 

switchable avidity for a target cell receptor. 

Finally, Chapter 5 examined whether switchable receptor recognition also translated into switchable 

cellular uptake. The hypothesis was that ACE-mediated activation of Ang-I to Ang-II would promote 

AT1R-driven internalization. However, the results of flow cytometry and confocal microscopy revealed 

that directly Ang-II-functionalized NPs did not exhibit increased uptake. Unexpectedly, unmodified 

particles showed the highest cellular association. These findings suggest that additional parameters such 

as incubation time, medium composition, or cell density may strongly influence uptake experiments. 

For realizing NPs with switchable cellular internalization, future studies should therefore consider 

alternative and more robust model ligand-receptor systems. 
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Conclusion 

This thesis demonstrated that the iEDDA reaction represents a highly versatile tool for the development 

of switchable NPs. The production of modular, TCO-functionalized particles and real-time analysis of 

reaction kinetics using a fluorogenic probe demonstrated the unique potential of iEDDA chemistry for 

NP functionalization in a biological context. Moreover, by combining iEDDA-mediated ligand 

conjugation with enzymatic pro-ligand activation, an innovative two-step switching concept was 

established. This design integrates the advantages of stealth-like circulation with a temporally and 

spatially precise activation at the target site. In this way, unspecific ligand interactions might be reduced, 

while the specificity of NP systems is enhanced. The study on switchable cellular uptake, however, also 

showed the limitations of this approach. Under the investigated conditions, an increase in receptor-

mediated internalization could not be demonstrated. Instead, the findings suggest that additional 

parameters must be considered to achieve efficient uptake. 

Taken together, this work establishes iEDDA chemistry as a promising strategy for engineering 

dynamically controllable NPs. Future studies should extend the concept to preclinical models and 

systematically assess its applicability in vivo. In the long term, the combination of chemical precision 

and biological adaptability may open new perspectives for advanced nanomedicines that unite stability 

during circulation, selective activation, and controlled functionality at the site of action. 
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Abbreviations 

1H NMR  Proton nuclear magnetic resonance  

ACE   Angiotensin converting enzyme  

ALP   Alkaline phosphatase 

Ang-I   Angiotensin I  

Ang-II   Angiotensin II  

AT1R   Angiotensin II receptor type 1  

ATP   Adenosine triphosphate  

BARAC  Biarylazacyclooctynone 

BBB   Blood-brain barrier 

BCA   Bicinchoninic acid  

BCN   Bicyclo[6.1.0]non-4-yne 

BDP   Boron-dipyromethene 

BOND   Bioorthogonal nanoparticle detection 

BSA   Bovine serum albumin 

CA inhibition  Carbonic anhydrase inhibition 

CCPs   Clathrin-coated pits 

CDCl3   Deuterated chloroform  

CLSM   Confocal laser scanning microscopy 

COOH   Carboxy 

CRISPR  Clustered regularly interspaced short palindromic repeats 

CTG   CellTracker™ green 
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CuAAC  Cu(I)-catalyzed [3+2] azide–alkyne cycloaddition 

Cy-5   Cyanine5 fluorophore 

DAPI   4′,6-Diamidino-2-phenylindole 

DBCO   Dibenzocyclooctyne 

DBU   1,8-Diazabicyclo[5.4.0]undec-7-ene  

DIPEA   N,N-Diisopropylethylamine  

DLS   Dynamic light scattering 

DMF   Dimethylformamide  

DMSO   Dimethyl sulfoxide  

Dox   Doxorubicin 

DPBS   Dulbecco’s phosphate buffered saline 

DSPE   1,2-Distearoyl-sn-glycero-3-phosphorylethanolamine 

EC50   Half maximal effective concentration  

EDC   1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EDG   Electron-donating group 

EGFR   Epidermal growth factor receptor 

EGTA   Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid  

EPR effect  Enhanced permeability and retention effect 

EWG   Electron-withdrawing group 

EXP3174  Losartan carboxylic acid 

FBS   Fetal bovine serum  

FCS   Fluorescence correlation spectroscopy 
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FDA   U.S. food and drug administration 

FMO   Frontier molecular orbital 

FSC   Forward scattered light signals 

GFP   Green fluorescent protein 

GPCR   G protein-coupled receptor 

HBTU   Hexafluorophosphate benzotriazole tetramethyl uranium  

HELIOS  Hyperemissive ligation-initiated orthogonal sensing 

HOMO   Highest occupied molecular orbital 

HPLC   High-performance liquid chromatography 

HSA   Human serum albumin 

IC50   Half maximal inhibitory concentration  

ICG   Indocyanine green 

iEDDA   Inverse electron-demand Diels–Alder reaction  

iMCs   Immature myeloid cells 

LAF box  Laminar flow box 

LDL   Low-density lipoprotein 

LUMO   Lowest unoccupied molecular orbital 

MALDI-TOF  Matrix assisted laser desorption ionization - time of flight 

MeCN   Acetonitrile 

MeO   Methoxy 

MFNPs   Magneto-fluorescent nanoparticles 

MMP-2   Matrix metalloproteinase 2 
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MPS   Mononuclear phagocyte system 

MRI   Magnetic resonance imaging 

MS   Mass spectrometry 

MSNs   Mesoporous silica nanoparticles 

MWCO  Molecular weight cutoff  

NBS   N-Bromosuccinimide 

NHS   N-Hydroxysuccinimide 

NIR dye  Near-infrared dye 

NP   Nanoparticle  

NTA   Nanoparticle tracking analysis 

OAT   Organic anion transporter  

PAC-1   First procaspase activating compound 

PBS   Phosphate buffered saline 

PDI   Polydispersity index  

PDT   Photodynamic therapy 

PEG   Polyethylene glycol  

PET   Positron emission tomography  

PFA   Paraformaldehyde 

pHLIP   pH low insertion peptide 

PLA   Polylactide  

PLGA   Poly(lactic-co-glycolic acid)  

QD   Quantum dot 
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RAFT   Reversible addition fragmentation chain transfer 

rcf   Relative centrifugal force 

RES   Reticuloendothelial system  

RISC   RNA interference specificity complex 

rMCs   Rat mesangial cells  

ROI   Region of interest 

ROS   Reactive oxygen species  

rpm   Revolutions per minute  

RT   Room temperature 

s.c.   Subcutaneous injection 

SD   Standard deviation 

SEC   Size-exclusion chromatography  

SPAAC   Strain-promoted [3+2] azide–alkyne cycloaddition 

SPECT   Single-photon emission computed tomography 

SSC   Side scattered light signals 

SWCNTs  Single-walled carbon nanotubes 

TAMRA  Tetramethylrhodamine fluorophore 

TAMs   Tumor-associated macrophages 

TCO   Trans-cyclooctene  

TEA   Triethylamine 

TFA   Trifluoroacetic acid 

Tz   Tetrazine 
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