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1 Introduction 

1.1 Nano-sized drug delivery systems 

Nanomedicines are a diverse group of drug delivery systems mainly defined by their size 

between 1 to 1000 nm (Doane and Burda, 2012). Their composition is as many-faceted 

as the encapsulated drugs, ranging from nanomedicines made out of proteins, lipids, 

polymers, metals, and combinations thereof, to applications in almost all diseases with 

a major focus on cancer and inflammation (Peer et al., 2007). Thus, the research 

community working on nanomedicines is highly interdisciplinary, with chemists, 

material scientists, pharmacists, biologists, and physicians specializing on the synthesis 

of new formulations, potential therapeutic applications, and the cumbersome 

translation into the clinic (Anselmo and Mitragotri, 2021). The content of this thesis will 

focus on well-established nanomedicines, i.e. polymers and liposomes, with a dedicated 

effort in overcoming common obstacles of the field, mainly the clinical translation in 

general and the blood-brain barrier in particular, both with the overarching aim to 

improve (nano)chemotherapy-based antitumor treatment.  

The combination of chemotherapeutic drugs and nano-sized drug delivery systems is 

based on the relatively short blood half-life of traditional chemotherapeutic drugs and 

the noticeable accumulation in healthy organs (Shi et al., 2017). With a low molecular 

weight of usually below 1 kDa, most drugs (e.g. doxorubicin, paclitaxel) are cleared 

within minutes to hours from the blood, minimizing the time period to substantially 

reach the tumor while still distributing to healthy organs, causing dose-limiting side 

effects (Figure 1) (Arcamone et al., 1969, Wall and Wani, 1995, Golombek et al., 2018). 

Loading these drugs into or attaching them to drug delivery systems results in larger 

constructs with a size above the renal threshold of ±40 kDa, extending blood half-life 

from hours to days (Gabizon et al., 1994, Hamilton et al., 2002, Girish et al., 2012, Doi et 

al., 2017). Furthermore, the biodistribution is altered compared to drug molecules as 

healthy blood vessels usually do not allow the extravasation of compounds with a size 

of 10-1000 nm, avoiding the accumulation of toxic drugs in healthy organs (O’Brien et 

al., 2004, Golombek et al., 2018). Blood vessel walls in tumors tend to be leakier, 

allowing the passage of drug delivery systems and enabling their penetration into the 

tumor (Dvorak et al., 1988, Hashizume et al., 2000). 
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Figure 1: Comparison of the distribution and elimination of low molecular weight drugs and 
nanomedicines. Low molecular drugs (chemotherapies) distribute in the tumor as well as in healthy 
tissues, while nanomedicines mainly accumulate in the tumor. Furthermore, drug molecules are cleared 
way faster from the bloodstream (a). Compared to low molecular weight drugs, nanomedicines present 
with extended circulation properties, leading to lengthened accumulation in the tumor and a higher total 
accumulation (b). Adapted from Golombek et al. (Golombek et al., 2018). 

However, the larger size of nanomedicines presents them more prominently to the 

immune system, potentially leading to the activation of the complement system or the 

binding of IgG antibodies, resulting in a process named opsonization and an uptake of 

nanomedicines by the reticuloendothelial system, mainly by monocytes and 
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macrophages of lymph nodes, the spleen and the liver. To escape opsonization, 

strategies to stealth nanoparticles are heavily investigated, leading e.g. to the 

modification of the surface of nanoparticles with poly(ethylene glycol) (PEG) (Owens III 

and Peppas, 2006). This contributes to the common notion, that on the one hand, the 

body has to be protected from the drug (e.g. by encapsulation to avoid the accumulation 

in healthy organs and reduce side effects), while on the other hand, also the drug 

(delivery system) has to be protected from the body (e.g. to avoid the rapid degradation 

of RNA before reaching the therapeutic site or reducing the accumulation in liver and 

spleen) - which can both be tackled by using nanomedicines.   

 

1.2 Tumor accumulation and retention of nanomedicines 

The tumor targeting of nanomedicines was detected by Yasuhiro Matsumura and 

Hiroshi Maeda in 1986 who reported an improved accumulation of the 

chemotherapeutic drug neocarzinostatin in tumors upon conjugation to a polymer 

(Matsumura and Maeda, 1986). Following Ehrlich’s famous concept of the “magic 

bullet”, a selective tumor-targeted drug delivery concept was thought to be identified 

that can discriminate between healthy and tumorous tissues (Ehrlich, 1907, Williams, 

2009, Nichols and Bae, 2014). Considered to be based on more and leakier blood vessels 

within a tumor and the lack of lymphatic clearance, this phenomenon was named the 

Enhanced Permeability and Retention (EPR) effect (Maeda et al., 2000). Due to the 

diffusion limit of oxygen and nutrients, growing tumors induce the formation of new 

blood vessels to meet their metabolic needs (Folkman, 1971, Carmeliet and Jain, 2000). 

“Sustained angiogenesis” is therefore also defined as one of the first six hallmarks of 

cancer (Hanahan and Weinberg, 2000), and its inhibition was a valid therapeutic target 

in attempts to starve tumors (Hurwitz et al., 2004). With respect to drug delivery, 

functional vessels are essential in enabling the effective transport of drugs and drug 

delivery systems of almost all administration routes to a tumor. The concept of “vessel 

normalization” underlines the need for functional (=perfused) vessels as the aim of this 

co-treatment is a shift from a highly immaturely vascularized tumor microenvironment 

towards a more mature, better perfused vasculature with an improved penetration of 

drugs into the tumor (Tong et al., 2004, Jain, 2005). Due to the extended blood half-life 
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of nanomedicines, multiple passages of an individual nanoparticle through a tumor are 

possible, enhancing the chance of its extravasation out of the blood vessel into the 

tumor tissue and leading to an increase in tumor accumulation hours and days post 

injection (Miedema et al., 2022).  

Once extravasated out of the blood vessel, most nanomedicines are taken up by 

phagocytes, mainly tumor-associated macrophages, which have been found to release 

the encapsulated drug enabling the diffusion of drug molecules through the tumor and 

the uptake by tumor cells (Miller et al., 2015b, Cuccarese et al., 2017, Lin et al., 2022). 

Neutrophils and tumor cells are also known for the uptake of nanomedicines, such as 

Doxil®, and are therefore also most heavily affected by the drug and eventually killed 

(Ngai et al., 2023). Enhancing the retention of nanomedicines is needed to prolong the 

time they stay inside the tumor and are able to release their payload before being 

cleared via the lymphatic system (or glymphatic system, for the CNS specifically) (Gu et 

al., 2020, Nguyen et al., 2023, Tang et al., 2024). A non-functional lymphatic system on 

the other hand contributes also to a high interstitial fluid pressure, which inhibits the 

extravasation of drug delivery systems and the perfusion of tumors due to collapsing 

vessels, indicating a bifaceted role of the lymphatic drainage (Boucher et al., 1990, 

Griffon-Etienne et al., 1999, Padera et al., 2004). Comparably, also components of the 

extracellular matrix (ECM) can support and stabilize blood vessels (e.g. collagen IV (Col 

IV) or alpha-smooth muscle actin (SMA)) or hinder the penetration and distribution of 

nanomedicines through the tumor (e.g. collagen I (Col I) or stromal SMA) (Yokoi et al., 

2014a). Tumor penetration was found to depend both on the s ize of the nanocarrier, 

but also on the vasculature and its permeability with small micelles distributing more 

homogeneous than large micelles in a low perfused and permeable tumor (BxPC3) 

model while no difference for the same micelles was detectable in a well perfused and 

highly permeable tumor model (C26) (Cabral et al., 2011).  

In addition to traditional nanomedicines such as Doxil®, numerous targeting approaches 

have been developed functionalizing a nanoparticle with e.g. antibodies , nanobodies or 

peptides to target specific receptors or proteins of cells  or the ECM - with the most 

prominent and profitable examples from the field of antibodies and antibody-drug 

conjugates (Byrne et al., 2008, Drago et al., 2021). Blocking a receptor due to the 
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targeting can already have a therapeutic effect, which is e.g. known for HER2 (human 

epidermal growth factor receptor 2) (Slamon et al., 2011), which can be further 

extended by adding drugs to the antibody (Lewis Phillips et al., 2008). The most well-

known examples of targeted nanomedicines are BIND-014 (Hrkach et al., 2012, Von Hoff 

et al., 2016), which was a docetaxel-loaded polymeric nanoparticle targeted to PSMA 

(prostate specific membrane antigen), and MM-302, which was a doxorubicin-loaded 

liposome targeted to HER2 (Miller et al., 2016, Espelin et al., 2016). The usage of the 

past tense indicates that both products did not make it into clinical practice due to 

missing endpoints in phase II clinical trials. Furthermore, and against common claims of 

enhancing the tumor accumulation by active targeting, it should be noted that targeting  

typically improves the retention inside a tumor, but not the overall accumulation 

(Wilhelm et al., 2016b, Tsvetkova et al., 2017).  

Accumulation in general was considered a passive process, based on diffusion and leaky 

blood vessels, as introduced above (Dvorak et al., 1988, Hashizume et al., 2000). 

Matsumoto et al. imaged the extravasation of polymeric nanoparticles of varied sizes 

and were able to detect eruptions of nanoparticles, leaving the vessels in a  spotted, 

heterogeneous, and dynamic matter (Matsumoto et al., 2016), and not in a rather 

homogenous way over larger parts of vessels that are leaky (Hashizume et al., 2000). 

Bursts of nanoparticles, which were found to be induced by macrophages, have already 

been described by Miller et al. upon radiotherapy (Miller et al., 2017), which was already 

known to enhance tumor accumulation of nanomedicines (Lammers et al., 2007). 

Recently, the group of Warren Chan has challenged the principle of the EPR effect and 

its passive targeting as the main contributing factor to the accumulation of 

nanomedicines in tumors (Sindhwani et al., 2020). Extending the findings of rarer than 

estimated gaps in blood vessels, they could also show the accumulation of gold as well 

as fluorescently-labeled nanoparticles in live animals but not in dead and still perfused 

“zombie” animals, claiming that this difference points toward the contribution of active 

transport mechanisms through endothelial cells while using kidney and liver as controls 

for passive accumulation (Figure 2) (Sindhwani et al., 2020).  
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Figure 2: Three-dimensional microscopy of fluorescently-labeled nanoparticles in zombie and control 
animals pointing towards an active transport mechanism. Nanoparticles (in green) were barely found to 
extravasate in zombie animals  (a) in contrast to control animals, most l ikely due to active transport 
pathways (b). Scale bars depict 500 µm, and 200 µm for zoom-ins. Adapted from Sindhwani et al. 
(Sindhwani et al., 2020). 

In a follow-up study, a subset of endothelial cells named nanoparticle transport 

endothelial cells was found to be the main extravasation-contributing cell population, 

with an upregulated expression of genes linked to vessel permeability or transcytosis 

(Kingston et al., 2021). Taken together, these findings pinpoint the need for further 

(pre)clinical research, which will be ethically challenging to get approved for patients as 

studies comparable to the ones in the field of organ transplantation, where braindead 

patients receive e.g. a xenotransplanted porcine kidney (Porrett et al., 2022), can be 

conducted in tumor patients more often than once in 20 years (Arap et al., 2002, Pentz 

et al., 2003) to improve the understanding of nanomedicine interactions with the body, 

blood vessels, and tumors.  

 

1.3 Clinical translation of nanomedicines 

Tumor-targeted nanomedicines are the topic of thousands of publications each year 

(see e.g. common scientific databases or libraries such as pubmed). However, the list of 

successfully translated drug products into the clinic is comparably short indicating a 

discrepancy between fruitful preclinical research and clinical reality (Venditto and Szoka 

Jr, 2013). The lack of clinical translation is on the one hand based on the potentially 

challenging reproducible production, its upscaling, the purification of the nanomedicine 

as well as long-term storage and shipment conditions and on the other hand based on 

clinical trials not meeting the efficacy endpoints  (He et al., 2019, Mihyar et al., 2024). 
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Wilhelm et al. postulated in a heavily discussed meta-analysis, that only 0.7% of injected 

nanomedicines reach the tumor (Wilhelm et al., 2016b, McNeil, 2016, Wilhelm et al., 

2016a). While McNeil questions in a response, if tumor accumulation is the correct 

parameter to evaluate the efficacy of nanomedicines, he suggests to assess the 

maximum drug concentration in a tumor or the blood half-life, also reminding that the 

tumor accumulation of traditional chemotherapeutic drugs is not higher than the 

calculated 0.7% ID/kg for nanomedicines (McNeil, 2016). Price et al. (Price et al., 2020) 

point towards using classical pharmacokinetic measures such as the ratio of the AUCs of 

blood and tumor. In the case of doxorubicin and Doxil®, it is indeed reported that drug 

accumulation in a tumor is higher for the nanomedicine formulation than for the 

traditionally administered drug molecule (Gabizon et al., 1997, Safra et al., 2000). 

Wilhelm et al. on the other hand mention in their response to McNeil’s reply to their 

meta-analysis that one has to decide if the drug molecule accumulation or the drug 

delivery system accumulation should be analyzed as it makes quite a difference, if e.g. 

the blood concentration is evaluated without differentiating between the free, released 

drug molecule and the still encapsulated drug molecule, which holds also true for the 

blood and tumor AUCs (Wilhelm et al., 2016a). With the lack of a uniform, standardized 

reporting of preclinical nanomedicine studies, it is very challenging to draw 

comprehensive conclusions, as mostly only the tumor accumulation of nanomedicines  

is reported, lacking detailed pharmacokinetic values (Wilhelm et al., 2016a). 

Other scientists question the EPR effect and its occurrence in human tumors, also 

criticizing rodent tumor models (Danhier, 2016, Golombek et al., 2018). While there is a 

valid point in the need for more accurate animal models  to improve preclinical research, 

the tumor accumulation of nanomedicines is very well proven for several types of 

nanoparticles in vastly different solid human primary tumors as well as metastases 

(Harrington et al., 2001, Miedema et al., 2022), showing that a lack of tumor 

accumulation is not the primary obstacle inhibiting a successful translation. As 

introduced above, nanomedicines are not only massively taken up by phagocytic cells 

inside the tumor microenvironment, but they also prominently and rapidly accumulate 

in liver and spleen. Strategies to avoid the accumulation in the reticuloendothelial  

system are studied, however, a straightforward and easily applicable solution could yet 

not be identified. Tackling the problem from a different angle, the group of Warren Chan 
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considered the liver as a definite organ, which should not have indefinite nanoparticle 

uptake capabilities, and found a threshold based on the number of injected 

nanoparticles, that saturates the uptake by the liver (Ouyang et al., 2020). Interestingly, 

when they adapted their threshold from mice to humans, it was found that all clinically 

successful nanomedicines are above the calculated threshold (1 trillion for mice, 1.5 

quadrillion for humans), while the “failed” ones are usually below (Ouyang et al., 2020). 

Just injecting higher numbers of nanoparticles is not the final solution in improving 

clinical translation but rather a key prerequisite that should be considered in designing 

nanomedicines - e.g. it might be smarter to reduce the drug loading per individual 

nanoparticle or add unloaded nanoparticles to overcome the liver uptake and improve 

tumor accumulation. As seen in micelles or liposomes, that are above the 1.5 quadrillion 

threshold established by Ouyang et al., tumor accumulation varies between patients and 

even between different tumors and metastases in individual patients (Harrington et al., 

2001, Miedema et al., 2022), exemplifying the need for additional patient stratification 

methods to enable personalized nanochemotherapies. Assessing the tumor 

accumulation in mice and patients via the direct imaging of the (radio-)labeled 

nanomedicine formulation or via indirect imaging using companion diagnostics  enables 

preclinical research using non-invasive and longitudinal imaging, that is well tolerated 

and supports the implementation of the 3R principles (Baier et al., 2020, Baier et al., 

2023). Furthermore, imaging can guide therapy decisions, as a good correlation between 

tumor accumulation and therapeutic response could be observed on a preclinical and a 

clinical level (Golombek et al., 2018) and also assess changes in tumor accumulation over 

the course of the therapy (Biancacci et al., 2022). For example, using ferumoxytol as a 

companion diagnostic, the tumor accumulation of a PLGA-PEG therapeutic nanoparticle 

loaded with docetaxel was predicted in several tumor models (HT1080, A2780CP, 4T1, 

and KP1.9) as both compounds were found to have very comparable distribution profiles 

using confocal multiphoton microscopy, and also MRI (Miller et al., 2015a). Supported 

by Merrimack Pharmaceuticals, a comparable study was performed in breast, cervical, 

head & neck, ovarian, pancreatic, and mixed (solid) tumor patients  who were treated 

with liposomes containing irinotecan (Figure 3 e, f) (Ramanathan et al., 2017). In both 

studies, high levels of ferumoxytol indicated not only high nanoparticle accumulation 

but also an increased therapy response, mainly an enhanced tumor shrinkage (Miller et 
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al., 2015a, Ramanathan et al., 2017). Also using an indirect imaging approach, Pérez-

Medina et al. co-injected 89Zr-labeled liposomes and Doxil®, but also Cy7-PLGA, DiR-NE, 

and Cy5.5-albumin@Abraxane, in 4T1-tumor bearing mice (Pérez-Medina et al., 2016). 

Especially for PEGylated, long-circulating nanomedicines, the 89Zr-labeled liposomes 

were useful for discriminating between lower and higher nanomedicine accumulating 

tumors and were also able to predict tumor growth and survival (Figure 3 a, b) (Pérez-

Medina et al., 2016). Evaluating the impact of untargeted, 64Cu-labebeld liposomes for 

the prediction of the tumor accumulation of several liposomal formulations  

(doxorubicin-loaded liposomes, irinotecan-loaded liposomes and HER2-targeted and 

doxorubicin-loaded liposomes), Lee et al. discovered a good correlation between the 

PET-captured tumor accumulation of radiolabeled liposomes and all liposomal drug 

formulations (Lee et al., 2018). Tumors, that presented with a strong accumulation of 

radiolabeled liposomes, responded better to targeted as well as untargeted liposomal 

formulations while this correlation could not be found in doxorubicin treated animals 

(Figure 3 c, d). Studying the accumulation of Her2-targeted, 64Cu-labeled, PEGylated, 

doxorubicin-containing liposomes in metastatic breast cancer patients, Lee et al. were 

able to show a link between higher tumor uptake and an improved therapeutic response 

(Figure 3 g, h) (Lee et al., 2017). Although the patient number (n=19) is not too large, the 

best overall response was in 43% of patients with low accumulating tumors a stable 

disease, while 75% of the patients with high accumulating tumors had either a partial 

response or stable disease (Lee et al., 2017). Unfortunately, the two patients with the 

shortest progression-free survival were both patients with high accumulating tumors , 

with one of them even showing the highest accumulation of the theranostic liposome 

at all - consequently indicating that a decent tumor accumulation of a nanomedicine is 

required but not a guarantee to induce a therapeutic response (Lee et al., 2017). In 

contrast, a single not responding metastatic site might result in an unavoidable death of 

a patient with otherwise well-responding primary and secondary tumors (Dillekås et al., 

2019, Boire et al., 2024). Imaging can enable the detection of the distribution of 

nanomedicines on a whole-body level, showing the inter- and intra-patient 

heterogeneity in the accumulation of e.g. radio-labeled micelles in the primary tumor 

but also in “cold” and “hot” metastases (Miedema et al., 2022). 
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Figure 3: Direct and indirect imaging of nanomedicines and a companion diagnostic to predict tumor 
accumulation and therapeutic response. The tumor accumulation of a  89Zr-labeled l iposome was 
assessed in 4T1-tumor-bearing mice using PET imaging, displaying the variabil ity between individual mice 
(a). Based on the tumor accumulation ranging from zero to low to high, there was a noticeable delay in 
the relative tumor growth detectable (b). Adapted from Pérez-Medina et al. (Pérez-Medina et al., 2016). 
PEGylated and HER2-targeted liposomes were labeled both with a fluorophore and 64Cu and injected in 
BT474-M3 tumor-bearing mice to multimodally image the tumor accumulation using fluorescence 
microscopy and PET (c). A high tumor accumulation of l iposomes correlated with the strongest tumor  
response based on the change in tumor volume (d). Adapted from Lee et al . (Lee et al., 2018). Ferumoxytol 
was used as a companion diagnostic to predict the therapeutic response to irinotecan-loaded liposomes 
(e). Dividing tumors in below and above the median of the accumulation of ferumoxytol was found to be 
connected to the therapeutic response indicated by the change in tumor growth (f). Adapted from 
Ramanathan et al. (Ramanathan et al., 2017). PEGylated and HER2-targeted liposomes, which were 
labeled with 64Cu and loaded with doxorubi cin, were used to image the tumor accumulation in breast 
(left) and brain (right) tumors (g). Patients, whose tumors showed higher tumor accumulation 
experienced also a longer progression-free survival (h). Adapted from Lee et al. (Lee et al., 2017).Whole 
figure adapted from Golombek et al. (Golombek et al., 2018). 
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Miedema et al., who imaged polymeric, docetaxel-loaded, and 89Zr-labeled micelles, 

discriminated between accumulating tumor sites and non-accumulating ones using PET 

imaging. They detected an expected high variability between accumulating primary 

tumors and metastases, even in the metastases of the same patient - and interestingly 

also reported a decrease in size of metastases which did not present accumulated 

micelles on PET-CT scans.  

 

Figure 4: Biomarker classes to stratify patients in cancer trials. Biomarkers can be for example l iquid 
biomarkers, tissue biomarkers or imaging biomarkers  with different levels of simplicity and specificity. 
Adapted from van der Meel et al. (van der Meel et al., 2019). 

These imaging approaches are highly specific and very accurate, but they require the 

accessibility of radiochemistry labs and nuclear medicine imaging devices , can come 

with additional hurdles (e.g. does every single particle contain the chelating agent to 

enable labeling or does one add an extra, radiolabeled formulation), and they massively 

increase the workload and costs per patient (Figure 4) (van der Meel et al., 2019). As 

briefly mentioned above, just the tumor accumulation of a nanomedicine detected by 

nuclear imaging does not guarantee the success of the therapy. On the other hand, and 

as almost every cancer diagnosis is based on the evaluation of a biopsy by a pathologist, 

histopathological biomarkers are very straightforward to implement in clinical routine. 

Within the antibody field, the nowadays billion-dollar drug Herceptin® was only 

approved upon stratifying patients based on their HER2 status  using HER2 stainings 

(Jacobs et al., 1999). Ignoring the above discussed passive or active transport of 

nanomedicines into tumors, it is deemed logical, that the buildup of a tumor’s  

microenvironment will have an impact on the delivery of nanomedicines . Previous, 

rather small preclinical studies revealed that e.g. blood vessels correlate with tumor 
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accumulation (Sulheim et al., 2018), collagen next to capillary walls indicates the 

permeability and extravasation of nanomedicines (Yokoi et al., 2014a), or blood vessels 

and even MMP-9 as a serum biomarker (Yokoi et al., 2014b) were correlated with the 

accumulation of nanomedicines. However, none of these biopsy-based approaches was 

further tested on additional preclinical tumor models or on human tumor samples or 

even translated into the clinic, and the highly specific imaging tools are barely used in 

clinical trials or in personalized therapy decisions. 

 

1.4 Co-treatments to enhance the tumor accumulation of nanomedicines 

Based on the previously discussed heterogeneity of the tumor accumulation of 

nanomedicines, several pharmacological, behavioral, and physical co-treatments have 

been tested to improve the delivery of nano-sized drug carriers but also of traditional 

chemotherapeutic drug molecules (Golombek et al., 2018, Becker et al., 2023). Here, I 

will only focus on the combination of ultrasound and microbubbles which is also named 

sonopermeation  (Snipstad et al., 2018, Snipstad et al., 2021). Microbubbles are an 

ultrasound contrast agent and are made out of a shell (polymers, lipids, or proteins) with 

a gas-filled core (Ferrara et al., 2007, Kiessling et al., 2012). Due to their size of 1-5 µm, 

they do not extravasate out of blood vessels and can therefore be used to image tissue 

perfusion and investigate pathological processes such as inflammation or cancer due to 

an altered vasculature (Kiessling et al., 2012). Depending on the power of the applied 

ultrasound (frequency, pressure), microbubbles can not only be used as contrast agents 

but upon inducing oscillation or bursts, also for therapeutic interventions, based on the 

created mechanical forces (Kooiman et al., 2014, Roovers et al., 2019, Deprez et al., 

2021). The result can be the blocking of blood vessels, allowing the diffusion of 

entrapped drug molecules or an increase in perfusion by widening vessels and 

pressuring the tumor stroma as well as an enhanced permeability of the blood vessel 

wall (Kiessling et al., 2012, Rix et al., 2021). The latter can be either due to a disruption 

of tight junction proteins, an induced enhanced transcytosis, or a combination of both. 

Using the in the meantime sonopermeation named process, Dimcevski et al. could 

enhance the delivery of gemcitabine into pancreatic tumors, enabling resections in two 

so far inoperable tumor patients, and enhancing patient survival compared to a 
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historical control group (Dimcevski et al., 2016). However, a similar study by Rix et al. in 

breast cancer patients did not result in an improved therapeutic response (Rix et al., 

2021), reflecting the preclinical landscape quite well and pointing to a very sophisticated 

balance of tumor entity, tissue characteristics, applied ultrasound parameters, used 

microbubble type, and the injected drug, that has to be timely adjusted to enhance the 

anticancer effect.  

Table 1: Opening the BBB using ultrasound and microbubbles – an overview of tunable parameters. 
Adapted from Aryal et al. (Aryal et al., 2014). 

 

In contrast to the application in solid tumors, (focused) ultrasound in combination with 

microbubbles to open the BBB is quite well understood on a preclinical level, with many 

identified adaptable parameters (Table 1) (Aryal et al., 2014, Hynynen et al., 2001, 

Sheikov et al., 2004, Vykhodtseva et al., 1995). Over the last years, proof-of-concept 

phase I clinical trials have been conducted in several CNS diseases such as tremor, 
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neurodegenerative disorders (Alzheimer, Parkinson, ALS), and brain tumors (Abrahao et 

al., 2019, Gasca-Salas et al., 2021, Lipsman et al., 2018, Mainprize et al., 2019, Rezai et 

al., 2022). As the vast majority of drug molecules can not overcome an intact BBB, 

interventions to enable the delivery are heavily investigated (Pardridge, 2007, 

Pardridge, 2012). In the brain, the ultrasound is either applied intracranially using 

implanted transducers (Carpentier et al., 2016) or extracranially using helmet-like 

devices including a thousand of transducers (Mainprize et al., 2019). Guided by MRI, the 

focus of the transducers is targeted to the pathological sites, with the option of an 

adjustment between different sessions for extracranially devices (Mainprize et al., 

2019). By doing so, a precise spatial control of the treated tissue can be guaranteed, 

which limits potential side effects, and is extended by feed-back loop systems, 

controlling the power of the ultrasound, to ensure a stable cavitation of the 

microbubbles and avoiding a too weak or too powerful treatment (Hynynen et al., 2001). 

As already mentioned above, especially researchers in Toronto lead by Hynynen, the 

late Mainprize, and Lipsman showed a well-tolerated opening of the BBB in 

glioblastoma, ALS, Alzheimer, and Parkinson patients, with a slight increase in delivered 

drugs to tumor tissue (Mainprize et al., 2019) as well as reduced tau levels in Alzheimer 

patients (Lipsman et al., 2018). On-going trials investigate an effect on the therapeutic 

response (e.g. NCT04440358, NCT01620359, NCT04417088, NCT05630209,  

NCT05615623, NCT05317858, NCT05879120, NCT05902169, NCT04528680), which still 

has to be proven. In the future, it will be interesting to see if more advanced therapeutic 

approaches e.g. based on inflammation-targeted microbubbles, which worked well in 

vitro (Hark et al., 2024), can enable an even more specific treatment of 

neurodegenerative diseases or brain tumors. 

In the here presented work, the combination of ultrasound and microbubbles created a 

window for the delivery of nanomedicines, to potentially increase the accumulation, 

retention, and release of drug molecules upon overcoming the BBB. By using multiscale 

optical imaging, the extravasation of differently sized nanomedicines (PHPMA, 10-20 

nm, and liposomes, 120 nm) in healthy brains of mice was imaged to investigate the 

ideal drug carrier for therapeutic follow-up studies.      
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2 Objectives 

Since the identification of the EPR effect in 1986, nanomedicines have been developed 

to deliver chemotherapeutic drugs to tumors, potentially leading to improved tumor 

accumulation profiles and reduced side effects. Only nine years later, the first 

formulation was approved for clinical use - the doxorubicin-loaded PEGylated liposome 

Doxil®. In clinical applications, however, nanomedicines do not always reach their full 

potential.  

One of the main reasons for the suboptimal clinical translation of nanomedicines is a 

lack of patient stratification, leading to the inclusion of cancer patients which tumors  

that are unlikely to accumulate nanomedicines in sufficient amounts and to eventually 

respond to the therapy. In chapter 4.1 of this thesis, histopathological biomarkers were 

screened with the aim of predicting the tumor accumulation of nanomedicines using a 

supportive machine learning algorithm. The identified biomarkers had to be validated in 

preclinical tumor models as well as on clinical samples to broadly verify their potential  

in discriminating between lower and higher accumulating tumors, highlighting the 

potential of histopathological stainings to predict the tumor accumulation of 

nanomedicines.  

Drug delivery to and into the brain is highly challenging due to the blood-brain barrier, 

for drug molecules as well as for drug delivery systems. In chapter 4.2, it is investigated 

if there is a size-dependent effect on the extravasation of fluorophore-labeled 

nanomedicines upon opening the blood-brain barrier using the combination of 

ultrasound and microbubbles. Polymers (10 nm) and liposomes (100 nm) were 

monitored in vivo via hybrid computed and fluorescent tomography and imaged ex vivo 

via fluorescence reflectance imaging, fluorescent and confocal microscopy and 

stimulated emission depletion nanoscopy to evaluate if the smaller-sized polymers  

accumulated more and penetrated deeper into the brain upon sonopermeation than 

the larger-sized liposomes.   

Taken together, within this thesis, two main obstacles for clinical translation of 

nanomedicines are assessed: patient stratification via histopathological biomarkers and 

ultrasound-supported drug delivery into the brain.   
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3 Materials and methods 

3.1 Synthesis of microbubbles, polymers, and liposomes 

3.1.1 Microbubbles 

Microbubbles were synthesized as described previously (Fokong et al., 2011). In short, 

poly(butyl cyanoacrylate) (PBCA) was the basis of hard-shelled microbubbles. The n-

butyl cyanoacrylate monomer was added dropwise to an aqueous solution containing 

1% (w/v) tritonX-100 at pH 2.5 during constant mixing using an ultra-turrax. The stirring 

was extended for 60 min at 10,000 rpm. Upon washing and purification, PBCA 

microbubbles with a size of 1.5-3 µm were obtained. 

3.1.2 Polymeric nanocarriers 

Polymers (poly(N-(2-hydroxypropyl)) methacrylamide (PHPMA)) were synthesized as 

described previously (Rihova et al., 2000, Etrych et al., 2007, Theek et al., 2018). The 

copolymer precursor poly(HPMA-co-Ma-GG-TT) was synthesized via radical 

copolymerization of N-(2-hydroxypropyl) methacrylamide (HPMA) and 3-(N-

methacryloyl glycylglycyl)thiazolidine-2-thione (Ma-GG-TT) in a 81:15 mol % ratio in 

DMSO at 50°C for 6 h. To enable optical imaging, the fluorophores Atto 488-NH2 and 

Dy750-NH2 were added to the polymer precursor solution (10 %w/w) in N,N-

dimethylacetamide and N,N’-diisopropylethylamine was added in an equimolar amount 

related to the fluorophores. The remaining reactive TT groups were aminolyzed with 1-

aminopropan-2-ol and precipitated with diethylether after 30 min. PD-10 desalting 

columns containing Sephadex G-25 resins in water were used to purify the crude 

product via gel filtration. Using UV/Vis spectrophotometry, the dye contents per 

polymer were measured (2.1 %w/w for Atto488 and 1.6 %w/w for Dy750). Size-

exclusion chromatography revealed a hydrodynamic radius of 4.1 nm and a 

polydispersity index of 1.7 for the PHPMA polymer using a size-exclusion 

chromatography equipped with a refractive index and multi-angle light scattering 

detectors (Wyatt Technology). The molecular weight was determined to be 67 kDa. 

Fluorescence spectroscopy revealed a size of 10-20 of coiled-coil PHPMA polymers  

(Theek et al., 2018).  
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3.1.3 Liposomes 

Liposomes were synthesized as described previously (Ergen et al., 2017, Ergen et al., 

2019). PEG-PE micelles are based on PEG(2000)-DSPE-NH2 and PEG(2000)-DSPE and 

were covalently labeled with NHS esters of Alexa-488 and Alexa-750. The resulting 

double-labeled PEG-PE micelles were added via a post-insertion method to pre-

prepared liposomes. Upon mixing liposomes with double-labeled micelles, the solution 

was heated up to 60°C for 5 min and kept at room temperature for 10 min which was 

repeated three times. Fluorophore-labeled liposomes were obtained upon lipid film 

hydration and extrusion with a diameter of 100 nm and a PDI below 0.1 (analyzed via 

dynamic light scattering on an ALV CGS-3 (Malvern Instruments)). The zeta potential was 

measured via a Zetasizer Nano Z (Malvern Instruments).  

Doxorubicin was loaded into 100 nm (95-120 nm) HSPC/CHOL/mPEG2000-DSPE 

(50:45:5 mol%) liposomes containing a 250 mM ammonium sulfate gradient, purchased 

from FormuMax. Over 1 h incubation, doxorubicin was encapsulated into the liposomes 

making use of the ammonium sulfate gradient, while unloaded drugs were removed via 

a Sephadex G-50 column. Eventually, a doxorubicin concentration of ~1.3 mg/mL was 

achieved, which was measured using the absorbance of doxorubicin at 480 nm. Prior 

the injection, doxorubicin-loaded liposomes were diluted in saline. This set of 

experiments was performed at AstraZeneca, mainly by Jennifer I. Moss. Further details 

are described in (May et al., 2024). 

 

3.2 In vivo experiments 

3.2.1 General remarks 

All animal experiments were approved by the responsible authorities (governmental 

review committees on animal care). Experiments were approved by the LANUV. The 

described experiments performed by collaboration partners at AstraZeneca (United 

Kingdom) adhered to the Animal Scientific Procedures Act 1986 and complied with the 

Global Bioethics Policy. Animals were housed with controlled light cycles and had access 

to water and food ad libitum. 
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3.2.2 Detecting nanomedicines in vivo in tumors and brains via optical imaging  

Using three different tumor models (A431, human epidermoid carcinoma; MLS, human 

ovarian carcinoma; CT26, murine colon carcinoma), the biodistribution and tumor 

accumulation of fluorophore-labeled PHPMA polymers was studied via optical imaging. 

Therefore, tumor cells were inoculated in the right flank (A431: 4 x 106 cells, MLS: 

5 x 106 cells, CT26: 1 x 106 cells; in 100 µl medium) of anesthetized CD1 nude mice (2% 

vol/vol isoflurane). Food was changed to a chlorophyll-free diet (sniff Spezialdiäten) to 

reduce background signal three days in advance of the start of the injection of PHPMA 

polymers (normalized to dye amounts; 2 nmol) and when tumors reached a size of 

7 mm. Upon injection of PHPMA polymers, mice were scanned using hybrid computed 

tomography-fluorescence molecular tomography (CT-FLT) 0.25, 4, 24 and 72 h post-

injection. Mice were anesthetized and placed on a custom-made bed, CT-FLT imaging 

and image reconstruction were performed as described previously (Gremse et al., 2015, 

Gremse et al., 2016). Before mice were killed, they received an intravenous (i.v.) 

injection of rhodamine lectin to mark functional blood vessels. Excised organs and 

tumors were further scanned using fluorescence reflectance imaging (FRI) and tumors  

were eventually embedded in TissueTek O.C.T. (Sakura Finetek Europe). 

The imaging of the accumulation of fluorophore-labeled PHPMA polymers and 

liposomes in the brain was slightly different. First, 2 sub-scans of the head were acquired 

using CT followed by FLT scans (two in total, one down- and one upwards). Image 

reconstruction was done as mentioned above. Upon receiving an i.v. rhodamine lectin 

injection, the mice were killed, and the brains were excised, scanned using FRI, and 

embedded in TissueTek. Several organs (e.g. brain, liver, kidneys, spleen, tumor) were 

scanned using FRI (FMT 2500 LC, Perkin Elmer) to additionally measure the fluorescence 

per organ ex vivo. Therefore, organs were placed on black cardboard inside the custom-

made bed.    

3.2.3 Tumor accumulation of doxorubicin-loaded and fluorophore-labeled liposomes  

This set of experiments was performed at AstraZeneca, mainly led by Jennifer I. Moss. 

The experiments involving the tumor models OVFX899, LXFE1297, an RXF423 were 

conducted at Oncotest, which was in the meantime acquired by Charles River. The mice 
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received one i.v. slow bolus injection of liposomes upon an average tumor volume of 

500 mm3. Doxorubicin-loaded liposomes were injected in 5 mice per timepoint (2 or 6, 

24, 72, and 120 hours) and upon killing, tumors were excised and immediately snap-

frozen to allow the analysis of the doxorubicin concentration in tumors via liquid 

chromatography-mass spectrometry. Additional tumor-bearing mice were used to 

resect tumors for immunohistological analysis. Using comparably dosed, Dil-labeled 

DOPC/CHOL/mPEG2000-DSPE liposomes, the tumor accumulation of liposomes was 

visualized ex vivo using fluorescence microscopy. Further details are described in (May 

et al., 2024). 

3.2.4 Sonopermeation to induce BBB opening allowing nanomedicine extravasation 

Healthy CD-1 nude mice were randomly split into the following treatment groups: i) i.v. 

injection of PHPMA polymers, no sonopermeation; ii) i.v. injection of PHPMA polymers, 

with sonopermeation; iii) i.v. injection of liposomes, no sonopermeation; iv) i.v. injection 

of liposomes, with sonopermeation. One hour before the sonopermeation treatment, 

animals received 4 nmol of the respective nanomedicine formulation, i.e. either PHPMA 

polymers or liposomes, based on dye content. Animals of the sonopermeation groups 

were infused with 5 x 107 PBCA-MB over 5 min while ultrasound (16 MHz, MS250 

transducer, Power Doppler ultrasound, 50% power, peak negative pressure of 1.8 MPa, 

mechanical index of 0.45, Vevo 2100 FUJIFILM VisualSonics) was applied for 5 minutes 

on the skull of anesthetized mice. Using optical imaging (CT-FLT), the accumulation of 

PHPMA and liposomes in the brain was evaluated 0.25 h before sonopermeation and 2, 

4, and 24 h post sonopermeation treatment. Before mice were killed, rhodamine -

labeled lectin was i.v. injected to mark functional blood vessels. Sonopermeation, 

imaging, and killing were performed under constant isoflurane (2%) induced anesthesia. 

Brains were resected, imaged via FRI, and embedded in TissueTek (Sakura Finetek). 
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3.3 Immunohistological stainings 

3.3.1 Stainings of murine tumors to identify biomarkers for nanomedicine 

accumulation 

Tumor samples of A431, MLS, and CT26 tumors were cut into sections with a thickness 

of 8 µm. A methanol-acetone-fixation was used (80 %v/v methanol for 5 min followed 

by 20 min of -20°C acetone). Primary antibodies were either incubated for 1 h at RT or 

overnight at 4°C, secondary antibodies were incubated for 1 h at RT. The applied 

antibodies are listed in Table 2. Microscopic images were acquired using an Axio Imager 

M2 microscope and four images of three sections per tumor were analyzed via the 

software FiJi (Schindelin et al., 2012). 

Table 2: List of primary and secondary antibodies. 

Antigens of primary antibodies Host Dilution Catalogue number 

Mouse CD31 (PECAM-1) Rat 1:100 BD Biosciences # 553370 

Mouse VEGFR2  Goat 1:20 R&D Systems # AF644 

Mouse F4/80  Rat 1:50 Bio-Rad # MCA497GA 

Murine & human Collagen Type I Rabbit 1:100 Novus Biologicals (NB600-408) 

Mouse Collagen IV Rabbit 1:100 Novotec # 20451 0.5ml 

Mouse Smooth Muscle Actin  Biotin 1:100 Progen # BK61501-1mg 

Mouse LYVE-1 Rabbit 1:50 abcam # ab14917 

Mouse CD68 Rabbit 1:100 abcam # 125212 

Human CD31 Clone JC70A Mouse ready to use DAKO Code IR610 

Human CD68 Clone PG-M1 Mouse ready to use DAKO Code GA613 

Antigens of secondary antibodies Conjugate Dilution Catalogue number 

Rat IgG (H+L) Alexa Fl. 488 1:350 Dianova # 712-546-153 

Rat IgG (H+L) AMCA 1:50 Dianova # 712-155-153 

Rabbit IgG (H+L) Alexa Fl. 488 1:500 Dianova # 711-546-152 
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Rabbit IgG (H+L) AMCA 1:50 Dianova # 111-155-003 

Goat IgG (H+L) AMCA 1:50 Dianova # 705-155-147 

Biotin Cy2 1:200 Dianova # 016-220-084 

 
Mouse IgG (H+L) HRP 1:200 Vector Laboratories #PI-2000 

 

 

 

 

 

 

 

 

 

 

Rabbit/Mouse HRP ready to use DAKO Code K8000 

 

3.3.2 Stainings of human tumor microarrays 

The stainings of human tumor sections and biopsies were performed at the Institute of 

Pathology by Saskia von Stillfried. The patient samples were picked to match the tumor 

entity and stage of the patients of the paper by Harrington et al. (Harrington et al., 2001), 

and are summarized in Table 3. The experiments were ethically approved by the ethics 

committee as well as registered at the Clinical Trial Center of Uniklinik RWTH Aachen (EK 

No. 22-294; CTC-A No. 21-359). Further details are described in (May et al., 2024). Image 

analysis was performed using QuPath (manual counting of blood vessels and automated 

positive cell detection of macrophages) (Bankhead et al., 2017). 

Table 3: Overview of patient tumor samples used in tumor microarray and biopsy stainings. 

Sample ID Sex Cohort ICD-O code Topography 
code 

TNM stage 

BC1 Female Breast 8500/3 C50 pT3pN1 

BC2 Female Breast 8500/3 C50 pT4pN3 

BC3 Female Breast 8500/3 C50 pT4pN2 

BC4 Female Breast 8500/3 C50 pT3pN2 

BC5 Female Breast 8500/3 C50 pT3pN0 

BC6 Female Breast 8500/3 C50 pT4pN3 

BC7 Female Breast 8500/3 C50 pT4pN2 

BC8 Female Breast 8500/3 C50 pT3pN3 

BC9 Female Breast 8500/3 C50 pT4pNX 

BC10 Female Breast 8500/3 C50 pT3pN1 



22 

HN1 Male Head & neck 8070/3 C30 pT3pN0 

HN2 Female Head & neck 8070/3 C02 pT3pN1 

HN3 Male Head & neck 8070/3 C02 pT3pN2 

HN4 Female Head & neck 8070/3 C07 pT3pN1 

HN5 Male Head & neck 8070/3 C09 pT3pN1 

HN6 Male Head & neck 8070/3 C13 pT4pN0 

HN7 Male Head & neck 8070/3 C32 pT3pN0 

HN8 Male Head & neck 8070/3 C09 pT3pN1 

HN9 Male Head & neck 8070/3 C44 pT3pN1 

HN10 Male Head & neck 8070/3 C32 pT3pN0 

LC1 Male Lung 8070/3 C34 pT4pN1cM1 

LC2 Male Lung 8070/3 C34 pT3pN0 

LC3 Male Lung 8070/3 C34 pT3pN0 

LC4 Male Lung 8070/3 C34 pT3pN1 

LC5 Female Lung 8070/3 C34 pT3pN0 

LC6 Male Lung 8070/3 C34 pT3pN0 

LC7 Female Lung 8070/3 C34 pT3pN0 

LC8 Male Lung 8070/3 C34 pT3pN0 

LC9 Male Lung 8070/3 C34 pT3pN1 

LC10 Male Lung 8070/3 C34 pT3pN1 

3.3.3 Stainings of murine brains 

H&E  stainings were performed at the Institute of Pathology using the routinely used, 

automated system (TissueTek Prisma, Sakura Finetek). Therefore, brain slices of 4 µm 

were used. IgG  was stained as an endogenous marker for BBB opening using the horse 

anti-mouse IgG HRP -labeled (Vector Laboratories) and visualized with a Cy5.5 TSA dye 

(Perkin Elmer) following the standard TSA staining protocol for frozen samples. 
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3.4 Microscopy  

3.4.1 Fluorescent and confocal microscopy as well as STED nanoscopy of 

nanomedicines in brain tissue 

The distribution, extravasation, and penetration of fluorophore-labeled polymers and 

liposomes was assessed via fluorescence microscopy (using an Axio Imager M2 

fluorescence microscopy, Carl Zeiss). Therefore, 8 µm sections of murine brains (3 slices 

per animal, cut using a Cryostat CM3050 S, Leica) were directly imaged with the 20x 

objective using the DsRed, GFP, and Cy7 channel. The acquired images were analyzed 

using FiJi (Schindelin et al., 2012) and the extravasation of polymers and liposomes was 

analyzed using Definiens Developer XD Software (Definiens AG). 

For confocal and STED microscopy, 25-40 µm thick sections of murine brains were 

imaged using a Leica TCS SP8 (Leica). Therefore, the brain slices were placed on a high-

precision cover glass (170 µm, No. 1.5H, Marienfeld) and embedded in Mowiol. Using 

the 93X/1.30 glycerol objective with glycerol immersion liquid type G with a refractive 

index of 1.45 and a white laser source, polymers, liposomes, and rhodamine lectin-

marked vessels were imaged (rhodamine lectin was excited at a wavelength of 550 nm 

and emissions were detected between 560 and 650 nm, Atto-488 and Alexa-488 were 

excited at a wavelength of 498 nm and emissions were detected between 509 and 542 

nm). Using a step size of 500 nm, three-dimensional images were acquired. Parts of the 

3D stack were further imaged using STED microscopy, where Atto-488 and Alexa-488 

were irradiated by the STED laser at a wavelength of 592 nm and rhodamine lectin was 

irradiated by the STED laser at a wavelength of 775 nm. The images were processed 

using Huygens Professional (Scientific Volume Imaging) and analyzed using Imaris 

Software (Imaris 7.4, Bitplane). The extravasation of polymers and liposomes was 

analyzed using an adapted MATLAB script based on the “Dilate Surface” Xtension in 

Imaris (as described in (Theek et al., 2016)). 
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3.5 Gradient tree boosting and Statistics 

3.5.1 Gradient tree boosting 

Gradient tree boosting was run using Python’s Conda environment and XGBoost library 

version 1.4.2 on a computer using an Intel processor and Windows 10. First, the available 

data set was split into training, validation, and test data sets with specified ratio 

(70:15:15). The hyperparameters maximum depths, number of decision trees, and 

learning rate were investigated within the following boundaries, with all other 

hyperparameters being unchanged: 

- Maximum depth: {3, 5, 7, 8, 9, 10} 

- Number of decision trees: {10, 30, 50, 100} 

- Learning rate: {0.1, 0.3} 

A maximum depth of 8, 10 decision trees and a learning rate of 0.1 were chosen as the 

best set of hyperparameters due to the R2 values. Using these hyperparameters, the 

impact of individual biomarkers (parameters) on the prediction of polymer 

accumulation was investigated. Training and testing of the model were done using the 

leave-one-out approach, resulting in multiple repetitions to guarantee a split between 

training and testing. The importance of every individual biomarker on the prediction was 

sorted based on the average feature importance over all repetitions. 

3.5.2 Statistics 

The statistical analysis was performed using GraphPad Prism 5 and 9. Student’s t test 

was used when two groups were compared, and one- or two-way ANOVA was used 

when multiple groups were compared. To analyze the GTB results, the Python 

environment was used. The specifically applied test and an explanation of p values are 

mentioned in each figure legend.  
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4 Results 

4.1 Prediction of the tumor accumulation of nanomedicines using 

histopathological biomarkers 

To investigate histopathological biomarkers for the prediction of the tumor 

accumulation of nanomedicines, an evaluation of the tumor accumulation of a 

prototypic polymeric drug carrier (PHPMA) was performed in three preclinical tumor 

models first.1 The tumor sections of the three tumor models were stained for several 

biomarkers related to the tumor microenvironment and, supported by machine 

learning, a duo of predictive biomarkers was identified. Second, the biomarker set 

consisting of blood vessels and macrophages was validated in 10 additional tumor 

models, predicting the accumulation of liposomal doxorubicin. By using 3 additional 

tumor models in immunocompetent mice, a potential impact of the immune system was 

investigated, and still, blood vessels and macrophages were found to be predictive for 

tumor nanomedicine accumulation. Third, by combining historical tumor accumulation 

values of Doxil® and patient samples of comparable tumor entities and stages, a proof 

of concept on human tumors could be conducted, both on samples from tumor 

resection surgeries as well as the relative biopsies.   

4.1.1 Optical imaging to assess PHPMA tumor accumulation 

To enable the screening of biomarkers, the tumor accumulation of PHPMA was 

measured using hybrid computed tomography-fluorescence tomography (CT-FLT) 

imaging, followed by histopathological stainings (Figure 5 a). The biodistribution and 

tumor accumulation of fluorophore-labeled PHPMA was studied in mice using three 

different tumor models (A431, a human squamous cell carcinoma; MLS, a human 

ovarian carcinoma; CT26, a murine colon carcinoma).  

                                                 

1 The results described in subchapter 4.1 are published in (May et al., 2024). Figures of 
the publication are presented upon adaption within this thesis, which is covered by the 
Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/). 
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Figure 5: Optical imaging to measure and screening for histopathological biomarkers correlating with 
tumor accumulation of nanomedicines. Summarizing schematic describing the workflow. First, 
fluorophore-labeled PHPMA (10-20 nm in size) were injected i.v. into tumor-bearing mice (A431, MLS, or 
CT26) and the biodistribution and tumor accumulation was measured using CT-FLT. Second, the tumors 
were harvested and stained for 23 features of the tumor microenvironment to screen for possible 
biomarkers, that are connected to the vasculature (red), stroma (green), macrophages (blue), and cellular 
density (grey). Schematic created with BioRender.com (a). Representative FRI scans of A431, MLS, or CT26 
tumor-bearing mice 0.25, 4, 24, and 72 h post injection of fluorophore-labeled PHPMA. Tumors are 
indicated by white dashed circles (b). Hybrid CT-FLT imaging allowed a segmentation of organs  and tumor 
(c). Furthermore, tumor accumulation of PHPMA is plotted over time, normalized to 250 mm3 tumor 
volume. Each data point represents one animal, and the statistical significance was tested using Student’s 
t-test (between two models) or one-way ANOVA (between all  models). A431 versus MLS, *P = 0.0168; 
A431 versus CT26, **P = 0.0025; all  models, #P = 0.0024 (d). Adapted from (May et al., 2024). 

Both the prototypic drug carrier as well as the tumor models were well established in 

the institute and known for a good tumor accumulation on the one hand as well as for 

different tumor microenvironments on the other hand. Upon tumors reached a 

sufficient size and days before the injection of the DY750-labeled PHPMA, the food was 

changed to a chlorophyll-free diet minimizing the background signal in the digestive 

tract. Mice were scanned via hybrid CT-FLT before the injection of PHPMA and 

immediately (0.25 h), 4, 24, and 72 h after the i.v. injection to longitudinally monitor the 

biodistribution and the tumor accumulation of PHPMA. 



27 

 

Figure 6: Ex vivo FRI analysis of the biodistribution of PHPMA. Immediately after kil l ing and 72 h post 
injection, the A431, MLS, or CT26 tumor-bearing animals, organs and tumors were excised and imaged 
using fluorescence reflectance imaging allowing the assessment of the biodistribution of the DY750-
labeled PHPMA (a). For tumors and organs, fluorescence intensity was analysed, with each dot 
representing one animal (b). Adapted from (May et al., 2024). 
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Exemplary shown are FRI scans of one mouse per tumor model and time-point (Figure 5 

b). In addition, tumors and organs were segmented using Imalytics, allowing a 

quantification of accumulated PHPMA per organ, tumor, and volume (Figure 5 c, d).  

Already after 4 h, there was a noticeable difference in tumor accumulation, indicating a 

higher perfusion of MLS and CT26 tumors compared to A431 tumors. This trend was 

statistically significant at 72 h, which was directly before killing the animals, as the mean 

injected dose in % normalized to a volume of 250 mm3 varied from 5.0 ± 1.7 for A431 to 

8.5 ± 1.6 for MLS up to 10.2 ± 1.7 for CT26 (One-way ANOVA: P: 0.0024). Furthermore, 

the variation between and to some extent also within the tumor models illustrates a 

heterogenous tumor microenvironment, which is thought to be the most contributing 

factor for the accumulation of nanomedicines in solid tumors. After the mice were killed, 

the organs were excised and imaged using ex vivo FRI (Figure 6 a). Although ex vivo FRI 

is rather semi-quantitative as the fluorescent signal mainly relies on the surface of each 

organ rather than a complete assessment of the whole organ, there were notable 

differences between different organs and tumors, validating the in vivo CT-FLT results 

(Figure 6 b). The highest signal was found in livers and tumors (above 0.1 arbitrary units). 

Taken together, these results showed the different tumor accumulation levels of 

fluorophore-labeled PHPMA in A431, MLS, and CT26 tumors, paving the way for further 

histopathological stainings.  

4.1.2 Screening for histopathological biomarkers 

Tumor sections of A431, MLS, and CT26 were stained using standard 

immunofluorescence protocols and imaged via fluorescence microscopy. Among the 

evaluated biomarkers, in addition to the pre mortem injected rhodamine lectin marking 

perfused vessels, were CD31 (blood vessels), SMA (vessel maturity), VEGFR2 

(angiogenesis), LYVE-1 (lymphatic vessels), F4/80 (macrophages), Col I (extracellular 

matrix), Col IV (vessel support), and DAPI (Figure 7 a-f, Figure 8 a, d, g). While these 

single biomarkers were analyzed by counting or area fraction measurements, double 

biomarkers were also evaluated, e.g. lectin+,  SMA+, or Col IV+ blood vessels (Figure 7 

g-l, Figure 8 b, e, h, j-n).  
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Figure 7: Screening of histopathological biomarkers of the tumor microenvironment to predict the 
tumor accumulation of nanomedicines (I). A431, MLS, and CT26 tumor sections were cut and stained for 
CD31 (blood vessels) (a), lectin (perfused and functional vessels) (b), SMA (mature and pericyte 
supported vessels) (c), VEGFR2 (angiogenic vessels) (d), LYVE-1 (lymphatic vessels) (e), F4/80 (tumor-
associated macrophages) (f); scale bar indicating 50 µm. The number of vessels were counted, either total 
vessels (g), perfused vessels (h), or mature, angiogenic, or lymphatic vessels (i-k). For macrophages, the 
area fraction was determined (l). Means are indicated by black bars, each dot represents one animal and 
statistical significance is based on Student’s t-test with the respective P values shown. The quantified 
biomarkers (g-l) were correlated with the PHPMA tumor accumulation at 72 h, in % ID normalized to 250 
mm³ tumor volume (m-r). Trendlines are plotted per tumor model (color) and for all  tumor models 
combined (black), and the R² values indicate the coefficient of determination and reflect the goodness of 
fit. Adapted from (May et al., 2024). 

When comparing the tumor models A431, MLS, and CT26, CT26 was the model with the 

highest number of blood vessels, both total CD31+- and lectin+ blood vessels (total 

vessels: 28.5 ± 15.1 for A431 vs. 34.8 ± 18.0 for MLS vs. 89.0 ± 35.9 for CT26, functional 

vessels: 25.6 ± 15.5 for A431 vs. 22.3 ± 11.5 for MLS vs. 48.0 ± 18.8 for CT26, Figure 7 g, 
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h). The blood vessel density was also found to correlate better with the amount of 

accumulated polymer (% ID per 250 mm3 tumor) than the number of functional vessels 

(R2 of 0.50 vs. 0.22 over all three tumor models, Figure 7 m, n). The ratio of perfused 

vessels was found to be less important for the tumor accumulation of polymers than the 

total number of perfused vessels – as A431 had the highest percentage of lectin+ blood 

vessels but also the lowest amount of accumulated PHPMA (ratio: 91.4% ± 6.7 for A431 

vs. 62.7 ± 6.6 for MLS vs. 54.9 ± 4.0 for CT26, Figure 7 h and Figure 8 j).  

In the case of blood vessel maturity, indicated by SMA, there was also a discrepancy 

between the total number of SMA+ blood vessels and the ratio of SMA+ blood vessels. 

The total number of SMA+ blood vessels was significantly higher in MLS tumors  

compared to A431 tumors, with CT26 tumors presenting with comparable amounts of 

SMA+ blood vessels as MLS tumors, while the ratio of SMA+ blood vessels was 

significantly higher in MLS tumors compared to A431 and CT26 tumors (total number: 

6.5 ± 0.9 for A431 vs. 23.8 ± 9.1 for MLS vs. 26.1 ± 11.3 for CT26, ratio: 25.9 ± 5.4 for 

A431 vs. 71.9 ± 12.3 for MLS vs. 32.7 ± 10.8 for CT26, Figure 7 i and Figure 8 k). In line 

with that finding, the total number of SMA+ blood vessels was a decent predictor for 

the tumor accumulation of PHPMA (R2: 0.62, Figure 7 o). Angiogenic vessels, indicated 

by VEGFR2 expression, also showed the highest total number in CT26 tumors while A431 

and MLS tumor presented with comparably low counts (10.0 ± 6.5 for A431 vs. 11.6 ± 4.1 

for MLS vs. 29.7 ± 6.5 for CT26, Figure 7 j). In general, the ratio of VEGFR2+ vessels was 

high, with more than 70%  in all tumor types (85.2 ± 10.0 for A431 vs. 72.3 ± 13.4 for 

MLS vs. 76.5 ± 4.6 for CT26, Figure 8 l), and neither to total number of angiogenic vessels 

nor the ratio was predictive for tumor accumulation (R2: 0.27, Figure 7 p). 

Lymphatic vessels are stained by using LYVE-1, and were found in quite low levels in all 

three tumor models, with CT26 showing significantly more LYVE-1+ vessels than MLS, 

but not A431 (5.9 ± 2.8 for A431 vs. 4.7 ± 1.8 for MLS vs. 10.8 ± 2.8 for CT26, Figure 7 k). 

Also due to the low dynamic range of lymphatic vessels, they seem to be at best weakly 

connected to PHPMA tumor accumulation (R²: 0.10, Figure 7 q), which might be 

explainable by their mixed impact on drug delivery processes. On the one hand, no 

lymphatic vessels can result in tumors with a high interstitial fluid pressure, inhibiting 

the extravasation of nanomedicines out of blood vessels, while on the other hand, a high 
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number of lymphatic vessels can enhance the removal out of the tumor. In contrast, the 

amount of macrophages differed substantially among all models with A431 with the 

lowest, MLS with an intermediate, and CT26 with the highest amount of macrophages 

(2.2 ± 0.4 for A431 vs. 5.1 ± 1.4 for MLS vs. 7.7 ± 1.3 for CT26, Figure 7 l). As a result, the 

tumor accumulation of PHPMA correlated very well with the amount of macrophages 

(R2: 0.80, Figure 7 r). 

 

Figure 8: Screening of histopathological biomarkers of the tumor microenvironment to predict the 
tumor accumulation of nanomedicines (II). A431, MLS, and CT26 tumors were cut and stained for Col I 
(collagen I) (a), Col IV (collagen IV) (d), and DAPI (nuclei) (g). Scale bar indicates 50 µm. Images were 
quantified (b, e, h) and correlated with the PHPMA tumor accumulation values 72 h post injection (in % 
of the injected dose, normalized to 250 mm3 (c, f, i). As an attachment of Figure 7 the ratio of lectin (j), 
SMA (k), VEGFR2 (l), Col I (m), and Col IV (n) positive vessels to the total number of blood vessels was 
plotted. Statistical significance is based on Student’s t-test with the respective P values shown, and 
trendlines are plotted per tumor model (color) and for all  tumor models combined (black), with the R² 
values indicating the coefficient of determination and reflect the goodness of fit. Adapted from (May et 
al., 2024). 

An important component of the extracellular matrix are collagens, here, collagen I 

(general ECM protein) and collagen IV (blood vessel stability) were stained. The number 

of Col I and Col IV positive vessels increased from A431 to MLS to CT26 with very high 

ratios for both collagens (above 60% for Col I, and almost 100% for Col IV, in all three 
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tumor models) without being very predictive for the tumor accumulation of PHPMA 

(R2: 0.35 for Col I and R2: 0.03 for Col IV, Figure 8 b, e and c, f). The cellularity, indicated 

by DAPI, seems also to be barely connected with the tumor-targeted drug delivery of 

nanomedicines, at least in the three here investigated tumor models (R2: 0.37, Figure 8 

h,i).  

Taken together, the screening for histopathological biomarkers that are predictive for 

the tumor accumulation of PHPMA as a representative nanomedicine revealed blood 

vessels and macrophages as promising candidates.  

4.1.3 Identification of histopathological biomarkers using machine learning  

The attempts in identifying histopathological biomarkers for nanomedicine tumor 

accumulation has so far only focused on single biomarkers or combinations (e.g. 

macrophages, blood vessels, extracellular matrix proteins, or angiogenic or mature 

blood vessels). As within this study, over 20 different parameters per animal have been 

evaluated, it seemed reasonable to apply computational power and test, if the tumor 

accumulation can be predicted based on the information collected in the whole data 

set. Gradient tree boosting was found to be a suitable method, as it does not require 

massive data sets and aims to predict one parameter based on a data set of several 

parameters (Figure 9 a). The acquired data set was not large enough to split training and 

testing populations, which was tackled by using the leave-one-out method (13 animals 

were used for training, and one for testing, with five repetitions). Additional settings 

included the maximum usage of ten decision trees, each with a maximum depth of 8 

questions. Eventually, gradient tree boosting predicted the tumor accumulation of 

PHPMA (in % ID per 250 mm3), which was plotted against the values measured by hybrid 

CT-FLT (from Figure 5 d), and resulted in a coefficient of determination of R2: 0.70 

(Figure 9 b). This prediction was based by using only 6 of the 23 features, which does 

not indicate that the remaining 17 features were not connected to the tumor 

accumulation of PHPMA, but rather that they did not provide any additional input that 

was not covered by the used 6 features (Figure 9 c). All the important features were 

either linked to the vasculature or to macrophages, validating the findings of the 

screening for histopathological biomarkers.  
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Figure 9: Gradient tree boosting to evaluate the importance of histopathological biomarkers. Upon the 
quantification of histopathological stainings and their correlation with the tumor accumulation of PHPMA, 
the acquired data set was fed into a machine learning tool (gradient tree boosting). By using decision trees 
with simple yes and no answers, the algorithm tries to predict the measured tumor accumulation values 
based on the acquired biomarker data, also revealing the importance of each feature (a). The tumor 
accumulation values were predicted quite accurately, using N-fold cross validation, with the R² value 
indiating the coefficient of determination and reflecting the goodness of fit (b). All  assessed 
histopathological features are ranked from high to low based on their appearance in the decision trees 
predicting PHPMA tumor accumulation, with error bars indicating the standard deviation (n=14) (c). 
Adapted from (May et al., 2024). 

 

4.1.4 Verification of blood vessels and macrophages as biomarkers in ten additional 

preclinical tumor models  

Blood vessels and macrophages were found to be promising candidates to predict the 

tumor accumulation of nanomedicines, however, that finding was so far based on three 

preclinical tumor models. Therefore, an extensive validation study was conducted, 

which included ten additional preclinical tumor models (the four cell line derived models 
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Calu-3, SW620, A549, and Calu-6; and the six patient-derived xenograft models E35CR, 

REN, CRC, E77, NSCLC, and OV). These models were chosen to display very different 

tumor microenvironments and not to tailor the biomarker-based approach to one 

specific tumor entity. Additionally, the nanomedicine formulation was switched from 

PHPMA to a PEGylated liposome, either dye-labeled or doxorubicin-loaded and 

comparable to Doxil®. Using the DiL-labeled liposomes, their tumor distribution was 

assessed via fluorescence microscopy (Figure 10 a), indicating quite different 

accumulation profiles. As a follow-up, 20 mice per tumor model were i.v. injected with 

doxorubicin-loaded liposomes and the drug concentration in the tumor was measured 

via liquid chromatography-mass spectrometry 2 respectively 6, 24, 72, and 120 h post 

injection (five mice per timepoint, Figure 10 b). The area under the curve (AUC0-120) was 

calculated per tumor model (Figure 10 c), with E35CR and Calu-3 as the highest 

accumulating tumor models and SW620, A549, and Calu-6 as the lowest accumulating 

tumor models, which was in line with the tumor accumulation levels of the DiL-labeled 

liposomes (with AUCs of 163.7 ± 27.0 for E35CR vs. 118.9 ± 24.3 for Calu-3 vs. 16.1 ± 2.1 

for SW620 vs. 6.6 ± 1.7 for A549 vs. 5.4 ± 1.3 for Calu-6, Figure 10 a, b, c).  

To simulate the workflow of the clinic, the switch from immunofluorescent stainings to 

pathology’s standard staining method was made, which is based on secondary 

antibodies labeled with HRP and stain the antigen using the dye DAB (3, 3'-

diaminobenzidine). Tumor sections of E35CR, Calu-3, REN, CRC, E77, NSCLC, OV, SW620, 

A549, and Calu-6 were stained for both CD31 and F4/80, to mark blood vessels or 

macrophages, and counterstained using hematoxylin (Figure 10 d). Blood vessels (Figure 

10 e) and macrophages (Figure 10 g) were counted per field of view and eventually 

plotted against the AUC0-120h (Figure 10 f and h). In general, there was a positive 

correlation between both the number of blood vessels as well as macrophages and the 

amount of accumulated doxorubicin, indicating liposome accumulation. The tumor 

model E35CR was included although it appeared to be most likely an unexplainable 

outlier, with an almost unrealistic high tumor accumulation of liposomes (see the image 

in Figure 10 a) while in contrast presenting with comparable low numbers of blood 

vessels and macrophages.  
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Figure 10: Preclinical validation of blood vessels and macrophages in 10 preclinical tumor models 
injected with liposomal doxorubicin for the prediction. Tumor bearing animals (E35CR, Calu-3, REN, CRC, 
E77, NSCLC, OV, SW620, A549, Calu-6) were injected with DiL-labeled PEGylated liposomes . Animals were 
kil led 24 h upon injection, tumors excised, cut and stained for CD31 and cell  nuclei. Scale bar indicates 
200 µm (a). The tumor concentration of l iposomal doxorubicin was assessed 2, 6, 24, 72, and 120 h post 
injection via l iquid chromatography-mass spectrometry in five mice per time point and tumor model. 
Black bars indicate the mean (b). The tumor concentration values from (b) were used to calculate the area 
under the curve (AUC0-120h), with the dots indicating the mean, and the error bars the standard error of 
the mean (c). Tumor sections were stained for CD31 or F4/80 using DAB stainings, with the scale bars 
indicating 100 µm (d). Blood vessels (e, f) and macrophages (g, h) were counted and plotted with the 
AUC0-120h, with the black bars indicating the mean and the dashed lines indicating the trendline. Adapted 
from (May et al., 2024). 

Next, blinded pathologists and scientists were asked to score the levels of CD31 and 

F4/80 expression, aiming for an approach to identify lower and higher accumulating 

tumor models (Figure 11 a). Therefore, an image collection consisting of pairs of one 

image of a CD31 staining and one image of an F4/80 staining was sent around (three 

pairs per tumor model, 60 images in total). Scientists (ten in total, including three board-

certified pathologists) were asked to rate the amount of CD31 and F4/80 expression 

from absent (score of 1), low (score of 2), intermediate (score of 3) to high (score of 4) 

(Figure 11 b). The resulting scores were multiplied per image pair and plotted in a 



36 

heatmap against the tumor accumulation of doxorubicin-loaded liposomes, with a 

darker blue color indicating more hits per final score and tumor model (Figure 11 c).  

 

Figure 11: Predicing nanomedicine tumor accumulation with a product score of blood vessels and 
macrophages. Il lustration of the clinical use of histopathological biomarkers for patient stratification in 
cancer nanomedicine trials (a). Exemplary images of CD31 and F4/80 stainings covering the range of low 
to high biomarker expression (scores from 1 to 4). 10 blinded scientists were asked to score pairs of both 
stainings to simulate a clinical workflow, with three pairs sent around per tumor model. Scale bars indicate 
100 µm (b). The scores from (b) were plotted in a heatmap against the AUC0-120h with the tumor models 
being sorted from the lowest accumulation (bottom) to the highest (top). Color intensity indicates the 
number of product scores per score and tumor model (c). Heatmap indicating true and false positives and 
negatives (d). Using the data from (c), a receiver operating characteristic curve (ROC) was calculated 
showing a very high accuracy of the blood vessels and macrophages prodcut score in discriminating 
between low and high accumulating tumor models (e). Adapted from (May et al., 2024). 

By doing so, especially the low accumulating models SW620, A549, and Calu-6 could be 

identified in the lower left corner, pointing towards a threshold of 7 to differentiate 

between low and high accumulating tumor models (Figure 11 c, d). Besides the outlier 

E35CR, the remaining six models were correctly rated as high accumulating models. In 
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total, the product score was very accurate in predicting the tumor accumulation which 

is represented by an AUROC value of 0.91 (Figure 11 e). 

Using ten additional preclinical tumor models, and switching from immunofluorescent 

to immunohistochemistry stainings, the identified biomarkers blood vessels and 

macrophages were again able to differentiate between low and high accumulating 

tumor models. Taken together, these findings motivated the further translation of the 

duo of biomarkers on patient data sets. 

4.1.5 Considering differences between preclinical tumor models and human patients 

When comparing the biomedical background of the tumor models and especially the 

host animals with human patients, two main differences have to be considered. First, 

the used preclinical tumor models have all been inoculated in immune-compromised 

mice which is on the one hand a requirement for the growth of human cancer cells, but 

on the other hand neglects a potential influence of the immune system on the tumor 

microenvironment as well as on the tumor accumulation of nanomedicines. Therefore, 

the tumor accumulation of both fluorophore-labeled PHPMA and fluorophore-labeled 

liposomes was evaluated in immune-competent mice (PHPMA in orthotopic 4T1 tumor-

bearing BALB/c mice, liposomes in subcutaneous and orthotopic Hep-55.1C tumor-

bearing C57BL/6J mice).  

 

Figure 12: Assessing blood vessels and macrophages as biomarkers for the tumor accumulation of 
nanomedicines in immuno-competent models. The tumor accumulation of fluorophore-labeled PHPMA 
polymers was measured using hybrid µCT-FLT and plotted against the product score of blood vessels 
(CD31) and macrophages (F4/80) in 4T1 tumor-bearing BALB/c mice (a). In C57BL/6J mice, which grew a 
subcutaneous (b) or orthotopic (c) Hep-55.1C tumor, the tumor accumulation of fluorophore-labeled 
l iposomes was evaluated via hybrid µCT-FLT and plotted against the product score of blood vessels (CD31) 
and macrophages (F4/80). Adapted from (May et al., 2024). 
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In all three models, tumor accumulation of either PHPMA or liposomes correlated well 

with the product score of CD31 and F4/80 (indicated by R2 values of 0.51, 0.86, and 0.63; 

see Figure 12 a-c). These findings indicate that blood vessels and macrophages as 

biomarkers for the tumor accumulation of nanomedicines also work in mice with an 

intact immune system. 

 

Figure 13: Comparing F4/80 and CD68 stainings of tumor-associated macrophages. Co-stainings of F4/80 
and CD68 for tumor-associated macrophages of A431, MLS, and CT26 tumors (scale bar indicates 50 µm) 
(a). Macrophages positive for F4/80, CD68, or both were counted and plotted for A431 (b), MLS (c), and 
CT26 (d). Adapted from (May et al., 2024). 
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Second, for macrophage stainings, different antigens have been used in mice and in 

humans. In mice, the most common murine macrophage marker F4/80 was stained, 

while CD68 has been established as the gold standard to stain for macrophages in 

human samples. However, in an F4/80-CD68 co-staining on murine samples the 

expression patterns and number of F4/80+ and CD68+ cells was assessed (Figure 13 a, 

please notice the white color in the overlay indicating double positive pixels). Upon 

counting the number of F4/80 positive cells as well as the number of CD68 positive cells 

and double positive cells in A431, MLS, and CT26 tumors (Figure 13 b, c, d), comparable 

values of macrophages were detected. This indicates that a switch from F4/80 to CD68 

should provide a similar predictive biomarker, as both antigens mark the same cell type.  

4.1.6 Translating the biomarker product score using patient datasets  

As it was not possible to get access on a data set including biopsies or resected material 

of cancer patients who were treated with e.g. Doxil® or another nanomedicine and 

whose tumor accumulation was measured (or the therapeutic response was known), we 

proceeded with an indirect comparison. Using the tumor accumulation values published 

by Harrington et al. of 111In-labeled PEGylated liposomes, which were imaged and 

quantified using SPECT imaging, in 17 patients suffering either from ductal breast cancer, 

squamous cell carcinoma of the lung, or squamous cell head and neck cancer 

(Harrington et al., 2001), comparable tumor resection samples and the matching 

biopsies were collected from the archive of the Institute of Pathology of the RWTH 

Aachen University Hospital. For each of the three tumor types, samples from 10 patients 

were collected, whose tumors presented comparable characteristics, e.g. entity and 

stage (Table 3). Using the tumor specimen that were removed during surgery, tumor 

microarrays were prepared with five to six 2 mm punches per patient, which were 

stained for either CD31 or CD68 (Figure 14 a, b). The number of blood vessels and 

macrophages were counted (blood vessels manually, macrophages using QuPath’s 

automated positive cell detection (Bankhead et al., 2017)). Breast cancers were found 

to have significantly less blood vessels than lung or H&N cancers (40.8 ± 19.2 for breast 

vs. 77.7 ± 21.2 for lung vs. 95.6 ± 23.2 for H&N cancers, Figure 14 c), and significantly 

lower numbers of macrophages than lung cancers (267.9 ± 223.8 for breast vs. 798.9 ± 

679.1 for lung vs. 488.2 ± 445.7 for H&N cancers, Figure 14 d). When plotting the mean 

liposome tumor accumulation values of breast, lung, and H&N cancers, which were 
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taken from Harrington et al. (replotted in Figure 14 e (Harrington et al., 2001)), against 

the product of CD31 and CD68 counts, the lowest accumulating tumor, breast cancers, 

could be clearly identified (Figure 14 f). Additionally, the product scores for lung and 

H&N cancers were mostly substantially higher, which pointed not only towards an 

identification of most likely not or low accumulating tumors, but also towards the 

correct prediction of medium to high accumulating tumors. 

 

Figure 14: Histopathological biomarkers for the prediction of nanomedicine accumulation using patient 
samples. Tumor tissues from surgical resections of breast, lung, and head and neck (H&N) cancer patients  
were used to generate tissue microarrays with 5-6 punches per patient (ten patients per tumor type). 
Microarrays were stained for CD31 and CD68, representative images and zoom ins are shown (a,b). Blood 
vessels and macrophages were counted, each dot represents the mean of one patient. Statistical 
significance is indicated based on Student’s t-test (P values plotted) (c,d). Using already published data 
from Harrington et al. (Harrington et al., 2001), tumor accumulation values  are replotted of 111In-labeled, 
PEGylated liposomes in breast, lung, and head and neck cancer patients (in % of the injected dose, 
normalized per kg of tumor tissue, with P values based on Student’s t-test) (e). CD31 and CD68 means 
were multiplied and plotted against the accumulation values of Harrington et al. (Harrington et al., 2001), 
with the error bars indicating the range of %ID per kg and the CD31*CD68 product scores (y -axis: minima 
and maxima, x-axis: standard deviation; n=3-10, as these dots are based on the means of c, d, and e) (f). 
Adapted from (May et al., 2024).     

The above presented validation on human samples was based on tissues collected in 

tumor resection surgeries. Keeping the underlying principle in mind, a usage of biopsies 

would have been more interesting but due to ethical reasons, the work was first 

conducted on resected material, which was available in larger volumes per patient. 
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Upon the successful validation of blood vessels and macrophages as predictive 

biomarkers for the tumor accumulation of nanomedicines, the procedure was repeated 

on biopsy samples, which were available for 28 of the 30 included patients. 

 

Figure 15: Blood vessels and macrophages as predictive biomarkers for nanomedicine tumor 
accumulation on biopsy samples and a comparison to the respective tissues from tumor resections. 
Replotted data of Figure 14 of the assessment of blood vessels and macrophages in resected tumor 
tissues, normalized to 1 cm2, as well as the % ID/kg tumor values of Harrington et al. (Harrington et al., 
2001) (a,b,c) and the resulting CD31 and CD68 product score vs. the l iposome accumulation (d). For the 
patients of panel a and b, the corres ponding biopsies were also cut and stained for CD31 and CD68 (due 
to the very different sizes of the biopsies, counts were normalized to 1 cm2 (e, f). CD31 and CD68 values 
were multiplied and means were plotted against the means of the tumor accumulation from panel c (g). 
Statistical values are based on Student’s t-test, and the error bars indicate the range of product scores 
and tumor accumulation values (y-axis: minima and maxima, x-axis: standard deviations). Adapted from 
(May et al., 2024). 

As the investigated area was normalized on the tumor resection samples (due to five to 

six 2 mm punches that were stained), and due to the very different dimensions of 

biopsies (with especially lung, but also breast biopsies having way smaller areas than 

H&N biopsies, due to their different locations and different conduction methods), the 

data from Figure 14 c, d, and f were replotted and normalized to the area of 1 cm2 (Figure 

15 a, b, d). The quantification of the numbers of blood vessels and macrophages was 

comparable to the outcome on resected material, with breast cancers presenting with 

lower CD31+ and CD68+ counts compared to lung and H&N cancers (Figure 15 e, f). Again, 

breast cancer could be identified as the lowest liposome accumulating tumor entity 
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(Figure 15 g), which taken together encourages the application of histopathological 

biomarkers for patient stratification in chemotherapy-loaded nanomedicine therapies.  

 

4.2 Optical imaging of nanomedicine delivery across the blood-brain barrier 

upon sonopermeation 

Drug delivery to the CNS is challenging, due to the BBB carefully discriminating between 

molecules and substances that can enter the brain and those that barely leave blood 

vessels.2 A targeted and reversible opening of the BBB can be induced by 

sonopermeation, which combines microbubbles and US, and allows the extravasation 

of drug molecules and drug delivery systems out of capillaries and their penetration into 

the brain. So far, it was barely studied if the sonopermeation-induced BBB opening has 

a size-dependent effect on the brain accumulation of nanomedicines. Using multimodal 

and multiscale optical imaging, fluorophore-labeled polymers and liposomes were 

monitored and their brain accumulation and penetration were evaluated. 

4.2.1 Macroscopic optical imaging to visualize nanomedicine accumulation in the brain 

upon sonopermeation 

To investigate a potential size-dependent effect of nanomedicines on their 

accumulation in and penetration into the brain upon sonopermeation-mediated BBB 

opening, two differently sized nanomedicines and several different optical imaging 

methods have been applied. Fluorophore-labeled PHPMA polymers (with a size of 10-

20 nm, and labeled either with Atto 488 or Alexa-750) or liposomes (with a size of 100 

nm, and labeled with Alexa-488 and Alexa-750) have been injected i.v. in healthy CD1 

nude mice. After one hour, one half of the mice received both an i.v. infusion of PBCA 

microbubbles and were treated with ultrasound in parallel over 5 minutes (16 MHz, 

                                                 

2 The results presented in subchapter 4.2 have been published in (May et al., 2020). 
Figures of the publication are presented upon adaption within this thesis, which is 
covered by the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/). 
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peak negative pressure of 1.8 MPa, mechanical index of 0.45). Longitudinal CT-FLT scans 

were performed 2, 4, and 24 h after the injection of the polymers or liposomes  and after 

the last scan, the animals received a rhodamine lectin injection and were killed 

subsequently to mark perfused vessels for the ex vivo microscopy. Excised brains were 

imaged with FRI, standard fluorescence microscopy, confocal microscopy, and STED 

nanoscopy (Figure 16). 

  

 

Figure 16: Study overview. The brain accumulation and extravasation of fluorophore-labeled PHPMA 
polyerms and PEGylated liposomes were evaluated upon PBCA-microbubbles- and ultrasound-induced 
BBB opening. Different optical imaging techniques covering the range from whole body imagin g to 
individual capillaires were applied. Adapted from (May et al., 2020) 

Hybrid CT-FLT was used to image the biodistribution and the total brain accumulation of 

fluorophore-labeled polymers and liposomes in control and sonopermeation-treated 

mice. In 3D reconstructed and segmented scans, there was a decent to strong signal of 

polymers and liposomes in the brains of both treatment groups (Figure 17 a, b). After 

24 h, there was a significant difference between control and sonopermeation-treated 

animals which were injected with polymers (3.1 ± 0.3 vs. 5.1 ± 0.9 % ID per 500 mm3, 

p<0.01, Figure 17 c). This difference could be confirmed in ex vivo FRI scans as well 

(Figure 17 d). For liposomes, there was no significant increase between control and 

sonopermeation-treated animals (2.2 ± 0.6 vs. 2.7 ± 0.8 % ID per 500 mm3, p>0.05, Figure 

17 e), comparable to the analysis of ex vivo FRI scans (Figure 17 f). The relatively high 

fluorescence levels of control brains reflect the long blood half-life of polymers and 

liposomes, which are still circulating. 
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Figure 17: In vivo monitoring of the brain accumulatin of polymers and liposomes using longitudinal 
hybrid CT-FLT and ex vivo FRI imaging. Reconstructed CT-FLT scans 2, 4, and 24 h post injection of 
fluorophore-labeled polymers (10 nm) and liposomes (100 nm) in control and sonopermeation -applied 
animals, with an adaption of the cranial bone enabling a direct view on the brain (a, b). Reconstructed CT-
FLT scans were quantified and the polymer and liposome accumulation was plotted as the % ID per 500 
mm³ (c, e). Excised brains were analysed using FRI, and the measured fluorescence was plotted as 
counts/energy (d, f). Statistical values are based on two-way ANOVA, with *p<0.05 and **p<0.01. Adapted 
from (May et al., 2020). 

Based on the CT-FLT scans, it seemed that the sonopermeation-induced BBB opening  

facilitated an increased delivery of the smaller sized polymers into the brains. Due to the 

limitations in the resolution of FLT, single vessels can not be analyzed, and a direct proof 

of the extravasation of polymers or liposomes is hardly possible.  

4.2.2 Evaluating safety and efficacy of sonopermeation-mediated BBB opening ex vivo  

Depending on the applied settings, ultrasound alone and in combination with 

microbubbles can be quite destructive, leading to its use to e.g. destroy kidney stones 

or ablate tissues. Potential side effects of the sonopermeation-mediated BBB opening, 

such as extravasated erythrocytes, micro-hemorrhages, edema, or necrotic areas, have 

been therefore evaluated using H&E stainings (Figure 18 a). With the applied settings, 

there were no side effects or any damage to the brain and its vasculature detectable, 
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which was reflected in the observed, normal behavior of the mice upon 

sonopermeation.   

 

Figure 18: Evaluating the safety and proof of principle of sonopermeation-induced BBB opening. Excised 
brains were stained via H&E to assess tissue or vessel damage in treated brain slices compared to control. 
White arrows indicate clear blood vessel delineation, and no treatment-induced damage was detectable 
(a). Stainings for IgG were conducted, using extravasated IgG as an endogenous nanoparticle indicating a 
successful opening of the BBB (b). Blood vessels presenting with IgG extravasation were counted and 
compared between control and sonopermeation-treated animals (c). Statistical significane was tested 
using Student’s t-test, with ***<p0.001. Adapted from (May et al., 2020). 

Furthermore, the success of the BBB opening was tested using stainings for IgG as an 

endogenous biomarker. In control mice, there was a significant lower percentage of 

vessels with extravasated IgG compared to sonopermeation-treated mice (6.0 ± 2.7 % 

vs. 23.7 ± 6.5 %, p<0.001, Figure 18 c) verifying the opening of the BBB, which was 

comparable high in the polymer and liposome group. The BBB opening was therefore 

tolerated well, successful and reproducible. 
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4.2.3 Two-dimensional quantification of the extravasation and penetration of polymers 

and liposomes using fluorescence microscopy 

To investigate the extravasation and penetration of polymers and liposomes out of 

blood vessels into the brain, fluorescence microscopy images were acquired. In these 

images, only the extravasation of polymers upon sonopermeation was visible by 

eyeballing while extravasated polymers in control animals or extravasated liposomes 

were barely visible (Figure 19 a). The polymer and liposome signal was measured as the 

area fraction (in %), detecting significant differences between control and 

sonopermeation-treated animals in the polymer group, but no significant differences in 

the liposome group (1.5 ± 0.2 % vs. 2.1 ± 0.1 %, p<0.05, Figure 19 c, e). Counting of 

vessels showing extravasation of polymers or liposomes were in line with the area 

fraction results, with again no statistically significant difference between mice, that were 

injected with liposomes and treated either as a control or with sonopermeation - and 

with a significant difference in the polymer injected animals upon sonopermeation 

(0.6 ± 0.3 vs. 6.8 ± 0.5 vessels per field-of-view, p<0.001, Figure 19 d, f). The penetration 

depth of polymers and liposomes out of vessels into the brain was analyzed 

automatically by adapting a Definiens-based script. The script identified the vessel 

lumen and extended the vessel wall in steps of 5 µm by concentric rings, allowing the 

quantification of polymer and liposome signal per ring in and around blood vessels. For 

polymers, there was a significant difference in the signal distribution between control 

and sonopermeation-treated animals (Figure 19 g). The vast majority (92 ± 5 %) of 

polymer signal remained in the vessel lumen in control animals, while roughly 50% of 

the polymer signal was detected outside blood vessels in sonopermeation-treated 

animals (53 ± 5 %), leading to significant higher polymer levels in the 5, 10, 15, and 20 µm 

concentric rings. In contrast to polymers, liposomes were mostly located in blood vessels 

(94 ± 5 % in control animals, 86 ± 13 % for sonopermeation-treated animals, Figure 19 

h). Within the concentric rings covering the area surrounding each vessel, there were 

slightly higher liposome signals detected, without reaching statistical significance (Figure 

19 h). 
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Figure 19: Analyzing brain accumulation, extravasation and penetration depth of polymers and 
liposomes upon sonopermeation-induced BBB opening with fluorescence microscopy. Rhodamine 
lectin-marked blood vessels as well as fluorophore-labeled polymers and liposomes were imaged, with 
white dotted l ines delineating the vessels (a, b). The area fraction of polymers and liposomes was analyzed 
and vessels presenting with polymer or l iposome extravasation were counted (c - f). Statistical significance 
was analyzed using Student’s t-test, with *p<0.05 and ***p<0.001. Based on the vessel lumen, the 
distribution and penetration of polymers and liposomes was analyzed using concentric rings (g, h). 
Statistical significance was tested using two-way ANOVA, with *p<0.05, **p<0.01, ***p<0.001. Adapted 
from (May et al., 2020). 

These findings confirm the impression regarding the extravasation of polymers and 

liposomes in untreated animals as well as in their counterparts with an opening of the 

BBB, pointing towards a size-dependent effect of a nanomedicines on its capabilities to 

extravasate into the brain.   
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4.2.4 Visualizing the penetration of nanomedicines into the brain via confocal 

microscopy and STED nanoscopy upon sonopermeation  

The two-dimensional evaluation of the distribution of polymers and liposomes based on 

fluorescence microscopy was extended by using confocal microscopy and STED 

nanoscopy, further enabling a three-dimensional imaging and analysis. Additionally, 

both confocal microscopy and especially STED nanoscopy provide a higher spatial 

resolution, with STED being able to image single liposomes. In line with the findings 

presented above, extravasated polymers were detected in sonopermeation-treated 

mice but not in control mice using confocal microscopy (Figure 20 a). For the first time, 

there were also findings of liposomes, that were able to extravasate out of blood vessels 

upon a sonopermeation-induced BBB opening (Figure 20 b). The quantification of the 

distribution of polymers and liposomes in relation to blood vessels was realized using a 

MATLAB-based script which extended the vessel surface in 5 µm steps , up to 25 µm. 

Upon sonopermeation, the penetration of polymers and liposomes into the brain was 

increased compared to control animals. In the case of polymers, the differences were 

significant, with 63.9 ± 3.1 % vs. 10.7 ± 8.8 % of the polymer signal stuck in the lumen 

for control vs. sonopermeation-treated animals, and significantly more polymer signal 

in the 10, 15, and 20 µm ring compared to control animals – with up to 7.0 ± 7.0 % of 

polymer signal in the 25 µm ring (Figure 20 c). Although there were no statistical 

significant differences detectable for liposomes upon sonopermeation, there was a 

noticeable trend of an increased penetration into the brain following the opening of the 

BBB (Figure 20 d), as e.g. 1.6 ± 2.8 % of the liposome signal was detected 15 – 20 µm 

deep into the brain. The images acquired by STED nanoscopy verified the presence of 

both extravasated polymers and liposomes upon the sonopermeation-induced BBB 

opening, and they confirmed a different pattern of distribution. Polymers were more 

spread throughout the tissue and penetrated deeper out of the blood vessels, while the 

liposomes were found in closer proximity to the endothelial vessel wall (Figure 20 e, f).   
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Figure 20: 3D visualization of polymer and liposome penetration into the brain after sonopermeation-
induced BBB opening via conocal microscopy and STED nanoscopy. Using 25-40 µm thick brain sections, 
rhodamine lectin-marked as well as fluorophore-labeled polymers and liposomes were imaged via 
confocal microscopy, both in control and sonopermeation-treated mice (a, b). The vessel surface was 
extended using concentric rings and the polymer and liposome signal was evaluated per ring, measuring 
penetration depth in relation to the vessel (c, d). Statistical significance was tested using Student’s t-test, 
with *p<0.05 and ***p<0.001. Via STED nanoscopy, the extravasation of polymers and liposomes was 
exemplarily visualized, using the optical imaging method with the highes t resolution (e, f). Adapted from 
(May et al., 2020). 

The representative images shown in Figure 20 e and f were based on advanced image 

processing, with the applied steps consisting of a deconvolution, 3D rendering, and 3D 

smoothing (Figure 21 a-d). Raw data images can contain background noise as well as a 

shift of the signal, indicated by e.g. the vertical stretched dots in Figure 21 a. Rendering 

and smoothing the quite dotted signal of rhodamine lectin-marked blood vessels 

allowed the depiction of tube-like blood vessels.  
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Figure 21: Reconstruction of STED images. Rhodamine-marked blood vessels and fluorophore-labeled 
polymers and liposomes were also imaged using STED nanoscopy. The workflow of the reconstruction is 
exemplarily shown here, starting with the raw images, which sti l l  contain background noise and shifted 
signal (a). The background was automatically removed and a potential shift of the signal was automatically 
corrected using Huygens Professional software (b). The resulting signal was 3D rendered (c) and 3D 
smoothed, resulting in representative blood vessel as well a s polymer and liposome shapes (d). Adapted 
from (May et al., 2020). 

Taken together, the accumulation and penetration of fluorophore-labeled polymers and 

liposomes in the brain was compared between untreated control animals and animals 

receiving a BBB opening induced by sonopermeation. Employing several optical imaging 

techniques ranging from macroscopic hybrid µCT-FLT and FRI to the microscopic 

fluorescence and confocal microscopy and up to the nanoscopic STED revealed a size-

dependent effect of nanomedicines on their capabilities to cross the (opened) BBB.   
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5 Discussion 

5.1 Predicting the tumor accumulation of nanomedicines using histopathological 

biomarkers 

Starting in murine tumor models, biomarkers based on histopathological stainings linked 

to the tumor accumulation of nanomedicines were identified. Validating blood vessels 

and macrophages as discriminative for low and high accumulating tumors in additional 

preclinical tumor models and on a historic cohort of patients motivates further research 

and the translation of easy implementable stratification measures for clinical trials of 

chemotherapeutic nanomedicines.  

The tumor accumulation of fluorophore-labeled PHPMA was assessed in three murine 

tumor models (A431, MLS, and CT26) using optical hybrid µCT-FLT imaging. Next, the 

tumor microenvironment was characterized using 23 different features, which were 

linked to the polymer accumulation values. The whole data set was fed into a machine 

learning tool (GTB), and the importance of blood vessels and macrophages for the 

accumulation of nanomedicines was emphasized as being the most used features for 

the prediction. As blood vessels are required for delivering nutrients and nanomedicines  

into a tumor and macrophages contribute to the retention of nanomedicines in a tumor, 

this result is confirmed already by the direct correlations between blood vessels and 

macrophages with the tumor accumulation. Furthermore, the importance of blood 

vessels for biodistribution and tumor accumulation of nanomedicines is well known 

(Theek et al., 2014, Sulheim et al., 2018, Kingston et al., 2019, Moss et al., 2020). 

Macrophages, which take up nanomedicines, have as well a substantial impact on the 

retention, distribution, and even drug release of drug delivery systems in tumors (Miller 

et al., 2015b, Miller et al., 2015a, Lin et al., 2022, Strittmatter et al., 2022, Ngai et al., 

2023). Focusing solely on stainings for blood vessels (CD31) and macrophages (F4/80), 

their capabilities in predicting the accumulation of nanomedicines (PHPMA as well as 

Doxil®-like liposomes) were validated in three immunocompetent murine tumor models 

as well as in a set of ten CDX and PDX tumor models. By introducing a product score 

based on an eyeballing assessment of blood vessels and macrophages in the already 

mentioned 10 CDX and PDX models, the low accumulating tumor models could be 

clearly distinguished from the high accumulating tumor models. One false negative, 
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E35CR, which presented with unexplainable high tumor accumulation while having low 

blood vessel and macrophage densities, was included, eventually resulting in a very good 

AUROC score (0.91).  

These encouraging preclinical findings could not be verified in human patient samples 

at a head-to-head comparison, by staining biopsies or resected tumor tissue of patients 

with a known tumor accumulation of nanomedicines or by linking stainings with 

therapeutic outcomes such as progression-free survival. Instead, historical tumor 

accumulation values of a radiolabeled liposome which was injected in breast, lung, and 

H&N cancer patients were plotted against blood vessel and macrophage counts of 

patients whose biopsies and resected tumor material is stored in the archive of the 

Institute of Pathology of Uniklinik RWTH Aachen. Including ten patients per tumor type, 

the means of blood vessel and macrophage counts were able to differentiate between 

the lower accumulating breast cancer on the one hand and the higher accumulating lung 

and H&N cancers. In the future, it will be very interesting to test if the drug delivery of 

chemotherapy-loaded nanomedicines such as polymers, micelles or liposomes or 

antibody-drug conjugates into solid tumors can be predicted by the number of blood 

vessels and macrophages. When a sufficient (i.e. quite large) amount of patient samples 

is available, an attempt in combining H&E stainings and rather advanced machine 

learning tools to stratify patients in nanomedicine trials will also be very promising. 

Upon assessing the tumor microenvironment, suitable co-treatments such as 

normalizing the tumor vasculature, applying microbubbles and ultrasound to increase 

perfusion and permeation, or ECM-modulating agents could also be suggested. In 

addition to these delivery-focused methods, strategies to identify the right set of 

chemotherapeutic drugs for individual patients would be highly complementary and 

might increase tumor response rates. As shown in the antibody field, imaging of the 

tumor accumulation of radiolabeled antibodies is superior to immunochemistry 

stainings of the antigen expression and predictive for therapeutic responses (Bensch et 

al., 2018, Mortimer et al., 2022). However, it will be very challenging to offer these 

imaging interventions in addition to the already rather expensive treatment.    

As in clinical trials of nanomedicine formulations a prediction of the tumor accumulation 

is barely included, the nanomedicine community is encouraged to take patient 
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stratification more into account, while keeping the balance of enrolling enough patients 

in a given period of time as well as excluding those patients who are unlikely to respond 

to the applied therapeutic regimen. Carefully designed clinical trials, with higher chances 

to succeed than the on-going attempts of rather heterogenous tumor types from 

patients who received already several different chemotherapeutics , potentially 

supported by nanomedicine-enhancing co-treatments, can enable the field to keep its 

momentum, which is now mainly based on the globally known mRNA vaccines COVID-

19. On-going clinical trials are extending the application of RNA vaccines to different 

diseases such as cancer or amyloidosis, e.g. by combining personalized neoantigen 

vaccines with chemotherapy and immunotherapy for the treatment of pancreatic 

cancer or with immunotherapy for the treatment of melanoma (Rojas et al., 2023, 

Weber et al., 2024) – or by knocking down a single gene in hepatocytes for the treatment 

of transthyretin amyloidosis (Gillmore et al., 2021). Employing stratification approaches 

such as histopathologic biomarkers in clinical trials can first improve the approval and 

translation of new nanomedicines in the clinic while it second can at later stages allow 

a personalized therapy for tumor patients.  

 

5.2 Sonopermeation-induced delivery of nanomedicines across the BBB 

analyzed via optical imaging 

The combination of microbubbles and ultrasound can permeabilize the BBB, facilitating 

drug delivery into the brain, and enabling the usage of drug molecules and drug delivery 

systems that otherwise would not reach pathological sites protected by a functional 

BBB. As introduced above, a size-dependent effect of nanomedicines on their 

accumulation, penetration, and distribution in the brain upon a sonopermeation-

induced BBB opening is more and more understood. Using macroscopic, in vivo hybrid 

µCT-FLT, the accumulation of fluorophore-labeled polymers (10-20 nm) and liposomes 

(100 nm) was monitored over 24 h and compared between control animals and 

sonopermeation-treated animals. Based on the µCT-FLT data, there was a first hint 

towards an increased accumulation of the smaller sized polymer upon BBB opening, 

which was not detectable for the larger sized liposomes. Fluorescence microscopy 

allowed a first characterization of the penetration of polymers and liposomes out of 
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blood vessels and into the brain, and strengthened the in vivo findings. Only in mice, 

which were treated with sonopermeation and injected with polymers, there was a 

significant extravasation of injected nanomedicines detectable. While confocal 

microscopy further verified the enhanced accumulation and penetration of polymers  

compared to liposomes, STED nanoscopy could capture liposomes, that clearly 

extravasated out of blood vessels. Apparently, the reversible opening of the BBB leads 

to different time windows allowing the extravasation of differently sized 

nanomedicines, favoring the smaller ones. On the one hand, this study generally 

highlights the benefit of imaging techniques with higher resolutions, while it on the 

other hand, also strengthens previous publications, reporting a size-dependent effect of 

nanomedicines on their tissue penetration.  

If one only considers the size of a nanomedicine, the ideal range seems to be between 

10 and 20 nm, as these formulations are large enough to avoid renal clearance while 

they possess ideal tissue penetration and distribution profiles. Accordingly, one of 

nature’s best tissue penetrating proteins has a comparable size, which is IgG (15 nm). 

The here used PHPMA polymer is from a comparable size, with 10-20 nm in serum - 

however, it has a rather limited drug loading capacity of 2-5 drug molecules per polymer. 

In contrast, a single liposome can be loaded with more than 1000 drug molecules, 

indicating the need of identifying a balance between overcoming the BBB, penetrating 

into the brain, and delivering sufficient amounts of drug molecules. Another important 

parameter is the retention of a nanomedicine within the tumor tissue. Although the 

retention of polymers and liposomes has not been the focus of the here presented 

study, it is deemed logical that a delayed removal by the glymphatic system extends the 

therapeutic window of the whole sonopermeation-supported intervention. In this 

regard, actively targeted nanomedicines might be a measure to further increase the 

retention of extravasated drug delivery systems. 

Advancements in therapeutic approaches can turn so far thought to be untreatable 

tumors into maybe even curable diseases, which was showcased by two publications of 

the groups of Michelle Monje and Nick Vitanza reporting the outcomes of two phase I 

trials. Using GD2-targeted CAR-T cells, the patients presented both with tumor 

regression and neurological improvement, with one DIPG patient having a complete 
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response for at least 30 months (Monje et al., 2024). Vitanza et al. reported comparable 

promising results, with 3 patients with no progression upon treatment with B7-H3 CAR 

T cells for over 40 months (Vitanza et al., 2025). Within the field of nanomedicine and 

sonopermeation, comparable outcomes might be achievable as well, if e.g. the 

ultrasound devices are further optimized (on-going research aims for an MRI-

independent setup) or if drug delivery systems are further tailored, with different drugs 

encapsulated or combined (Dasgupta et al., submitted). In this regard, it should be 

promising to shift the focus from delivering chemotherapeutic agents to modulating the 

tumor microenvironment or the immune system, to either prepare the ground for a 

chemotherapeutic treatment or to enable the body’s own weaponry to fight against a 

tumor. 

Taken together, the size-dependent effect of nanomedicines on their capability to cross 

an opened BBB could be verified. In general, brain-targeted formulations can benefit 

from a smaller size. However, one still has to keep in mind that in on-going clinical trials 

focusing on sonopermeation-facilitated drug delivery, standard chemotherapeutic 

drugs or traditional nanomedicines such as Doxil® are investigated, and not 

nanomedicines specifically designed for CNS delivery, loaded with tailored drugs or even 

drug combinations. The community is inducing discussions to improve the preclinical 

work on nanomedicines as well as the processes underlying clinical translation (Faria et 

al., 2018, Joyce et al., 2024). Combined with the stratification of patients, and motivated 

by the success of mRNA vaccines, the future for successful therapies based on 

nanomedicines has barely been brighter.  
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6 Summary: Optical imaging and immunohistological biomarkers 

to overcome obstacles in nanomedicine drug delivery to tumors 

and to the brain, by Jan-Niklas May 

Optical imaging and immunohistological biomarkers to overcome obstacles in 

nanomedicine drug delivery to tumors and to the brain, by Jan-Niklas May 

Within this doctoral thesis, an easy implementable and broadly available method was 

developed to predict the accumulation of nanomedicines in tumors. By 

immunohistological staining of biopsies and quantifying blood vessels and macrophages, 

it is possible to differentiate tumors with regard to their nanomedicine accumulation, 

which has the potential to be used cost-effectively in clinical trials as an inclusion vs. 

exclusion criterion. To this end, suitable biomarkers were first investigated in preclinical 

tumor models and a duo was identified with blood vessels and macrophages, which was 

subsequently validated both in preclinical tumor models  and on patient material - both 

from resections and biopsies.   

Additionally, optical imaging modalities were used to investigate the transport of 

fluorescently labeled nanocarriers into the brain of healthy mice. The extent to which 

the opening of the blood-brain barrier with ultrasound and microbubbles enables the 

extravasation of the drug delivery systems from the blood vessels into the brain was 

compared. Using micro- and nanoscopy, a size-dependent effect was demonstrated, as 

the smaller polymeric nanocarrier (10-20 nm) extravasated more frequently and more 

deeply from the blood vessels than the larger liposomes (100-120 nm). When 

developing nanomedicines for the treatment of diseases of the central nervous system, 

the size should therefore also be taken into account, whereby the balance between 

optimal distribution in the brain tissue and sufficient drug loading should be maintained.  

The clinical translation of nanomedicines could be more successful. By implementing 

pragmatic protocols for stratifying patients or using methods for opening the blood-

brain barrier, a higher accumulation of nanomedicinal drug carriers in (brain) tumor 

tissue can be made possible and therapies improved. 
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7 Zusammenfassung: Optische Bildgebung und 

immunhistologische Biomarker zur Überwindung von 

Hindernissen im Wirkstofftransport von Nanomedizin in 

Tumoren und in das Gehirn, von Jan-Niklas May 

In dieser Doktorarbeit wurde eine einfach anwendbare und allgemein verfügbare 

Methode entwickelt, mit der die Akkumulation von nanomedizinischen Wirkstoffträgern 

in Tumoren vorhergesagt werden kann. Durch immunohistologische Färbungen von 

Biopsien und dem Quantifizieren von Blutgefäßen und Makrophagen ist es möglich, 

Tumoren hinsichtlich ihrer Nanomedizinakkumulation zu unterscheiden, was das 

Potential hat, kostengünstig in klinischen Studien als Ein- bzw. Ausschlusskriterium 

genutzt werden kann. Dazu wurden zuerst in präklinischen Tumormodellen geeignete 

Biomarker untersucht und mit Blutgefäßen und Makrophagen ein Duo identifiziert, was 

im weiteren Verlauf sowohl in präklinischen Tumormodellen als auch auf 

Patientenmaterial - sowohl von Resektionen als auch von Biopsien - validiert wurde.   

Zudem wurden optische Bildgebungsmodalitäten genutzt, um den Transport fluoreszent 

markierter nanomedizinischer Wirkstoffträger in das Gehirn gesunder Mäuse zu 

untersuchen. Dabei wurde verglichen, in wie weit eine Öffnung der Blut-Hirn-Schranke 

mit Ultraschall und Mikrobläschen die Extravasation der Wirkstoffträger aus den 

Blutgefäßen in das Hirn möglich macht. Mittels Mikro- und Nanoskopie konnte ein 

größenabhängiger Effekt nachgewiesen werden, da kleinere, polymere Wirkstoffträger 

(10-20 nm) häufiger und tiefer aus den Blutgefäßen extravasierten als die größeren 

Liposomen (100-120 nm). Bei der Entwicklung nanomedizinischer Wirkstoffträger zur 

Behandlung von Erkrankungen des zentralen Nervensystems sollte somit auch die Größe 

berücksichtigt werden, wobei hier die Balance zwischen optimaler Verteilung in das 

Hirngewebe und ausreichender Wirkstoffbeladung gewahrt werden sollte.  

Die klinische Translation nanomedizinischer Wirkstoffträger könnte erfolgreicher 

verlaufen. Durch das Implementieren pragmatischer Protokolle zur 

Patientenstratifizierung oder das Anwenden von Methoden zur Öffnung der Blut-Hirn-

Schranke kann dabei eine höhere Akkumulation nanomedizinischer Wirkstoffträger in 

dem (Hirn-)Tumorgewebe ermöglicht und Therapien verbessert werden.  
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