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Abstract 

Nanocarriers have entered the oncological treatment landscape with the aim of improving the 

safety, delivery, and efficacy of chemotherapeutic agents. However, they still suffer from 

insufficient targeting capability across organ, tissue, and cell-type levels. In parallel, 

conventional drug conjugation chemistries often lack sufficient systemic stability. Together, 

these limitations contribute to suboptimal therapeutic efficacy and systemic toxicity. 

Meanwhile, the growing understanding of tumor biology, particularly the pivotal role of the 

immune system in both disease progression and eradication, has shifted the focus from solely 

cytostatic interventions toward immunomodulatory strategies. They are designed to alleviate 

the immunosuppressive tumor microenvironment and potentiate anti-tumor immune 

responses, for which precise tissue- and cell-type selectivity is even more critical, explaining 

why nanocarriers are increasingly considered for immuno-oncology applications.  

 

This thesis addresses two fundamental challenges in drug delivery systems: selective 

nanocarrier targeting and drug conjugation stability. Specifically, (a) a nanocarrier was 

designed, synthesized, and evaluated for improved tissue and cell selectivity in the context of 

immunomodulation, and (b) a linker system was developed that combines two different 

dynamic covalent linkages that act cooperatively, and thereby overcomes the limitations of 

individual linkage chemistries. In the first part of this thesis (Chapter 3), a monomolecular 

human serum albumin-based nanocarrier forming a protective core-shell structure below 

40 nm was established. The carrier was decorated with trimannose, a targeting ligand for 

CD209/CD206 receptors that are highly expressed on certain immune cells, and was 

dynamically covalently loaded with an immunomodulatory drug, enabling reductant-

responsive, traceless release. Cell-selective delivery accompanied by potent immune 

activation was demonstrated in vitro and ex vivo. Rapid and efficient organ- and cell-type 

selectivity was further achieved in vivo in healthy mice, positioning this nanocarrier for 

targeted immunotherapy of liver diseases such as hepatocellular carcinoma. Subsequent 

studies investigated comparatively mannose-based targeting structures with varying epitope 

structure and ligand valency (Chapter 4), revealing ligand density on the carrier and epitope 

structure as key determinants of uptake efficiency and cell selectivity. The second part of the 

thesis (Chapter 5) introduces a peptide-based linker system comprising two complementary 

peptide strands, both bearing a cysteine and each either phenylboronic acid- or catechol-

containing non-canonical amino acids. Fast and selective heterodimerization via boronate 

ester formation pre-organized the thiols for formation of a stabilizing disulfide bridge. The 

resulting dynamic covalent bioconjugate exhibited enhanced stability under tumor 

microenvironment-like conditions, resisting acid- and dilution-induced dissociation while 

maintaining dual-responsiveness under intracellular conditions.  

 

Collectively, the results presented in this thesis confront foundational challenges in drug 

delivery systems related to selective targeting and conjugate stability. The findings introduce 

modular design strategies, relevant beyond oncotherapy, that contribute to the development 

of translatable and innovative delivery platforms with efficient in vivo performance.  
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Zusammenfassung 

Nanotransporter wurden im onkologischen Behandlungsspektrum etabliert, mit dem Ziel, die 

Sicherheit, Transport und Freisetzung sowie die Wirksamkeit von Chemotherapeutika zu 

verbessern. Allerdings weisen sie nach wie vor eine unzureichende Targeting-Fähigkeit auf, 

was sich in einer schlechten Anreicherung am Zielort auf Organ-, Gewebe- und Zellebene 

widerspiegelt. Gleichzeitig mangelt es herkömmlichen chemischen Wirkstoffkonjugationen 

oft an ausreichender systemischer Stabilität. Zusammen tragen diese Einschränkungen zu 

einer suboptimalen therapeutischen Wirksamkeit und zu systemischer Toxizität bei. 

Unterdessen hat das wachsende Verständnis der Tumorbiologie, insbesondere der 

entscheidenden Rolle des Immunsystems sowohl für das Fortschreiten als auch für die 

Bekämpfung der Krankheit, den Fokus von rein zytostatischen Interventionen auf 

immunmodulatorische Strategien verlagert. Diese sind darauf ausgelegt, die 

immunsuppressive Tumormikroumgebung abzuschwächen und die Anti-Tumor-

Immunantworten zu verstärken, wobei eine präzise Gewebe- und Zelltypspezifität besonders 

entscheidend ist, was erklärt, warum Nanoträgern zunehmend für immunonkologische 

Anwendungen in Betracht gezogen werden. 

Diese Arbeit befasst sich mit zwei grundlegenden Herausforderungen bei 

Wirkstofftransportsystemen: das selektive Targeting von Nanoträgern und die Stabilität der 

Wirkstoffkonjugation. Konkret wurden (a) ein Nanoträger für eine verbesserte Gewebe- und 

Zellselektivität im Kontext der Immunmodulation entworfen, synthetisiert und evaluiert und 

(b) ein Linkersystem entwickelt, welches zwei verschiedene dynamische kovalente 

Bindungen kombiniert, die kooperativ wirken und dadurch die individuellen Nachteile der 

einzelnen Bindungen kompensieren. 

 

Im ersten Teil dieser Arbeit (Kapitel 3) wurde ein monomolekularer Nanoträger auf Basis 

von Humanalbumin entwickelt, der eine schützende Core-Shell-Struktur von weniger als 

40 nm aufweist. Der Träger wurde mit Trimannose, einem Targeting-Liganden für 

CD209/CD206, welche auf bestimmten Immunzellen stark exprimiert werden, dekoriert und 

dynamisch kovalent mit einem immunmodulatorischen Wirkstoff beladen, was eine 

reduktionsresponsive, spurlose Freisetzung ermöglicht. Eine zellselektive Aufnahme, 

begleitet von einer starken Immunaktivierung, wurde in vitro und ex vivo nachgewiesen. Eine 

schnelle und effiziente Organ- und Zelltyp-Selektivität wurde darüber hinaus in vivo bei 

gesunden Mäusen erreicht, wodurch dieser Nanoträger für die gezielte Immuntherapie von 

Lebererkrankungen wie dem hepatozellulären Karzinom Potential aufweist. In 

nachfolgenden, vergleichenden Studien wurden Mannose-basierte Targeting-Strukturen mit 

unterschiedlicher Epitopstruktur und Ligandvalenz untersucht (Kapitel 4), wobei sich die 

Ligandendichte auf dem Träger und die Epitopstruktur als entscheidende Faktoren für die 

Aufnahmeeffizienz und Zellselektivität herausstellten.  

Der zweite Teil der Arbeit (Kapitel 5) beschreibt ein peptidbasiertes Linkersystem, das aus 

zwei komplementären Peptidsträngen besteht, die beide ein Cystein und jeweils entweder 

Phenylboronsäure- oder Catechol-haltige nicht-kanonische Aminosäuren enthalten. Die 

schnelle und selektive Heterodimerisierung über die Bildung von Boronsäureestern 
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vororganisierte die Thiole für die Bildung einer stabilisierenden Disulfidbrücke. Das 

resultierende dynamisch kovalente Biokonjugat zeigte unter tumorähnlichen 

Mikroumgebungsbedingungen eine verbesserte Stabilität, widerstand einer durch Säure und 

Verdünnung induzierten Dissoziation und behielt gleichzeitig seine duale Responsivität unter 

intrazellulären Bedingungen bei.  

 

Zusammenfassend gehen die in dieser Dissertation dargestellten Ergebnisse auf grundlegende 

Herausforderungen von Wirkstoffträgersystemen in Bezug auf selektives Targeting und 

Konjugatstabilität ein. Die gewonnenen Erkenntnisse stellen modulare Designprinzipien vor, 

die über die Onkotherapie hinaus relevant sind und zur Entwicklung translationaler und 

innovativer Plattformen mit effizienter in-vivo-Wirksamkeit beitragen. 
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1. Introduction 

 

Drug delivery as an independent and distinct field of research was coined in the early 1950s 

with the introduction of Spansule®, the first sustained drug release capsule. A drug delivery 

system (DDS) is defined as a formulation or a device that enables the introduction of a 

therapeutic substance into the body. They are often classified by route of administration—

oral, rectal, ocular, nasal, pulmonary, transdermal, or injectable—and include forms such as 

tablets, capsules, powders, suspensions, or gels. The definition also encompasses advanced 

technologies that simplify delivery, like microneedle patches, hydrogels, or osmotic pumps. 

The field of drug delivery focuses on the development and optimization of strategies to 

improve the efficiency and safety of drugs by controlling location, time and/or rate of drug 

release.1 To achieve this, the following approaches or combinations thereof are exploited: (a) 

modifications of the drug, (b) modifications of the environment in which the drug should 

accumulate and be active, or (c) exploitation of inherent environmental characteristics by 

tailored DDS design.2 Drug modifications usually include chemical alterations, such as 

introduction, masking or replacement of functional groups or amino acids, and the 

conjugation to targeting units like carbohydrates or antibodies to form antibody-drug 

conjugates (ADC), or to polyethylene glycol (PEG) for improved circulation times and low 

immunogenicity. These small molecule modifications are often supported by high-throughput 

screenings and serve to tune their pharmacokinetics and -dynamics. Modifications of the 

environment comprise the co-administration of either pharmaceutical or physical 

interventions to influence the pharmacokinetics of the drug, specifically bioavailability and 

distribution. Pharmaceutical microenvironment modifiers can include pH modifiers, 

dispersion enhancers, permeation enhancers, immunomodulators, endosomal pH modifiers 

or release agents, and inhibitors of drug clearance or metabolism. The physical interventions 

include for example ultrasound, which can cause vasodilation, enhance tissue perfusion and 

cell membrane permeability thereby promoting greater drug accumulation at the target site.3,4 

The last strategic drug delivery approach focuses on tailoring delivery systems to address 

specific environments. These systems often combine several of the above-mentioned 

strategies, (a) and (b), by chemical, physical and biological design. It was also this approach 

that led to the development of nanomedicines, which continue to drive innovation in drug 

delivery and remain a central focus of current research efforts to overcome delivery-related 
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challenges. To provide a structured understanding of this field, the following Chapter 1.1 will 

define nanomedicines and nanocarriers, followed by a brief overview of the historical 

development of nanocarriers as DDSs and a summary of the most important nanocarrier 

materials that have emerged to date. 

1.1. Nanocarriers as drug delivery systems 

Nanomedicines are purposefully engineered in nanoscale dimensions to leverage the unique 

advantages that emerge at this size, which is also the predominant feature for their definition. 

Nanoparticles have three – according to ISO – or two to three – according to ASTM – 

dimensions in a size range of 1 – 100 nm.5,6 Nanocarriers, specifically, can have a size range 

of 1 – 1000 nm though materials <200 nm are more common in therapeutic approaches due 

to the microcapillary width and the associated vortex-like flow between red blood cells.7–10 

They are additionally defined by their function, namely to transport and deliver another 

substance, such as drugs, nucleic acids or enzymes.11 This definition excludes nanomedicines 

in which the carrier itself is, directly or indirectly, the active agent, for example PEGylated 

therapeutic proteins, such as the PEGylated IFN-α-2A pegIntron®, metallic nanoparticles, 

e.g., iron oxide particles Nanotherm®, or in which the drug is delivered carrier-free in the 

form of nanocrystals. Importantly, this definition does not strictly exclude ADCs. However, 

ADCs follow different established antibody regulatory pathways as they are precise three-

component protein conjugates in which the antibody function, rather than the nano size and 

carrier function, is the primary focus, which is why ADCs are considered a distinct class of 

nanomedicines.12,13 Noteworthy, these definitions, which were introduced considerably after 

the implementation of the respective systems both in research and clinical settings, overlap 

and thus designations are often used interchangeably, albeit within the scope of this thesis in 

the context of drug delivery systems, the focus is on nanocarrier systems as defined in the 

beginning of this section. 

The development of nanocarriers started with a polymer-drug conjugate which was first 

reported in 1955 by Von Horst Jatzkewitz. This marked not only the introduction of 

macromolecules to modify the pharmacokinetics of a small molecule drug but also the 

importance of cleavable linker chemistry in this context.14 Shortly afterwards, in 1961, the 

hematologist Alec Bangham and his colleague Robert Horne, a virologist and expert in 
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electron microscopy, observed liposomes for the first time. They published the resulting work 

in 1964 and 1965, and the term liposome was introduced thereafter, leading to the 

development of this field.15–18 In 1972, Gregoriadis and Ryman suggested the use of 

liposomes as drug delivery systems and specifically for enzyme replacement therapy in 

lysosomal storage disease. They encapsulated the enzyme β-Fructofuranosidase into 

liposomes and delivered it functional into lysosomes of hepatic cells in vivo in rats.19 They 

were the first to conceptualize and showcase that liposomal nanocarriers can be applied to 

protect a biological, active cargo and deliver it to a specific tissue and even subcellular region. 

To this day, this has had a lasting impact on our understanding of classic nanocarriers. Since 

then, the research of nano-sized drug delivery systems started to thrive. Liposomal 

approaches have been further developed which led to the clinical introduction of the first 

FDA-approved therapeutic nanocarrier Doxil® in 1995, a PEGylated liposome encapsulating 

doxorubicin. This breakthrough was followed by an era of expansion and diversification of 

different nanomedicines. As of 2025, over 60 nanomedicines are FDA-approved including 

over 20 nanocarriers.20–23 They are used for pain management, hormone therapy and for 

treating infectious diseases, anemia, enzyme or immune deficiencies, and neoplasms. Despite 

this variety, cancer remains the dominant application: cancer constitutes the primary 

indication for about 53% of all nanomedicines marketed or in clinical trials and roughly half 

of all nanocarriers are approved for oncology.20,21,24 Despite intense innovation at the bench 

and a rich literature on nanocarriers, many are mainly preclinical, i.e. systems that have not 

progressed beyond in vitro testing. Most clinically tested nanocarriers follow the classical 

chemotherapeutic cancer treatment regimen, while the use of nanocarriers for cancer 

immunotherapy, especially beyond formulated cancer vaccination, is a promising emerging 

approach (see Figure 1),25–27 but still requires more advancement into clinical research due to 

the bench-to-bedside gap.28 However, since most challenges arise from the interaction 

between nanocarriers and the body, the insights gained from clinically tested nanocarriers are 

equally valuable for systems that target other tissues or immune cells. Therefore, the 

introduction centers on nanocarriers that have reached the market or entered clinical trials, 

where practical benefits, shortcomings, and lessons learned can inform next-generation 

designs for both traditional chemotherapeutic and immunomodulatory DDSs. Relevant 

cutting-edge preclinical systems are discussed selectively when they provide additional 
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insight or exemplify successful approaches to overcome limitations observed in marketed 

nanocarriers. 

 

Figure 1: Current immunotherapeutic strategies and which part of the cancer immunity cycle 

they modulate. Within the natural cancer immunity cycle, dying cancer cells release antigens 

(a) which are taken up and presented by antigen-presenting cells such as dendritic cells (b). 

These dendritic cells activate and prime T cells in the lymph nodes (c) after which the T cells 

migrate into the tumor tissue (d) where they recognize and attack cancer cells (e). The steps 

(a – e) at which current immunotherapeutics enhance the anti-tumor immune response, as 

well as the therapy strategies that could benefit from nanocarrier technology and are being 

investigated in this context, are indicated. Created with BioRender.com.  
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Reflecting on the successes and shortcomings of clinically tested nanocarriers, researchers 

are pursuing a variety of new materials to advance next-generation designs. An increasing 

number of potential carrier materials are under development to improve existing systems and 

address some of the shortcomings that arose with them. The most important material classes 

approved by regulatory authorities (see Table 1) are discussed below, with a focus on the 

nanocarrier types, i.e. the developed architectures – highlighting their advantages and 

disadvantages, and examining research trends that they have prompted. Further materials are 

also extensively studied but either do not meet the specific definition of nanocarriers or 

currently lack clinical relevance in oncotherapy and are excluded from discussion. These 

materials include, but are not limited to, carbon-based materials,29 metal-based 

nanoparticles,30 silica nanoparticles,31,32 polysaccharide-based nanoparticles,33,34 and 

composite or hybrid systems.35–37 The overall diversity of nanocarrier materials, spanning 

lipids, polymers, and proteins, is not redundant but rather essential to address the complexity 

of challenges associated with drug delivery. Several research trends can be identified across 

all material classes: (a) the development of hybrid systems that combine the strengths of 

individual carrier materials while mitigating their respective limitations,38,39 (b) incorporation 

of stimuli responsiveness for spatiotemporally controlled release,40 (c) the implementation of 

multidrug loading strategies to achieve synergistic therapeutic effects and enhanced 

efficacy,41,42 and (d) an increasing focus on manufacturing processes and quality control to 

improve clinical translatability.43 In general, nanocarriers – regardless of material class – are 

evolving toward more sophisticated, biomimetic systems through rational design approaches 

aimed at developing next-generation platforms with translatable potential beyond proof-of-

concept. These overarching trends (a–d) will become apparent in the detailed discussion of 

individual material classes, including lipids, polymers, and proteins, that follows. 
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Figure 2: PubMed analysis of the development of nanocarrier materials in preclinical and 

clinical research from 2000 to September 28, 2025. Search terms are provided in the 

appendix. A) Annual number of research articles reporting common nanocarrier materials. B) 
Increasing diversification of nanocarrier platforms, illustrated by the annual ratio of research 

articles on the sum of common nanocarrier materials relative to all common nanocarrier 

materials including hybrid and biomimetic systems. C) Percentile distribution of nanocarrier 

material classes used in all clinical trials evaluating oncotherapeutic nanocarriers across 

selected time periods. [a] refers to synthetic polymers. NC, nanocarriers. 

 

Lipid-based carrier systems are undoubtedly the most extensively studied class of materials. 

This is partly due to historical reasons, as they were among the first nanocarriers, and partly 

due to their excellent biocompatibility, as they were made exclusively from natural 

components at the beginning of their development. Nanocarrier types of this material class 

include micelles, liposomes, lipid nanoparticles (LNP), solid lipid nanoparticles (SLN) and 

nanostructured lipid carriers (NLC). Liposomes are vesicular structures (typically 

50 – 450 nm) mainly consisting of amphiphilic (phospho)lipids that naturally form one or 

more lipid bilayers, which enclose an aqueous core, enabling simultaneous loading of both 

hydrophobic and hydrophilic drugs, including sensitive payloads such as mRNA or 

proteins.44 Their widespread, long-standing use has led to a considerable library of 
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compositions that can be used to control physicochemical and functional properties such as 

size, size distribution, surface charge, fluidity, drug encapsulation efficiency and stability.45–

49 Functionalized lipids that already contain stealth-coating PEG or reactive groups for 

surface modification are also established and even readily available commercially, which 

vastly increases the versatility of this nanocarrier type and, not least, enables the introduction 

of targeted and stimuli-responsive approaches.50 While their biomembrane properties can be 

beneficial for intracellular delivery, they are also a drawback when it comes to the stability 

of liposomes, as they can fuse or aggregate during storage.51 In addition, lipid oxidation and 

cargo leakage are observed.51,52 To date, liposomes comprise the largest class among 

oncotherapeutic nanocarriers with four being currently approved and on the market, including 

Doxil®, the first approved classical nanocarrier (see Table 1). Liposomes continue to evolve 

into increasingly complex and ‘smart’ platforms, following the general trend in drug delivery. 

Significant efforts are still being made to further enhance their stability and thereby 

significantly increase clinical translatability.46,47,50,53,54 This is evidenced, for example, by the 

U.S. Patent US10456360B2, issued in 2019 to Ipsen Biopharm Ltd. (Slough, UK), for a more 

stable liposomal formulation of irinotecan during storage.53 In addition, hybrid materials are 

being explored to address ongoing challenges such as polymer-lipid hybrids for stability,36,55 

biopolymer-liposome hybrids for increased targeting efficiency56 or liposome-metal 

nanoparticle hybrids for multi-functionality.57,58 The development of LNPs emerged as a key 

advancement in the effort to optimize nucleic acid encapsulation though they are also 

explored for other cargo types. LNPs share several similarities with liposomes, including 

many of their constituent components and inherent biocompatibility; however, they are 

structurally distinct. LNPs comprise a lipid monolayer that encloses multiple reverse 

micelles, which encapsulate the negatively charged nucleic acid cargo. Through the 

incorporation of ionizable lipids that become charged under acidic conditions and careful 

optimization of LNP composition, they have demonstrated higher encapsulation efficiency,59 

reduced payload leakage,60 and, notably, enhanced endosomal escape of oligonucleotides.61 

Owing to their optimized retention–release properties and overall modularity, LNPs have 

become the leading nanocarriers for ribonucleic acid (RNA) delivery.62–64 This progress has 

been propelled by the FDA approval of the first-in-class small interfering RNA (siRNA) 

nanotherapeutic, Onpattro® (2018), as well as the messenger RNA (mRNA)-based COVID-

19 vaccines Comirnaty® (Pfizer-BioNTech) and Spikevax® (Moderna). Together with rapid 
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advancements in RNA therapeutics, these milestones have driven the exponential 

development of LNP-based cancer vaccines. Although no LNP-based oncotherapeutics, 

including cancer vaccines, have received FDA approval to date, several have shown 

promising results in clinical trials. Nonetheless, fast and high uptake of LNPs by the 

reticuloendothelial system (RES) in vivo makes tumor or organ accumulation beyond the liver 

a major challenge in research.65–67 Current research trends focus on enhancing targeting 

through various strategies – ranging from active targeting to lipid structure optimization67,68 

– and on improving downstream parameters related to translational efficiency such as 

endosomal escape.69,70 Both approaches are increasingly supported by high-throughput 

screening and machine learning techniques.71,72 Lipid-based micelles, the third major lipid-

based nanocarrier type, contain a lipid monolayer forming a hydrophilic shell and a 

hydrophobic core, and are commonly used to solubilize and transport lipophilic drugs. They 

are comparably easy to synthesize, as they can form spontaneously at their critical micelle 

concentration (CMC, typically < 10−3 mM) and temperature (CMT), making them attractive 

for large-scale manufacture.73 Due to their small sizes ranging from 5 – 100 nm, they offer 

favorable tissue penetration and the ability to cross biological barriers, but their limited 

hydrophobic core volume constrains their drug loading capacity. Their major disadvantage, 

however, is their poor stability. Upon dilution, as it is the case during intravenous (i.v.) 

injection, they rapidly disintegrate and leak cargo.74 Moreover, their inherent dynamic nature 

contributes to short shelf life and premature drug release, while interactions with blood 

proteins can further destabilize the micellar structure. Currently, two micellar 

oncotherapeutic formulations are FDA-approved: Taxol® and Taxotere®. These 

formulations use Cremophor® EL and Polysorbate 80 as micelle forming, solubilizing 

excipients, respectively, which not only form unstable nanocarriers but are also associated 

with severe adverse reactions that significantly limit the maximum tolerated dose (MTD).75 

To address the inherent limitations of lipid-based micelles in systemic delivery, cross-linking 

strategies and next-generation micelles, which are mainly based on polymers, were 

developed.  
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Table 1: Representative list of oncotherapeutic nanocarriers approved by FDA, EMA, and 

other regulatory authorities. Illustrated vial images and corresponding particle structures 

were adapted from Pallares et al. (2025),76 used under CC BY 4.0. Rearranged. 

https://creativecommons.org/licenses/by/4.0/. Mepact particle structure was adapted from 

Wang et al. (2025),77 used under CC BY-NC-ND 4.0. https://creativecommons.org/ 

licenses/by-nc-nd/4.0/. NSCLC, non-small cell lung cancer, API, active pharmaceutical 

ingredient, Dh, hydrodynamic diameter, t1/2, circulation half-life.  

Cat. Product Indication Approval Year 

M
ic

e
ll

a
r 

Taxol 

API: Paclitaxel 

Dh: 20 – 80 nm 

ovarian cancer,  

breast cancer,  

Kaposi´s sarcoma,  

NSCLC 

1992 [US] 

1994 [US] 

1997 [US] 

1998 [US] 

Taxotere 

API: Docetaxel 

Dh: 20 – 80 nm 

breast cancer 

NSCLC 

prostate cancer 

gastric cancer 

head and neck cancer 

1996 [US] - 1995 [EU] 

1999 [US] - 1995 [EU] 

2004 [US] - 1995 [EU] 

2006 [US] - 1995 [EU] 

2006 [US] - 1995 [EU] 

L
ip

o
s
o

m
a
l 

 

Kaposi´s sarcoma,  

breast cancer 

ovarian cancer 

myeloma 

1995 [US] - 1996 [EU] 

1996 [EU]  

2005 [US] - 1996 [EU] 

2008 [US] - 1996 [EU] 

 

metastatic breast cancer 2000 [EU] 

 

pancreatic cancer 2015 [US] - 2016 [EU] 

 

acute myeloid leukemia 2017 [US] - 2018 [EU] 
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osteosarcoma 2009 [EU] 

P
o

ly
m

e
ri

c
 

 

breast cancer 

NSCLC 

2006 [KR] - 2009 

[VN/PH] 

[IN] 

 

breast cancer 

NSCLC 

prostate cancer 

ovarian cancer 

gastric cancer 

head and neck cancer 

esophageal cancer 

2012 [KR] 

P
ro

te
in

-b
a
s

e
d

 

 

breast cancer,  

NSCLC 

pancreatic cancer 

2005 [US] - 2008 [EU] 

2012 [US] - 2005 [EU] 

2013 [US] - 2008 [EU] 

 

perivascular epithelioid cell 

tumor 
2021 [US] 

 

The use of synthetic block copolymers comprising solvophilic and –phobic blocks for 

micellar nanocarrier systems, instead of lipids, provides several advantages: lower CMCs that 

improve stability upon dilution, and enhanced tunability via control over polymer chain 

length and monomer composition, that enables increased drug loading and reduces 

dynamicity.73 The synthetic possibility of incorporation of reactive functionalities enables 

stimuli-responsive behavior or surface modifications. which aim to prolong circulation time, 

enhance cellular internalization and selectivity, and reduce carrier-associated toxicity and 

immunogenicity.78 The advantages achieved as a result are reflected in the Korean Ministry 
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of Food and Drug Safety (MFDS)-approval of two micellar methoxy poly(ethylene glycol)-

b-poly(D,L-lactide) (mPEG-b-PDLLA)-based chemotherapeutic nanocarriers: Genexol® 

PM and Nanoxel® M, while several more are in clinical trial phases.79,80 Polymer-based 

nanocarrier development has brought forth several more nanocarrier types: nanocapsules, 

nanospheres, polymersomes, and dendrimers.81 Although polymeric micelles have overcome 

some of the previous limitations, no other polymeric architecture types or synthetic polymer 

types have yet been approved for systemic use in oncotherapy, despite several clinical trials, 

for example with N-(2-Hydroxypropyl)methacrylamide (HPMA)-based nanocarriers.82 Main 

concerns include toxicity and immune- and biocompatibility.79,83,84 As a result, biocompatible 

and biodegradable polymers such as poly(DL-lactide-co-glycolide) (PLGA) are increasingly 

being investigated, especially because their non-systemic administration is already approved, 

for example in Eligard®, a formulation for advanced prostate cancer in which PLGA serves 

as polymeric matrix with depot function for subcutaneous release of leuprolide acetate, a 

synthetic gonadotropin-releasing hormone (GnRH) analogue.79,85 Moreover, hybrid materials 

are strategically designed to combine complementary strengths, e.g., the versatility of 

polymers with the biomimetic properties of a lipid shell in polymer-lipid hybrid nanoparticles 

(PLN) such as in Bevetex®, a paclitaxel-loaded self-assembling polymer lipid nanocarrier 

approved for metastatic breast cancer in India.86 

The third major class of materials used for oncotherapeutic nanocarriers comprises proteins. 

Both natural and engineered proteins offer inherent advantages, including biocompatibility, 

biodegradability, and substantial structural and functional diversity.87,88 Endogenous proteins, 

in particular, are generally non-cytotoxic and elicit only weak, transient immunogenic 

responses, if any.89 They are readily recognized by respective receptor proteins and can be 

enzymatically degraded into natural amino acids, with tunable degradation rates determined 

by their metabolic stability.90–92  

The structural and consequent functional diversity of proteins provides a natural library of 

building blocks with broad physicochemical properties and intrinsic biological activities. 

With respect to payload encapsulation, the presence of both hydrophilic and hydrophobic 

domains supports encapsulation of a wide range of therapeutic payloads. In addition to this 

inherent versatility, their sequence-defined nature allows for further tailoring of nanocarrier 

properties when needed, for example to optimize drug interactions or incorporate specialized 
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payloads. At the primary-structure level, proteins can be modified through variation of the 

natural amino acid sequence,93,94 site-selective functionalization,95 or incorporation of 

unnatural amino acids bearing certain functional groups.96 These modifications can introduce 

additional responsiveness or impart new physicochemical characteristics.97–100 Beyond the 

primary sequence, secondary to quaternary structures, intrinsic biological activities, and 

overall nanoarchitecture can likewise be tuned to meet application-specific requirements. 

Among the many protein candidates, virus-like particles (VLPs), gelatin, and zein as 

exogenous proteins, as well as endogenous human proteins such as ferritin and albumin, have 

been widely investigated as nanocarriers.101,102 Nanoarchitectures developed from these 

proteins as oncotherapeutic nanocarriers can be roughly divided into the following types: 

nanospheres/capsules, nanocages, and monomolecular globular nanocarriers. Of these 

architectures, nanospheres are currently the only ones approved and marketed. They consist 

of a biopolymeric matrix made from several protein chains that encapsulate their payload. 

They were initially developed as microspheres mainly for depot release applications during 

the controlled release revolution in the 1970s and 1980s. However, in the following years, 

synthetic polymers quickly became the preferred choice due to their greater controllability, 

easier characterization and lower regulatory hurdles, and therefore surpassed proteins as the 

material of choice.103,104 Until today, only two protein-based nanospheric carriers for cancer 

treatment have been FDA-approved both utilizing the nanoparticle albumin bound™ (nab™) 

technology: Abraxane® (ABI-007) in 2005 and Fyarro® (ABI-009) in 2021. Abraxane® was 

directly inspired by the need to replace Cremophor EL in Taxol® due to vehicle-related 

toxicity.105 A human serum albumin (HSA)-based carrier for paclitaxel was selected due to 

the exceptional affinity of human serum albumin for paclitaxel, the great solubilizing effect 

without additional excipients (5 mg/mL vs. 0.03 mg/mL),106,107 and the opportunity to 

simultaneously exploit natural albumin transport pathways and the enhanced permeation and 

retention (EPR) effect (for detailed explanation, see Chapter1.2.1).108–111 The success of 

Abraxane® led to a revived interest in research in developing proteinaceous nanocarriers 

which is reflected, albeit to a limited extend, in recent clinical trials. Three of those trials are 

testing nab™ technology-based therapeutics: nab-docetaxel (ABI-008, NCT00477529), nab-

17-AAG (ABI-010, NCT00820768), nab-5404 (ABI-011, NCT01163071). However, no 

further protein nanocarriers as specified in Chapter 1.1 for cancer treatment have reached 

clinical stages. From a scientific perspective, this can be attributed to complex, costly 
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production with high batch-to-batch variability and scale-up difficulties,112 and aggregation 

tendency during production and storage.113 Recognition of these translation-limiting 

disadvantages has led to an increased focus on new and standardized manufacturing 

processes, such as continuous manufacturing or microfluidics,114–117 and stabilizing methods, 

for example cryoprotectants.118 Additionally, hybrid materials – especially protein-polymer 

hybrids – are increasingly explored as the protein component confers additional advantages 

when combined with polymer nanocarriers in terms of stability, protein corona formation and 

in vitro/in vivo performance.119–123 Within this landscape, albumin has emerged as the most 

thoroughly investigated protein, a topic that is examined in greater detail in the following 

chapter. 

 

1.1.1. Albumin 

One of the most successful translational protein carriers consists of HSA. It is the most 

abundant plasma protein with a 60 % (w/w) share and serum concentrations of 3.5 – 5.5 g/dL 

(53 – 83 uM). It is produced in hepatocytes at a rate of 9 – 12 g/day and released into the 

intravascular space.124 From there, it extravasates via 60 kDa-glycoprotein (gp60, albondin) 

receptor-mediated transcytosis through vascular endothelial cells into the interstitial space,125 

leading to a circulatory half-life of approximately 13 hours.126 The cellular internalization of 

native albumin is followed either by lysosomal degradation in the case of damaged albumin 

or by recycling into the extracellular space via neonatal Fc receptors (FcRn) in the case of 

intact albumin.127 Albumin is then returned to the blood stream mainly via lymphatic 

drainage.128 FcRn-mediated recycling is the main contributor for the total half-life of 19 

days.129–131 60 % of total HSA content are found in the tissue and 40 % in the blood. HSA is 

a globular, heart-shaped protein with a hydrodynamic radius (Rh) of 3.5 nm,132 a molecular 

weight of 66.5 kDa and an isoelectric point (IEP) of 4.7 – 5.1.133 It consists of 585 amino 

acids that are organized into three homologous regions I-III each with two subdomains A and 

B. The tertiary protein structure is substantially stabilized by 17 disulfide bridges between 34 

out of 35 cysteines. HSA’s primary functions include regulation of osmotic pressure and 

transport of endogenous ligands. For that, HSA has various ligand binding sites: three primary 

drug binding sites (Sudlow’s site I, II and drug binding site III) and fatty acid binding sites 1-

9. Endogenous ligands include hormones,134,135 peptides,136 metal ions,137,138 heme and fatty 
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acids,139–141 and often exhibit dissociation constants (KD) in low micromolar to medium-

nanomolar range. Noteworthy, a few ligands stand out with exceptional low KDs: Cu2+ ions 

(KD = 0.9 – 0.35 pM),137 hemin (KD = 10 nM)140 and testosterone (KD = 17.8 nM).142 Many 

drugs such as analgesics, anticoagulants and chemotherapeutics are exogenous ligands and 

compete with endogenous ligands, usually exhibiting KDs in low to medium-micromolar 

range.141 Ligand binding and dissociation is controlled by concentration gradients and 

allosteric modulation.143–146  

 

Figure 3: Crystal structure of human serum albumin in the presence of palmitic acid. The 

three domains (I–III), each divided into subdomains (A/B), contain drug sites (1–3) and fatty 

acid sites (1–7). Examples of endogenous and exogenous ligands are listed in green and red, 

respectively. Adapted from Knudsen Sand et al. (2015),147 used under CC BY 4.0, redrawn 

with expanded list of ligands.136,141,148 https://creativecommons.org/licenses/by/4.0/. Aβ, 

amyloid β; CMPF, carboxy-4-methyl-5-propyl-2-furanpropionic acid; NO, nitric oxide; ICG, 

indocyanine green. 

 

The structural features of HSA and the resulting binding capacity of various ligands are one 

primary reason for the special position of many albumin-based DDSs compared to other 

protein-based systems. The second reason that sets the naturally nano-sized albumin apart as 

https://creativecommons.org/licenses/by/4.0/
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a carrier is its pharmacokinetics, specifically its biodistribution in the context of cancer. It 

shows interactions with various receptors, including gp60/18/30, cluster of differentiation 36 

(CD36), secreted protein acidic and rich in cysteine (SPARC), and FcRn, that can be 

harnessed for oncotherapy.127,149  

Gp60 only binds native, intact albumin, whereas gp18 and gp30 bind damaged or modified 

albumin, such as ischemia-modified albumin, followed by cellular internalization.150 Many 

tumors are reported to overexpress both CD36 and SPARC. The transmembrane receptor 

CD36 is essential for uptake of long-chain fatty acids and lipoproteins, and it also binds to 

modified albumins. SPARC is anti-adhesive, involved in several cancer-progression 

pathways, and promotes extracellular matrix (ECM) degradation and angiogenesis. SPARC 

is particularly high concentrated in the tumor-stroma interface where it can bind intact and 

modified albumin (KD = 19 µM) effectively under physiological conditions and facilitates 

α5β1 integrin-mediated cellular uptake into tumor cells.111,151,152 Due to these interactions, in 

combination with the enhanced vascular permeability, an increased albumin accumulation 

occurs.153 Understanding the physiological trafficking of intact and modified albumin is 

essential to assess different albumin-based nanocarrier approaches.  

 

After Abraxane®’s success, albumin-based systems experienced an exponential growth 

illustrated by albumin-nanoparticle-related publications from 2001 to 2023 (see Figure 5). 

The variety of albumin-based nanocarriers that are being developed, can be roughly divided 

into nanoparticulate albumin (nanospheres), hybrid systems with albumin as building block 

or coating, albumin as single-chain scaffold and albumin as template (see Figure 5).  

In research, HSA, bovine serum albumin (BSA), and mouse serum albumin (MSA) are most 

commonly used. HSA is typically employed for direct translational relevance, BSA for cost-

effectiveness, and MSA for greater compatibility in mouse models. Although albumins from 

different species share a high degree of homology,124,154 the pharmacokinetics of an albumin 

derived from one species can differ when administered to another organism.129 However, 

from the perspective of nanocarrier design and manufacture, the systems are generally 

transferable to other albumins as building blocks, which is why the following examples that 

highlight research trends regarding the different albumin-based nanocarrier types are not 

limited to HSA.  
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Figure 4: Receptor-mediated trafficking of albumin. A) Native albumin enters the tumor 

interstitium via gp60/caveolin-1/FcRn-mediated transcytosis. Only small amounts are 

redirected toward lysosomal degradation. B) SPARC binds albumin and albumin-based 

nanocarriers in the tumor interstitium and is subsequently recognized by the α5β1 integrin 

complex on cancer cells and internalized via micropinocytosis followed by lysosomal 

degradation; Gp18/30 bind and internalize non-native albumin and albumin-based 

nanocarriers followed by lysosomal degradation. Adapted in concept from Stukan et al. 

(2024),127 used under CC BY-NC 3.0, redrawn, rearranged. https://creativecommons.org/ 

licenses/by-nc/3.0/. SPARC, secreted protein acidic and rich in cysteine, FcRn, neonatal Fc 

receptor. Created with BioRender.com. 

 

When it comes to nanospheric albumin carriers, which are exemplified by Abraxane®, 

research focused on further development of preparation methods. Established preparation 

methods such as desolvation are being improved with respect to reproducibility by 

standardized set ups and quality by design approaches.155–157 Additionally, new methods that 

are self-assembly driven are being developed to preserve albumin’s native structure and 

biological functions upon nanocarrier formation.158–162 In addition to the stabilizing effects 
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that albumin can have, it is also these biological functions that inspired albumin coatings.163–

167 Albumin coatings display a protective effect within circulation against degradation and 

uncontrolled protein corona formation, enhancing nanocarrier stability in vivo. It can also 

serve as targeting ligand, increasing tumor accumulation, penetration and cellular 

internalization.165,168 In that regard, native albumin coatings are often superior to those formed 

from denatured albumin.165 Nanocarriers which exploit albumin as a single-chain biopolymer 

scaffold often exploit both covalent conjugation, e.g. via single cysteine residue (Cys34) or 

lysine (Lys) residues, and noncovalent interaction to integrate active targeting or responsive 

drug release.169–176 However, examples of resulting conjugates exhibiting a combination of 

active targeting, high drug to albumin ratios and responsive release mechanism on a single 

protein level remain sparse.169–171 Albumin can be used not only as a bioconjugation scaffold 

but also as a biological scaffold to exploit its discussed physiological trafficking for 

pharmacokinetic improvements. In albumin fusion proteins a protein cargo is genetically 

fused to albumin hitchhiking it to achieve longer half-lives and tumor accumulation. Some 

albumin fusion proteins are already in clinical trials for example for solid tumors or 

chemotherapy-induced neutropenia (NCT01642342, NCT02465801).177,178 A current, 

clinically advanced fusion protein, SON-1010, takes advantage of albumin as template.179 It 

is an albumin-binding fusion protein made of the cytokine Interleukin (IL)-12 and a fully 

human albumin binding domain (FHAB). Upon i.v. injection it binds to its biological template, 

HSA, by which half-life, tumor accumulation and, consequently, the local immune response 

are increased. This template strategy has also been employed for optimized small molecules, 

to load the cargo in situ non-covalently onto circulating endogenous albumin as 

supramolecular template,175,180–184 or to pre-assemble the complex ex vivo before 

administration.185 Additionally, by targeting the single Cys34, albumin can serve as chemical 

template for thiol-reactive cargoes such as maleimides or phenyloxadiazolyl methyl sulfones 

achieving fast and efficient drug loading in vivo,186–192 as HSA provides about 80 % 

(~0.4 – 0.5 mM) of the thiol content in human blood.193The depicted examples of albumin 

nanocarriers illustrate the various targeting strategies currently employed to achieve in vivo 

delivery: passive, active and endogenous targeting. The underlying principles and molecular 

mechanisms of these approaches will be briefly discussed in the following chapter. 
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Figure 5: Albumin-based nanocarriers. Scheme of different types of albumin-based 

nanocarriers (top). Illustrations are representative examples and may vary depending on 

specific design. Adapted in concept from An et al. (2017),194 used under CC BY-NC 4.0, 

redrawn and modified. https://creativecommons.org/licenses/by-nc/4.0/. Trends in the 

annual number of publications on albumin nanocarriers in cancer from 2001 to 2023 (below). 

Replotted and adapted from Liu et al. (2024),195 used under CC BY 4.0, simplified by omission 

of non-relevant information. https://creativecommons.org/licenses/by/4.0/. Albumin 

structure was adapted from RCSB PDB: 1AO6.196,197 

 

1.2. Targeting strategies for nanocarriers 

Naturally, targeting strategies have developed simultaneously with, or slightly offset from, 

nanocarrier development. In 1986, Matsumura and Maeda observed the preferential 

accumulation of high-molecular-weight proteins and polymer conjugates within tumor tissue, 
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thereby formally establishing the principles of passive targeting.198 Key milestones for active 

targeting had already been achieved earlier, with the development of the first monoclonal 

antibody against tumor antigens in 1975.199 However, the concept of ligand-mediated 

targeting in cancer therapy was mainly advanced during the 1980s and 1990s. Building on 

the growing understanding of nanocarrier behavior in vivo, organ-targeting strategies that 

exploit endogenous transport mechanisms are being systematically developed since the early 

2010s.200,201 These three concepts are grouped under static targeting and are complemented 

by dynamic targeting and controlled drug release to further improve biodistribution and to 

reduce off-target toxicity. Dynamic targeting refers to an intrinsically or extrinsically 

triggered change in the nanocarrier that increases target site accumulation, retention or 

cellular internalization.202 The nanocarrier adapts in a dynamic way to environmental cues 

within the target site thereby influencing its biodistribution. On the other hand, stimuli-

responsive controlled release deals with the release kinetics and spatiotemporal control over 

the release of an active drug substance from a carrier. As targeting fundamentally determines 

the spatial fate of nanocarriers prior to drug release, static and dynamic targeting strategies 

are discussed first. Controlled drug release through responsiveness, in particular, which has 

received considerable attention in recent years, represents a distinct yet complementary 

design layer and is therefore addressed separately in Chapter 1.3. 

 

1.2.1. Static and dynamic targeting  

Passive targeting refers to the accumulation of therapeutics based on inherent, specific 

characteristics of the target tissue due to anatomical differences that can be both physiological 

and pathological.203 For instance, the glomerular filtration barrier within kidneys efficiently 

filters macromolecules < 6 nm, while liver sinusoids show natural fenestration of 

50 – 100 nm and inter-endothelial slits in spleen range from 200 – 500 nm.204 In addition, the 

latter two examples in particular contain large parts of the reticuloendothelial system (RES). 

The RES consists of specialized phagocytic cells, for example Kupffer cells (liver 

macrophages), involved in the breakdown of foreign materials, such as bacteria or 

nanocarriers, enabling targeting of the organs in which they reside.203 Many oncotherapeutic 

nanocarriers try to leverage the pathophysiological vascular fenestrations that can be found 

in the tumor tissue. The typically poor and aberrant neovasculature is also characterized by 
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wide fenestrations, further augmented by elevated levels of vascular permeability factors, 

allowing nano-sized carriers and plasma proteins (10 – 200 nm) to extravasate paracellularly 

into the tissue. In addition, transcellular extravasation via transendothelial pores has been 

observed.205 Because of presumed reduced lymphatic drainage in tumor tissue, nanocarriers 

are less efficiently cleared and are instead retained. Taken together, this phenomenon is 

referred to as the enhanced permeability and retention (EPR) effect.206 Notably, the 

universality of impaired lymphatic drainage within tumors has recently been disproved for at 

least two tumor mouse models and requires further investigations.207 Endogenous targeting 

exploits host molecules that are recruited by the therapeutic in vivo to guide it toward specific 

tissues. Notably, many nanocarriers acquire a corona of serum proteins upon intravenous 

administration. The composition of this protein corona depends on the physicochemical 

properties of the nanocarrier surface. Some strategies employ anti-opsonization agents, such 

as PEG, to reduce opsonin adsorption and thereby circumvent clearance by the RES and liver 

tropism. Others focus on fine-tuning these nanocarrier surface characteristics to preferentially 

adsorb particular serum proteins. This intended, tailored, endogenous protein corona can then 

facilitate tissue-specific nanocarrier uptake, when complementary receptors are 

overexpressed in the target site.208 In 2018, the first nanocarrier using this strategy, 

Onpattro®, was approved for a non-oncological indication, employing in vivo 

apolipoprotein E (ApoE) recruitment followed by receptor-mediated hepatocyte uptake to 

deliver therapeutic siRNA for treating polyneuropathy caused by hereditary transthyretin 

amyloidosis.209 In addition to binding of an endogenous protein as trafficking agent non-

covalently via molecular recognition, nanocarriers can be designed to covalently attach to a 

specific endogenous protein such as HSA in a monomolecular manner via in vivo chemistry, 

as discussed in detail in Chapter 1.1.1. The latter approach bridges endogenous and active 

targeting, as endogenous albumin is conjugated to the therapeutic and serves, among other 

functions, as an active targeting ligand for albumin-binding receptors. In general, active 

targeting refers to the modification of nanocarrier surfaces with targeting ligands that bind to 

receptors or antigens specifically expressed or overexpressed on cells within the target site, 

thereby seeking to promote homing, retention and often cellular uptake.203 The concept of 

active targeting does not contradict passive targeting; rather, it complements it. The presence 

of a targeting ligand alone is not sufficient to achieve the desired organ distribution,210–212 

though it has been shown to influence the whole-body distribution in certain cases and it does 
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increase cellular uptake once a nanocarrier is in close proximity to the target cells.213,214 

Typical targeting ligands include antibodies or fragments thereof, aptamers, peptides, 

vitamins and carbohydrates.215  

 

Figure 6: Immune checkpoint blockade using monoclonal antibodies. Anti-PD-L, Anti-PD-1 

and Anti-CTLA-4 inhibit the suppressive signaling between DCs and T cells during T-cell 

priming. Anti-PD-L1 and Anti-PD-1 antibodies also block inhibitory interactions between 

activated T cells and cancer cells, thereby facilitating tumor cell recognition and promoting 

an anti-tumor immune response. DC, dendritic cell; MHC, major histocompatibility complex; 

PD-L1/2, programmed death ligand 1/2; PD-1, programmed cell death protein 1; 

CD4/80/86, cluster of differentiation 4/80/86; TCR, T-cell receptor; CTLA4, cytotoxic T-

lymphocyte-associated protein 4. Created with BioRender.com. 

 

The recognition of tumors as complex ecosystems, rather than merely malignant monoclonal 

cell masses, led to the establishment of cancer immunotherapy. In this context, antibodies and 

carbohydrates play key roles. Antibodies are used for immune checkpoint blockade (ICB) as 

immune checkpoint inhibitors (ICI), which bind to the immune checkpoint molecules 
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programmed cell death protein 1 (PD-1), programmed cell death ligand 1 (PD-L1), cytotoxic 

T-lymphocyte-associated protein 4 (CTLA-4), or lymphocyte activation gene-3 (LAG-3), 

thereby inhibiting major pathways of immune evasion in cancer cells (see Figure 6).216,217 

Carbohydrate-recognizing proteins, known as lectins, also play an important role in 

immunity. Certain subsets of lectins are highly expressed on professional antigen-presenting 

cells (APC), such as dendritic cells (DC) and macrophages. As these cells are key players in 

regulating immunity and immune homeostasis,218–220 carbohydrates are promising targeting 

ligands for actively targeted nanocarriers for onco-immunotherapy that aim to modulate 

immune responses, as explained in more detail in the following Chapter 1.2.1.1. 

 

The different static targeting approaches – active, passive and endogenous – can also be 

extended in form of dual or hybrid targeting. Dual targeting refers to the active targeting of 

two distinct entities, such as different receptors, whereas hybrid targeting will be used within 

this thesis to denote the combination of intended different targeting strategies, such as 

endogenous plus active targeting.221,222 The designated static targeting strategy of a 

nanocarrier provides information about the design and intended routing mechanism of 

distribution rather than about the actual routing mechanisms in vivo. This is best depicted by 

the emergence of endogenous targeting via the protein corona. It arose from the understanding 

of interactions between passively targeted nanoparticles and the body, resulting in an 

unanticipated, endogenously directed biodistribution in vivo.208 

Another extension of targeting strategies comprises dynamic targeting approaches, often also 

termed hierarchical targeting, as introduced earlier. Dynamic targeting aims to improve the 

nanocarriers localization or retention on tissue and cell level and must therefore be 

distinguished from stimuli-responsive drug-release, though both increase specificity. The 

stimuli and the chemistry utilized are similar to those employed for responsive drug release, 

which are detailed in Chapter 1.3. For dynamic targeting, stimuli-responsive behavior is 

incorporated on the nanocarrier level to change characteristics such as surface properties, size 

or ligand presentation. These properties influence the distribution of the nanocarrier during 

circulation and at the tissue level in different ways, which is why their adaptive modification 

depending on the environment can improve the delivery result. Change in surface charge is 

one of the most utilized strategies either to promote cellular uptake within the tumor 

microenvironment (TME) or to facilitate endosomal escape. Sun et al. created a dual-enzyme 
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responsive polymeric nanocarrier which exposes cationizable groups upon enzymatic 

decapping by overexpressed enzymes of cancer-associated fibroblasts or cancer cells, thereby 

enabling transcytotic transport throughout dense orthotopic pancreatic tumors and deep tumor 

penetration.223 Liu et al. employed a hybrid targeting strategy by designing a nanocarrier with 

charge/size dual-conversion capacity for tumor cell engineering to reverse the immune 

escape.224 They coloaded cationic liposomes with immunogenic cell death (ICD)-inducer 

doxorubicin and a dual-gene plasmid which encodes for expression of a T cell recognition 

surface complex and for silencing RNA that downregulates an immunosuppressive surface 

protein. Through electrostatic interactions, multiple liposomes were wrapped with an NGR 

peptidic ligand-modified chitosan layer to actively target tumor endothelial cells forming 

negatively charged carriers approximately 160 nm in diameter. Protonation of chitosan within 

the acidic TME triggers layer shedding and releases positively charged liposomes of about 

42 nm, enabling superior tumor penetration and adsorption-mediated cellular uptake.  

While most dynamic targeting examples demonstrate benefits regarding tissue penetration, 

retention and cellular internalization at the target site, only small effects have been observed 

in increasing target-site accumulation in the first place. Those benefits usually arise from a 

stealth layer that helps to avoid the RES while also decreasing cellular uptake by target cells. 

Niu et al. demonstrated that an acid-sensitive PEG layer on mannose-modified PLGA 

nanocarriers reduces their accumulation in macrophages of typical RES organs during 

circulation in vivo.225 Upon PEG shedding in the acidic TME, mannose is exposed as an active 

targeting ligand for CD206 (macrophage mannose receptor, MMR), a lectin receptor highly 

expressed on protumoral M2-polarized tumor-associated macrophages (TAM). 

Overall, these approaches illustrate how environmentally triggered modulation of nanocarrier 

properties can substantially improve delivery within the tumor tissue and partially mitigate 

RES uptake. However, they offer only limited benefit regarding initial site-specific 

accumulation. 

 

Within the broad spectrum of static and dynamic targeting strategies, carbohydrates constitute 

a particularly promising class of ligands for active targeting as briefly mentioned above. Their 

interactions with lectins are central to immune regulation and cell–cell communication. For 

this reason, carbohydrates are discussed in detail in the following Chapter 1.2.1.1 as a 
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mechanistically relevant targeting ligand for immunomodulating nanocarrier systems, as 

envisaged in this thesis.  

Building on the conceptual framework of targeting strategies, the subsequent Chapter 1.2.2 

will critically assess the in vivo performance of marketed oncotherapeutic nanocarriers, 

highlighting which design principles have been translated successfully and elucidating the 

key challenges that have limited the progression of many targeting strategies from in vitro 

concepts to in vivo application and ultimately to clinical implementation. 

 

1.2.1.1. Carbohydrates as targeting ligands 

In general, lectins are ubiquitously expressed in nucleated cells with at least 215 identified in 

humans.226 Intracellular lectins are involved in intracellular glycoprotein quality control, 

trafficking, and other processes.227,228 Extracellular lectins, which are secreted or membrane-

localized, play a role in cell adhesion, signaling, glycoprotein clearance and pathogen 

recognition.229 While all cells express lectins, differences in their expression profiles enable 

specialization. Immune cells express a variety of extracellular lectins in high abundance and 

with high plasticity from different lectin families including C-type lectin receptors (CLR), 

sialic acid-binding immunoglobulin-like lectins (Siglecs), and galectins as the major families 

(see Figure 7) each of which serves distinct roles. Notably, downstream effects of 

carbohydrate-lectin interactions are highly dependent on cell type, the specific receptor–

ligand pair, and the potential co-activation of other receptors, which together allow flexible 

downstream signaling. Dendritic cell-specific intercellular adhesion molecule-3-grabbing 

non-integrin (DC-SIGN, CD209), for example, can trigger both activating and inhibitory 

immune effects depending on whether mannose or fucose is the ligand.219 The large number 

of lectins indicates their diversity in function, but nevertheless, some shared roles within the 

major lectin families can be identified.  
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Figure 7: Carbohydrate binding receptors: main localization, structure and glycan 

recognition by the lectin families: (A) C-type lectins (CLRs), (B) galectins, and (C) siglecs. 

Adapted from Pinho et al. (2023),230 used under CC BY 4.0. Rearranged, no other changes. 

https://creativecommons.org/licenses/by/4.0/. ITAM, immunoreceptor tyrosine-based 

activation motif, ITIM, immunoreceptor tyrosine-based inhibitory motif, SHP1/2, Src 

homology region 2 domain-containing phosphatase-1/2, Grb2, growth factor receptor-bound 

https://creativecommons.org/licenses/by/4.0/
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protein 2, MR, mannose receptor, MBL, mannose-binding lectin, DC-SIGN, Dendritic cell-

specific intercellular adhesion molecule-3-grabbing nonintegrin, MGL, macrophage 

galactose-specific lectin, siglec, sialic acid–binding immunoglobulin-like lectin.  

 

Galectins are predominantly soluble lectins expressed by all immune cells and are 

upregulated by activated B and T cells, M1-polarized Macrophages, decidual natural killer 

cells (NK) and regulatory T cells (Treg).231,232 They preferentially bind N-acetyllactosamine 

(LacNAc) repeats usually in low- to medium-micromolar range233 and are involved in 

mediating immune tolerance via (a) induction of tolerogenic DCs and M2-polarized 

Macrophages, (b) promoting expansion of myeloid-derived suppressor cells (MDSC) and (c) 

stabilizing immune checkpoints such as CTLA-4, PD-1 or LAG-3.230 They also control the 

signaling threshold of glycosylated receptors such as the T-cell receptor activation 

threshold.234 The relative expression of different galectins changes during both tumor 

progression and fibrotic diseases, some galectins have been investigated as therapeutic targets 

for cancer, liver and lung fibrosis.234–236 Candidate agents include mainly natural or synthetic 

polysaccharides and small molecule inhibitors which entered mostly phase I/II trials in the 

late 2010s and early 2020s.234 

Siglecs are transmembrane lectins expressed by most immune cells except T cells. They 

preferentially bind to sialylated glycans, with low- to medium-micromolar affinity,237 self and 

non-self, recognizing them as self-associated molecular patterns and mediating immune 

regulation mainly through inhibitory signaling, thereby acting as immune checkpoints to 

induce self-tolerance.230,238 This is exploited by many tumors to evade the immune system: 

Upregulation of sialyltransferases results in hypersialylation of cancer cell surfaces which 

leads to the suppression of anti-tumor immune responses. This Siglec-sialic acid axis is 

therapeutically addressed in clinical trials or preclinically using Siglec blocking antibodies 

(e.g., NC318; anti-Siglec-15 mAB), sialidase-antibody fusion proteins for enzymatic 

cleavage of sialylated glycans (e.g., E-602; bi-salidase fused to IgG1 Fc region), and Siglec-

Fc fusion proteins to trap sialic acid residues (e.g., AL009; Siglec-9 extracellular domain 

fused to Fc region).239,240 

CLRs are predominantly transmembrane receptors mainly expressed by DCs and 

Macrophages. They preferentially bind mannose, fucose, N-acetylgalactosamin (GalNAc) 

and N-Acetylglucosamin (GlcNAc) in low-millimolar range and often in a Ca2+-dependent 

manner. They primarily function as pattern recognition receptors (PRR) recognizing 
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pathogen-associated molecular patterns (PAMP), though recognition of damage-associated 

molecular patterns (DAMP), self and altered-self molecules such as tumor-associated 

carbohydrate antigens (TACA) is also reported.219,241 After binding and internalizing PAMPs, 

antigens are processed and presented via major histocompatibility complex (MHC) 

molecules, leading to T cell activation with the help of co-stimulatory receptors. In the context 

of cancer, tumors hijack the glycan/CLR axis through TACA binding to CLRs on immune 

cells, to dampen anti-tumoral responses and to promote a pro-tumoral, tolerogenic 

TME.218,242–247 Additionally, intrinsic CLR expression, e.g. of CD206, in cancer cells induces 

cell-autonomous oncogenic signaling, drives metabolic reprogramming, and mediates 

paracrine immune suppression, thereby fostering tumor progression in multiple ways, though 

the precise underlying mechanisms have not yet been fully elucidated.243,244,248,249 Currently, 

CLRs on cancer cells are not regularly targeted. Noteworthy, a subset of CLRs, group XIV, 

which is preferentially expressed by mesoderm-derived cells, has emerged as target for anti-

angiogenic therapy concepts.250 Contrary, CLRs on immune cells are heavily exploited 

mainly for repolarization251–254 or depletion255,256 of TAMs and for cancer vaccine 

approaches.244,257–259 In the latter, tumor antigens are targeted toward DCs, usually together 

with adjuvants, to initiate a strong tumor-specific immune response. Commonly utilized 

carbohydrate-based targeting ligands are high mannan oligosaccharides (e.g., mannan, 

Man9GlcNAc2) or single mannose presented in a multivalent manner.260,261  

 

Co-expression of different lectins allows for recognition of diverse carbohydrate patterns, self 

and non-self, and differentiated, appropriate immune responses. Importantly, most lectins 

exhibit low binding affinities in millimolar range for their preferential monomeric 

carbohydrate ligand. Efficient binding is achieved by properly spaced, multivalent ligand 

presentation, as is the case, for example, with the glycocalix of pathogens, which leads to 

high functional affinities (micro- to picomolar).262–264 This tunable affinity is only one of the 

several unique advantages that carbohydrates offer as targeting ligands on nanocarrier 

systems. Depending on their complexity, carbohydrates are easily accessible, modular in 

structure, and inexpensive, especially when compared to antibodies, although most are 

inferior to them in terms of specificity, which necessitates well-considered receptor selection. 

Similar to PEG, glycans can also have shielding effects against plasma protein-mediated 

inhibition of active targeting.265–267 The evolutionary adaptation of the immune system to 
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recognize these biomolecules as self and non-self not only enables efficient receptor 

targeting, but also, under certain circumstances, a simultaneous adjuvant effect by activating 

downstream signaling, further enhanced through subsequent natural intracellular routing and 

processing.268,269  

 

In summary, both the advantages and the currently emerging understanding of lectins as 

immune checkpoints make carbohydrates a promising targeting structure for immuno-

oncological interventions, potentially improving targeting at a cellular level in vivo. However, 

despite their potential, no carbohydrate-ligand-based nanocarriers have yet reached the clinic. 

To guide the design of improved nanocarriers, including the potential incorporation of 

carbohydrate ligands, it is therefore necessary to examine those concepts that have been 

successfully translated into marketed oncotherapeutic nanocarrier systems and to analyze 

their limitations in the context of in vivo targeting. 

 

1.2.2. Targeting in vivo 

Currently, besides chemoresistance, low accumulation and retention of anticancer drugs in 

tumors is considered one of the main reasons for the failure of chemotherapy.270,271 Despite 

the advances in drug delivery achieved by oncotherapeutic nanocarriers in clinics, it is 

undisputed that significant challenges still remain. Attempts are being made to address these, 

and some preclinically tested systems appear promising. Analyses indicate a targeting 

efficiency in vivo of nanocarriers of below 1 %205 or, at best, 2 – 3 %,272 however, a general 

quantitative and systematic analysis is extremely difficult for several reasons. First, the lack 

of uniformity in preclinical testing prevents systematic comparison.273 Relative measures, 

such as the percentage of intravenously injected dose per gram of tissue (%ID/g), are typically 

reported; however, significant differences in experimental design such as tumor model,273 

tumor cell line,273 tumor size,273,274 administration route,275,276 injected dose,273 and labeling 

strategy277–279 have all been shown to influence tumor accumulation outcomes. Furthermore, 

macroscopic tumor accumulation does not necessarily correlate with microscopic delivery to 

cancer cells.280,281 A comparative analysis is further complicated by recent trends in immuno-

oncology, arising from advances in the understanding of the TME. The classical nanocarrier 

approach aimed to maximize tumor accumulation in order to achieve high intratumoral 
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concentrations of small-molecule chemotherapeutics, which were expected to result in high 

concentrations inside cancer cells. Contrary, it has been demonstrated that significant 

proportions of delivered nanotherapeutics end up in tumor-associated immune cells changing 

the immunological milieu und thereby influencing the tumor progression.282 More recent 

immuno-oncological approaches target non-cancer cells in the first place – both within a 

tumor, such as TAMs, or in close proximity, like DCs in tumor-draining lymph nodes.283–285 

The resulting diversity in the oncological landscape of target cells, payloads and intracellular 

targets further complicates a general, evaluative comparison of targeting strategies in a 

quantitative manner. However, case by case analysis of both clinically established and 

preclinical nanocarriers allows for a generalized assessment of the achievements of 

nanocarriers in the context of targeting in vivo, the limitations that have been addressed 

successfully and the challenges that still remain. Despite primarily being designed for cancer 

cell-targeted chemotherapy, clinically established nanocarriers included in the following 

assessment continue to provide valuable insights into in vivo targeting mechanisms that are 

applicable to other target sites, including immunological organs and immune cells, which are 

important targets in the TME. 

The first generation nanocarriers, Doxil® and Abraxane®, successfully reduced side effects 

stemming from dose-limiting cardiotoxicity and toxic excipients like Cremophor EL, 

respectively, without forfeiting efficacy compared to the small molecule formulations.286 

Studies in the 2000s focused on reduction of systemic toxicities due to improved 

pharmacokinetics, such as prolonged retention in the vascular compartment. This enabled 

significantly higher MTDs and often proved non-inferiority to small molecule treatment, but 

new side effects or an enhanced relative risk for certain side effects also occurred that can be 

attributed to nanocarrier formulation and distribution.86,287,288 Clinical imaging trials are 

sparse but have confirmed tumor accumulation of nanocarriers to varying degrees, though 

these studies mainly use passively targeted liposomal formulations and often lack 

determination of intratumoral drug concentrations and even more so intracellular drug 

concentrations inside cancer cells.289 Many examples in preclinical animal experiments exist 

with intratumoral drug concentration increases ranging from 1.3-fold increase for Abraxane® 

over 4 – 16-fold increases for Doxil® to 90-fold increase for T-cell hitchhiking SN-38-

carrying nanocarriers compared to the respective small molecule formulations.290–292 But 

recent investigations in several cancer mouse models revealed that up to 80 % of tumor-
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delivered drugs remain trapped extracellularly.281 In terms of efficacy, nanocarrier 

formulations have achieved significant but modest improvements in overall survival (OS) 

and progression free survival (PFS).293 To improve therapy outcomes and address tumor 

complexity, nanocarriers are currently extensively investigated for the co-delivery of, ideally, 

synergistic drugs at the cellular level. In clinics, a prominent example is Vyxeos®, a 

liposomal nanocarrier for subtypes of acute myeloid leukemia that encapsulates cytarabine 

and daunorubicin in an optimized, synergistic molar ratio of 5:1 while exhibiting reduced 

systemic toxicity and therapy-related mortality in older adults.294 Importantly, this 5:1 ratio 

is maintained in blood circulation and intracellularly for at least 24 h,295 whereas free-drug 

cocktails can lead to suboptimal or even antagonistic drug ratios, undermining the therapy 

response.294 In the preclinical setting, nanocarrier-mediated co-delivery has been exploited to 

overcome drug resistance by delivery of cytostatics in combination with silencing RNAs that 

suppress the expression of proteins important for chemoresistance. Also, nanocarriers enable 

optimized chemoimmunotherapy, in which chemotherapeutics that induce a strong ICD are 

locally and temporally co-delivered with, for example, stimulating immunomodulators that 

amplify the subsequent adaptive immune response, or therapeutic nucleic acids that interfere 

with immune evasion pathways. Multi-drug combination therapy regimes with small 

molecule drugs are already a cornerstone of oncological intervention, but the nanocarrier-

mediated co-delivery of drugs at the same time and site enhances tumor growth inhibition 

further by 29 % in preclinical mouse models according to a meta-analysis performed by 

Benderski et al.296 It also achieved the highest overall survival with 56 % of studies showing 

full or partial survival of the cohort compared to 37 % in the small molecule combination 

therapy control group and 28 % in the single-drug nanocarrier control group. 

Despite encouraging preclinical results from state-of-the-art approaches, these findings are 

largely based on animal models that fail to capture the complexity and heterogeneity of 

human tumors. Such heterogeneity occurs not only between tumor types and patients but also 

between lesions within a single patient, affecting multiple characteristics relevant to 

nanocarrier targeting efficiency.280,297 Reduced vascular perfusion and permeability, for 

example, limit delivery via the vascular compartment for both small molecules and 

nanocarriers. This is also influenced by the stromal architecture of the tumor exerting pressure 

on blood vessels. Stromal density also influences, among other things, the interstitial pressure 

within tumor tissue which restricts the penetration depth particularly for large nanocarriers 
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(> 50 nm).298 This can hinder intratumoral delivery despite apparent macroscopic 

accumulation. Consequently, most nanocarriers in clinical use or development (80 – 150 nm) 

heavily depend on vascular status and tissue density of the tumor.280 This reliance may explain 

their limited efficacy in very dense, poorly perfused tumors such as pancreatic cancer, where 

smaller nanocarriers (10 – 35 nm) perform significantly better in preclinical studies.202 

Noteworthy, it appears that targeting metastases follows the same rules and that nanocarriers 

are a valid strategy here, even though further elucidation is necessary, since most studies 

focus on treating primary tumors.280,299 

A tumor-unrelated factor contributing to high interpatient variability in targeting efficiency 

is opsonization by anti-PEG antibodies, followed by RES clearance, since many approved 

nanocarriers are PEGylated. In ex vivo blood samples of chronic lymphocytic leukemia (CLL) 

patients, PEGylated doxorubicin-loaded liposomes showed a 234-fold difference in target 

cell uptake between patients and a 65 – 112-fold difference in off-target uptake.300 Target 

uptake negatively correlated with immunoglobulin M (IgM) anti-PEG antibodies, while the 

variance in off-target association positively correlated with IgG anti-PEG antibodies. 

Although not in a solid tumor setting, this study already highlights the before mentioned 

challenge of achieving cellular-level targeting. In solid tumors it has been demonstrated for 

some nanocarriers that tumor accumulation correlates with uptake by TAMs rather than 

uptake by cancer cells.301–304 

In this context, high expectations have been placed on targeting ligands. Preclinical models 

and clinical ex vivo studies have indeed demonstrated that actively-targeted nanocarriers 

enhance internalization into cancer cells and reduce off-target uptake.211,300,305 Yet, translation 

remains hampered by a number of factors. Significant variability in the protein expression 

profile of patient tumors is impeding the identification of an universal targeting ligand with 

sufficient selectivity over healthy cells.300 More critically, many targeting ligands increase 

RES recognition accelerating clearance and shortening blood circulation times, which can 

ultimately reduce overall long-term intracellular accumulation compared with passively 

targeted systems.302,306 This outcome conflicts with the classical nanocarrier paradigm for 

delivery of cytostatics, which relies on prolonged circulation to maximize tumor 

accumulation over several days. It should be noted, however, that this concept does not 

necessarily apply to immunotherapeutic strategies, in which rapid clearance may be desirable 

due to strongly immune-activating payloads, provided that the anti-tumor effect is sufficiently 
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potent, i.e. that the targeting occurs rapidly enough.307 Studies have shown that ligand density 

on nanocarriers and the resulting avidity of the system strongly affects internalization in vitro 

and biodistribution in vivo.306,308,309 Moreover, high avidity systems that do accumulate at the 

target tissue might be hampered via the binding-site barrier, resulting in poor deep tissue 

penetration due to fast and strong binding in the outer tissue layers. However, systematic 

comparisons in vivo of identical nanocarriers with varying ligand densities are rare.310 

Nanocarrier properties and biological interactions influence targeting efficiency and ligands 

themselves often alter carrier characteristics.300 These interdependencies complicate 

experimental design and hinder generalized conclusions across nanocarriers. The mismatch 

between in vitro–optimized designs and their in vivo performance further hinders the 

advancement of actively targeted nanocarriers.311 

In summary, nanocarrier-mediated drug delivery has successfully reduced formulation-

induced side effects and systemic toxicities, while achieving modest improvements in 

therapeutic outcomes. It enables spatial and temporal co-delivery, thereby improving multi-

drug chemotherapy and supporting the development of new synergistic treatment strategies 

that address drug resistance and/or engage the patient’s immune system. Remarkably, 

nanocarriers were expected to overcome in vivo challenges that had already been identified 

for ADCs in 1988, but many remain unresolved to this day.312 These include suboptimal 

tumor localization and inadequate or unknown intratumoral distribution. Additional 

challenges are RES recognition and clearance, as consequence or independent of 

opsonization by plasma proteins, and, despite important insights gained, an incomplete 

understanding of the in vivo fate of nanocarriers. While the individual limitations in in vivo 

targeting are being addressed and steadily improved, complementary strategies have been 

developed in parallel to reduce the reduction of active substances in healthy tissue and release 

them in diseased cells. These strategies include (a) priming the target site for subsequent 

nanocarrier delivery by changing the physiological environment, as outlined in Chapter 0, 

and (b) triggering drug release in a controlled manner to ensure presence of the active 

compound only at the desired site. Such stimuli-responsive release systems, serving as a 

complementary design layer, are discussed in detail in the following Chapter 1.3. 
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1.3. Stimuli-responsive drug release through dynamic covalent 

chemistry 

Controlled drug release in nanocarrier systems aims to enable precise control over the rate of 

active agent release. Ideally, optimized release kinetics prevent burst release and depletion of 

the nanocarrier reservoir while maintaining therapeutic drug concentrations. Unlike sustained 

release, which solely focuses on the release period, controlled release regulates the release 

rate, thereby maintaining the active drug concentration within the therapeutic window for an 

extended period. Taken together, and in combination with the pharmacokinetic advantages of 

nanocarriers, this strategy enhances therapeutic efficacy and reduces toxicity.313 Additionally, 

these formulations allow for a reduced dosing frequency and reduced infusion times, which 

supports patient compliance and adherence to medication regimens. Classical mechanisms 

include the physical release processes, such as swelling, diffusion, and degradation-controlled 

release, which often occur in combination and are determined by the nanocarrier material and 

architecture.314 Depending on the exact nanocarrier, pre-programmed release profiles can be 

tuned, for example, by increasing non-covalent interactions between the drug and carrier via 

chemical modifications in the material, or by adding an outer diffusion barrier through a 

nanocapsule architecture. These strategies are suitable to tune systems for long-term therapy, 

as is the case, for example, for androgen suppression in prostate cancer where Eligard®, a 

PLGA matrix releasing a GnRH agonist over several weeks, is indicated.315 The release is 

driven by thermodynamic forces seeking equilibrium but increasing stability at off-target sites 

always comes at the cost of insufficient release at target sites. Nanocarriers designed for 

systemic circulation and accumulation at specific target sites introduced an adaptive release 

via stimuli-responsiveness, which allows release quantitatively within a specific environment 

where the stimulus is present, thereby adding spatiotemporal control to the release. External 

stimuli are physical triggers including ultrasound, irradiation, and magnetic/electric field.316–

320 As intended, drug release by systems exploiting external stimuli is limited to the site where 

this stimulus is applied excluding other uncertain diseased sites, such as micrometastases, or 

deeper regions if the stimulus has tissue penetration limitations, as is the case, for example, 

for near-infrared radiation. Endogenous stimuli include pH, redox potential and enzymes, 

among others, each of which can exhibit a characteristic equilibrium in pathophysiological 

sites distinct from healthy regions, depending on the disease, its stage and the affected site. 
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A prominent example of such a pathophysiological site is the TME, which exhibits an 

aberrant physicochemical and metabolic environment (see Figure 8) that is not only a 

consequence of the pathology but also actively drives tumor progression through multiple 

pathways.321–324 Notably, different equilibrium states can also occur based on cell type or 

subcellular compartment.325,326 Methodologically, the chemical design of enzyme-responsive 

systems is based on recognition sites of natural substrates and therefore enzyme-dependent. 

Physicochemical stimuli responsiveness has been introduced using both non-covalent 

interactions, such as host-guest interactions, hydrogen bonding and π-stacking, and covalent 

linkages via dynamic covalent chemistry (DCvC), which denotes chemical reactions that 

proceed reversibly under equilibrium-controlled conditions.327–329 Both approaches are 

employed in state-of-the-art responsive systems. However, DCvC, which occupies an 

intermediate position between non-covalent and covalent chemistry, combines advantages of 

both and offers superior robustness, reliability, and controllability. Consequently, it has 

emerged as an essential tool in the design of stimuli-responsive drug release. 

Both the carrier matrix enclosing a drug and the linkage between drug and carrier matrix (so-

called prodrug nanocarriers) can be stimuli-responsive, whereby the types of chemistry used 

do not differ in principle. For prodrug nanocarriers, the advantage lies in the higher stability 

conferred by the covalent nature of drug binding, which counteracts premature leakage into 

the bloodstream while preserving drug activity through the dynamic nature of binding leading 

to release at target sites and improved treatment efficacy.330–335 Among the broad range of 

dynamic covalent reactions, those that are responsive to biologically occurring gradients in 

relevant equilibrium states have become predominant for prodrug nanocarrier conjugation.336 

The linkage additionally should exhibit reliable formation and stability in biocompatible 

conditions (i.e. aqueous media, ambient temperature, no or non-toxic byproducts/catalysts) 

and in reasonable time-scales (< days). Based on these requirements Schiff bases, boronate 

esters and disulfides have emerged as preferred choices among dynamic covalent linkages 

both for direct drug carrier conjugation or within linkers connecting the two entities.337 
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Figure 8: Schematic representation of the physicochemical, biochemical and 

cellular/immune alterations that shape the immunosuppressive tumor microenvironment. 

Bolded phrases denote TME alterations addressed in clinical research. ECM, extracellular 

matrix; CAF, cancer-associated fibroblast; TAM, tumor-associated macrophage; DC, 

dendritic cell; T/Breg, regulatory T/B cell; MDSC, myeloid-derived suppressor cell. Created 

with BioRender.com. 

 

Imines, (acyl)hydrazones and oximes are dynamic covalent linkages formed through 

condensation reactions of aldehydes or ketones with primary amines, (acyl)hydrazides or O-

substituted hydroxylamines, respectively. The chemical products, which in a broader sense 

can be referred to as Schiff bases, are reversible under neutral to acidic conditions.338 

Uncatalyzed, Schiff bases are slow in formation (10-4 – 10-3 M-1s-1)339–341 and exhibit low 
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stability which increases in the order imines < hydrazones < acylhydrazones < oximes.342 

Their susceptibility to hydrolysis can be further reduced by introducing electron withdrawing 

groups (EWG) in adjacent positions because the protonation of the imine nitrogen becomes 

less favorable which impedes the subsequent rate-limiting nucleophilic attack at the imine 

carbon by water. Provided that the release is efficient under target site pH, hydrolytic stability 

in neutral conditions is often too low with half-times of just minutes to a few hours.343 

Acylhydrazones exhibit the most favorable ratio of stability in neutral pH and reversibility in 

lysosomal pH 5, and have therefore been investigated extensively as drug linkage, mainly in 

ADCs such as gemtuzumab ozogamicin (Mylotarg®), but also in nanocarrier systems.344–346 

Noteworthy, there are a few nanocarrier systems in which imines have also been successfully 

incorporated as drug linkage when combined with additional stabilizing forces, for example, 

within self-assembling micellar structures or within conjugated systems such as benzoic-

imines.347,348 Despite some successful exceptions, broad applicability is often restricted by 

the chemical structure of the drug scaffold. For example, only 0.7 % of anticancer drugs 

contain an aldehyde function, which could potentially participate in Schiff base formation;349 

their rarity is due to high reactivity and rapid metabolism. Primary amines are more common 

with 17.6 %, but Schiff base stability can only be tuned from the nanocarrier’s side, which – 

depending on the carrier material – can also be limited, and is otherwise dictated by the drug 

scaffold. Additionally, emerging cationizable functional groups on the carrier material such 

as hydrazides or primary amines upon drug release can cause unwanted nanocarrier 

toxicity.350 

Another pH-sensitive dynamic covalent linkage in a pH range of 5 – 8 are boronate esters. 

They are formed by reversible esterification of boronic acids (BA) with diols. In general, 

formation is fast (10 – 103 M-1s-1)351,352 but boronate esters exhibit moderate to weak binding 

affinities (KD = 0.8 mM – 220 mM),353 depending on the exact binding partners. Saccharides, 

offering vicinal cis-diols, are prominent binding partners. The dynamicity of boronate esters 

has been exploited for sensing applications, particularly glucose monitoring in diabetes type 

1 and 2, which led to the FDA and EMA approval of a long-term implantable bidentate 

anthracene diboronic acid-based sensor chip in 2022.354,355 Additionally, macromolecules, for 

example albumin, decorated with multiple phenylboronic acids (PBA) are being explored as 

simple lectin mimetics offering multiple carbohydrate binding domains similar to CRDs.356 

But these conjugates lack the selectivity of lectins usually provided by secondary interactions 
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with the protein structure. In general, BAs act as lewis acids and exist, just like boronate 

esters, in their trigonal planar form or in tetrahedral anionic form. Boronate ester stability can 

be tuned by several factors.357 The pKa of the boronate ester is intrinsically linked to the pKa 

of the corresponding boronic acid. It can be lowered through substituent effects, which 

enhances hydrolytic stability of the boronate ester by shifting the equilibrium under neutral 

conditions toward the tetrahedral anionic form. In this form, the boron p-orbital is occupied, 

which impedes a nucleophilic attack by water. The dihedral angle between the hydroxyl 

groups within the diol determines the ring strain within the boronate ester, which is why rigid, 

coplanar arranged diols such as catechols (CA) or nopoldiol show much higher binding 

affinities compared to flexible, non-coplanar diols.357 High steric demand additionally 

increases ester stability, exemplified by pinacol or pinanediol regularly used as protecting 

groups.358 Finally, stabilization of the boronate center within the tetrahedral form further 

increases stability. This can be achieved by coordination with tridentate nucleophiles as is the 

case in Wulff-type complexes, iminoboronates or the saccharide sorbitol.359–362 Particularly 

B–N stabilization can enhance stability tremendously, exemplified by salicylhydroxamic acid 

(SHA) boronate complexes (KD = 8 – 60 µM),363–366 even resulting in the loss of reversibility 

in drug delivery relevant timeframes under physiological conditions for some diazaborines 

and oxime-boronates (KD = 10 – 1000 nM).367 Beyond single binding-site systems, boronate 

ester stability can be further enhanced through multivalent interactions, as demonstrated by 

Hebel et al.368 They incorporated BA and CA residues onto a peptide backbone, enabling 

selective hybridization of peptide strands due to the high dynamicity of this linkage and the 

resulting sequence-programmable recognition. Notably, boronate ester binding affinities 

increased 10‑fold and 63‑fold for di‑ and trivalent dynamic covalent interactions, 

respectively, rendering the divalent BA–CA peptides as stable as a single BA–SHA 

interaction.  

One of the very few cytostatics that naturally contain a boronic acid group is the proteasome 

inhibitor Bortezomib. Ma et al. synthesized L-DOPA-containing, RGD- plus fluorescein-

modified peptide amphiphiles and conjugated the aliphatic BA of Bortezomib via the 

tetravalent CA groups of DOPA before self-assembled, micellar-like nanocarrier 

formation.369 They were able to increase drug retention within the vascular compartment 

compared to free drug, and increased therapeutic efficacy with no impaired body weight 

increases. Intermolecular B–N stabilization was impressively utilized by Xiao et al. within 



Introduction 

38 

dextran-based nanocarrier systems using established cytostatics such as antimetabolites or 

topoisomerase inhibitors that were PBA modified using a p-borono benzyl 

carbonate/carbamate spacer.370 Boronate esters linking the prodrugs to the dextran backbone 

were stabilized by the addition of dodecanamine introducing a “dual lock” with protonation 

as master key. These nanocarriers showed not only improved stability at pH 7.4 but also 

increased drug release at endolysosomal pH 5.5 as well as improved efficacy in vivo 

compared to single lock boronate ester nanocarriers. Notably, the used PBA moiety can be 

oxidatively deborylated selectively by hydrogen peroxide (H2O2), which is elevated in cancer 

cells, to the phenolic derivative triggering self-immolation and traceless release restoring full 

activity of the cytostatics.371 

As with all condensation-based linkages, including Schiff bases, boronate esters intrinsically 

suffer from dilution-induced dissociation, which can occur after administration and during 

biodistribution. This behavior arises because water is participating as nucleophile in the 

equilibrium; upon dilution, its effectively infinite concentration shifts the equilibrium toward 

hydrolysis according to the law of mass action (Le Chatelier’s principle), representing a major 

drawback for their translatability from in vitro to in vivo models. 

 

In this regard, disulfides are a robust alternative linkage. Thiol groups can form covalent 

disulfide bridges under oxidative conditions. Disulfides play a key role in protein folding and 

stabilization of the tertiary structure of extracellular proteins, particularly those requiring high 

stability due to long half-lives or localization in harsh environments (e.g. extreme pH or 

temperature).372,373 These bonds are reversible under reducing conditions such as those found 

intracellularly, which explains the low abundancy of permanent disulfides in intracellular 

proteins. Glutathione (GSH), a cysteine-containing tripeptide, is a major contributor to 

cellular redox homeostasis. Alongside iron, cysteine, and thiol-reducing enzymes, it 

maintains redox balance by undergoing reversible oxidation to glutathione disulfide (GSSG) 

and mitigating oxidative stress.374 GSH cleaves disulfides through thiol–disulfide exchange: 

the first reaction liberates one thiol partner while forming a mixed disulfide with GSH; a 

second exchange with another GSH molecule generates GSSG and fully releases the other 

thiol partner. Its intracellular concentration ranges on average from 1 – 10 mM, far exceeding 

those of most other redox buffers, whereas extracellular concentrations are much lower with 

2 – 20 µM.374,375 Notably, total intracellular GSH concentrations (GSHtot) vary among 
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different cells based on type, state and function, and also among cellular organelles. For 

instance, for cancer cells and hepatocytes GSHtot of about 10 mM are reported.376,377 Among 

immune cells, B-cells contain the lowest levels of GSHtot, T cells intermediate and monocytes 

the highest.378 Subcellularly, most of GSH is localized in cytosol, mitochondria and the 

endoplasmic reticulum, whereas the latter stands out by an over 7000-fold lower GSH:GSSG 

ratio due to the oxidizing environment.379 Given GSH´s high abundance and the steep 

gradient between intra and extracellular space, incorporation of GSH(reductant)-responsive 

disulfide linkages within prodrug nanocarriers is a feasible strategy.  

Disulfide formation and exchange are relatively slow but can be accelerated up to 100,000-

fold by enzymatic catalysis380. Disulfide cleavage in vivo can further occur by other thiol 

containing compounds and by additional reaction mechanisms including radical cleavage or 

enzymatic cleavage, for example by gamma-interferon-inducible lysosomal thiol reductase 

(GILT) which is highly expressed in antigen-processing cells and localized within the 

lysosome.374 However, it has been demonstrated repeatedly that drug release from disulfide 

linked prodrug nanocarriers is rapid and quantitative under intracellular GSH concentrations 

with negligible payload release under extracellular concentrations. Nonetheless, increased 

stability might be necessary for more surface exposed linkages as GSH is not the only free 

thiol within extracellular compartments. Introducing steric hindrance via adjacently 

positioned methyl groups can slow down drug release in plasma by up to four orders of 

magnitude.381 One main limitation for disulfide-based prodrug nanocarriers can be the 

absolute necessity of cellular internalization to induce drug release as well as limitations 

regarding the type of functional groups on payload or carrier. With the development of amine-

/hydroxyl- and thiol-reactive, self-immolative small linkers, payload/carrier combination 

possibilities have been broadened immensely.382,383 Wang et al. conjugated the topoisomerase 

I inhibitor camptothecin (CPT) to lipids utilizing different linkages, including self-

immolative disulfide linkages, and assembled them into liposomes with bilayer-anchored 

payloads.272 Their camptothesome exhibited excellent stability during circulation and high, 

controlled intracellular release within tumors, with around 20 % of present drug molecules 

being released at the 2.5 h timepoint and 50 % at timepoints 24 h and 72 h.  
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Figure 9: Representative depiction of the most commonly exploited endogenous stimuli-

responsive linkages used in in vivo prodrug nanocarriers, ordered by stimuli type. Schiff 

bases: oximes, imines, (acyl)hydrazones; boronate esters: boronate ester, salicylhydroxamic 

acid boronate complex. 

Despite the successful application of single-stimuli-responsive prodrug nanocarriers, the 

overall low accumulation at the target site, and consequently high presence at off-target sites, 

together with individual heterogeneity in stimuli equilibria, prompted researchers to develop 

dual-/multi-stimuli-responsive systems. These systems aim to further increase target site-

specific release while decreasing undesired release.384 The simultaneous presence of multiple 

triggers enhances drug release reliably, thereby improving spatial control and maximizing 

disease specificity.385–387 In 2024 Schauenburg et al. combined redox-responsive disulfide and 

pH-responsive boronic acid–salicylhydroxamic acid linkages to macro-cyclize a BA-prodrug 

CPT, keeping the drug “locked” until exposure to acidic pH, glutathione and H2O2 triggered 

traceless release.388 By this specific combination of DCvC linkages they enabled fast 

macrocyclization, prevented dilution-induced disassembly, and used the incorporated BA as 

H2O2-responsive masking group which is converted intracellularly from the less active 

prodrug to the fully active CPT. Some nanocarriers systems incorporate the different 

responsiveness not only on the drug site but also within the carrier matrix.389 Their 

sophisticated designs show promising preclinical results, but also pose challenges that 

currently hinder their translation.  
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Although the concept of stimuli-responsive oncotherapeutic nanocarriers (mainly external 

stimuli) emerged in the 1980s, none has yet received full FDA approval, despite several 

advanced clinical trials, for example thermosensitive liposomal doxorubicin ThermoDox® 

for breast, liver and pediatric refractory solid tumors.390 This large translational gap 

underscores the need for delivery systems that are functionally sophisticated and simple, safe, 

and scalable in their design.  

 

The introduction of this thesis has outlined the fundamental concepts of nanocarrier-based 

drug delivery, including nanocarrier definitions and terminology, clinically relevant materials 

and architectures, and strategies to improve biodistribution through static and dynamic 

targeting. While substantial progress has been made in understanding how nanocarrier 

composition, size, and surface properties influence in vivo fate, the translation of nanocarriers 

with significantly improved target-site accumulation remains limited. Insights from marketed 

oncotherapeutic nanocarriers highlight the complexity of in vivo targeting, especially on a 

cellular level, and show that delivery performance is governed by multiple, interdependent 

factors that are difficult to predict, making precise control over drug accumulation through 

targeting alone challenging. Stimuli-responsive drug release systems therefore represent a 

complementary design approach to decouple biodistribution from site-specific drug release 

and improve therapeutic selectivity. Together, these considerations demonstrate both the 

opportunities and persistent gaps in current nanocarrier design and provide the conceptual 

basis for the research objectives addressed in this thesis.  



Motivation 

42 

2. Motivation 

 

Nanocarriers have emerged as one of the most versatile and intensely studied DDSs, aiming 

to overcome long-standing barriers that limit the success of cancer therapies. Despite major 

advances in oncology over the last decades, including immunotherapy breakthroughs such as 

antibody-mediated ICB and chimeric antigen receptor (CAR) T cell therapy, treatments are 

either limited to small subsets of patients and cancer types, or hampered by insufficient tumor 

exposure and specificity, leading to suboptimal efficacy accompanied by systemic toxicity 

and significant damage to healthy tissue.  

Although some nanocarrier formulations are associated with unique adverse events, they have 

generally improved safety profiles of chemotherapeutics, increased MTDs, and translated 

into modest gains in quality of life and overall survival.85,391 However, their ability to enhance 

drug accumulation at the tissue and cellular level, remains limited, while premature drug 

release before reaching the intended target cells continues to pose a major challenge.  

In an effort to address limitations in stability, targeting, and delivery, preclinical research 

focused on incorporation of responsive drug release to increase therapeutic indices and, 

concurrently, on the development of novel nanocarrier materials and architectures. But many 

of these sophisticated designs raise concerns about translatability and biological safety and, 

if at all, are only slowly progressing beyond the in vitro stage.  

Spurred by the growing recognition of cancer’s biological complexity and the pivotal role of 

the immune system, there has been a marked shift in nanocarrier research emphasis toward 

immuno-oncology applications over recent years. Besides enabling cancer vaccination, 

nanocarriers offer the potential to target potent immunomodulators to specific immune 

compartments or cell populations, enabling localized modulation while reducing systemic 

immune-related toxicities. Depending on targeting and payload, they can amplify natural anti-

tumor responses or alleviate immune evasion, e.g. by repolarizing immunosuppressive M2-

polarized macrophages. As many pathologies involve dysregulated immune responses that 

could be modulated through targeted delivery of immunomodulators, the potential of 

nanocarriers extends beyond cancer therapy. Yet, translating these concepts into effective 

therapies is still hindered by the fundamental challenge of achieving precise tissue- and, more 

importantly, cell-type-specific targeting.  
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To address the need for smart, clinically translatable DDSs that incorporate lessons learned 

from preclinical to real-world applications, and that align with ongoing developments in 

immune-oncology, this thesis pursues two main objectives (see Figure 10): (1) the design, 

optimization and systematic evaluation of a nanocarrier for its ability to selectively target 

defined immune cell types and deliver immunomodulators intracellularly, utilizing static 

targeting and responsive drug release, and (2) the development of a dynamic covalent linker 

system with improved extracellular stability and stimuli-responsive intracellular release, 

designed to overcome the intrinsic chemical limitations of established DCvCs by harnessing 

cooperative effects. 

 

 

Figure 10: Schematic illustration of the performance requirements of drug delivery systems 

and the research framework of this thesis, which addresses two central performance criteria 

of DDSs. Goal 1 focuses on targeting efficiency of nanocarriers and comprises two projects: 
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P1 entails the design and evaluation of immune-cell-type-selective nanocarriers for targeted 

immunomodulation, while P2 investigates expanded targeting structures to elucidate ligand-

receptor interactions and the effects on cellular internalization and specificity of 

correspondingly modified nanocarrier systems. Goal 2 addresses the stability of DDSs for 

systemic administration by developing a dynamic covalent linker system with improved 

extracellular stability and stimuli-responsive intracellular release through the combination 

of complementary DCvC linkages that exhibit cooperative effects. DDS, drug delivery system; 

DCvC, dynamic covalent chemistry; TME, tumor microenvironment; CRD, carbohydrate 

recognition domain; P1/2, project 1/2; TS, targeting structure; NC, nanocarrier. Created 

with BioRender.com.  

To achieve the first objective, HSA was selected as carrier material for the nanocarrier design 

due to its established medical use, monomolecular single-chain structure and associated 

versatile bioconjugation sites as decisive factors. The single-chain structure was chosen over 

a classical nanoparticulate formulation (e.g. nab™ technology), as it allows for a more precise 

analytical characterization of chemical modifications in a quantitative manner. Additionally, 

the small carrier size (< 50 nm) is preferable, as it is generally associated with enhanced tissue 

penetration and reduced protein corona formation during circulation.298,392 

Capitalizing on the abundance of amino acid residues and their chemical reactivity, a dye 

label for tracking and multiple clickable mannose-based targeting ligands were attached to 

the surface. The depicted incorporation of the bifunctional linker endowed the system with a 

platform character enabling straightforward modulation of targeting structure density and 

variety throughout the project, while maintaining an overall negative surface charge, which 

is associated with biocompatibility and reduced unspecific uptake in vivo.393,394 The selected 

mannose-based targeting ligands bind the lectins MMR and DC-SIGN, which are highly 

expressed on M2-polarized Macrophages, liver sinusoidal endothelial cells (LSEC), and DCs, 

all of which play pivotal roles in shaping their immune microenvironment (see Chapter 

1.2.1.1). Notably, LSECs occupy a central role in maintaining the tolerogenic hepatic immune 

environment.395 

In the first project, increasing numbers of α-(1→6)-α-(1→3)-branched trimannose (TM) as 

mannose-based targeting ligand were attached to the carrier surface. The multivalent carriers 

were systematically evaluated for uptake efficiency in vitro in, among others, an immortalized 

receptor-transduced cell line. The most effective high-valency construct was loaded with 

multiple copies of immunomodulatory toll-like receptor 7/8 agonist (TLR7/8a) via reductant-

responsive, self-immolative disulfide chemistry exploiting the thiols of HSA’s 34 disulfide 
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bridges. This carrier was extensively investigated for cell-selectivity, serum and plasma 

compatibility, and in vitro efficacy, as well as for its biodistribution in vivo (Chapter 3).  

The targeting ligand itself and its mode of presentation critically influence carrier selectivity 

and avidity. In turn, both parameters affect in vivo biodistribution, although the relationship 

remains incompletely understood due to the lack of systematic studies.310,396 Therefore, in the 

second project, the ligand repertoire was expanded; and both low- and high-valency ligand 

regimes were compared by exploiting the platform character of the HSA nanocarrier. To 

elucidate correlations between uptake efficiency, cell type selectivity and ligand 

density/avidity, two different mannose-based targeting ligands were studied, mannose (M) 

and TM, given literature evidence suggesting preferential recognition of terminal M by MMR 

and TM by DC-SIGN.397,398 To further assess the contribution of avidity effects, M and TM 

were also presented on a dendron-like scaffold enabling multivalent presentation within a 

single ligand (Chapter 4). The uptake behavior was analyzed in primary cells, which exhibit 

a more authentic endocytotic behavior than immortalized cell lines,399 to provide deeper 

insights into the effects of nanocarrier avidity (Chapter 4). 

 

Payload conjugation via DCvC, whether for small-molecule drug conjugates (SMDC), 

ADCs, prodrug nanocarriers or other DDSs, recurrently suffers from premature cleavage in 

vivo or under in vivo-mimicking conditions. As discussed in detail in Chapter 1.3, most 

strategies to stabilize dynamic covalent linkages rely on proximal chemical modifications that 

shift the equilibrium of a single bond toward greater stability under physiological conditions, 

often at the expense of rapid reversibility or ease of synthesis. Therefore, the second objective 

of this thesis is the development of a linker system with improved stability by combining two 

complementary DCvC linkages to overcome the intrinsic limitations of single-mode linkers. 

To this end, boronic acid–catechol (BA–CA) interactions were integrated with disulfide bond 

formation within short peptide scaffolds, using commercially available amino acids and 

established solid-phase peptide synthesis. The system was designed to exploit the rapid 

formation and dissociation of boronate esters between divalent peptide tags, providing both 

fast association and selective self-sorting into heterodimers. The templated peptide tags were 

stabilized via disulfide formation between the precoordinated cysteine thiols, yielding a dual-

locked system. Ultimately, this project aimed to establish a peptide-based, intelligent linker 

architecture that remains stable under extracellular tumor-like conditions while retaining 
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responsiveness to intracellular reductive environments through cooperative design (Chapter 

5). 

 

In summary, this thesis addresses two central challenges that continue to limit the therapeutic 

success of DDSs: the lack of precise cell type selectivity and the insufficient stability of drug 

conjugation chemistries. Through a dual focus on targeted nanocarrier development and 

dynamic covalent linker concept, this work aims to contribute to the evolution of next-

generation DDSs with improved translational potential in (immuno)oncology. 
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3. Glycogen-inspired trimannosylated serum albumin 

nanocarriers for targeted delivery of toll-like receptor 7/8 

agonists to immune cells and liver 

 

The first research project addresses the currently insufficient targeting efficiency of 

nanocarriers through the development of a biomacromolecular, immune cell type-selective 

targeted nanocarrier. Extensive physicochemical characterization and systematic evaluation 

of cell selectivity, immunomodulatory efficacy in vitro/ex vivo, and biodistribution in vivo 

were performed to assess its therapeutic potential. 
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4. Surface density of mono- and trivalent high-mannan 

derived targeting structures with different affinity impacts 

cellular uptake of human serum albumin derived 

nanocarriers 

 

The second project focused on systematically analyzing ligand-receptor interactions of 

mannose-based targeting structures with the lectins CD206 and CD209 by varying ligand 

type, valency, and density, to broaden the applicability of the biomacromolecular nanocarrier 

design of Chapter 3 in an immunotherapeutic context. Interactions were studied using both 

isolated molecules (the carbohydrate recognition domains of CD206/CD209 with the 

targeting structure) and ligand-decorated HSA nanocarriers. A comparative, multi-method 

investigation was performed to provide insight into, and partially differentiate between, 

ligand-specific effects and nanocarrier-mediated influences, with the aim of deriving broader 

design principles for carbohydrate-decorated nanocarriers. 
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5. Dual stimuli-responsive dynamic covalent peptide tags: 

toward sequence-controlled release in tumor-like 

microenvironments 

 

While Chapters 3 and 4 address targeting and cell-type-selective delivery, balancing the need 

for high drug conjugate stability in systemic circulation and the TME with the requirement 

for efficient intracellular drug release remains a major challenge in drug delivery approaches. 

Therefore, Chapter 5 focuses on the molecular design of a single, peptide-based drug linker 

system incorporating two different, complementary pairs of DCvC linkages. This 

combinatorial approach enables cooperative effects that overcome the inherent trade-off of 

single-linkage systems, leading to enhanced extracellular stability and reliable, stimuli-

responsive intracellular release. 
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6. Conclusion and Outlook 

 

The concept of nanocarriers, as understood today, was first proposed in the early 1970s, with 

poor targeting and premature drug release being identified shortly thereafter. By the 1990s, 

these problems had been widely recognized as core challenges within the field of 

nanomedicine – challenges that, despite incremental advances over the decades, remain 

unresolved to this day. Multimodal synergistic treatment strategies including the use of highly 

active immunomodulators have been developed within the field of immune-oncotherapy that 

aim to modulate immune cell function and would benefit from selective delivery to achieve 

tightly regulated immune activation within target tissues or cell types while reducing adverse 

effects, such as cytokine release syndrome (CRS), arising from systemic exposure.400 This 

thesis addresses the unresolved problems of insufficient nanocarrier targeting efficiency, i.e. 

organ- and cell-selectivity, and drug conjugation stability, both of which contribute to the 

limited efficiency of current cancer therapies.  

 

In summary, these studies introduce a TM-decorated HSA platform that enables cell-selective 

targeting with tunable cellular internalization and payload-protective drug loading (Chapter 

3). They also identify epitope type and ligand density as key interdependent determinants of 

lectin-mediated nanocarrier uptake and selectivity demonstrating that optimal cellular 

targeting can be achieved at lower ligand densities than commonly assumed without 

compromising uptake efficiency (Chapter 4). In a complementary but independent approach, 

improved spatiotemporal control over drug release was achieved through a rationally 

designed, peptide-based dynamic covalent linker system incorporating two complementary 

linkage types (Chapter 5), thereby establishing linker cooperativity as the central design 

advance to overcome the intrinsic limitations of single dynamic covalent linkages. 

These conclusions are supported by the following experimental observations obtained across 

the individual studies. A high-valency TM-decorated HSA loaded with TLR7/8a was 

comprehensively evaluated for internalization selectivity, efficiency, and efficacy in vitro/ex 

vivo, as well as for its biodistribution in vivo (Chapter 3). Ligand density modulation enabled 

tunable cellular uptake while maintaining high selectivity for cells expressing MMR (CD206) 

and DC-SIGN (CD209), as demonstrated in both a CD206-transduced cell line and 

heterogenous primary immune cell populations. An optimized denaturation-based thiol-
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reactive loading strategy provided high payload capacity, with release studies revealing a 

traceless, two-step release necessitating initial denaturation for efficient subsequent disulfide 

cleavage, indicative of a payload-protective core-shell structure. Biodistribution analysis 

showed no protein corona formation and a complete redirection from HSA’s natural systemic 

distribution toward rapid, homogenous accumulation of nanocarriers among hepatic target 

cells - LSECs, Kupffer cells and DCs - contrasting with most liver-accumulating nanocarriers, 

which are predominantly internalized by Kupffer cells at low carrier doses.401 

To better understand the nanocarriers receptor interactions and to broaden the applicability 

of the carrier design, a comparative investigation of mannose-based targeting ligand-

decorated HSAs was conducted with varying ligand type and valency (M, TM, MD, TMD) 

in varying ligand density (Chapter 4). Empirically, these studies showed that not only the 

epitope structure (M vs TM) but also their arrangement influenced the ligand density required 

for optimal uptake efficiency and shaped the overall uptake trend among increasingly ligand-

modified HSA carriers in vitro. Ex vivo analysis further revealed that TM-HSA carriers 

exhibit a more favorable selectivity profile than M-HSA carriers across tested spleen immune 

cell populations, particularly at low ligand densities. Together, these results indicate that 

reducing the ligand density of the established TM-HSA carrier preserves its cell selectivity 

and a good uptake efficiency, suggesting a potential strategy to modulate pharmacokinetic 

behavior and biodistribution in vivo. 

Whereas the first goal of this work focused on cell-selective nanocarrier design employing 

static targeting strategies, the second goal pursued a complementary avenue toward achieving 

precise spatiotemporally controlled delivery. A linker system was developed that enabled 

controlled intracellular release while exhibiting enhanced stability under 

(patho)physiological extracellular conditions thereby preventing premature leakage. In line 

with the current state-of-the-art in DDS design, this complementary strategy counteracts an 

unfavorable distribution by providing spatiotemporal release specificity, aiming to increase 

therapeutic indices. Through rational sequence design, a dynamic covalent linker system 

consisting of two complementary peptide tags was developed (Chapter 5). Fast, divalent BA-

CA complex formation mediated self-sorting and heterodimer selectivity, while oxidation of 

preorganized cysteine thiols into a disulfide bridge stabilized the system against acid- and 

dilution-induced dissociation. Yet, under intracellular conditions, the system’s 

responsiveness was preserved, thereby inducing selectivity. The peptide backbones enabled 
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direct bioconjugation or straightforward extension via solid phase peptide synthesis (SPPS) 

for peptide targeting sequences and non-canonical amino acids incorporating biorthogonal 

chemical handles. By integrating two individually established, cooperative linkage types in a 

multivalent manner, this approach exemplifies a complementary strategy for addressing 

individual limitations of DCvC. This led to an improved controlled release profile by 

enhancing drug conjugate stability within non-target site conditions and by preserving 

responsiveness within target site conditions. 

 

While this work establishes conceptual advances in nanocarrier selectivity and dynamic 

covalent linker design, some limitations remain. In vivo evaluation of the TM-HSA 

nanocarrier so far focused on its biodistribution in healthy mice. The observed rapid and 

selective uptake by specific liver cell populations highlights its potential for further testing in 

immunocompetent models of hepatocellular carcinoma (HCC) or liver fibrosis, where these 

cells play important immune-regulatory roles.402–405 While TLR agonists have already entered 

clinical evaluation for HCC,400,406,407 the same delivery platform could also be adapted for 

other immunomodulators such as STAT3 inhibitors (e.g., Cucurbitacin B or Icaritin), but 

rationale chemical design is required for conjugation.408,409 Ultimately, drug-loaded TM-HSA 

may enhance current first-line HCC treatments with ICD-like effects, together acting as a 

potent in situ cancer vaccine, and may promote more durable, patient antigen-specific 

immune responses compared to the typically transient activation seen in the tolerogenic liver 

environment.27,410–413 

Recent studies demonstrated a shift in biodistribution tightly connected to the mannose 

density on albumin carriers.308 Even though the saturated M-HSA carrier showed a higher 

overall uptake in direct comparison, the TM-HSA carriers exhibited slightly improved 

selectivity across the low- and high-valency regimes ex vivo. In combination, these findings 

suggest important design principles for future immune-selective nanocarriers that target 

tissues outside the liver, indicating that low-valency nanocarriers, possibly further combined 

with TME-responsive stealth modifications, may enable enhanced cell-selective delivery to 

the tumor site. In this context, the incorporation of a pH-responsive, sheddable PEG layer, as 

discussed in Chapter 1.2.1, represents a promising strategy to reduce hepatic sequestration 

and on-target, off-site receptor-mediated uptake by transiently shielding targeting ligands 

during systemic circulation and restoring ligand accessibility upon PEG shedding within the 



Conclusion and Outlook 

328 

TME. Yet, the potential for extra-hepatic, cell-selective delivery of the low-valency TM-HSA 

carriers – with or without additional modifications – requires experimental validation through 

quantitative pharmacokinetic data in animal models.  

Using dynamic covalent peptide tags, an improved linker system was devised that 

dynamically targets the intracellular compartment by dual-responsiveness to the respective 

physicochemical environment. This system is constrained by its three-dimensional template 

structure during assembly and disulfide locking, as well as its overall spatial demand, 

rendering it not ideal as linker for small nanocarriers designed to achieve high drug loading. 

The self-sorting capacity is particularly well suited for surface-accessible precision peptide 

or protein conjugates, e.g. antibody conjugates, that benefit most from the high heterodimer 

selectivity and resultant high yield. Given the central role of antibodies in immunotherapy 

and the established use of ADCs, the developed linker system provides a promising strategy 

for generating ADCs, such as cancer-cell targeted conjugates or emerging immune-targeted 

variants, which are being explored for both cancer and non-cancer immune-related 

diseases.414,415 Importantly, the non-canonical BA-containing peptide tag can be readily 

incorporated during recombinant protein expression, enabling a practical and scalable protein 

conjugation strategy. However, the improved dissociation constant in the low micromolar 

range during complex formation could still be a limitation, particularly for protein 

conjugation, which is often restricted by limited solubility at higher concentrations. To 

resolve this, the boronate ester valency can be increased or the CA binding partners could be 

replaced with higher-affinity alternatives such as salicylhydroxamic acids. Nonetheless, the 

system demonstrated high conceptual value through its in chemico and in vitro performance, 

offering tunability and modularity and, at the same time, adding another dimension towards 

controlling selectivity and stability. 

 

In conclusion, this thesis demonstrates modular design principles that effectively address key 

limitations in nanocarrier targeting and drug linker stability, exemplified by highly selective 

immune-targeted nanocarriers and a cooperative dynamic covalent linker system, and lays 

the groundwork for their future integration into multi-layered yet translatable DDSs with 

precise and efficient in vivo performance.
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Appendix 

PubMed search strategy 

A comprehensive literature search, presented in Figure 2, was performed in PubMed (via 

NCBI, accessed September 28, 2025) to identify studies on nanocarriers used in oncology, 

covering publications from 2000 to date. Multiple nanocarrier material classes were 

considered, including protein-based, inorganic, polymeric, lipid-based, carbon-based. To 

compare the overall publication trends, a combined query encompassing all nanocarriers, 

including hybrid systems, was also conducted. 

For each material class, specific search terms were used to capture relevant nanocarrier types, 

including common synonyms, abbreviations, and established technologies. Both MeSH terms 

and free-text terms were used where applicable. All queries were restricted to original 

research articles, excluding reviews, meta-analyses, editorials, letters, and comments. 

Two separate sets of searches were performed: 

1. Preclinical studies: To identify research articles describing nanocarrier design, synthesis, 

and evaluation, clinical trials and randomized controlled trials were excluded. 

2. Clinical trials: To capture clinical evaluations of nanocarriers, separate searches were 

conducted for each material class, including all clinical trial phases (I–IV) and 

randomized controlled trials. 

All searches included the keyword “cancer” or the corresponding MeSH term. The search 

terms used for each material class and the combined nanocarrier search are detailed below. 

 

Research article query: 

“ ("search term 1"[tiab] OR "search term 

2"[tiab] OR …) 

 

AND 

(cancer[tiab] OR "cancer"[Mesh]) 

AND journal article[pt] 

NOT review[pt] 

NOT systematic review[pt] 

Clinical trial query:  

“ ("search term 1"[tiab] OR "search term 

2"[tiab] OR …) 

 

AND  

(cancer[tiab] OR "cancer"[Mesh]) 

AND  

(clinical trial[pt]  

OR clinical trial, phase I[pt]  
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NOT meta-analysis[pt] 

NOT editorial[pt] 

NOT comment[pt] 

NOT letter[pt] 

NOT clinical trial[pt] 

NOT clinical trial, phase I[pt] 

NOT clinical trial, phase II[pt] 

NOT clinical trial, phase III[pt] 

NOT clinical trial, phase IV[pt] 

NOT randomized controlled trial[pt]” 

OR clinical trial, phase II[pt]  

OR clinical trial, phase III[pt]  

OR clinical trial, phase IV[pt]  

OR randomized controlled trial[pt])” 

 

 

Search terms: 

Protein-based nanocarriers: protein nanoparticle, protein nanoparticles, protein 

nanocarrier, protein nanocarriers, protein-based nanoparticle, protein-based nanocarriers, 

peptide nanoparticle, peptide nanoparticles, peptide nanocarrier, peptide nanocarriers, 

polypeptide nanoparticle, polypeptide nanocarriers, virus-like particle, virus like particle, 

VLP, protein cage, ferritin nanoparticle, ferritin nanocarrier, apoferritin nanoparticle, 

apoferritin nanocarrier, albumin nanoparticle, albumin nanoparticles, albumin nanocarrier, 

albumin nanocarriers, albumin-bound, albumin-stabilized, HSA nanoparticle, HSA 

nanoparticles, BSA nanoparticle, BSA nanoparticles, casein nanoparticle, casein nanocarrier, 

nab-paclitaxel, nab technology 

Inorganic nanocarriers: gold nanoparticle, gold nanoparticles, gold nanocarrier, gold 

nanocarriers, silver nanoparticle, silver nanoparticles, silver nanocarrier, silver nanocarriers, 

silica nanoparticle, silica nanoparticles, silica nanocarrier, silica nanocarriers, iron oxide 

nanoparticle, iron oxide nanoparticles, iron oxide nanocarrier, iron oxide nanocarriers, 

quantum dot, quantum dots, inorganic nanoparticle, inorganic nanoparticles, inorganic 

nanocarrier, inorganic nanocarriers 

Polymeric nanocarriers: polymeric nanoparticle, polymeric nanoparticles, polymeric 

nanocarrier, polymeric nanocarriers, polymer nanoparticle, polymer nanoparticles, polymer 

nanocarrier, polymer nanocarriers, PLGA, PLA, PCL, polycaprolactone, polylactic, 

polylactic-co-glycolic, polymeric micelle, polymeric micelles, nanogel, nanogels, nanogel 
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nanocarrier, nanogel nanocarriers, dendrimer, dendrimers, dendrimer nanoparticle, 

dendrimer nanoparticles, dendrimer nanocarrier, dendrimer nanocarriers 

Lipid-based nanocarriers: liposome, liposomes, liposomal, lipid nanoparticle, lipid 

nanoparticles, lipid nanocarrier, lipid nanocarriers, solid lipid nanoparticle, solid lipid 

nanoparticles, solid lipid nanocarrier, solid lipid nanocarriers, SLN, lipid micelle, lipid 

micelles 

Carbon-based nanocarriers: carbon nanotube, carbon nanotubes, fullerene, fullerenes, 

carbon-based nanocarrier, carbon-based nanocarriers, carbon-based nanoparticle, carbon-

based nanoparticles, carbon-based nanomaterial, carbon-based nanomaterials, carbon 

nanomaterial, carbon nanomaterials, carbon nanoparticle, carbon nanoparticles, carbon 

nanocarrier, carbon nanocarriers 

All nanocarriers: liposome, liposomes, liposomal, lipid nanoparticle, lipid nanoparticles, 

lipid nanocarrier, lipid nanocarriers, solid lipid nanoparticle, solid lipid nanoparticles, solid 

lipid nanocarrier, solid lipid nanocarriers, SLN, lipid micelle, lipid micelles, polymeric 

nanoparticle, polymeric nanoparticles, polymeric nanocarrier, polymeric nanocarriers, 

polymer nanoparticle, polymer nanoparticles, polymer nanocarrier, polymer nanocarriers, 

PLGA, PLA, PCL, polycaprolactone, polylactic, polylactic-co-glycolic, polymeric micelle, 

polymeric micelles, nanogel, nanogels, nanogel nanocarrier, nanogel nanocarriers, protein 

nanoparticle, protein nanoparticles, protein nanocarrier, protein nanocarriers, protein-based 

nanoparticle, protein-based nanocarriers, peptide nanoparticle, peptide nanoparticles, peptide 

nanocarrier, peptide nanocarriers, polypeptide nanoparticle, polypeptide nanocarriers, virus-

like particle, virus like particle, VLP, protein cage, ferritin nanoparticle, ferritin nanocarrier, 

apoferritin nanoparticle, apoferritin nanocarrier, albumin nanoparticle, albumin 

nanoparticles, albumin nanocarrier, albumin nanocarriers, albumin-bound, albumin-

stabilized, HSA nanoparticle, HSA nanoparticles, BSA nanoparticle, BSA nanoparticles, 

casein nanoparticle, casein nanocarrier, nab-paclitaxel, nab technology, hybrid nanoparticle, 

hybrid nanoparticles, hybrid nanocarrier, hybrid nanocarriers, lipid-polymer hybrid, polymer-

lipid hybrid, lipid-inorganic hybrid, polymer-inorganic hybrid, hybrid nanomedicine, gold 

nanoparticle, gold nanoparticles, gold nanocarrier, gold nanocarriers, silica nanoparticle, 

silica nanoparticles, silica nanocarrier, silica nanocarriers, quantum dot, quantum dots, iron 

oxide nanoparticle, iron oxide nanoparticles, iron oxide nanocarrier, iron oxide nanocarriers, 

silver nanoparticle, silver nanoparticles, silver nanocarrier, silver nanocarriers, carbon 
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nanotube, carbon nanotubes, fullerene, fullerenes, carbon nanoparticle, carbon nanoparticles, 

carbon nanocarrier, carbon nanocarriers, dendrimer, dendrimers, dendrimer nanoparticle, 

dendrimer nanoparticles, dendrimer nanocarrier, dendrimer nanocarriers, exosome, 

exosomes, extracellular vesicle, extracellular vesicles, biomimetic nanoparticle, biomimetic 

nanoparticles, biomimetic nanocarrier, biomimetic nanocarriers 
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